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Schizophrenia is one of the most debilitating mental disorders and is aggravated by the
lack of efficacious treatment. Although its etiology is unclear, epidemiological studies
indicate that infection and inflammation during development induces behavioral, mor-
phological, neurochemical, and cognitive impairments, increasing the risk of developing
schizophrenia. The inflammatory hypothesis of schizophrenia is also supported by
clinical studies demonstrating systemic inflammation and microglia activation in schizo-
phrenic patients. Although elucidating the mechanism that induces this inflammatory
profile remains a challenge, mounting evidence suggests that neuroimmune interactions
may provide therapeutic advantages to control inflammation and hence schizophrenia.
Recent studies have indicated that vagus nerve stimulation controls both peripheral
and central inflammation via alpha-7 nicotinic acetylcholine receptor (a7nAChR). Other
findings have indicated that vagal stimulation and «a7nAChR-agonists can provide ther-
apeutic advantages for neuropsychiatric disorders, such as depression and epilepsy.
This review analyzes the latest results regarding: (I) the immune-to-brain pathogenesis
of schizophrenia; (ll) the regulation of inflammation by the autonomic nervous system in
psychiatric disorders; and (lll) the role of the vagus nerve and a7nAChR in schizophrenia.

Keywords: schizophrenia, immune system, cytokines, inflammation, microglia, vagus nerve stimulation, alpha-7
nicotinic acetylcholine receptor, cholinergic anti-inflammatory pathway

Abbreviations: ACh, acetylcholine; BBB, blood-brain barrier; CNS, central nervous system; GABA, gamma-aminobutyric
acid; HRV, heart rate variability; IL, interleukin; IFN, interferon; KYNA, kynurenic acid; NMDAR, N-methyl-p-aspartate
receptor; M1, microglia type 1; M2, microglia type 2; TGE transforming growth factor; Thl, T helper cells type 1; Th2, T
helper cells type 2; TNF, tumor necrosis factor; VNS, vagus nerve stimulation; tVNS, transcutaneous vagus nerve stimulation;
a7nAChR, alpha-7 nicotinic acetylcholine receptor.
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INTRODUCTION

Mental disorders are a major clinical and scientific challenge
in modern medicine with an estimated prevalence of approxi-
mately 17% of the population (1, 2). Schizophrenia is one of the
most debilitating psychotic disorders due to the lack of effective
treatment (3, 4). Schizophrenia is a chronic psychiatric disorder
characterized by faulty perception and withdrawal from reality.
Schizophrenia symptomatology comprises positive (delusions,
hallucinations), negative symptoms (social withdrawal, apathy)
cognitive alterations, disorganized thinking, and psychomotor
disturbances (2). The average life expectancy of schizophrenia
patients is 10-25 years less than the normal population due
to health problems and a higher suicide rate (5-7). Despite its
significant social implications, schizophrenia is neglected world-
wide (3, 4, 8).

Current treatments for schizophrenia are inefficacious, and
there is an unmet clinical need for new and safe therapeutic strate-
gies (9-12). Schizophrenia is usually treated with typical or atypi-
cal antipsychotics. Typical antipsychotics often induce significant
psychomotor side effects. Atypical antipsychotics are the usual
first-line treatment, although they are associated with metabolic
syndrome and an increased cardiovascular risk of death (11, 12).
An explanation for the inefficacious treatments is the insufficient
knowledge about the etiology of schizophrenia. Both groups of
antipsychotics are believed to be antagonists for dopamine recep-
tors in the brain, and thus, previous studies mostly focused on the
dopaminergic system (13). Although dopaminergic dysfunction
contributes to schizophrenia, the mechanisms leading to this dys-
function are unknown. Recent studies demonstrate an abnormal
inflammatory profile that can cause neurotransmission dysfunc-
tion in schizophrenia (14, 15). Early infections and other immune
alterations during pregnancy and development can contribute to
schizophrenia and other neurological disorders (16-19). These
studies are contemporary with recent investigations demonstrat-
ing that vagal stimulation controls both central and peripheral
inflammation (20-24) and that vagal stimulation can provide
therapeutic advantages for neuropsychiatric disorders, such as
depression and epilepsy (25, 26). However, little is known about
the potential of this mechanism for treating schizophrenia (27).
We reasoned that vagal stimulation may control inflammation
and provide novel therapeutic advantages for schizophrenia. In
this article, we evaluate this hypothesis by reviewing autonomic
vagal dysfunction in psychiatric disorders and discussing the
potential of vagal stimulation and alpha-7 cholinergic receptor
(a7nAChR) agonists for treating schizophrenia.

IMMUNE-TO-BRAIN PATHOGENESIS:
FROM HOMEOSTASIS TO INFLAMMATION

Unregulated inflammation induced by infection or trauma results
in excessive production of inflammatory cytokines, such as tumor
necrosis factor (TNF), interferon-y (IFN-y), and interleukins
(IL-1B, IL-6, etc.). These cytokines influence the homeostasis of
several organs, as well as the central nervous system (CNS) (28).

Despite the traditional view of the brain as an immunologi-
cally privileged site, multiple studies have demonstrated that the

CNS interacts with peripheral inflammatory cytokines through
several pathways, described as follows (29). First, the humoral
pathway: peripheral cytokines diffuse into the CNS through
circumventricular organs and structures lacking the blood-brain
barrier (BBB). Second, the cellular pathway: peripheral immune
cells enter the CNS due to alterations in the BBB permeability
and through the actions of chemoattractant mediators. Third,
the microbiota—gut-brain axis: the microbiota-gut can transmit
signals to the brain via the vagus nerve, immune mediators, and
microbial metabolites, thereby altering neurotransmission in the
CNS (30, 31). Fourth, the recently discovered central lymphatic
pathway or the glymphatic system: mediated by functional lym-
phatic vessels in the CNS (32). In this pathway, extracellular fluids
(the cerebrospinal fluid and interstitial fluid) draining from the
brain parenchyma to the cervical and lumbar lymph nodes facili-
tate the traffic of antigens and immune cells affecting peripheral
and central inflammation (33). Finally, the neural pathway: the
afferent vagus nerve detects peripheral inflammatory cytokines
(TNE IL-1p, IL-6) and transmits signals to the nucleus tractus
solitarius, and thereby to the hypothalamus (29, 34). All these
pathways serve as immune-to-brain cross talk that facilitate
central inflammation and behavioral changes.

THE INFLAMMATORY HYPOTHESES
OF SCHIZOPHRENIA

A balance between the pro- and anti-inflammatory cytokines is
critical for proper brain development (35). Epidemiological stud-
ies indicate that infections during development increase the risk
of schizophrenia in adulthood (36-39). These studies report an
association between elevated maternal inflammatory cytokines
levels (especially IL-8 and TNF) and risk of schizophrenia in adult
offspring (16, 37). It has been observed in preclinical studies that
maternal immune activation in rodents induces inflammatory
cytokines (IL-1p, IL-6, TNF) and reduces anti-inflammatory
cytokines (IL-10) in both the maternal fluids and in the fetal
brain, inducing schizophrenia-like behaviors in the offspring
(35, 40). Likewise, direct IL-6 inoculation into pregnant rodents
also induces schizophrenia-like abnormalities in the offspring.
This effect is prevented by neutralizing IL-6 antibodies, genetic
depletion of the IL-6 gene (IL-6 knockout) (35), or overexpres-
sion of anti-inflammatory cytokines (IL-10) in the macrophages
of pregnant dams (41).

Genetic studies have demonstrated the implications of
immune-related genes in schizophrenia (42). A Danish cohort
study reported a significant relationship between severe infections
and the risk of schizophrenia. A previous history of autoimmune
disorders increases the risk of schizophrenia by 36%. This risk of
schizophrenia increases up to 60% in patients with a previous his-
tory of infection and hospitalization (19). Several clinical studies
demonstrate a chronic low-grade inflammation in schizophrenia
(43-46). Early studies suggested that this chronic low-grade
inflammation may be due to chronically activated macrophages
that fail to properly control T-lymphocytes in the so called “mac-
rophage-T-lymphocyte hypothesis” (47). Thereafter, Schwarz
et al. (48) suggested that psychotic patients have a T helper cells
type 2-profile (Th2) characterized by increased Th2-produced
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IL-4 and decreased T helper cells type 1 (Th1)-produced IFN-
y (48). In contrast, a shift away from Th2-produced IL-4 and
toward Th1-produced IFN-y was later highlighted, suggesting the
involvement of transforming growth factor (TGF)-p in the Th1/
Th2 regulation of schizophrenia. Although contradictory, these
hypotheses concur that an inflammatory imbalance is involved
in schizophrenia (49).

Recent meta-analyses indicate that acute and chronically ill
patients demonstrate a low-grade inflammatory profile that
correlates with the clinical symptoms of schizophrenia (43, 45,
46) (Table 1). This inflammatory profile was also reported in
drug-naive patients in the first episode of psychosis (45). Since
these patients were drug-naive and in the first manifestation of
the disease, it is unlikely that inflammation was related to antip-
sychotics or duration of illness. Thus, inflammatory cytokines
in the peripheral blood were suggested to be either state or trait
biomarkers. State biomarkers refer to specific cytokines elevated
in schizophrenia and normalized with antipsychotics. Trait bio-
markers are cytokines that are elevated in schizophrenia and are
not normalized following antipsychotic treatment (43).

The association between biological and environmental factors
can have significant implications in schizophrenia (50). In this
respect, Monji et al. (51) shed light on the microglia hypothesis
of schizophrenia (51). Microglia are the resident macrophages in
the CNS (52), and similar to peripheral macrophages, they show
different activation states. Basal state microglia (M0) perform

TABLE 1 | Cytokine profile in schizophrenia.

Meta-analyses Number Patients Peripheral blood cytokines
(reference) of studies (status)
included in
the meta-
analyses
Miller et al. (43) AR 1
IL-6, IL-8, TNF, IFN-y, TGF-B,
IL-1RA
33 1
IL-10
FEP 1
(drug-néive)  IL-1B, IL-6, IL-12, IFN-y, TNF,
TGF-B, slL-2R
Upthegrove et al. (45) 14 FEP 1
(drug-néive) IL-1B, sIL-2R, IL-6, TNF
Goldsmith et al. (46) 40 AR/FEP 1
IFN-y, IL-18, IL-6, IL-8, IL-107,
IL-12, TNF, TGF-B, IL-1RA,
sIL-2R
1
IL-4, IL-102
18 Chronic 1
IL-1B, IL-6, TNF, sIL-2R
1
IFN-y

Enhanced (1) or decreased (|) cytokines levels in the peripheral blood of patients with

schizophrenia; AR, acutely relapsed; FER, first episode psychosis; IL, interleukin; TNF,

tumor necrosis factor, IFN-y, interferon-y;, TGF-p, transforming growth factor-p; sIL-2R,
soluble IL-2 receptor; IL-1RA, IL-1 receptor antagonist.

alL-10, increased in FEP but decreased in AR.

phagocytosis and promote neurite outgrowth (53-55). However,
both physical (infections) (56) or psychological (early life stress)
stressors induce microglial activation (57-62). In response to
these events, microglial polarization is triggered, resulting in an
inflammatory state (microglia type 1; M1) (63, 64). M1 micro-
glia produce large amounts of inflammatory cytokines (TNE,
IL-1, IL-6, IL-12) inducing neuronal cytotoxicity (57, 61, 62).
In contrast, anti-inflammatory cytokines (IL-4, IL-10) induce
microglial polarization toward an anti-inflammatory state
(microglia type 2; M2), critical for homeostasis. The imbalance
between these factors affects neurite outgrowth, neuronal con-
nections, and neurotransmitter formation and induces neuronal
cytotoxicity, contributing to neuropsychiatric disorders (57,
65-67). Indeed, increased microglial density and microglial
activation have been demonstrated in the hippocampus and
gray matter of schizophrenic patients, as demonstrated by
postmortem and in vivo studies (68-73), and microglial activa-
tion has been linked to the pre-suicidal stress associated with
schizophrenia (74).

Microglia-produced TNF induces neurotoxicity and neuro-
degeneration as demonstrated both in vitro (54, 75) and in vivo
(76, 77). A typical example is that abnormal microglia activation
alters tryptophan metabolism along the kynurenine pathway,
producing metabolites that act as N-methyl-p-aspartate recep-
tor (NMDAR)-agonists (quinolinic acid) or -antagonists, such
as kynurenic acid (KYNA) (29, 78, 79). NMDAR dysfunction
is associated with schizophrenia (80) and NMDAR-antagonists
induce positive, negative, and cognitive symptoms in healthy
volunteers, similar to those observed in schizophrenia (81, 82).
Delusions and hallucinations related to autoantibodies blocking
NMDARs were reported in schizophrenic and healthy controls
(83, 84). The kynurenine pathway is also linked to oxidative stress.
Neuronal apoptosis and structural changes in specific areas of the
brain, such as the amygdala, hippocampus, and prefrontal cortex,
are related to several psychiatric disorders, including schizophre-
nia (78). Together these studies demonstrate that inflammation of
the CNS can contribute to schizophrenia (43, 45, 46).

The efficacy of antipsychotics may be due to microglial sup-
pression and subsequent neuroprotection (85-87). Atypical
antipsychotics inhibit TNF production by the IFN-y-stimulated
microglia (86, 87). Minocycline, a non-psychotic medication
with potent effects in inhibiting microglia, has been suggested
as an adjuvant in the treatment of schizophrenia (86). However,
atypical antipsychotics induce metabolic and cardiovascular
dysfunctions (11, 12). Thus, there is an unmet clinical need for
new therapeutic strategies to control inflammation and the pro-
gression of schizophrenia.

DOES AUTONOMIC
IMMUNOMODULATION CONTRIBUTE
TO THE INFLAMMATORY COMPONENT
OF SCHIZOPHRENIA?

The Autonomic Nervous System
The autonomic nervous system regulates the immune system
through both the sympathetic and parasympathetic networks
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(21, 88, 89). This regulation is not only critical for physiological
homeostasis, such as that in the gastrointestinal tract (90, 91),
but also in pathological conditions that range from infection to
trauma (22, 92-94). Briefly, sympathetic preganglionic neurons
that originate from the thoracic and lumbar spinal segments syn-
apse with postganglionic neurons in pre- or paravertebral ganglia.
Parasympathetic preganglionic neurons originate from the brain-
stem and the sacral spinal cord and synapse with postganglionic
neurons in terminal ganglia located near target organs. Both
preganglionic sympathetic and parasympathetic neurons release
acetylcholine (ACh). While all parasympathetic postganglionic
neurons release ACh, most sympathetic postganglionic neurons
release norepinephrine. Overall, sympathetic activity predomi-
nates during the “fight-or-flight” reactions, while parasympathetic
activity predominates during “quiet” resting conditions (95).
The vagus nerve—the major component of the parasympathetic
system—plays a critical role in the communication between
the brain and peripheral organs, such as the heart, lungs, and
intestine (96).

The Autonomic Nervous System
Regulation of Inflammation in

Schizophrenia

Dysfunction of the autonomic nervous system may contribute
to the inflammatory profile reported in schizophrenia. The
balance between the sympathetic and parasympathetic systems
can be determined by the heart rate variability (HRV), which
represents the variation of the intervals between heartbeats
(97). Parasympathetic nerves slow heart rate and increase HRV
by releasing ACh. Sympathetic nerves accelerate heart rate and
decrease HRV by releasing epinephrine and norepinephrine
(98, 99). Lower HRV is a predictor of cardiac morbidity and mor-
tality (100-102). Psychiatric patients tend to have an autonomic
imbalance with low HRV suggesting a reduced parasympathetic
and increased sympathetic tone (103-105). Low HRV has also
been related to psychotic symptoms and depression (106-108);
and thus, the vagal tone could serve as an index of the treatment
response (109).

The polyvagal theory associates the autonomic neuronal
system with affective experiences and contingent social behavior
(110). Low vagal activity is associated with reduced social involve-
ment and a less flexible behavioral response to environmental
conditions (110). In agreement with this theory, Bylsma and
coworkers suggested that “the cardiac autonomic balance may be
a useful index that reflects the balance of the autonomic nervous
system to respond to aspects of the environment that may be sensi-
tive to psychophysiological abnormalities” (111). Thus, autonomic
neuronal dysfunction and low vagal activity could contribute to
schizophrenia.

Electrical vagus nerve stimulation (VNS) was approved by
the food and drug administration for treating several neuropsy-
chiatric disorders including refractory epilepsy and depression
(25, 112-114). However, few studies have explored VNS in
schizophrenia (27). The only study that addresses VNS in schizo-
phrenia examined the effects of transcutaneous vagal stimula-
tion (tVNS) (115). tVNS is a non-invasive electrical stimulation

of the external ear allowing stimulation of the auricular vagal
branch (116). tVNS of the cymba conche results in the strong-
est activation of the vagal afferent pathway in the brainstem,
as observed through functional magnetic resonance imaging
(117). A bicentric, randomized, sham-controlled and double-
blind clinical investigation was performed in 20 schizophrenic
patients, who were randomly assigned to two groups: one
received daily active stimulation of the left auricle for 26 weeks;
the other group received sham stimulation daily. Regarding
efficacy, there was no difference between the sham and tVNS
groups (115). However, only half of the patients adhered to the
protocol. Given that the vagal stimulation treatment depends on
patient adherence, it was not possible to conclude a result due
to non-adherence to the protocol and methodological limita-
tions. In contrast, experimental studies demonstrated that VNS
significantly reversed hippocampal hyperactivity, mesolimbic
dopaminergic dysfunction, and schizophrenia-like symptoms,
including cognitive deficits (118, 119).

Autonomic dysfunction facilitates immune alterations and
increases the susceptibility to infectious and immunological dis-
orders. The vagus nervedirects the “cholinergicanti-inflammatory
pathway” modulating inflammation, as reported in preclinical
and clinical studies (21, 23, 24, 26, 93, 118-124). In clinical
studies, VNS inhibited cytokine production, improved HRV, and
ameliorated low moods and emotional symptoms in depressive
patients resistant to pharmacological treatment (26, 124). Recent
studies demonstrated brain inflammation reduction with VNS
applied at a low frequency, a protocol that favors the activation of
efferent vagus nerve fibers (23, 24). Inhibition of CNS inflamma-
tion can be a consequence of peripheral inflammation inhibition
(22, 24). The vagal anti-inflammatory signals are mediated by
a7nAChR, suggesting that nicotinic agonists mimic vagal anti-
inflammatory potential (22, 125, 126). a7nAChR were detected
in several cell types, including neurons and immune cells. In
the CNS, a7nAChR are expressed by pyramidal interneurons
(127, 128), immature granule cells (129), astrocytes (130), and
microglia (131, 132). In the periphery, this receptor is expressed
in monocytes (133, 134), dendritic cells (135), macrophages
(120, 136), T-cells (137), and B-cells (138). In this regard, the use
of selective a7nAChR-agonists in the treatment of psychiatric
and neurological patients has been reported (139). Remarkably,
activation of ®7nAChR in cultured microglia cells inhibits LPS-
induced release of cytokines and promotes conversion of M1
microglia to M2 (132, 140).

Genetic studies demonstrated that a7nAChR activity is
reduced, especially in the hippocampus, thalamus, frontal cor-
tex, brainstem, ventral tegmental area, nucleus accumbens, and
the cingulate cortex of schizophrenic patients (141-146). This
reduced activity is more remarkable in gamma-aminobutyric
acid (GABA) interneurons (142) that are key players in schizo-
phrenia, especially in the cognitive domain (147). In addition,
a7nAChR participate in NMDA and GABAAx receptors activity,
and similar to NMDAR, they modulate calcium influx facilitat-
ing neurotransmission (148-150). Accordingly, a7nAChR has
been involved in a myriad of brain functions, including learning,
memory, neuroprotection, and synaptic plasticity (151-153).
Conversely, a7nAChR dysfunction leads to abnormal NMDAR/
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GABA, function and perturbation of glutamatergic and GABAe-
rgic neurotransmission (154).

Kynurenic acid, besides acting as an NMDAR inhibitor,
is also a potent non-competitive a7nAChR-antagonist (155)
and is associated with hypoglutamatergic and hypocholinergic
neurotransmission, facilitating cognitive deficits and sensory
gating disturbances in schizophrenia (155). a7nAChR-agonists
restore dopamine signaling in the brain (156) and improve
negative symptoms and cognitive function in schizophrenia
(139, 157-161). Variation in brain KYNA may be related to the
nicotinic cholinergic system. It has been observed that nicotine
reduces levels of KYNA in clinical trials (162). In rodents, this
effect was clear during a 5-day nicotine treatment; however,
prolonged treatment enhanced central levels of KYNA (155).
Notably, increased brain levels of KYNA are reported in schizo-
phrenia (14); this concurs with data demonstrating a high rate of
cigarette smokers with schizophrenia (163). For instance, over
80% of schizophrenic patients were smokers compared to 20% of
the general population of the USA in 2006 (164). Accordingly, a
recent meta-analysis reported that people who smoke are three

times more likely to suffer psychosis (165); thus, high cigarette
smoking in schizophrenia is suggested as a physiological basis
on which patients try to correct cognitive deficits caused by
a7nAChR dysfunction (155). In a recent study, chronic nicotine
reversed hypofrontality in an animal model of addiction and
schizophrenia (166). a7nAChR represents a potential therapeu-
tic target for cognitive deficits and sensory gating disturbances;
nevertheless, cigarette smoking is toxic and unspecific with
deleterious side effects, and it is critical to find specific and safer
therapeutic strategies for schizophrenia (163).

Essentially, the development of schizophrenia is more
complex. This condition is influenced by genetic vulnerability
interacting synergistically with multiple environmental risk fac-
tors, such as infections or stress in early life, drug abuse, besides
other environmental adversities occurring at critical periods of
neurodevelopment (167-169). This gene—environmental interac-
tion could produce a latent immune vulnerability. Thus, when
this vulnerability is manifested, the individuals become more
susceptible to immune dysfunctions, increasing their risk of
developing schizophrenia (170).

Psychological/Physical Stressors

a7
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FIGURE 1 | The autonomic hypothesis of schizophrenia. (A1,A2) Psychological or physical stressors contribute to enhanced production of inflammatory
cytokines by both peripheral and brain immune cells. (B) The afferent vagus nerve facilitates immune-to-brain communication, by transmitting signals from the
periphery to the brain. (C) Patients with schizophrenia have an intense autonomic imbalance characterized by «a7nAChR dysfunction and reduced vagal tone.

(D) The efferent vagus nerve plays a key role in the “cholinergic anti-inflammatory pathway,” a mechanism dependent on (E) acetylcholine binding to the a7nAChR,
a pathway that is dysfunctional in schizophrenia patients. This impairment in the inflammatory reflex may contribute to (F) neuroinflammation and disrupted synthesis
of neurotransmitters in schizophrenia. Note: the vagus nerve is constituted by both efferent and afferent fibers. The division shown in this figure is merely illustrative
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Notably, stressful situations can induce an impairment of
the a7nAChR (171-173). Animal models demonstrate an
interaction between a7nAChR and the hypothalamic-pitui-
tary—-adrenal axis, a primary system responsible for the stress
response (172). Prenatal restraint stress decreases a7nAChR
expression in the hippocampus and prefrontal cortex in adult
rats (173), while VNS reduces conditioned fear in rodents with
posttraumatic stress disorder (174). A recent review stated that
a7nAChR-agonists induce beneficial effects in patients with
psychiatric disorders (139) ameliorating cognitive deficits,
negative symptoms, and sensory gating disturbances in both
preclinical and clinical trials of schizophrenia (139, 157-161).
Advantageous effects for the negative symptoms have been
reported repeatedly, while improvements in the cognitive
domain remain controversial, deserving further exploration
(175, 176). Together, these studies indicate that the vagus nerve
and the a7nAChR may be involved in the inflammatory hypoth-
esis of schizophrenia (Figure 1). Thus, future investigations are
critical to determine their clinical potential in schizophrenia
and other neurological disorders. Moreover, the consideration
of stressful events in future investigations would be of interest.
This would help to reduce the discrepancy regarding inflamma-
tory processes in schizophrenia that are observed in data from
several studies.

FUTURE PERSPECTIVES

The inter-relationship between the nervous and the immune sys-
tems is critical to understand the pathogenesis of schizophrenia.
In brief, a reduced parasympathetic tone could contribute to
inflammation observed in schizophrenic patients. This mecha-
nism combined with stress-mediated dysfunctions of the
a7nAChR can enhance the impairment of the inflammatory
reflex, contributing to schizophrenias symptoms. In the face
of microglial hyperactivation, future investigations controlling
microglial activation through innovative approaches, such as
VNS and a7nAChR modulation, may provide clinical advantages
for treating schizophrenia. As early exposure to stressors induces
changes in the inflammatory reflex, a better understanding of the
association between biological and environmental factors would
potentially improve the diagnosis and treatment of schizophrenia.
In this regard, public health interventions controlling stressful
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