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This review aims to describe the clinical spectrum of catatonia, in order to

carefully assess the involvement of astrocytes, neurons, oligodendrocytes,

and microglia, and articulate the available preclinical and clinical evidence

to achieve a translational understanding of the cellular and molecular

mechanisms behind this disorder. Catatonia is highly common in psychiatric

and acutely ill patients, with prevalence ranging from 7.6% to 38%. It is

usually present in different psychiatric conditions such as mood and psychotic

disorders; it is also a consequence of folate deficiency, autoimmunity,

paraneoplastic disorders, and even autistic spectrum disorders. Few

therapeutic options are available due to its complexity and poorly understood

physiopathology. We briefly revisit the traditional treatments used in catatonia,

such as antipsychotics, electroconvulsive therapy, and benzodiazepines,

before assessing novel therapeutics which aim to modulate molecular

pathways through different mechanisms, including NMDA antagonism and

its allosteric modulation, and anti-inflammatory drugs to modulate microglia

reaction and mitigate oxidative stress, such as lithium, vitamin B12, and NMDAr

positive allosteric modulators.

KEYWORDS
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Introduction

Catatonia is a complex neuropsychiatric syndrome and since its recognition, it
was described as a symptom or consequence of schizophrenia (SCZ). A great
body of neuroscientific evidence has thrown up interesting hypotheses around
cellular and circuitry defects leading to catatonia. The clinical spectrum of
catatonia is wide, mostly involving affective and motor control-related encephalic
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areas (Walther and Strik, 2016). Its diverse clinical spectrum,
which will be later discussed, makes an accurate diagnosis
difficult. During the past three decades, therapeutics have
remained relatively constant, with benzodiazepines being the
first line of treatment; however, they are not always effective.
The wide application of electroconvulsive therapy (ECT)
in psychiatric disorders has shown great efficacy, including
catatonia (Dhossche and Withane, 2019; Kellner et al., 2020).
Nonetheless, a definitive, specific treatment is still to be
elucidated.

The epidemiological data surrounding catatonia is variable
and depends on the sample studied and the methods used to
diagnose it (Stuivenga and Morrens, 2014). The establishment
of catatonic symptomatology is frequently related to other
psychiatric conditions and acutely ill patients. The most
frequent association was first noticed with schizophrenia, with
a prevalence of up to 50% depending on the study (Deister
and Marneros, 1994; Bräunig et al., 1998; Ungvari et al., 2005);
nonetheless, current data establishes, varying depending on the
population, a coexistence of schizophrenia/catatonia between
9.8% and 20% (Stuivenga and Morrens, 2014; Rasmussen et al.,
2016; Solmi et al., 2018). A systematic review presented by Solmi
et al. (2018) studied the epidemiological heterogeneity regarding
the coexistence between catatonia and schizophrenia, more than
half of the 74 studies included presented a European population
whereas a study performed by Zingela et al. (2022) reported a
coexisting prevalence of 47.7% among South African population.
Said statistical difference not only exemplifies changes in
diagnostic tools and criteria throughout the years, but it also
leaves a significant number of catatonic patients in whom no
clear etiology is known thus encouraging further studies on the
subject. Interestingly, a stronger association has been elucidated
between catatonia and affective disorders, with the prevalence of
up to 20% to 40% in depression and mania respectively (Bräunig
et al., 1998; Solmi et al., 2018).

It is worth bearing in mind that catatonia can emerge with
no prior psychiatric comorbidity or in the presence of medical
and neurological illness, with an estimated prevalence of 20.6%
(Solmi et al., 2018; Connell et al., 2021). As for autism, an early-
onset neurodevelopmental disorder, its similar and sometimes
overlapping clinical manifestations have led clinicians and
investigators to study a possible correlation between these two
entities (Wing and Shah, 2000). Many cases have clearly related
autoimmunity to the onset of catatonia: anti-N-methyl-D-
aspartate receptor (NMDAR) encephalitis, autoimmune thyroid
disorders, multiple sclerosis, and systemic lupus erythematosus
(Rogers et al., 2019; Durns et al., 2020). Other authors
pinpointed alterations of the limbic system like lower volumes of
the amygdala and the hypothalamus as the arise of the affective
component of catatonia (Fritze et al., 2022). Furthermore,
a widely known hypothesis is anomalies in dopamine and
GABAergic circuitries result in deficits of top-down modulation
(Northoff, 2002). This puzzle has forced researchers to formulate

a comprehensive approach to the pathophysiology of catatonia
beyond an alteration in neuron circuitry.

The mechanisms underlying catatonia onset have been
broadly studied; however, there is no consensus on how or
why this syndrome occurs. Current explanations involve
dysfunctions in encephalic areas such as the supplementary
motor area (SMA), orbitofrontal cortex (OFC), prefrontal cortex
(PFC; Haroche et al., 2020), and gamma-Aminobutyric acid-A
(GABA-A) and N-Methyl-D-Aspartate (NMDA) receptor
dysfunction has been proposed as well (Moussa et al., 2019;
Samra et al., 2020). Additionally, evidence of the role of glia in
neuropsychiatric disorders is growing (González-Reyes et al.,
2017; Vargas-Sánchez et al., 2018; Baracaldo-Santamaría et al.,
2022), and when assessing preclinical evidence around catatonia,
animal models inducing symptoms resembling catatonia have
focused on the interactions between neurons and glia; moreover,
they have tried to modulate glial activation with encouraging
results (Hagemeyer et al., 2012). Therefore, it is crucial to
elaborate on an integrative approach that includes the complex
interactions between neurons, microglia, oligodendrocytes, and
astrocytes.

In this review, we carefully assess clinical tools to diagnose
catatonia and the preclinical evidence in experimental catatonic
models, deeply emphasizing processes that alter microglia,
astrocytes, and oligodendrocytes. We explore clinical evidence
from an extensive analysis of reported cases and functional
images in catatonic patients, as well as the best literature available
for similar diseases, in order to help us frame the understanding
of this complex syndrome. Furthermore, regarding the cellular
and circuitry pathways, we will review and propose current and
novel therapeutics that might help to treat catatonia.

Clinical spectrum and assessment of
catatonia

Catatonia is a psychomotor syndrome and its diverse
symptomatology can include motor, mental, behavioral,
and vegetative manifestations (Madigand et al., 2016). Its
broad clinical spectrum can be classified into the motor and
psycho-affective symptoms. Motor manifestations encompass
mutism, stupor, staring, grimacing, stereotypy, mannerisms,
perseveration, withdrawal, impulsivity, combativeness,
cessation of self-initiated movement, and mitgehen and/or
gegenhalten reflexes. Psychoaffective symptoms include
automatic obedience, verbigerations, echopraxia, repetitive
speech, and refusal to eat and drink (Tandon et al., 2013).

One possible categorization of catatonia variants is the
one proposed by Fink and Taylor, who argue this syndrome
can occur in three forms: retarded, excited, and malignant
(Fink and Taylor, 2009). The most recognized is the retarded
form, characterized by immobility, posturing, mutism, stupor,
and stereotypy. The excited form includes restless movements,
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talkativeness, agitation, frenzy, and delirium. Lastly, and less
commonly found, there is a malignant form, distinguished by
autonomic excitement, abnormal blood pressure, tachycardia,
and tachypnea (Mashayekhi and Ghayoumi, 2019). The latter
resembles many aspects of the neuroleptic malignant syndrome
(NMS) and must be strongly taken into account as it might
result in death (Philbrick and Rummans, 1994; Ghaziuddin et al.,
2017).

Clinical manifestations of catatonia are extremely
heterogeneous, making its recognition challenging. There
are many scales designed to diagnose catatonia that mainly
focus on clinical symptoms. The DSM-V, BFCRS, Brauning,
and Northoff scales are summarized and contrasted in
Table 1 (Northoff et al., 1999a; Sienaert et al., 2011; American
Psychiatric Association, 2013; Aandi Subramaniyam et al.,
2020). It is important to differentiate catatonia from other
conditions such as nonpsychiatric stupor, encephalopathy,
stroke, stiff-person syndrome, Parkinson’s disease, locked-in
syndrome, malignant hyperthermia, nonconvulsive status
epilepticus, NMS, or autism (Ohry, 1990; Tormoehlen and
Rusyniak, 2018; Apetauerova et al., 2021; Vaquerizo-Serrano
et al., 2021). Underlying medical conditions might be the cause
of catatonia and their treatment should resolve the catatonic
syndrome.

Hallmarks of motor and
psycho-affective neural circuits
involved in catatonia

In this section, based on the clinical division of catatonia, we
describe in detail the physiological functioning of neural circuits
related to motor control and psycho-affective modulation.

Motor control pathways

As previously described, catatonia has a strong motor
component, and, therefore, it is mandatory to understand the
circuitry implicated in movement control and coordination and
its dysfunction in this syndrome. Basal ganglia are collections of
neuronal nuclei located in the brain that encompass structures
such as the striatum, composed of the caudate nucleus (CN)
and putamen, as well as the ventral striatum (VS), internal
(iGP) and external globus pallidus (eGP), substantia nigra
pars compacta (SNc) and reticulata (SNr), and the subthalamic
nucleus (STN). Interconnectivity between these structures and
the cerebral cortex, cerebellum, and thalamus is crucial for
movement control. The direct and indirect pathways describe
how basal ganglia either initiate or completely terminate
movement (Graybiel et al., 1994; Lanciego et al., 2012; Bostan
et al., 2018).

The direct pathway starts when the cerebral cortex sends
projections to the striatum to initiate movement. This excitatory
efference activates the GABAergic medium spiny neurons in the
caudate and putamen, which project to the iGP and the SNr,
resulting in the inhibition of both structures (Calabresi et al.,
2014). Tonic inhibitory neurons arising from the iGP would
inhibit the ventral lateral (VL) and the ventral anterior (VA)
nuclei of the thalamus; however, as iGP activity ceased due to
the previous inhibition by the striatum, it is unable to inhibit
the VA/VL thalamic complex, leaving the thalamus activated and
thus allowing the afference originally initiated in the cerebral
cortex to finally reach the frontal cortex, translating these signals
into movement (Báez-Mendoza and Schultz, 2013; Cui et al.,
2013; Freeze et al., 2013).

On the other hand, the indirect pathway seeks to modulate
the disinhibitory actions from the direct pathway. The activation
of this pathway is marked by the integration of cortical afferences
in the striatum, where spiny neurons coming from the striatum
will synapse with the tonic inhibitory active neurons from the
eGP, which will later project to the iGP and the STN (Smith
et al., 1998). This interaction between the striatum and eGP
inactivates the nucleus’ ability to inhibit the STN. Consequently,
the subthalamic nucleus neurons project and activate the iGP,
which modulates the VL/VA thalamic nuclei, suppressing its
activity and thus blocking the activation of the thalamus, leading
to termination of movement.

Movement is also inhibited by the hyperdirect pathway,
which starts with an excitatory efference arising from the
cerebral cortex that projects to the STN. Once activated, the
STN projects excitatory afferences to activate the iGP. As has
been stated, when the iGP medium spiny neurons project
to the VL and VA nuclei of the thalamus, the activation of
the medium spiny neurons will inhibit the aforesaid nuclei,
leaving them incapable of sending excitatory signals to the
cortex, which translates into the inhibition of movement
(Nambu et al., 2002).

Medium spiny neurons from the striatum project directly to
the SNc, which also sends diffuse dopaminergic projections to
the spiny neurons. The effects dopamine has over spiny neurons
are complex and might just be an example of how the same
neurotransmitter has a different effect depending on the type
of receptor the postsynaptic neurons express. In this sense, the
same nigral neurons might provide excitatory afferences to the
medium spiny neurons projecting to the iGP, thus promoting
movement (direct pathway); but at the same time, these neurons
could also provide inhibitory afferences to the medium spiny
neurons projecting to the eGP, hence inhibiting movement. The
expression of dopamine type 1 receptors (D1R) on the medium
spiny neurons in the direct pathway guarantees this excitatory
effect, whereas the expression of the dopamine type 2 receptor
(D2R) on the same kind of neurons in the indirect pathway
has an inhibitory effect (Gerfen and Surmeier, 2011). Figure 1A
illustrates these pathways.
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FIGURE 1

Panel (A) shows motor control pathways and the cortical and subcortical structures involved in movement control; Internal Globus pallidus (GPi),
External Globus Pallidus (GPe), Subthalamic nucleus (STn). Panel (B) illustrates the abnormal functioning of cortical and subcortical structures
reported by functional neuroimaging as well as the aberrant connectivity in catatonia; Orbitofrontal cortex (OFC), ventromedial prefrontal cortex
(vmPFC), and dorsolateral prefrontral cortex (dlPFC) have been addressed as hypofunctioning, probable due to diminished GABAa receptor
density. Subthalamic nucleus (STn), supplementary motor area (SMA), and the amygdala remain hyperfunctioning in catatonic patients, leading
to motor inhibition.
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TABLE 1 Diagnostic scales comparison: Bush–Francis Catatonia Rating Scale (BFCRS), Rogers Catatonia Scale (RCS), Braunig Catatonia Rating Scale
(BCRS), Northoff Catatonia Rating Scale (NCRS).

Items BFCRS
(Bush et al., 1996)

RCS
(Sienaert et al., 2011)

BCRS
(Bräunig et al., 2000)

NCRS
(Northoff et al., 1999a)

Excitement X X X X
Immobility/stupor X X X X
Mutism X X X X
Staring X X
Posturing/catalepsy X X X X
Grimacing X X X
Echopraxia/echolalia X X X X
Stereotypy X X X X
Mannerisms X X X X
Verbigeration X X X X
Rigidity X X X
Negativism X X X X
Waxy flexibility X X X X
Gegenhalten X X X
Mitgehen/Mitmachen X X X X
Abnormal speech X X
Dyskinesia/parakinesia X X X
Iterations X X
Slowness/feebleness of spontaneous
movements

X

Simple abnormal posture X
Gait: reduced associated movements X
Gait: slow/shuffling X
Automatic obedience X X X
Impulsivity X X X
Grasp reflex/grasping X X
Akinesia X X
Festination/jerky movements X X
Rituals X
Combativeness/aggression X X
Autism/withdrawal X X
Ambivalence/Ambitendency X X
Perseveration X X
Autonomic/vegetative abnormality X X
Agitation X
Flaccidity/muscular hypotonus X
Affect-related behavior X
Affective latence X
Flat affect X
Anxiety X
Athetotic Movements X
Compulsive behavior X
Compulsive emotions X
Emotional lability X
Sudden muscular tone alterations X
Increased, compulsive-like speech X
Loss of initiative X
Magnetism X

Psycho-affective modulation circuits

Catatonia comprises not only motor but also affective and
behavioral abnormalities. Therefore, in this section, we describe
the neural substrate underlying emotional processing and the
genesis of psychosis.

Regarding the neurobiological correlates of affective
processing, it is crucial to understand catatonic affective
symptoms by first explaining emotional regulation. Emotions
can be defined as physiological responses to a given stimulus.
The central processing of emotions is carried out by subcortical
structures such as the amygdala, the striatum, the hypothalamus,
the hippocampus, and the brain stem; cortical structures
comprise the somatosensory cortex, cingulate cortex, and the
motor cortex (Damasio and Carvalho, 2013). The amygdala is

a key structure implicated in positive and negative emotional
processing. Sensory inputs from the thalamus arrive at the lateral
nucleus of the amygdala, connecting therefrom to the central
nucleus, which in turn projects to the central gray region, and
to the lateral and the paraventricular hypothalamus. Efferences
to the autonomic and limbic systems result in an endocrine and
motor output, usually evident as facial expressions, or more
complex motor behaviors like freezing or running (Yang and
Wang, 2017).

The genesis of psychosis has been tightly related to
dopamine dysfunction. The classical dopaminergic theory stated
there was an overactivity of the dopamine pathways due
to enhanced neurotransmission or an increased sensibility
to dopamine (Seeman and Seeman, 2014). Nonetheless, the
role of dopamine in psychosis has evolved from a general
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hyperdopaminergic state to a complex dysregulation, where
there is greater activity of dopamine in the mesolimbic pathway
and a lower dopaminergic activity in the mesocortical pathway
(Kumakura et al., 2007; McCutcheon et al., 2020).

The increased sensibility to dopamine in the mesolimbic
tract is thought to rely on different affinity states for agonism
of D2R (Seeman et al., 1975; Seeman, 2013a). The different
affinities are inter-convertible and depend on the coupling
with G-proteins, where a coupled state is a high-affinity state
(D2High) while the uncoupled state is a low-affinity state
(D2low; Graff-Guerrero et al., 2009). Seeman et al. (2006)
demonstrated that in schizophrenia there is an increase in
D2High which is associated with a greater sensitivity to
dopamine.

Our understanding of dopamine has evolved from its
classical function as a reward neurotransmitter to having a more
complex spectrum of functions including valuation, decision
making, motivation behavior, awareness, and prediction of
reward (Schultz et al., 1997; Fusar-Poli et al., 2010). Midbrain
dopaminergic neurons and their interactions with other CNS
structures have been postulated to mediate motivation, behavior,
and valuation, and an aberrant circuitry function might be
the substrate to aberrant behaviors (Montague et al., 2004).
Furthermore, under normal conditions, dopamine is essential
to make an accurate internal representation of an external
stimulus. Thus, when altered, an incongruent representation
and interpretation of the external stimulus results in psychosis
(Howes and Kapur, 2009; Fusar-Poli et al., 2010; Howes et al.,
2013). The Aberrant Salience Theory states complex diseases
such as SCZ emerge from an incorrect adaptation process as
a consequence of functional abnormalities in dopamine-related
pathways (Roiser et al., 2013; Howes and Nour, 2016).

In brief, emotional regulation is performed by cortical and
subcortical structures, and autonomic and motor responses are
consequences of these processes. The genesis of psychosis is
related to dopamine dysregulation, affecting the articulation of
external vs. internal stimuli. The aforementioned structures and
neurotransmitters juxtapose with those affected in catatonia.
Furthermore, alterations in these circuits sometimes present
with similar symptoms to those seen in catatonia.

Pathophysiology of catatonia

The role of neurotransmitters and
circuitry dysfunction

In this section, we review and aim to elucidate catatonia’s
physiopathology by articulating functional imaging findings,
preclinical data, current theories regarding neurotransmitter
dysfunction, and successful pharmacological treatments
reported in the literature. Understanding the aforementioned

voluntary control movement, affective and behavioral neural
substrates is crucial to correlate findings.

Recent systematic evidence (Haroche et al., 2020) gathers
non-homogenous findings regarding structural imaging in
patients diagnosed with catatonia. The most common cortical
areas associated with catatonia are M1, the SMA, the parietal
cortex, and the ventromedial prefrontal cortex (vmPFC). The
frontal and parietal cortices are consistently found diminished,
especially the right medial orbitofrontal cortex (OFC) and the
superior left parietal gyrus (SPG). Disparate findings encompass
fronto-parietal cortical sulcal enlargement, hyper gyrification of
the anterior cingulate gyrus, medial OFC, right inferior temporal
gyrus, and right insula, as well as hypo gyrification in the left
superior temporal gyrus. Other important but not extensively
studied structural findings are cerebellar vermis and brainstem
atrophy and increased gray matter density in the cerebellum
cortex (Wilcox, 1991; Northoff et al., 1999c).

The SMA is strongly related to the initiation, planning,
learning, and programming of motor behavior, while the
main synaptic outputs related to motor control encompass
STN and parietal cortex stimulation. It is also associated
with the integration of sequential elements into higher-order
representations in complex processes like music, language, and
working memory, implying that any required sequential process
is structured by the SMA. In non-catatonic patients, SMA lesions
manifest as slurred speech, perseverations, and repetitions. The
radical cessation of self-initiated movement and sequence of
movements are also observed (Ziegler et al., 1997).

Walther et al. (2017) found schizophrenic patients with
catatonia had an increased cerebral blood flow to the SMA
that directly correlates to catatonia severity. Moreover, they
highlighted a diminished gray matter density in the insular
and frontal cortices in these patients. A study performed
by J. Scheuerecker found a normal medial motor loop
(SMA, thalamus, and basal ganglia) activation in healthy
control patients while performing self-initiated movements,
but no activation in patients with catatonic schizophrenia
(Scheuerecker et al., 2009). Additionally, regarding stimulation
of the hyperdirect pathway, the VIIb cerebellar region projects
to the STN, which in turn blocks movement by inhibiting
M1 and the SMA (Walther et al., 2017). Taken together, the
SMA integrates motor and cognitive information. Experimental
and clinical SMA alterations in non-catatonic patients resemble
motor and psychoactive symptoms observed in catatonia.
The remarkable hyperperfusion of the SMA found on
functional imaging in catatonic patients might correspond
to compensation for insufficient or inhibitory basal ganglia
output, and increased neural activity to override massive
motor inhibition, probably coming from the cerebellum and
the STN.

Another important finding using statistical functional
imaging analysis is that catatonic patients present significant
alterations in connections between the OFC and the vmPFC,
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and between the ventromedial/dorsolateral PFC and the
premotor/motor cortex. Moreover, functional imaging studies
showed a decrease in cerebral blood flow in the right PFC and
parietal cortex as well as a decrease in GABA-A receptor density
and binding in the left sensorimotor cortex and right and left
lower PFC (Northoff et al., 1999b). Northoff proposes a “top-
down” modulation model in which he explains akinesia as a
downregulation of the direct motor loop, emphasizing the fact
that the source of this dysregulation does not come from the
motor loop per se but rather from the GABAergic and cortico-
cortical dysfunctions mediated by horizontal modulation in
OFC and PFC. Vertical modulation understood as bidirectional
interconnections between cortical and subcortical structures
has also been suggested to explain motor symptom expression
(Northoff, 2002; Hirjak et al., 2015).

Furthermore, vmPFC-thalamic connections are also crucial
in cognitive behavioral control. Divergent projections from the
vmPFC and dmPFC arrive at the mediodorsal thalamus and the
ventromedial striatum, and apparently, these circuits maintain
cognitive control tasks and guide a proper behavioral output by
establishing a constant representation of a given task (de Kloet
et al., 2021). The regulation and tracing of these interconnected
projections are quite complex: there are at least four different
circuits linking the vmPFC and dmPFC to the thalamus
and striatum. Concerning catatonia, inhibitory corticostriatal
projections arising from the mPFC to the striatum have been
described; therefore, as seen in functional images, vmPFC and
dmPFC hypofunction could activate striatum medium spiny
neurons, resulting in behavior arrest (Lee et al., 2014).

Common associative areas are found when contrasting
motor control, emotional regulation, and the genesis of
psychosis. Subcortical structures like the basal ganglia circuits
and the amygdala are involved in behavioral and emotional
regulation, as well as cortical associative structures such as the
primary motor cortex M1, SMA, PFC, OFC, thalamus, and
the cerebellar-thalamo-cortical circuit (Walther et al., 2017).
Functional MRI studies allow us to think of catatonic behavior
as the result of a negative emotional processing, where a
hyperactivation of the amygdala and in contrast a decreased
activation of the OFC, supramarginal gyrus (SMG), mPFC,
and cingulate anterior cortex (CAC) result in motor activity
suppression, or tonic immobility as a response to fear (Northoff,
2002; Ellul and Choucha, 2015; Hirjak et al., 2019a).

Building on these ideas, Northoff and Hirkjak (Northoff
et al., 2004; Hirjak et al., 2019b) both showed that a decreased
activation and area of the OFC were related to behavioral
and affective symptoms in catatonic patients, whereas motor
abnormalities were linked to mPFC dysfunction. Catatonic
patients have subjectively reported feeling overwhelmed
with emotions, predominantly negative ones and specifically
anxiety. Accordingly, depression can present as a prodrome
of catatonia, while anxiety and psychotic symptoms can be
present as well.

Additionally, catatonia might be considered as a fear
syndrome, with cataplexy resembling a prey’s freezing response
while being hunted by a predator (Moskowitz, 2004). This
behavior is related to an animal defense strategy named tonic
immobility, which consists of sudden freezing when the animal
is exposed to a dangerous stimulus (Lander et al., 2018).
Environmental stimuli are conveyed in different brain areas that
later project to the amygdala. After the information is sent to
the amygdala, different cortical areas are activated. For example,
connections between the OFC and the amygdala are assumed
to be involved in emotional processing and control, especially
when it comes to negative emotions. In consequence, decreased
activation of the OFC impedes inhibition of the amygdala, thus
leading to hyperactivation of the latter (Rempel-Clower, 2007;
Ellul and Choucha, 2015). The vmPFC is a key area for fear
generalization and perceiving emotions as well. Interesting
evidence frames vmPFC interconnectivity between the amygdala
and thalamus as a key regulator of fear and anxiety, so a
reduced thickness or misfunction might lead to generalized
anxiety (Arruda-Carvalho and Clem, 2014; Cha et al., 2014;
Motzkin et al., 2015). Altogether, it is clear the OFC and vmPFC
are key regulators of emotional and behavioral processing, and
alterations seen in other pathologies help us shed light upon
imaging findings in catatonia.

Symptoms such as echolalia and echopraxia are frequently
present in catatonic patients. Previous studies have shown
imitation behaviors might arise in response to lesions in the
OFC. These echo-phenomena arise from the disinhibition of
mirror neurons as a result of dysfunction in the GABAergic
system within the OFC (Mehta et al., 2013; Ellul and Choucha,
2015).

The cellular and molecular mechanisms underlying
the above-mentioned phenomena are scarce. Explanatory
hypotheses are based on pathway dysfunction rather than
a focal lesion in the central nervous system. The main
neurotransmitters considered to play a critical role in catatonic
pathophysiology are glutamate, GABA, and dopamine (Northoff
et al., 1999b; Rasmussen et al., 2016). Akinetic catatonia,
characterized by stupor, might be explained based on hypo
functioning of GABAergic receptors, either by intrinsic
dysfunction or by the overriding of said pathway generated by
excess glutamate or NMDA receptor activity (Northoff et al.,
1997; Carroll et al., 2007; Wijemanne and Jankovic, 2015).
This hypothesis is supported by evidence showing catatonic
responders to lorazepam developed hypokinetic movements,
rather than hyperkinetic ones (Northoff et al., 1995). Serotonin
plays a crucial role in indirect motoric control as the raphe
nucleus directly modulates the activity of VTA and SN, and
therefore less dopamine is released into the subcortical-cortical
motor-related structures. In essence, the greater the activity
of the raphe nucleus, the lower the activity of dopamine. This
regulation is worth considering in psychiatric pathologies where
catatonia might be present, as seen in bipolar disorder and
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major depression, diseases where serotonin is augmented or
diminished respectively (Conio et al., 2020; Martino et al., 2020;
Northoff et al., 2021).

Interestingly, 72% of all autoimmune cases of catatonia are
attributable to NMDAR encephalitis, a disease in which
autoantibodies against the N1 subunit of NMDAR are
internalized into the cells, leading to a decrease in the total
number of receptors, increasing extracellular glutamate
concentrations and interrupting synaptic connectivity
(Rogers et al., 2019). It might seem counterintuitive that
NMDA inhibition relieves catatonic symptoms when their
internalization might produce them. Nonetheless, even
when we can’t pinpoint an exact cause of why anti-NMDA
encephalitis produces catatonia, recent evidence helps us
decipher this puzzle. Hare et al. (2020) administered ketamine
and ketamine metabolites into the vmPFC of mice to assess
their antidepressant actions. Amazingly, they found that the
administration of these NMDA inhibitors increases vmPFC
function in a dose-dependent manner. It is not clear why,
but NMDA inhibitors probably modulate gene expression
of calcium/calmodulin-dependent protein kinase II alpha
(CaMK2A), a subunit intrinsically related to NMDA synaptic
plasticity and long-potentiation. This allows us to infer that
the administration of NMDA inhibitors, by modulating
pyramidal CaMK2A-expressing neurons, can modify and
reshape NMDA-dependent synapses in the vmPFC making
them more active, nonetheless, more research needs to be
done to verify this hypothesis. Catatonic patients who are
not fully responsive to Benzodiazepines (BDZ) have shown
positive response to treatment in combination with NMDA
inhibitors such as amantadine and memantine (Babington and
Spiegel, 2007; de Lucena et al., 2012; Ellul and Choucha, 2015).
Table 2 summarizes some cases reported in the literature using
amantadine in combination with other medications resulting in
positive clinical outcomes.

As for dopamine, the dopaminergic D2 blockade provided
by first-generation antipsychotics has been commonly associated
with Neuroleptic-Induced Catatonia. Neuroleptics induce a
cataleptic state in rodents; this state is also called “animal
catatonia”, and it is used to measure propensity to extrapyramidal
effects and in relation to D2 blockage (Lee, 2010; Ghaziuddin
et al., 2017). As for dopaminergic signaling, the exact mechanism
by which a dysregulation might cause catatonic signs is not
clearly elucidated (Daniels, 2009). Treatment response, either
improving symptoms or provoking them, shines a light as to
which pathways and neurotransmitters are involved in catatonia.

Although current treatment regimens for catatonia will
be discussed in Section “Revisiting current therapeutics”, it is
essential to examine the scenario of withdrawal catatonia. Few
but consistently reported cases show that abrupt discontinuation
of BDZs and antipsychotics, more often clozapine, is followed by
catatonia (Brailey and Bastiampillai, 2020; Belteczki et al., 2021).
These cases strengthen the evidence regarding the involvement

of GABA receptors and dopamine circuit dysfunction in
catatonia‘s physiopathology, but the question of how this
happens remains. Some authors argue that the downregulation
of GABA receptors due to long-term use of these medications
might be the mechanism of withdrawal catatonia (Lander et al.,
2018), which would concordantly relate to the aforementioned
evidence. Nonetheless, it is worth considering that clozapine
has unique mechanisms of action, is a D2 fast-off antipsychotic
(Seeman, 2013b), an antagonist of 5HT2 and α2-adrenoceptor,
and an indirect agonist of NMDAr, as it increases glycine
synaptic availability by blocking the SNAT2 (Wenthur and
Lindsley, 2013). In this regard, we would add to the underlying
cause of catatonia onset shortly after abrupt cessation of
clozapine the downregulation of D2 receptors, increased 5HT2A
activity, and decreased NMDAr function.

Functional neuroimaging findings have been presented
throughout this section, the main cerebral regions involved
being the SMA, vmPFC, and OFC, and the current hypotheses
involving neurotransmitter dysfunction have been discussed as
well. Different authors have correlated these findings with the
clinical spectrum of catatonia; however, the overlapping of motor
and behavioral findings, added to the clinical heterogeneity,
makes it difficult to come to a conclusive finding when it comes
to the study of catatonia. As for the OFC, hyperactivation,
and hypoactivation have been found in different studies:
hyperactivation of the OFC correlated directly with negative
emotional and affective processing in catatonic patients (Ellul
and Choucha, 2015), while decreased activation of the OFC has
been documented as well and has been associated with tonic
immobility, one of the catatonia’s pathophysiological theories
(Northoff et al., 2004). Moreover, another key finding in
catatonia is hypofunction of the vmPFC, which, as explained,
has diverse projections to the amygdala, basal ganglia, and
other subcortical structures related to fear extinction and
behavioral control, and therefore its dysfunctions might be
directly related to catatonic symptoms. On the other hand,
SMA findings have been more homogeneous, indicating a
directly proportional relationship between increased rCBF and
clinical severity; however, discrepancies in blood flow have
been seen depending on the clinical subtype of catatonia. For
example, retarded-state catatonic patients were documented to
have an overly activated SMA when compared to the excited
subtype, linking increased neural activity to massive motor
inhibition (Walther et al., 2017). Importantly, cortico-basal
ganglia-thalamocortical loops related to motor, behavioral and
emotional processing are the common substrate of a wide
variety of symptoms present in catatonia. We consider that the
disparity between objective findings in neuroimages relies on the
diverse scenarios in which catatonia presents, and strengthens
the theory that catatonia is the result of diffuse dysfunction
rather than a focal lesion in the CNS. Figure 1B illustrates and
contrasts with normal motor circuits and alterations evidenced
in catatonic patients.
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TABLE 2 Successful cases reported using amantadine, therapy regimen, and outcome.

Patient’s diagnosis Reference Number of
patients

Therapy regimen Outcome

Bipolar disorder and catatonia Ene-Stroescu et al. (2014a) 1 Amantadine (Dose notdisclosed) +
Lorazepam + Carbamazepine

Full response after 72 h

Catatonia Goetz et al. (2013) 1 ECT + Amantadine 250 mg/day Discharged after 6 weeks. Full
recovery

Catatoniain schizophrenia and
schizo affective disorder

de Lucena et al. (2012) 5 Case 1: Clozapine + 400 mg of amantadine
Case 2: Amantadine protocol
Case 3: Amantadine protocol
Case 4: Amantadine protocol
Case 5: Amantadine protocol
*Protocol: up to 600 mg of amantadine
daily for 4 weeks

Case 1: Recovery on the 14th
day with clozapine
Case 2: Recovery by the 10th
day
Case 3: Recovery at the end of
the protocol
Case 4: Full recovery on the
8th day
Case 5: Acceptable behavior
by the 45th day

Catatonia and schizophrenia Babington and Spiegel (2007) 1 Lorazepam+chlorpromazine+Amantadine
200 mgday

Fast recovery after 48 h of
amantadine

Westphal variant Huntington
disease and refractory catatonia

Merida-Puga et al. (2011) 1 Antipsychotics + ECT+L-dopa +
Amantadine 300 mg/day

Not available

Catatonia and depressive disorder Hervey et al. (2013) 1 Lorazepam + amantadine 200 mg/day Recovery once amantadine
was initiated

Catatonia, schizophrenia, and
progressive diffuse cerebral
atrophy

Ene-Stroescu et al. (2014b) 1 Clozapine+lorazepam+divalproex
+amantadine (dose not specified)

Maximal response after
8 weeks of treatment

Catatonia in high-functioning
ASD

Ellul et al. (2015) 1 Initial regimen of
Zolpidem+lorazepamthen a 1-week
washout followed by amantadine
200 mg/day

Maximal recovery after
2 weeks with amantadine

Akinetic catatonia Northoff et al. (1997) 3 Case 1: Three IV infusions of amantadine
500 mg/dose
Case 2: Two IV infusions of amantadine
500 mg/dose
Case 3: Two IV infusions of amantadine
500 mg/dose

Case 1: Recovery after the
third infusion of amantadine
Case 2: Recovery after the
second infusion
Case 3: Recovery after the
third infusion—needed
lorazepam to treat aggressive
and anxious behavior

Neuroinflammation in catatonia

In this section, we present the underlying cellular processes
occurring during catatonia, especially focusing on the role
of glia. Catatonia onset has been frequently associated
with proinflammatory environments, whether as a trigger
or comorbidity (Goforth, 2007; Quinn and Abbott, 2014).
Inflammatory mechanisms leading to catatonia can only be
hypothesized as current evidence is still insufficient to address
causes. Nonetheless, we here present research evidence extracted
from interesting animal models to help understand the roles
of microglia, astrocytes, and oligodendrocytes in catatonia, and
therefore how inflammation and oxidative stress could lead to
this disease.

Microglia are CNS-resident immune cells actively involved
in defense, pruning, and scar formation, and which are
constantly interacting with other resident cells such as
oligodendrocytes, astrocytes, and neurons (Liu et al., 2020).
Early postnatal migration of microglia supports myelination
and full synaptic functionality by inducing oligodendrocyte
progenitor cell maturation through neurotrophic factor

secretion when exposed to interleukins (IL) 4, 10, 13, and 33
(Butovsky et al., 2006; Banisadr et al., 2011; Miron et al., 2013).
Microglia are also a key factor for remyelination: studies showed
that an M2 (anti-inflammatory) rich environment prompts
oligodendrocyte remyelination (Hagemeyer et al., 2017), while
an M1 microglia (proinflammatory) rich environment enhances
interleukin production, increasing antigen presentation and
oxidative stress, and blocking M2 myelination properties (Miron
et al., 2013). Moreover, the production of Tumour Necrosis
Factor alpha (TNF alpha), nitric oxide (NO), and complement
due to microglia activation are shown to induce oligodendrocyte
death and phagocytosis (Greenhalgh et al., 2020).

2’,3’-cyclic nucleotide 3’-phosphodiesterase (CNP) is an
oligodendrocyte membrane enzyme protein. It has two isoforms,
the first of which is related to RNA, tubulin, calmodulin and
actin binding, ATP/GTP hydrolysis, and catalytic activity. These
multiple functions are postulated to bridge the gap between the
cytoskeleton and membrane, and are probably related to the
transport of cargo along the axon, as well as the activation of
second messenger (Raasakka and Kursula, 2020). The second
isoform is found in mitochondria, and when activated it opens
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the transition pore, leading to cellular apoptosis (Krestinina
et al., 2015). CNP also oversees the catalysis of 2’,3’-cyclic
nucleotides and it is thought to prompt the expression of other
structural myelin proteins in underdeveloped oligodendrocytes
(Scherer et al., 1994; Myllykoski et al., 2012). Rodents null (-/-)

for Cnp develop catatonia with aging, as soon as 8 weeks old
(Janova et al., 2018). Cnp-heterozygous (+/-) rodents develop
behavioral abnormalities that from a translational perspective
resemble behaviors seen in schizophrenia and depression
(Hagemeyer et al., 2012). Although evidence pinpointed Cnp
as a feasible genetic mutation related to schizophrenia and
catatonia, association studies did not support this correlation
(Tang et al., 2007; Che et al., 2009). It is interesting that
null and heterozygotic mice show behavior resembling the
motor and affective symptoms characteristic in schizophrenia
and catatonia. Furthermore, when Cnp-/- mice are exposed to
PLX5622, a colony-stimulating factor inhibitor, and therefore
a microglia suppressor, catatonia is ameliorated or prevented
(Janova et al., 2018). These findings lead us to think microglia
and oligodendrocytes play a role in catatonia.

When it comes to catatonia, evidence shows systemic
pro-inflammatory environments trigger microglia, as well as
metabolically stressful situations (Wolf et al., 2017). Even with
subtle activation, a proinflammatory reaction of microglia can
swell or damage the myelin sheet, generating a connectivity
dysfunction (Poggi et al., 2016). We can infer the reaction
of microglia in catatonia, as preclinical evidence has shown
increased inflammation and myelin sheet swelling in the
anterior corpus callosum and PFC, anatomical structures deeply
correlated to affective and motor circuits, as described above
(Hagemeyer et al., 2012; Janova et al., 2018). Although available
preclinical evidence sheds light on catatonia development, the
processes that determine the onset of this complex syndrome are
not clear.

Astrocytes play a critical role in myelination, specifically
through connexins that together form gap junctions: these
proteins allow the diffusion of ions and molecules smaller than
1.5 kDa (Nagy and Rash, 2003; Orthmann-Murphy et al., 2008;
Liang et al., 2020). In the CNS, astrocytes express connexins
26, 30, 46, and 47, and connect to oligodendrocytes through
connexins 47/43, 47/30, 32/26, and 32/30. It is worth noticing
that astrocytic connexin 47 is exclusive to the corpus callosum,
striatum, cerebellum, and spinal cord. Astrocytes modulate
myelination by providing oligodendrocytes with lipids and
adjusting the structure and conduction velocity of myelin by
modulating potassium homeostasis (Camargo et al., 2017; Sock
and Wegner, 2019; Xia et al., 2020). Microglia directly modulate
astrocyte function through the expression of IL-1B, IL-6, and
TNF, turning them into a cytotoxic form characterized by loss of
astrocytic gap junctions, increased glucose uptake, intracellular
trafficking restriction, increased expression of complement, and
poor stabilization and shaping of synapses (Prinz and Priller,
2014; Greenhalgh et al., 2020). Once astrocytes are turned into

pro-inflammatory A1 type, astrogliosis is initiated and therefore
neuroinflammation is perpetuated, thereby impeding normal
synaptic connectivity. We consider astrocytes to play a role in
catatonia, as Hagemeyer et al. (2012) showed high astrogliosis in
the corpus callosum in CNP-heterozygous mice.

Oxidative stress in catatonia

Oxidative stress (OS) is a well-known consequence
derived from an imbalance between the production of
antioxidants and reactive species (RS), the latter group
encompassing reactive oxygen (ROS) and nitrogen species
(RNS). ROS include hydrogen peroxide (H2O2), peroxyl
radicals (ROO·), the superoxide anion radical (O2·(-)), singlet
molecular oxygen (O-

2), and the hydroxyl radical (OH·). RNS
encompass peroxynitrite (ONOO-) and NO (Sies, 2015).
Naturally produced RS are buffered by potent antioxidants
like superoxide dismutase (SOD) and glutathione (GSH).
In pathological conditions, the increase in RS surpasses the
production of antioxidants, and therefore RS are freed into the
environment, reacting with membranes, damaging nuclear and
mitochondrial DNA, and finally inducing cells to apoptosis (Qi
and Dong, 2021). It is worth noting that the brain is particularly
susceptible to OS, since for its physiological functioning
it consumes as much as 20% of the body’s oxygen supply,
and is, in a great proportion, formed by lipids; therefore, in
homeostatic environments, abundant RS are produced but
they are naturally dampened by antioxidants produced by the
mitochondria.

When it comes to catatonia, it is worth considering OS
as a key factor, as the perphenazine-induced catatonia mice
model has shown increased OS and depletion of antioxidant
concentration when compared to controls. Interestingly,
pretreatment with the cyclooxygenase-2 selective inhibitors
rofecoxib and celecoxib decreased catatonic behavior, lipid
peroxides, and brain nitrite (Gupta et al., 2009, 2011).
Furthermore, it is widely known now that OS can directly
activate multiple pathways related to inflammation. OS triggers
the receptor for advanced glycation end-products (RAGE) and
nuclear factor kappa-light-chain-enhancer of activated B cells
(Nf-KB), leading to increased production of pro-inflammatory
cytokines which will consequently create positive feedback
between microglia and astrocyte activation (Kouidrat et al.,
2013; Qin et al., 2013; Lingappan, 2018).

The glial syncytium in catatonia

The neurons, astrocytes, and oligodendrocytes connect
through gap junctions, also known as the glial syncytium,
thought to improve synaptic connection, calcium signaling, and
regulate metabolism as well as cellular trafficking (Orthmann-
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Murphy et al., 2008; Xia et al., 2020). Bearing in mind the specific
roles of each cell in the prior sections, a dysfunction of any of
them can cause a broader alteration of this syncytium.

We consider neuroinflammation as a key process underlying
catatonia as acute ill patients diagnosed with autoimmune
diseases or infections sporadically present with catatonic
symptoms (Cawkwell et al., 2021; Zain et al., 2021; Sakhardande
et al., 2022). Microglia and astrocytes are sensitive to
inflammation, its morphological change to M1-A1 respectively
is known to cause connexins to decouple, neurons and
oligodendrocytes injury by activation of complement and
oxidative stress, and thus generating weak synaptic transmission,
myelin destabilization, and excitatory-inhibitory imbalance
(Orthmann-Murphy et al., 2008; Verkhratsky et al., 2009;
Verkhratsky, 2010). On the other hand, some cases reported
using different medications, whether to treat psychosis, and
immunomodulate, have been linked to the onset of catatonia
(Bhangle et al., 2013; Lander et al., 2018; Durns et al.,
2020). These clinical strengths the hypothesis that catatonia is
predominantly an immune disease, and disturbing astrocytes
and microglia directly interrupt movement control neural
networks. Moreover, inflammation and OS directly damage the
blood-brain barrier (BBB), creating a non-hermetic sealing of
the brain and therefore allowing the leakage of plasma, proteins,
and inflammatory cells to the brain parenchyma, affecting the
homeostatic environment of the glial syncytium (Varatharaj and
Galea, 2017).

Taken together, inflammation and OS are hallmarks of
catatonia’s physiopathology, as they form a positive feedback
loop, creating a non-homeostatic environment in which
microglia, astrocytes, oligodendrocytes, and neurons are
disturbed, generating weak synaptic transmission. Figure 2
illustrates glial syncytium and its dysregulation in catatonia.

Revisiting current therapeutics

Once catatonia is recognized, pharmacologic interventions
and ECT can be used as they have shown the best clinical
results so far (Denysenko et al., 2018). Currently, the first line
of treatment are benzodiazepines (BDZ), due to their effect on
GABA transmission by GABAA receptor agonism (Goodchild,
1993), especially lorazepam, which is the most widely used with
a variable dosage ranging from 2 to 16 mg per day. For its part,
ECT is effective in all forms of catatonia, even when BDZs have
failed. Early intervention with this technique is recommended
to avoid deterioration of the patient’s medical condition; indeed
acute severe and psychotic mood disorders have shown good
therapeutic response to this therapy (Nolen and Zwaan, 1990;
Luchini et al., 2015). Other medications such as dantrolene
(Pennati et al., 1991), amantadine (Northoff et al., 1997; Hervey
et al., 2012), and anticonvulsants (Rankel and Rankel, 1988)
are reported as effective therapies in refractory catatonia. This

section summarizes the current therapies used in catatonia from
a mechanistic perspective.

Benzodiazepines (BDZ)

BDZs are GABAA allosteric modulators that enhance
chloride conductance by binding to the BZ site of the receptor.
Increasing the conductance of chloride ions is translated into
an increasing frequency of channel opening. Congruently,
BDZ efficacy is directly related to GABAergic enhancement
(Walther et al., 2019). Some authors attribute the success of
BDZ to an induced decreased activation of mPFC and OFC
(Edinoff et al., 2021). We support this hypothesis and suggest
that a GABAergic potentiation would decrease preSMA-SMA
hyperactivation and, moreover, that BDZ could generate diffuse
brain circuitry hyperpolarization.

A literature review by Rasmussen et al. (2016) recommends
low-dose BDZ therapy (1–2 mg lorazepam SL or IV) followed
by a repeated dose every 3 h until therapeutic effects are
reached. Doses may be titrated depending on patient age and
duration of symptoms, with chronic catatonia requiring higher
doses for longer periods. In acute catatonia, 85% of patients
had a positive response to treatment while 58.8% of patients
recovered within three hours of a single dose of lorazepam.
Treatment of the underlying condition must be ensured before
discontinuing BDZ to prevent relapse (Rasmussen et al., 2016).
Around 27% of patients experience only partial recovery, with
poor response predictors being chronicity, increased age, and
psychosis (Kritzinger and Jordaan, 2001; Walther et al., 2019).

Flunitrazepam, diazepam, and clonazepam are also viable
options. Administration varies depending on the patient’s
health condition and collaboration: oral, intramuscular, and
intravenous routes are available (Goodchild, 1993; Fink and
Taylor, 2009; Pelzer et al., 2018). Recommended doses, titrations,
and length of treatment vary among different authors. Reports
with low-doses of lorazepam have shown fast responses and
symptomatology improvement (Kritzinger and Jordaan, 2001;
Sienaert et al., 2014; Rasmussen et al., 2016); however, longer
treatments and higher doses have also been reported. A
recent systematic review published by Zaman et al. (2019)
compared BDZ use in catatonia vs. other drugs, placebo, and
ECT, concluding there is not enough high-quality evidence to
recommend specific treatment with BDZ, nonetheless BDZ,
and regularly lorazepam, remain as the first-line treatment in
catatonia, and therefore further research is needed in order to
have a standardized regimen for this condition (Korkeila, 2016).

Antipsychotics

Second-generation antipsychotics are described as an
alternative therapy for non-malignant catatonia, especially when
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FIGURE 2

Panel (A) represents the glial syncytium, where astrocytes, oligodendrocytes, and neurons are coupled through connexins to stabilize the synapsis
and the blood-brain barrier, preserving homeostasis and therefore a normal synaptic impulse transmission. Panel (B) schematizes the disruption of
glial syncytium due to inflammation and metabolic dyshomeostasis. The switch of glial cells to proinflammatory phenotype results in connexins
uncoupling, impedes synaptic stability and an excitatory/inhibitory imbalance, the leaking of blood-brain barrier and therefore migration of
systemic inflammatory cells, increase oxidative stress, and the activation of apoptotic cascades ending in cellular death; Connexins (CX), N-
methyl-D-Aspartate Receptor (NMDAr), Gamma-Aminobutyric acid-A (GABA-A), lymphocyte B (LB), Interleukin (IL), Tumour Necrosis Factor-
alpha (TNFα) reactive oxygen species (ROS), proinflammatory astrocyte (A1), proinflammatory microglia (M1), water (H2O).
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a psychotic disorder is suspected as the underlying cause of
catatonia. Second- generation antipsychotics block 5HT2A and
D2 receptors, which may in turn increase relative dopamine
activity in the mesocortical pathway. It is proposed that they
may work in catatonia through the treatment of the underlying
condition (Sienaert et al., 2019). Even though second-generation
antipsychotics might show beneficial effects in catatonia with
underlying psychiatric illness, they should be used with caution
due to possibility of NMS and other motor side effects.

First-generation antipsychotics are generally not
recommended due to the risk of worsening the condition.
Several authors suggested that first-generation antipsychotics
may aggravate non-malignant and malignant catatonia
(Philbrick and Rummans, 1994; Ghaziuddin et al., 2017;
Sienaert et al., 2019). Malignant catatonia is diagnosed when
there are clear signs of autonomic alteration and hyperthermia,
and it must be considered as it is highly lethal (Philbrick and
Rummans, 1994). Not to be confused with NMS, which onset is
directly related to antipsychotic use.

Beach et al. (2017) performed a systematic review of
alternative treatments in catatonia in which aripiprazole,
clozapine, olanzapine, risperidone, and ziprasidone were used
individually in a total of 33 cases. Most patients recovered
in a few days, though recovery was linked to pre-existing
schizophrenia. In this study, two patients under clozapine
developed catatonia after its withdrawal, which makes its use
in this disease controversial. Paparrigopoulos et al. (2009) also
described a clozapine-induced neuroleptic malignant syndrome
in a patient with catatonia.

A case series described three cases in which intramuscular
(IM) aripiprazole was successful in the treatment of catatonia.
As an example, the first patient was a 61-year-old male with
schizophrenia in his 72nd admission to the mental unit. Acute
symptoms were treated with first-generation antipsychotics and
BDZ, and his usual PO therapy with clozapine, aripiprazole,
and valproic acid was continued. Three days later, catatonic
symptoms were evident with a BFCRS score of 52. Iatrogenic
catatonia was presumed. Symptoms resolved on the third day of
IM aripiprazole at a dose of 10 mg× 3 days (Voros et al., 2009).

Even though success with second-generation antipsychotics
is closely linked to pre-existing schizophrenia, it remains elusive
whether antipsychotics work by directly resolving the catatonic
syndrome or by treating the underlying psychotic disorder
associated with catatonia. Stronger evidence is needed to clarify
the safety and to standardize a regimen for antipsychotic
prescription in patients diagnosed with schizophrenia and
catatonia.

Electroconvulsive therapy (ECT)

ECT is employed in major psychiatric and medical
disorders that are refractory to first-line treatments

such as mood disorders, Parkinson’s disease, post-stroke
depression, schizophrenia, and catatonia. Even though
it has been used for decades, the exact mechanism of
action through which it is therapeutic is still unknown
(Kaliora et al., 2018).

Therapy consists of inducing a controlled seizure under
proper sedation. The classical approach includes both temporal
lobes, although variations of electrode positions has been
reported. In the first session, the initial seizure threshold (IST)
is calculated either by administrating a low dose and titrating
until a seizure threshold is obtained, or by giving a standard dose
and adjusting it depending on the patient’s tolerance considering
age, sex, body mass, and co-treatment factors such as the chosen
anesthesia (Jeong et al., 2019). Side effects include headaches,
myalgias, and memory deficits, which typically resolve within
weeks, but may last beyond 6 months in some patients
(Lloyd et al., 2020).

ECT is currently the definitive treatment for catatonic
syndromes. This complex motor syndrome, as discussed
previously, is a potentially life-threatening condition and since
ECT’s introduction, the mortality associated with catatonia has
decreased. Even though ECT has shown encouraging results in
case series studies, there is a lack of high-quality randomized
controlled trials to standardize ECT implementation in
catatonia, and further research must therefore be carried out
to potentiate the benefits of this therapy (Weiner and Reti,
2017). Nonetheless, its broad application with tremendous
results, especially those associated with a GABAergic deficit
in the orbitofrontal cortex and therefore the top-down
catatonia type described by Northoff, has encouraged the
use of ECT in catatonia (Northoff, 2002; Luchini et al.,
2015).

The mechanisms underlying the success of ECT in
catatonia are not elucidated. A neuroendocrine hypothesis
has been proposed, but ECT might as well be treating
the underlying etiology of catatonia, e.g., bipolar disorder
and major depression (Dierckx et al., 2012; Perugi et al.,
2017). ECT is thought to act principally in the diencephalon,
especially in the hypothalamus where it “restores” endocrine
function with the release of various hormones such as
adrenocorticotropic and thyroid-stimulating hormones into
the systemic circulation and cerebrospinal fluid (Haskett,
2014). Several hypothalamic functions such as sleep, appetite,
menstrual cycle, circadian rhythm, and libido are restored after
ECT (Fink and Ottosson, 1980; Bodnar et al., 2016; Weiner and
Reti, 2017).

Furthermore, ECT has proven to be a safe therapy with
positive responses ranging from 80 to 100%, nonetheless,
unsuccessful results do not rule out catatonia (Hermida
et al., 2018). The mortality rate is 1 in 10,000 patients
and it can be increased by medical comorbidities including
cardiovascular dysfunction, cerebral disease, and respiratory
disease. Though elderly patients may have a higher comorbidity
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rate, age alone is not considered to increase mortality
(Meyer et al., 2018).

Amantadine and NMDAr antagonists

Amantadine is a synthetic tricyclic amine; it was initially
used as an antiviral drug with specificity to inhibit replication
of the Influenza A virus acting on the M2 protein, preventing
viral uncoating and thus its replication (Aoki and Sitar, 1988).
Its use as an antiviral drug is no longer recommended. Other
uses of amantadine in clinical practice have been Parkinson’s
disease, drug-induced extrapyramidal syndromes, multiple
sclerosis, and catatonia. The most common adverse reactions
reported in the literature are cardiovascular, such as orthostatic
hypotension, presyncope, syncope, and peripheral edema, with
an incidence of >10%. Neurological side effects such as dizziness,
hallucinations, delusions, and paranoia are common too. Ataxia,
confusion, fatigue, dyschromia, and suicidal ideation have been
reported with less frequency (Babington and Spiegel, 2007;
Pahwa, 2021).

Recently it has been noted that amantadine might have
other significant mechanisms of action with direct and
indirect effects on dopamine neurons such as inhibition of
dopamine uptake and increased affinity of dopamine for
D2 receptors, thereby increasing the release of dopamine,
noradrenaline, and serotonin in the amygdala and hippocampus
(de Lucena et al., 2012).

As previously described, catatonia might be due to hyper-
excitability of PFC, SMA, thalamus, and limbic system, as
well as an increased oxidative stress and neuroinflammation.
Amantadine acts as a weak antagonist of NMDA receptors,
and accelerates channel closure, thereby reducing excitotoxicity
and hyper-excitability arising from calcium entry to the
cell, and preventing mitochondrial stress. This diminishes RS
production, avoiding cellular apoptosis and dysfunction (de
Lucena et al., 2012; Fryml et al., 2017). Furthermore, by reducing
excitotoxicity, it can in turn compensate GABAA hypofunction
at the mesostriatal circuit and reduce dopamine uptake at the
synaptic cleft (Northoff et al., 1997; Roy et al., 2016).

Table 2 summarizes amantadine regimens used in catatonic
patients and their clinical outcomes. Based on encouraging
results reported in the literature, considering BDZs are not
always effective, that amantadine has a longer time to treatment
when compared to BDZs, and ECT is not widely available, we
consider that clinical trials must be carried out to establish a
therapeutic schedule to set amantadine as a first or common
approach to patients with catatonia.

There are few reported cases where memantine was
successfully used to treat catatonia, these cases were
frequently associated with schizophrenia, also named catatonic
schizophrenia (Thomas et al., 2005; Carpenter et al., 2006;
Mukai et al., 2011; Obregon et al., 2011; Roy et al., 2016).

Memantine is an antagonist of NMDAr, and it is a derivate
from amantadine, therefore its mechanism of action is thought
to be very similar to the one exposed earlier in this section.
Memantine might be used when pro-dopaminergic effects
of amantadine want to be avoided, but it must be carefully
considered as its adverse effects include psychosis and seizures
(Carpenter et al., 2006).

Minocycline is a tetracyclic-derived antibiotic that has come
to our attention as there is evidence it reduces excitotoxicity and
microglia activation, therefore attenuating neuroinflammation,
OS, and apoptosis (Tikka et al., 2001). It is under study in
many neurological pathologies (Cruz et al., 2020; Yang et al.,
2020; Baracaldo-Santamaría et al., 2022). Regarding catatonia,
Miyaoka et al. (2007) published a case series where minocycline
successfully treated catatonia in concurrence with schizophrenia.
As we stated earlier, microglia’s activation is a hallmark of
catatonia. It was proven minocycline attenuates microglia’s
reaction; thus, it is congruous to consider this antibiotic for the
treatment of catatonia.

Novel therapies

Repetitive transmagnetic stimulation

A case report published by Di Michele and Bolino
described a patient diagnosed with bipolar type I disorder
with a psychotic depressive episode and catatonia, and who
was refractory to most common treatments (Di Michele and
Bolino, 2006). Interestingly, an improvement in motor behavior
was achieved by using Repetitive Transmagnetic Stimulation
(rTMS; 10 sessions, 20 Hz) in the left dorsolateral prefrontal
cortex with no other drugs administered. Encouraging evidence
has triggered the application of rTMS in diverse psychiatric
disorders with fruitful results (McClintock et al., 2018; Ocampo
et al., 2022). rTMS is a non-invasive brain stimulation technique
and aims to either increase or decrease cortical activity by
applying different electrical frequency protocols (Begemann
et al., 2020). When considered in catatonia, it might be useful
as its mechanism of action, although not clearly elucidated,
resembles that of ECT therapy, and might act by treating
catatonia itself, or the underlying condition (Spampinato et al.,
2013). Modulation of GABAergic transmission might be the
mechanism of action of rTMS, and we speculate rTMS
might work well when ECT is not available. Nonetheless,
more research is needed to support its implementation
(Trojak et al., 2014).

Lithium therapy

A prospective study performed by Lee (1998) assessed
lithium levels in catatonic patients, finding that a great
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proportion of these patients had low levels of lithium. In
consequence, repletion therapy was started and, interestingly,
its administration successfully treated catatonia. Similar cases
are reported in the literature (Padhy et al., 2011; Sugawara
et al., 2021). Even though there is no clear mechanism of
action for lithium, it appears to stabilize the excitatory/inhibitory
disbalance, that can be either generated by catatonia or
the underlying disease beneath. It has been clearly stated
that SMA hyperactivation and OFC/vmPFC hypofunction
are common findings in catatonia, so reestablishing balance
among circuitries is a clear solution to the disorder. Moreover,
lithium has a protective role as it prompts homeostasis, and
modulates OS and inflammatory cascades (Forlenza et al.,
2014). Altogether, lithium is a promising therapy in catatonia
as it acts in diverse pathological processes, as described
earlier. Caution must be taken when prescribing lithium:
important adverse effects are not common but when established
they might have a great impact on the patients’ health
(Thippaiah et al., 2021).

Positive allosteric modulation of
N-methyl-D-aspartate

Section “Amantadine and NMDAr antagonists” describes
the mechanism of action of amantadine and other antagonists
of NMDAr and its success in catatonia; additionally, Section
“The role of neurotransmitters and circuitry dysfunction”
demonstrates functional reconstitution of vmPFC mediated by
NMDA blockers. In this section, we encourage considering
NMDAR-positive allosteric modulators such as rapastinel and
spermine to treat catatonia with psychoaffective predominance,
as they can target both catatonia and psychiatric disease.
Interestingly, rapastinel is a positive allosteric modulator whose
mechanism of action resembles that of ketamine but without
adverse effects such as cognitive impairment and psychomimetic
symptoms (Kato and Duman, 2020). Rapastinel has shown
encouraging results in patients with treatment-resistant major
depressive disorder (Donello et al., 2019; Ragguett et al., 2019;
Naurex, Inc, an affiliate of Allergan plc., 2020). By modulating
NMDAR action, rapastinel could reverse hyperactivity of SMA,
restore the inhibitory wave from basal ganglia and induce
CaMK2A expression to improve NMDA-dependent synaptic
plasticity. NMDA-positive allosteric modulators have a broad
clinical application and have shown good safety and efficacy
profile in many neurological disorders (Baracaldo-Santamaría
et al., 2022; Geoffroy et al., 2022). Nonetheless, it is essential
to consider that NMDA modulators have different targets,
as the dynamic endogenous configuration of NMDAR is
complex, and different brain areas express different NMDARs.
We consider that rapastinel and spermine might have a
positive impact in patients with catatonia (Velloso et al., 2009;
Geoffroy et al., 2022).

Cyclooxygenase-2 selective (COX-2)
inhibitors—nonsteroidal
anti-inflammatories

Taking into consideration that OS is a consequence of
sustained metabolic stress and inflammation, while also bearing
in mind the evidence provided by preclinical studies (Gupta
et al., 2011), we consider COX-2 selective inhibitors might
be regarded as a reasonable parallel therapeutic strategy to
mitigate OS and inflammation, decreasing cellular damage and
thus avoiding long-term consequences arising from catatonia.
Even though there are no cases reported in the literature,
rofecoxib and 1-(Phenyl)-5-(4-methylsulfonylphenyl)-2-
ethylthioimidazole were used successfully in preclinical models
(Gupta et al., 2009; Fathi-Moghaddam et al., 2010). The
mechanisms by which COX-2 inhibitors might reduce catatonia
vary from scavenger increase to enhancement of dopaminergic
transmission at the striatum.

Vitamin B12/cobalamin

B12 or Cobalamin is an essential water-soluble vitamin
which plays an important role in maintaining physiological
functions in the hematopoietic and central nervous systems;
however, when deficient, B12 might cause demyelination of
peripheral and central neurons (Green et al., 2017; Calderón-
Ospina and Nava-Mesa, 2020). In a case reported by Bram
et al. (2015), a 60-year-old woman diagnosed with Biermer’s
disease was receiving a monthly IM dose of 1,000 µg/month
of cyanocobalamin to treat her underlying condition. During
admission, she started to present slow speech, apathy, minimal
changes of facial expression, anxiety, a perplexed look, flat
affect, poor spontaneous movements, waxy flexibility, and
facial and manual stereotypies. Throughout time, consistently
low levels of B12 were found, so finally the catatonic
syndrome was resolved using 12 mg of lorazepam daily and
cyanocobalamin injections every 3 weeks, the latter titrated to
achieve B12 plasma concentrations of no less than 200 pg/ml.
Few, but encouraging, cases report successful treatment of
catatonia using cyanocobalamin injections (Berry et al., 2003).
Whether deficiency of vitamin B12 is a cause, or a consequence
of catatonia remains elusive; nonetheless, it is clear that
vitamin B12 has an important antioxidant effect. The oxidative
stress regulation mechanism encompasses scavenging of ROS,
preservation of GSH, regulation of cytokine and growth
factor production, reduction of homocysteine-induced OS, and
diminishment of OS produced by advanced glycation end
products (van de Lagemaat et al., 2019).

As it is well known, neither humans nor plants can
produce cobalamin by themselves, said vitamin is exclusively
obtained exogenously as a product of certain microorganisms,
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especially anaerobes. Different model organisms have been
studied for the biosynthesis of cobalamin, among which
are P. freudenreichii, an organism used in the commercial
production of vitamin B12, and more recently Lactobacillus
reuteri CRL1098. The latter lactic acid bacteria has shown
to produce a compound which closely resembles cobalamin
which has led investigators to believe the use of said bacteria
during food production might be a natural way to increase
vitamin B12 levels avoiding side effects coming from chemically
synthesized products (Taranto et al., 2003; LeBlanc et al.,
2013). As previously mentioned, vitamin B12 deficiency’s
role in catatonia is yet to be further studied, however,
as will be discussed in Section “Microbiota-gut-brain axis”,
maintaining a healthy and appropriate gut microbiota, especially
Lactobacillus reuteri CRL1098, might be a pivotal aspect in
preventing catatonia and the inflammatory consequences that it
entails.

Microbiota-gut-brain axis

In recent decades, diverse studies have been carried out
seeking to characterize and define the human microbiota. Today,
microbiota are defined as a set of microorganisms that cohabit
within humans (Lloyd-Price et al., 2016; Heintz-Buschart and
Wilmes, 2018; Das and Nair, 2019). Microbiota contribute
to body homeostasis through the regulation of metabolic
processes, digestion and absorption of nutrients, regulation
of gene expression, and modulation of proinflammatory
and anti-inflammatory cytokines (Schirmer et al., 2016; Al
Bander et al., 2020). Regarding CNS, the production of
essential neurotransmitters and stabilization of BBB are worth
noting as key functions of microbiota. Furthermore, a strong
communication between the brain and gut has been proposed:
the gut-brain axis. These systems are thought to be connected
through the vagus nerve, and the lymphatic and circulatory
systems. In this complex interaction, abnormalities at either end
of the axis could therefore affect the other.

Considering the influence of microbiota on
neurotransmitter production, and its modulation of BBB
permeability and neuroinflammation, it is worth considering
microbiota as a therapeutic target in CNS pathologies.
Abundant literature describing the role of microbiota in
autism spectrum disorders and SCZ, among others, has
emerged (Jaskiw et al., 2019; Dong et al., 2022; Padhi
et al., 2022). As described above, immune dysregulation is
a hallmark in catatonia; in consequence, we consider that
introducing prebiotics and probiotics could be promising
as concurrent therapies in catatonia to help modulate BBB
permeability, inflammation, and OS. An individualized
characterization and posterior prescription of specific
prebiotics and probiotics, or microbiota transfer therapy,
can enhance microorganisms such as F. prausnitzii,

Acinetobacter spp., Bacteroides fragilis, and Proteobacteria,
which would stimulate short chain fatty acid production
and in consequence could help to regulate systemic
inflammation and therefore neuroinflammation (Blander
et al., 2017). Nonetheless, as it is a new field of research, much
speculation surrounds the literature, and careful assessment
of each individual case must be carried out before initiating
this therapy.

Conclusions

In conclusion, this review has described and assessed the
broad literature surrounding catatonia and similar conditions to
frame a translational explanation of the mechanisms underlying
catatonia’s etiology. The mechanisms underlying the onset
of this syndrome are complex and involve variable aspects
including the patient’s condition and comorbidities. A relatively
high frequency of catatonic syndrome is observed in patients
with psychiatric conditions, with mood disorders being the
most frequent, followed by psychotic syndrome and acute
illness. Available evidence from clinical, neuroimaging, and
preclinical research encourage us to list catatonia’s hallmarks
as inhibitory/excitatory imbalance, neuroinflammation, and
OS. Additionally, the interactions between astrocytes, neurons,
oligodendrocytes, and microglia determine the onset and
progression of catatonia. Nonetheless, what exactly triggers
catatonic symptoms is yet to be elucidated. When it comes
to treatment, evidence suggests clinicians should always aim
to treat the underlying condition first as it has been proven
to be the most effective therapy. Current therapeutics such as
BDZ and ECT are usually enough to resolve the syndrome
when available, while other drugs such as amantadine and
lithium are available and have shown consistent results to
treat this condition. Bearing in mind the molecular and
cellular mechanisms described and the lack of evidence around
them, we encourage further research of other treatments like
vitamin B12, COX inhibitors, microbiota reestablishment, and
positive allosteric modulation of NMDAR to control OS and
inflammation, as well as to reestablish the excitatory/inhibitory
balance. Finally, encouraging research has been made on this
disorder, nonetheless, there is still much more research to be
done to fill the remaining voids.
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Sommer, I. E. (2020). Efficacy of non-invasive brain stimulation on cognitive
functioning in brain disorders: a meta-analysis. Psychol. Med. 50, 2465–2486.
doi: 10.1017/S0033291720003670

Belteczki, Z., Ujvari, J., and Dome, P. (2021). Clozapine withdrawal-induced
malignant catatonia or neuroleptic malignant syndrome: a case report and a brief
review of the literature. Clin. Neuropharmacol. 44, 148–153. doi: 10.1097/WNF.
0000000000000462

Berry, N., Sagar, R., and Tripathi, B. (2003). Catatonia and other psychiatric
symptoms with vitamin B. Acta Psychiatr. Scand. 108, 156–159. doi: 10.1034/j.
1600-0447.2003.00089.x

Bhangle, S. D., Kramer, N., and Rosenstein, E. D. (2013). Corticosteroid-
induced neuropsychiatric disorders: review and contrast with neuropsychiatric
lupus. Rheumatol. Int. 33, 1923–1932. doi: 10.1007/s00296-013-
2750-z

Blander, J. M., Longman, R. S., Iliev, I. D., Sonnenberg, G. F., and Artis, D.
(2017). Regulation of inflammation by microbiota interactions with the host. Nat.
Immunol. 18, 851–860. doi: 10.1038/ni.3780

Bodnar, A., Krzywotulski, M., Lewandowska, A., Chlopocka-Wozniak, M.,
Bartkowska-Sniatkowska, A., Michalak, M., et al. (2016). Electroconvulsive
therapy and cognitive functions in treatment-resistant depression. World J. Biol.
Psychiatry 17, 159–164. doi: 10.3109/15622975.2015.1091501

Bostan, A. C., Dum, R. P., and Strick, P. L. (2018). Functional anatomy of basal
ganglia circuits with the cerebral cortex and the cerebellum. Prog. Neurol. Surg. 33,
50–61. doi: 10.1159/000480748

Brailey, J., and Bastiampillai, T. (2020). Clozapine withdrawal malignant
catatonia in a medical intensive care unit setting. Asian J. Psychiatr. 52:102043.
doi: 10.1016/j.ajp.2020.102043

Bram, D., Bubrovszky, M., Durand, J.-P., Lefevre, G., Morell-Dubois, S., and
Vaiva, G. (2015). Pernicious anemia presenting as catatonia: correlating vitamin
B12 levels and catatonic symptoms. Gen. Hosp. Psychiatry 37, 273.e5–277.e5.
doi: 10.1016/j.genhosppsych.2015.02.003

Bräunig, P., Krüger, S., and Shugar, G. (1998). Prevalence and clinical
significance of catatonic symptoms in mania. Compr. Psychiatry 39, 35–46.
doi: 10.1016/s0010-440x(98)90030-x

Bräunig, P., Krüger, S., Shugar, G., Höffler, J., and Börner, I. (2000). The catatonia
rating scale I—Development, reliability and use. Compr. Psychiatry 41, 147–158.
doi: 10.1016/s0010-440x(00)90148-2

Bush, G., Fink, M., Petrides, G., Dowling, F., and Francis, A. (1996). Catatonia.
I. rating scale and standardized examination. Acta Psychiatr. Scand. 93, 129–136.
doi: 10.1111/j.1600-0447.1996.tb09814.x

Butovsky, O., Ziv, Y., Schwartz, A., Landa, G., Talpalar, A. E., Pluchino, S., et al.
(2006). Microglia activated by IL-4 or IFN-γ differentially induce neurogenesis
and oligodendrogenesis from adult stem/progenitor cells. Mol. Cell. Neurosci. 31,
149–160. doi: 10.1016/j.mcn.2005.10.006

Calabresi, P., Picconi, B., Tozzi, A., Ghiglieri, V., and Di Filippo, M. (2014). Direct
and indirect pathways of basal ganglia: a critical reappraisal. Nat. Neurosci. 17,
1022–1030. doi: 10.1038/nn.3743

Calderón-Ospina, C. A., and Nava-Mesa, M. O. (2020). B Vitamins in the
nervous system: current knowledge of the biochemical modes of action and
synergies of thiamine, pyridoxine and cobalamin. CNS Neurosci. Ther. 26, 5–13.
doi: 10.1111/cns.13207

Frontiers in Molecular Neuroscience 17 frontiersin.org

https://doi.org/10.3389/fnmol.2022.993671
https://doi.org/10.1016/j.ajp.2020.102002
https://doi.org/10.3390/ijerph17207618
https://doi.org/10.2165/00003088-198814010-00003
https://doi.org/10.2165/00003088-198814010-00003
https://doi.org/10.1016/j.ncl.2021.01.005
https://doi.org/10.1523/JNEUROSCI.2664-14.2014
https://doi.org/10.1176/appi.psy.48.6.534
https://doi.org/10.1176/appi.psy.48.6.534
https://doi.org/10.3389/fnins.2013.00233
https://doi.org/10.1016/j.nbd.2011.05.019
https://doi.org/10.3390/pharmaceutics14010152
https://doi.org/10.3390/pharmaceutics14010152
https://doi.org/10.1016/j.genhosppsych.2017.06.011
https://doi.org/10.1016/j.genhosppsych.2017.06.011
https://doi.org/10.1017/S0033291720003670
https://doi.org/10.1097/WNF.0000000000000462
https://doi.org/10.1097/WNF.0000000000000462
https://doi.org/10.1034/j.1600-0447.2003.00089.x
https://doi.org/10.1034/j.1600-0447.2003.00089.x
https://doi.org/10.1007/s00296-013-2750-z
https://doi.org/10.1007/s00296-013-2750-z
https://doi.org/10.1038/ni.3780
https://doi.org/10.3109/15622975.2015.1091501
https://doi.org/10.1159/000480748
https://doi.org/10.1016/j.ajp.2020.102043
https://doi.org/10.1016/j.genhosppsych.2015.02.003
https://doi.org/10.1016/s0010-440x(98)90030-x
https://doi.org/10.1016/s0010-440x(00)90148-2
https://doi.org/10.1111/j.1600-0447.1996.tb09814.x
https://doi.org/10.1016/j.mcn.2005.10.006
https://doi.org/10.1038/nn.3743
https://doi.org/10.1111/cns.13207
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/journals/molecular-neuroscience#articles
https://www.frontiersin.org


Ariza-Salamanca et al. 10.3389/fnmol.2022.993671

Camargo, N., Goudriaan, A., van Deijk, A.-L. F., Otte, W. M.,
Brouwers, J. F., Lodder, H., et al. (2017). Oligodendroglial myelination requires
astrocyte-derived lipids. PLoS Biol. 15:e1002605. doi: 10.1371/journal.pbio.
1002605

Carpenter, S. S., Hatchett, A. D., and Fuller, M. A. (2006). Catatonic
schizophrenia and the use of memantine. Ann. Pharmacother. 40, 344–346.
doi: 10.1345/aph.1G297

Carroll, B. T., Goforth, H. W., Thomas, C., Ahuja, N., McDaniel, W. W.,
Kraus, M. F., et al. (2007). Review of adjunctive glutamate antagonist therapy in the
treatment of catatonic syndromes. J. Neuropsychiatry Clin. Neurosci. 19, 406–412.
doi: 10.1176/jnp.2007.19.4.406

Cawkwell, P. B., Mayor, I. D., and Shaw, R. J. (2021). Catatonia in a 6-year-
old patient following disseminated group A streptococcus infection. Innov. Clin.
Neurosci. 18, 17–20. doi: 10.3389/fpsyt.2021.673166

Cha, J., Greenberg, T., Carlson, J. M., DeDora, D. J., Hajcak, G., and Mujica-
Parodi, L. R. (2014). Circuit-wide structural and functional measures predict
ventromedial prefrontal cortex fear generalization: implications for generalized
anxiety disorder. J. Neurosci. 34, 4043–4053. doi: 10.1523/JNEUROSCI.3372-13.
2014

Che, R., Tang, W., Zhang, J., Wei, Z., Zhang, Z., Huang, K., et al.
(2009). No relationship between 2’,3’-cyclic nucleotide 3’-phosphodiesterase and
schizophrenia in the Chinese Han population: an expression study and meta-
analysis. BMCMed. Genet. 10:31. doi: 10.1186/1471-2350-10-31

Conio, B., Martino, M., Magioncalda, P., Escelsior, A., Inglese, M., Amore, M.,
et al. (2020). Opposite effects of dopamine and serotonin on resting-state networks:
review and implications for psychiatric disorders. Mol. Psychiatry 25, 82–93.
doi: 10.1038/s41380-019-0406-4

Connell, J., Kim, A., Brummel, N. E., Patel, M. B., Vandekar, S. N.,
Pandharipande, P., et al. (2021). Advanced age is associated with catatonia
in critical illness: results from the delirium and catatonia prospective cohort
investigation. Front. Psychiatry 12:673166. doi: 10.3389/fpsyt.2021.673166

Cruz, S. L., Armenta-Reséndiz, M., Carranza-Aguilar, C. J., and Galván, E. J.
(2020). Minocycline prevents neuronal hyperexcitability and neuroinflammation
in medial prefrontal cortex, as well as memory impairment caused by repeated
toluene inhalation in adolescent rats. Toxicol. Appl. Pharmacol. 395:114980.
doi: 10.1016/j.taap.2020.114980

Cui, G., Jun, S. B., Jin, X., Pham, M. D., Vogel, S. S., Lovinger, D. M., et al.
(2013). Concurrent activation of striatal direct and indirect pathways during action
initiation. Nature 494, 238–242. doi: 10.1038/nature11846

Damasio, A., and Carvalho, G. B. (2013). The nature of feelings: evolutionary
and neurobiological origins. Nat. Rev. Neurosci. 14, 143–152. doi: 10.1038/nrn3403

Daniels, J. (2009). Catatonia: clinical aspects and neurobiological correlates.
J. Neuropsychiatry Clin. Neurosci. 21, 371–380. doi: 10.1176/jnp.2009.21.4.371

Das, B., and Nair, G. B. (2019). Homeostasis and dysbiosis of the gut microbiome
in health and disease. J. Biosci. 44:117. doi: 10.1007/s12038-019-9926-y

de Kloet, S. F., Bruinsma, B., Terra, H., Heistek, T. S., Passchier, E. M. J.,
van den Berg, A. R., et al. (2021). Bi-directional regulation of cognitive control
by distinct prefrontal cortical output neurons to thalamus and striatum. Nat.
Commun. 12:1994. doi: 10.1038/s41467-021-22260-7

de Lucena, D. F., Pinto, J. P., Hallak, J. E., Crippa, J. A., and Gama, C. S.
(2012). Short-term treatment of catatonia with amantadine in schizophrenia and
schizoaffective disorder. J. Clin. Psychopharmacol. 32, 569–572. doi: 10.1097/JCP.
0b013e31825ebf6e

Deister, A., and Marneros, A. (1994). Prognostic value of initial subtype
in schizophrenic disorders. Schizophr. Res. 12, 145–157. doi: 10.1016/0920-
9964(94)90072-8

Denysenko, L., Sica, N., Penders, T. M., Philbrick, K. L., Walker, A.,
Shaffer, S., et al. (2018). Catatonia in the medically ill: Etiology, diagnosis
and treatment. The academy of consultation-liaison psychiatry evidence-based
medicine subcommittee monograph. Ann. Clin. Psychiatry 30, 140–155.

Dhossche, D. M., and Withane, N. (2019). Electroconvulsive therapy for
catatonia in children and adolescents. Child Adolesc. Psychiatr. Clin. N. Am. 28,
111–120. doi: 10.1016/j.chc.2018.07.007

Di Michele, V., and Bolino, F. (2006). A novel treatment option of bipolar
depression with psychotic and catatonic features. Gen. Hosp. Psychiatry 28,
364–365. doi: 10.1016/j.genhosppsych.2006.05.003

Dierckx, B., Heijnen, W. T., van den Broek, W. W., and Birkenhäger, T. K. (2012).
Efficacy of electroconvulsive therapy in bipolar versus unipolar major depression:
a meta-analysis. Bipolar Disord. 14, 146–150. doi: 10.1111/j.1399-5618.2012.
00997.x

Donello, J. E., Banerjee, P., Li, Y.-X., Guo, Y.-X., Yoshitake, T., Zhang, X.-
L., et al. (2019). Positive N-Methyl-D-Aspartate receptor modulation by

rapastinel promotes rapid and sustained antidepressant-like effects. Int.
J. Neuropsychopharmacol. 22, 247–259. doi: 10.1093/ijnp/pyy101

Dong, L., Zheng, Q., Cheng, Y., Zhou, M., Wang, M., Xu, J., et al. (2022). Gut
microbial characteristics of adult patients with epilepsy. Front. Neurosci. 16:803538.
doi: 10.3389/fnins.2022.803538

Durns, T., Rich, B., Benson, C., Mickey, B., and Weischedel, K. (2020). A case of
biopharmaceutical-induced catatonia and the implication of a novel mechanism.
J. ECT 36, e29–e30. doi: 10.1097/YCT.0000000000000650

Edinoff, A. N., Kaufman, S. E., Hollier, J. W., Virgen, C. G., Karam, C. A.,
Malone, G. W., et al. (2021). Catatonia: clinical overview of the diagnosis, treatment
and clinical challenges. Neurol. Int. 13, 570–586. doi: 10.3390/neurolint13040057

Ellul, P., and Choucha, W. (2015). Neurobiological approach of catatonia and
treatment perspectives. Front. Psychiatry 6:182. doi: 10.3389/fpsyt.2015.00182

Ellul, P., Rotgé, J. Y., and Choucha, W. (2015). Resistant catatonia in a
high-functioning autism spectrum disorder patient successfully treated with
amantadine. J. Child Adolesc. Psychopharmacol. 25:726. doi: 10.1089/cap.2015.
0064

Ene-Stroescu, V., Nguyen, T., and Waiblinger, B. E. (2014a). Excellent
response to amantadine in a patient with bipolar disorder and catatonia.
J. Neuropsychiatry Clin. Neurosci. 26:E43. doi: 10.1176/appi.neuropsych.
13020038

Ene-Stroescu, V., Nguyen, T., and Waiblinger, B. E. (2014b). Successful treatment
of catatonia in a young man with schizophrenia and progressive diffuse cerebral
atrophy. J. Neuropsychiatry Clin. Neurosci. 26, E21–E22. doi: 10.1176/appi.
neuropsych.13010007

Fathi-Moghaddam, H., Shafiee Ardestani, M., Saffari, M., Jabbari Arabzadeh, A.,
and Elmi, M. (2010). The selective cyclooxygenase-2 inhibitor, the compound 11b
improves haloperidol induced catatonia by enhancing the striatum dopaminergic
neurotransmission. Iran. J. Pharm. Res. 9, 387–393.

Fink, M., and Ottosson, J.-O. (1980). A theory of convulsive therapy in
endogenous depression: significance of hypothalamic functions. Psychiatry Res. 2,
49–61. doi: 10.1016/0165-1781(80)90006-2

Fink, M., and Taylor, M. A. (2009). The catatonia syndrome: forgotten but not
gone. Arch. Gen. Psychiatry 66, 1173–1177. doi: 10.1001/archgenpsychiatry.2009.
141

Forlenza, O. V., De-Paula, V. J. R., and Diniz, B. S. O. (2014). Neuroprotective
effects of lithium: implications for the treatment of Alzheimer’s disease
and related neurodegenerative disorders. ACS Chem. Neurosci. 5, 443–450.
doi: 10.1021/cn5000309

Freeze, B. S., Kravitz, A. V., Hammack, N., Berke, J. D., and Kreitzer, A. C.
(2013). Control of basal ganglia output by direct and indirect pathway
projection neurons. J. Neurosci. 33, 18531–18539. doi: 10.1523/JNEUROSCI.
1278-13.2013

Fritze, S., Brandt, G. A., Kubera, K. M., Schmitgen, M. M., Northoff, G., Geiger-
Primo, L. S., et al. (2022). Structural alterations of amygdala and hypothalamus
contribute to catatonia. Schizophr. Res. S0920-9964(22)00165-7. doi: 10.1016/j.
schres.2022.05.003[Online ahead of print]

Fryml, L. D., Williams, K. R., Pelic, C. G., Fox, J., Sahlem, G., Robert, S.,
et al. (2017). The role of amantadine withdrawal in 3 cases of treatment-
refractory altered mental status. J. Psychiatr. Pract. 23, 191–199. doi: 10.1097/PRA.
0000000000000237

Fusar-Poli, P., Howes, O. D., Allen, P., Broome, M., Valli, I., Asselin, M.-C.,
et al. (2010). Abnormal frontostriatal interactions in people with prodromal signs
of psychosis: a multimodal imaging study. Arch. Gen. Psychiatry 67, 683–691.
doi: 10.1001/archgenpsychiatry.2010.77

Geoffroy, C., Paoletti, P., and Mony, L. (2022). Positive allosteric modulation
of NMDA receptors: mechanisms, physiological impact and therapeutic potential.
J. Physiol. 600, 233–259. doi: 10.1113/JP280875

Gerfen, C. R., and Surmeier, D. J. (2011). Modulation of striatal projection
systems by dopamine. Annu. Rev. Neurosci. 34, 441–466. doi: 10.1146/annurev-
neuro-061010-113641

Ghaziuddin, N., Hendriks, M., Patel, P., Wachtel, L. E., and Dhossche, D. M.
(2017). Neuroleptic malignant syndrome/malignant catatonia in child psychiatry:
literature review and a case series. J. Child Adolesc. Psychopharmacol. 27, 359–365.
doi: 10.1089/cap.2016.0180

Goetz, M., Kitzlerova, E., Hrdlicka, M., and Dhossche, D. (2013). Combined
use of electroconvulsive therapy and amantadine in adolescent catatonia
precipitated by cyber-bullying. J. Child Adolesc. Psychopharmacol. 23, 228–231.
doi: 10.1089/cap.2012.0045

Goforth, H. (2007). Amantadine in catatonia due to major depressive disorder
in a medically ill patient. J. Neuropsychiatry Clin. Neurosci. 19, 480–481.
doi: 10.1176/jnp.2007.19.4.480

Frontiers in Molecular Neuroscience 18 frontiersin.org

https://doi.org/10.3389/fnmol.2022.993671
https://doi.org/10.1371/journal.pbio.1002605
https://doi.org/10.1371/journal.pbio.1002605
https://doi.org/10.1345/aph.1G297
https://doi.org/10.1176/jnp.2007.19.4.406
https://doi.org/10.3389/fpsyt.2021.673166
https://doi.org/10.1523/JNEUROSCI.3372-13.2014
https://doi.org/10.1523/JNEUROSCI.3372-13.2014
https://doi.org/10.1186/1471-2350-10-31
https://doi.org/10.1038/s41380-019-0406-4
https://doi.org/10.3389/fpsyt.2021.673166
https://doi.org/10.1016/j.taap.2020.114980
https://doi.org/10.1038/nature11846
https://doi.org/10.1038/nrn3403
https://doi.org/10.1176/jnp.2009.21.4.371
https://doi.org/10.1007/s12038-019-9926-y
https://doi.org/10.1038/s41467-021-22260-7
https://doi.org/10.1097/JCP.0b013e31825ebf6e
https://doi.org/10.1097/JCP.0b013e31825ebf6e
https://doi.org/10.1016/0920-9964(94)90072-8
https://doi.org/10.1016/0920-9964(94)90072-8
https://doi.org/10.1016/j.chc.2018.07.007
https://doi.org/10.1016/j.genhosppsych.2006.05.003
https://doi.org/10.1111/j.1399-5618.2012.00997.x
https://doi.org/10.1111/j.1399-5618.2012.00997.x
https://doi.org/10.1093/ijnp/pyy101
https://doi.org/10.3389/fnins.2022.803538
https://doi.org/10.1097/YCT.0000000000000650
https://doi.org/10.3390/neurolint13040057
https://doi.org/10.3389/fpsyt.2015.00182
https://doi.org/10.1089/cap.2015.0064
https://doi.org/10.1089/cap.2015.0064
https://doi.org/10.1176/appi.neuropsych.13020038
https://doi.org/10.1176/appi.neuropsych.13020038
https://doi.org/10.1176/appi.neuropsych.13010007
https://doi.org/10.1176/appi.neuropsych.13010007
https://doi.org/10.1016/0165-1781(80)90006-2
https://doi.org/10.1001/archgenpsychiatry.2009.141
https://doi.org/10.1001/archgenpsychiatry.2009.141
https://doi.org/10.1021/cn5000309
https://doi.org/10.1523/JNEUROSCI.1278-13.2013
https://doi.org/10.1523/JNEUROSCI.1278-13.2013
https://doi.org/10.1016/j.schres.2022.05.003
https://doi.org/10.1016/j.schres.2022.05.003
https://doi.org/10.1097/PRA.0000000000000237
https://doi.org/10.1097/PRA.0000000000000237
https://doi.org/10.1001/archgenpsychiatry.2010.77
https://doi.org/10.1113/JP280875
https://doi.org/10.1146/annurev-neuro-061010-113641
https://doi.org/10.1146/annurev-neuro-061010-113641
https://doi.org/10.1089/cap.2016.0180
https://doi.org/10.1089/cap.2012.0045
https://doi.org/10.1176/jnp.2007.19.4.480
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/journals/molecular-neuroscience#articles
https://www.frontiersin.org


Ariza-Salamanca et al. 10.3389/fnmol.2022.993671

González-Reyes, R. E., Nava-Mesa, M. O., Vargas-Sánchez, K., Ariza-
Salamanca, D., and Mora-Muñoz, L. (2017). Involvement of astrocytes in
Alzheimer’s disease from a neuroinflammatory and oxidative stress perspective.
Front. Mol. Neurosci. 10:427. doi: 10.3389/fnmol.2017.00427

Goodchild, C. S. (1993). GABA receptors and benzodiazepines. Br. J. Anaesth.
71, 127–133. doi: 10.1093/bja/71.1.127

Graff-Guerrero, A., Mizrahi, R., Agid, O., Marcon, H., Barsoum, P., Rusjan, P.,
et al. (2009). The dopamine D2 receptors in high-affinity state and D3 receptors in
schizophrenia: a clinical [11C]-(+)-PHNO PET study. Neuropsychopharmacology
34, 1078–1086. doi: 10.1038/npp.2008.199

Graybiel, A. M., Aosaki, T., Flaherty, A. W., and Kimura, M. (1994). The basal
ganglia and adaptive motor control. Science 265, 1826–1831. doi: 10.1126/science.
8091209

Green, R., Allen, L. H., Bjørke-Monsen, A.-L., Brito, A., Guéant, J.-L.,
Miller, J. W., et al. (2017). Vitamin B12 deficiency. Nat. Rev. Dis. Primers 3:17040.
doi: 10.1038/nrdp.2017.40

Greenhalgh, A. D., David, S., and Bennett, F. C. (2020). Immune cell regulation
of glia during CNS injury and disease. Nat. Rev. Neurosci. 21, 139–152.
doi: 10.1038/s41583-020-0263-9

Gupta, A., Dhir, A., Kumar, A., and Kulkarni, S. K. (2009). Protective
effect of cyclooxygenase (COX)-inhibitors against drug-induced catatonia and
MPTP-induced striatal lesions in rats. Pharmacol. Biochem. Behav. 94, 219–226.
doi: 10.1016/j.pbb.2009.07.018

Gupta, A., Kumar, A., and Kulkarni, S. K. (2011). Targeting oxidative
stress, mitochondrial dysfunction and neuroinflammatory signaling by selective
cyclooxygenase (COX)-2 inhibitors mitigates MPTP-induced neurotoxicity in
mice. Prog. Neuropsychopharmacol. Biol. Psychiatry 35, 974–981. doi: 10.1016/j.
pnpbp.2011.01.017

Hagemeyer, N., Goebbels, S., Papiol, S., Kästner, A., Hofer, S., Begemann, M.,
et al. (2012). A myelin gene causative of a catatonia-depression syndrome
upon aging. EMBO Mol. Med. 4, 528–539. doi: 10.1002/emmm.201
200230

Hagemeyer, N., Hanft, K.-M., Akriditou, M.-A., Unger, N., Park, E. S.,
Stanley, E. R., et al. (2017). Microglia contribute to normal myelinogenesis and
to oligodendrocyte progenitor maintenance during adulthood. Acta Neuropathol.
134, 441–458. doi: 10.1007/s00401-017-1747-1

Hare, B. D., Pothula, S., DiLeone, R. J., and Duman, R. S. (2020). Ketamine
increases vmPFC activity: effects of (R)- and (S)-stereoisomers and (2R,6R)-
hydroxynorketamine metabolite. Neuropharmacology 166:107947. doi: 10.1016/j.
neuropharm.2020.107947

Haroche, A., Rogers, J., Plaze, M., Gaillard, R., Williams, S. C., Thomas, P.,
et al. (2020). Brain imaging in catatonia: systematic review and directions
for future research. Psychol. Med. 50, 1585–1597. doi: 10.1017/S00332917200
01853

Haskett, R. F. (2014). Electroconvulsive therapy’s mechanism of action:
neuroendocrine hypotheses. J. ECT 30, 107–110. doi: 10.1097/YCT.
0000000000000143

Heintz-Buschart, A., and Wilmes, P. (2018). Human gut microbiome: function
matters. Trends Microbiol. 26, 563–574. doi: 10.1016/j.tim.2017.11.002

Hermida, A. P., Glass, O. M., Shafi, H., and McDonald, W. M. (2018).
Electroconvulsive therapy in depression: current practice and future direction.
Psychiatr. Clin. North Am. 41, 341–353. doi: 10.1016/j.psc.2018.04.001

Hervey, W. M., Stewart, J. T., and Catalano, G. (2012). Treatment of
catatonia with amantadine. Clin. Neuropharmacol. 35, 86–87. doi: 10.1097/WNF.
0b013e318246ad34

Hervey, W. M., Stewart, J. T., and Catalano, G. (2013). Diagnosis and
management of periodic catatonia. J. Psychiatry Neurosci. 38, E7–E8.
doi: 10.1503/jpn.120249

Hirjak, D., Kubera, K. M., Northoff, G., Fritze, S., Bertolino, A. L., Topor, C. E.,
et al. (2019a). Cortical contributions to distinct symptom dimensions of catatonia.
Schizophr. Bull. 45, 1184–1194. doi: 10.1093/schbul/sby192

Hirjak, D., Wolf, R. C., and Northoff, G. (2019b). GABA and negative
affect—catatonia as model of RDoC-based investigation in psychiatry. Schizophr.
Bull. 45, 1168–1169. doi: 10.1093/schbul/sbz088

Hirjak, D., Thomann, P. A., Kubera, K. M., Wolf, N. D., Sambataro, F., and
Wolf, R. C. (2015). Motor dysfunction within the schizophrenia-spectrum: a
dimensional step towards an underappreciated domain. Schizophr. Res. 169,
217–233. doi: 10.1016/j.schres.2015.10.022

Howes, O. D., and Kapur, S. (2009). The dopamine hypothesis of schizophrenia:
version III–the final common pathway. Schizophr. Bull. 35, 549–562.
doi: 10.1093/schbul/sbp006

Howes, O. D., and Nour, M. M. (2016). Dopamine and the aberrant
salience hypothesis of schizophrenia. World Psychiatry 15, 3–4. doi: 10.1002/wps.
20276

Howes, O. D., Williams, M., Ibrahim, K., Leung, G., Egerton, A., McGuire, P. K.,
et al. (2013). Midbrain dopamine function in schizophrenia and depression:
a post-mortem and positron emission tomographic imaging study. Brain 136,
3242–3251. doi: 10.1093/brain/awt264

Janova, H., Arinrad, S., Balmuth, E., Mitjans, M., Hertel, J., Habes, M., et al.
(2018). Microglia ablation alleviates myelin-associated catatonic signs in mice.
J. Clin. Investig. 128, 734–745. doi: 10.1172/JCI97032

Jaskiw, G. E., Obrenovich, M. E., and Donskey, C. J. (2019). The phenolic
interactome and gut microbiota: opportunities and challenges in developing
applications for schizophrenia and autism. Psychopharmacology (Berl) 236,
1471–1489. doi: 10.1007/s00213-019-05267-3

Jeong, S. H., Youn, T., Lee, Y., Jang, J. H., Jeong, Y. W., Kim, Y. S., et al.
(2019). Initial seizure threshold in brief-pulse bilateral electroconvulsive therapy
in patients with schizophrenia or schizoaffective disorder. Psychiatry Investig. 16,
704–712. doi: 10.30773/pi.2019.06.20.2

Kaliora, S. C., Zervas, I. M., and Papadimitriou, G. N. (2018).
[Electroconvulsive therapy: 80 years of use in psychiatry]. Psychiatriki 29,
291–302. doi: 10.22365/jpsych.2018.294.291

Kato, T., and Duman, R. S. (2020). Rapastinel, a novel glutamatergic agent
with ketamine-like antidepressant actions: convergent mechanisms. Pharmacol.
Biochem. Behav. 188:172827. doi: 10.1016/j.pbb.2019.172827

Kellner, C. H., Obbels, J., and Sienaert, P. (2020). When to consider
electroconvulsive therapy (ECT). Acta Psychiatr. Scand. 141, 304–315.
doi: 10.1111/acps.13134

Korkeila, J. (2016). Catatonia. Duodecim 132, 1321–1327.

Kouidrat, Y., Amad, A., Desailloud, R., Diouf, M., Fertout, E., Scoury, D.,
et al. (2013). Increased advanced glycation end-products (AGEs) assessed by skin
autofluorescence in schizophrenia. J. Psychiatr. Res. 47, 1044–1048. doi: 10.1016/j.
jpsychires.2013.03.016

Krestinina, O., Azarashvili, T., Baburina, Y., Galvita, A., Grachev, D., Stricker, R.,
et al. (2015). In aging, the vulnerability of rat brain mitochondria is enhanced
due to reduced level of 2’,3’-cyclic nucleotide-3’-phosphodiesterase (CNP)
and subsequently increased permeability transition in brain mitochondria
in old animals. Neurochem. Int. 80, 41–50. doi: 10.1016/j.neuint.2014.
09.008

Kritzinger, P. R., and Jordaan, G. P. (2001). Catatonia: an open prospective
series with carbamazepine. Int. J. Neuropsychopharmacol. 4, 251–257.
doi: 10.1017/S1461145701002486

Kumakura, Y., Cumming, P., Vernaleken, I., Buchholz, H.-G., Siessmeier, T.,
Heinz, A., et al. (2007). Elevated [18F]fluorodopamine turnover in brain of patients
with schizophrenia: an [18F]fluorodopa/positron emission tomography study.
J. Neurosci. 27, 8080–8087. doi: 10.1523/JNEUROSCI.0805-07.2007

Lanciego, J. L., Luquin, N., and Obeso, J. A. (2012). Functional
neuroanatomy of the basal ganglia. Cold Spring Harb. Perspect. Med. 2:a009621.
doi: 10.1101/cshperspect.a009621

Lander, M., Bastiampillai, T., and Sareen, J. (2018). Review of withdrawal
catatonia: what does this reveal about clozapine? Transl. Psychiatry 8:139.
doi: 10.1038/s41398-018-0192-9

LeBlanc, J. G., Milani, C., de Giori, G. S., Sesma, F., van Sinderen, D., and
Ventura, M. (2013). Bacteria as vitamin suppliers to their host: a gut microbiota
perspective. Curr. Opin. Biotechnol. 24, 160–168. doi: 10.1016/j.copbio.2012.
08.005

Lee, J. W. (1998). Serum iron in catatonia and neuroleptic malignant syndrome.
Biol. Psychiatry 44, 499–507. doi: 10.1016/s0006-3223(98)00109-7

Lee, J. W. Y. (2010). Neuroleptic-induced catatonia: clinical presentation,
response to benzodiazepines and relationship to neuroleptic malignant
syndrome. J. Clin. Psychopharmacol. 30, 3–10. doi: 10.1097/JCP.0b013e3181c
9bfe6

Lee, A. T., Vogt, D., Rubenstein, J. L., and Sohal, V. S. (2014). A class of
GABAergic neurons in the prefrontal cortex sends long-range projections to
the nucleus accumbens and elicits acute avoidance behavior. J. Neurosci. 34,
11519–11525. doi: 10.1523/JNEUROSCI.1157-14.2014

Liang, Z., Wang, X., Hao, Y., Qiu, L., Lou, Y., Zhang, Y., et al. (2020).
The multifaceted role of astrocyte connexin 43 in ischemic stroke
through forming hemichannels and gap junctions. Front. Neurol. 11:703.
doi: 10.3389/fneur.2020.00703

Lingappan, K. (2018). NF-κB in oxidative stress. Curr. Opin. Toxicol. 7, 81–86.
doi: 10.1016/j.cotox.2017.11.002

Frontiers in Molecular Neuroscience 19 frontiersin.org

https://doi.org/10.3389/fnmol.2022.993671
https://doi.org/10.3389/fnmol.2017.00427
https://doi.org/10.1093/bja/71.1.127
https://doi.org/10.1038/npp.2008.199
https://doi.org/10.1126/science.8091209
https://doi.org/10.1126/science.8091209
https://doi.org/10.1038/nrdp.2017.40
https://doi.org/10.1038/s41583-020-0263-9
https://doi.org/10.1016/j.pbb.2009.07.018
https://doi.org/10.1016/j.pnpbp.2011.01.017
https://doi.org/10.1016/j.pnpbp.2011.01.017
https://doi.org/10.1002/emmm.201200230
https://doi.org/10.1002/emmm.201200230
https://doi.org/10.1007/s00401-017-1747-1
https://doi.org/10.1016/j.neuropharm.2020.107947
https://doi.org/10.1016/j.neuropharm.2020.107947
https://doi.org/10.1017/S0033291720001853
https://doi.org/10.1017/S0033291720001853
https://doi.org/10.1097/YCT.0000000000000143
https://doi.org/10.1097/YCT.0000000000000143
https://doi.org/10.1016/j.tim.2017.11.002
https://doi.org/10.1016/j.psc.2018.04.001
https://doi.org/10.1097/WNF.0b013e318246ad34
https://doi.org/10.1097/WNF.0b013e318246ad34
https://doi.org/10.1503/jpn.120249
https://doi.org/10.1093/schbul/sby192
https://doi.org/10.1093/schbul/sbz088
https://doi.org/10.1016/j.schres.2015.10.022
https://doi.org/10.1093/schbul/sbp006
https://doi.org/10.1002/wps.20276
https://doi.org/10.1002/wps.20276
https://doi.org/10.1093/brain/awt264
https://doi.org/10.1172/JCI97032
https://doi.org/10.1007/s00213-019-05267-3
https://doi.org/10.30773/pi.2019.06.20.2
https://doi.org/10.22365/jpsych.2018.294.291
https://doi.org/10.1016/j.pbb.2019.172827
https://doi.org/10.1111/acps.13134
https://doi.org/10.1016/j.jpsychires.2013.03.016
https://doi.org/10.1016/j.jpsychires.2013.03.016
https://doi.org/10.1016/j.neuint.2014.09.008
https://doi.org/10.1016/j.neuint.2014.09.008
https://doi.org/10.1017/S1461145701002486
https://doi.org/10.1523/JNEUROSCI.0805-07.2007
https://doi.org/10.1101/cshperspect.a009621
https://doi.org/10.1038/s41398-018-0192-9
https://doi.org/10.1016/j.copbio.2012.08.005
https://doi.org/10.1016/j.copbio.2012.08.005
https://doi.org/10.1016/s0006-3223(98)00109-7
https://doi.org/10.1097/JCP.0b013e3181c9bfe6
https://doi.org/10.1097/JCP.0b013e3181c9bfe6
https://doi.org/10.1523/JNEUROSCI.1157-14.2014
https://doi.org/10.3389/fneur.2020.00703
https://doi.org/10.1016/j.cotox.2017.11.002
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/journals/molecular-neuroscience#articles
https://www.frontiersin.org


Ariza-Salamanca et al. 10.3389/fnmol.2022.993671

Liu, L.-R., Liu, J.-C., Bao, J.-S., Bai, Q.-Q., and Wang, G.-Q. (2020). Interaction
of microglia and astrocytes in the neurovascular unit. Front. Immunol. 11:1024.
doi: 10.3389/fimmu.2020.01024

Lloyd, J. R., Silverman, E. R., Kugler, J. L., and Cooper, J. J. (2020).
Electroconvulsive therapy for patients with catatonia: current perspectives.
Neuropsychiatr. Dis. Treat. 16, 2191–2208. doi: 10.2147/NDT.S231573

Lloyd-Price, J., Abu-Ali, G., and Huttenhower, C. (2016). The healthy human
microbiome. Genome Med. 8:51. doi: 10.1186/s13073-016-0307-y

Luchini, F., Medda, P., Mariani, M. G., Mauri, M., Toni, C., and Perugi, G.
(2015). Electroconvulsive therapy in catatonic patients: Efficacy and predictors of
response. World J. Psychiatry 5, 182–192. doi: 10.5498/wjp.v5.i2.182

Madigand, J., Lebain, P., Callery, G., and Dollfus, S. (2016). Catatonic syndrome:
from detection to therapy. Encephale 42, 340–345. doi: 10.1016/j.encep.2015.
09.008

Martino, M., Magioncalda, P., Conio, B., Capobianco, L., Russo, D.,
Adavastro, G., et al. (2020). Abnormal functional relationship of sensorimotor
network with neurotransmitter-related nuclei via subcortical-cortical loops in
manic and depressive phases of bipolar disorder. Schizophr. Bull. 46, 163–174.
doi: 10.1093/schbul/sbz035

Mashayekhi, A., and Ghayoumi, A. (2019). Catatonia development in a patient
with bipolar disorder following electroconvulsive therapy: a case report. Iran.
J. Psychiatry 14, 109–112. doi: 10.18502/ijps.v14i1.429

McClintock, S. M., Reti, I. M., Carpenter, L. L., McDonald, W. M.,
Dubin, M., Taylor, S. F., et al. (2018). Consensus recommendations for the
clinical application of repetitive transcranial magnetic stimulation (rTMS) in the
treatment of depression. J. Clin. Psychiatry 79:16cs10905. doi: 10.4088/JCP.16cs
10905

McCutcheon, R. A., Reis Marques, T., and Howes, O. D. (2020). Schizophrenia-
an overview. JAMAPsychiatry 77, 201–210. doi: 10.1001/jamapsychiatry.2019.3360

Mehta, U. M., Basavaraju, R., and Thirthalli, J. (2013). Mirror neuron
disinhibition may be linked with catatonic echo-phenomena: a single case TMS
study. Brain Stimul. 6, 705–707. doi: 10.1016/j.brs.2012.12.002

Merida-Puga, J., Ramirez-Bermudez, J., Aguilar-Venegas, L. C., Fricchione, G. L.,
and Espinola-Nadurille, M. (2011). Westphal variant Huntington disease
and refractory catatonia: a case report. Cogn. Behav. Neurol. 24, 204–208.
doi: 10.1097/WNN.0b013e318240080d

Meyer, J. P., Swetter, S. K., and Kellner, C. H. (2018). Electroconvulsive therapy
in geriatric psychiatry: a selective review. Psychiatr. Clin. North Am. 41, 79–93.
doi: 10.1016/j.psc.2017.10.007

Miron, V. E., Boyd, A., Zhao, J.-W., Yuen, T. J., Ruckh, J. M., Shadrach, J. L.,
et al. (2013). M2 microglia and macrophages drive oligodendrocyte differentiation
during CNS remyelination. Nat. Neurosci. 16, 1211–1218. doi: 10.1038/nn.3469

Miyaoka, T., Yasukawa, R., Yasuda, H., Hayashida, M., Inagaki, T., and
Horiguchi, J. (2007). Possible antipsychotic effects of minocycline in patients
with schizophrenia. Prog. Neuropsychopharmacol. Biol. Psychiatry 31, 304–307.
doi: 10.1016/j.pnpbp.2006.08.013

Montague, P. R., Hyman, S. E., and Cohen, J. D. (2004). Computational roles for
dopamine in behavioural control. Nature 431, 760–767. doi: 10.1038/nature03015

Moskowitz, A. K. (2004). “Scared stiff ”: catatonia as an evolutionary-based fear
response. Psychol. Rev. 111, 984–1002. doi: 10.1037/0033-295X.111.4.984

Motzkin, J. C., Philippi, C. L., Wolf, R. C., Baskaya, M. K., and Koenigs, M.
(2015). Ventromedial prefrontal cortex is critical for the regulation of amygdala
activity in humans. Biol. Psychiatry 77, 276–284. doi: 10.1016/j.biopsych.2014.02.
014

Moussa, T., Afzal, K., Cooper, J., Rosenberger, R., Gerstle, K., and Wagner-
Weiner, L. (2019). Pediatric anti-NMDA receptor encephalitis with catatonia:
treatment with electroconvulsive therapy. Pediatr. Rheumatol. Online J. 17:8.
doi: 10.1186/s12969-019-0310-0

Mukai, Y., Two, A., and Jean-Baptiste, M. (2011). Chronic catatonia with
obsessive compulsive disorder symptoms treated with lorazepam, memantine,
aripiprazole, fluvoxamine and neurosurgery. BMJ Case Rep. 2011:bcr0220113858.
doi: 10.1136/bcr.02.2011.3858

Myllykoski, M., Raasakka, A., Han, H., and Kursula, P. (2012). Myelin 2′,3′-
cyclic nucleotide 3′-phosphodiesterase: active-site ligand binding and molecular
conformation. PLoS One 7:e32336. doi: 10.1371/journal.pone.0032336

Nagy, J. I., and Rash, J. E. (2003). Astrocyte and oligodendrocyte connexins
of the glial syncytium in relation to astrocyte anatomical domains and spatial
buffering. Cell Commun. Adhes. 10, 401–406. doi: 10.1080/15419060390263191

Nambu, A., Tokuno, H., and Takada, M. (2002). Functional significance of the
cortico-subthalamo-pallidal “hyperdirect” pathway. Neurosci. Res. 43, 111–117.
doi: 10.1016/s0168-0102(02)00027-5

Naurex, Inc, an affiliate of Allergan plc. (2020). A randomized, double-blind,
placebo-controlled, multicenter study of rapastinel as adjunctive therapy in the
prevention of relapse in patients with major depressive disorder. Available online
at: https://clinicaltrials.gov/ct2/show/NCT02951988. Accessed March 28, 2022.

Nolen, W. A., and Zwaan, W. A. (1990). Treatment of lethal catatonia with
electroconvulsive therapy and dantrolene sodium: a case report. Acta Psychiatr.
Scand. 82, 90–92. doi: 10.1111/j.1600-0447.1990.tb01364.x

Northoff, G. (2002). What catatonia can tell us about “top-down
modulation”: a neuropsychiatric hypothesis. Behav. Brain Sci. 25, 555–577.
doi: 10.1017/s0140525x02000109

Northoff, G., Eckert, J., and Fritze, J. (1997). Glutamatergic dysfunction in
catatonia? Successful treatment of three acute akinetic catatonic patients with
the NMDA antagonist amantadine. J. Neurol. Neurosurg. Psychiatry 62, 404–406.
doi: 10.1136/jnnp.62.4.404

Northoff, G., Hirjak, D., Wolf, R. C., Magioncalda, P., and Martino, M.
(2021). All roads lead to the motor cortex: psychomotor mechanisms and their
biochemical modulation in psychiatric disorders. Mol. Psychiatry 26, 92–102.
doi: 10.1038/s41380-020-0814-5

Northoff, G., Koch, A., Wenke, J., Eckert, J., Böker, H., Pflug, B.,
et al. (1999a). Catatonia as a psychomotor syndrome: a rating scale and
extrapyramidal motor symptoms. Mov. Disord. 14, 404–416. doi: 10.1002/1531-
8257(199905)14:3<404::aid-mds1004>3.0.co;2-5

Northoff, G., Steinke, R., Czcervenka, C., Krause, R., Ulrich, S., Danos, P., et al.
(1999b). Decreased density of GABA-A receptors in the left sensorimotor cortex
in akinetic catatonia: investigation of in vivo benzodiazepine receptor binding.
J. Neurol. Neurosurg. Psychiatry 67, 445–450. doi: 10.1136/jnnp.67.4.445

Northoff, G., Waters, H., Mooren, I., Schlüter, U., Diekmann, S., Falkai, P.,
et al. (1999c). Cortical sulcal enlargement in catatonic schizophrenia: a
planimetric CT study. Psychiatry Res. 91, 45–54. doi: 10.1016/s0925-4927(99)
00024-4

Northoff, G., Kötter, R., Baumgart, F., Danos, P., Boeker, H., Kaulisch, T.,
et al. (2004). Orbitofrontal cortical dysfunction in akinetic catatonia: a functional
magnetic resonance imaging study during negative emotional stimulation.
Schizophr. Bull. 30, 405–427. doi: 10.1093/oxfordjournals.schbul.a007088

Northoff, G., Wenke, J., Demisch, L., Eckert, J., Gille, B., and Pflug, B. (1995).
Catatonia: short-term response to lorazepam and dopaminergic metabolism.
Psychopharmacology (Berl) 122, 182–186. doi: 10.1007/BF02246093

Obregon, D. F., Velasco, R. M., Wuerz, T. P., Catalano, M. C., Catalano, G.,
and Kahn, D. (2011). Memantine and catatonia: a case report and literature
review. J. Psychiatr. Pract. 17, 292–299. doi: 10.1097/01.pra.0000400268.
60537.5e

Ocampo, F. F., Matic, A. E., Cruz, M. G., and Damian, L. F. (2022). Treatment
of stuporous catatonia with repetitive transcranial magnetic stimulation (rTMS)
therapy in a Filipino adult patient: a case report. Asian J. Psychiatr. 67:102946.
doi: 10.1016/j.ajp.2021.102946

Ohry, A. (1990). The locked-in syndrome and related states. Paraplegia 28,
73–75. doi: 10.1038/sc.1990.8

Orthmann-Murphy, J. L., Abrams, C. K., and Scherer, S. S. (2008). Gap
junctions couple astrocytes and oligodendrocytes. J. Mol. Neurosci. 35, 101–116.
doi: 10.1007/s12031-007-9027-5

Padhi, P., Worth, C., Zenitsky, G., Jin, H., Sambamurti, K., Anantharam, V.,
et al. (2022). Mechanistic insights into gut microbiome dysbiosis-mediated
neuroimmune dysregulation and protein misfolding and clearance in the
pathogenesis of chronic neurodegenerative disorders. Front. Neurosci. 16:836605.
doi: 10.3389/fnins.2022.836605

Padhy, S. K., Subodh, B., Bharadwaj, R., Arun Kumar, K., Kumar, S., and
Srivastava, M. (2011). Recurrent catatonia treated with lithium and carbamazepine:
a series of 2 cases. Prim. Care Companion CNS Disord. 13:PCC.10l00992.
doi: 10.4088/PCC.10l00992

Pahwa, R. (2021). Amantadine: an old drug reborn. Lancet Neurol. 20, 975–977.
doi: 10.1016/S1474-4422(21)00356-2

Paparrigopoulos, T., Tzavellas, E., Ferentinos, P., Mourikis, I., and Liappas, J.
(2009). Catatonia as a risk factor for the development of neuroleptic malignant
syndrome: report of a case following treatment with clozapine. World J. Biol.
Psychiatry 10, 70–73. doi: 10.1080/15622970701287369

Pelzer, A. C., van der Heijden, F. M., and den Boer, E. (2018). Systematic review
of catatonia treatment. Neuropsychiatr. Dis. Treat. 14, 317–326. doi: 10.2147/NDT.
S147897

Pennati, A., Sacchetti, E., and Calzeroni, A. (1991). Dantrolene in lethal
catatonia. Am. J. Psychiatry 148:268.

Perugi, G., Medda, P., Toni, C., Mariani, M. G., Socci, C., and Mauri, M. (2017).
The role of electroconvulsive therapy (ECT) in bipolar disorder: effectiveness in

Frontiers in Molecular Neuroscience 20 frontiersin.org

https://doi.org/10.3389/fnmol.2022.993671
https://doi.org/10.3389/fimmu.2020.01024
https://doi.org/10.2147/NDT.S231573
https://doi.org/10.1186/s13073-016-0307-y
https://doi.org/10.5498/wjp.v5.i2.182
https://doi.org/10.1016/j.encep.2015.09.008
https://doi.org/10.1016/j.encep.2015.09.008
https://doi.org/10.1093/schbul/sbz035
https://doi.org/10.18502/ijps.v14i1.429
https://doi.org/10.4088/JCP.16cs10905
https://doi.org/10.4088/JCP.16cs10905
https://doi.org/10.1001/jamapsychiatry.2019.3360
https://doi.org/10.1016/j.brs.2012.12.002
https://doi.org/10.1097/WNN.0b013e318240080d
https://doi.org/10.1016/j.psc.2017.10.007
https://doi.org/10.1038/nn.3469
https://doi.org/10.1016/j.pnpbp.2006.08.013
https://doi.org/10.1038/nature03015
https://doi.org/10.1037/0033-295X.111.4.984
https://doi.org/10.1016/j.biopsych.2014.02.014
https://doi.org/10.1016/j.biopsych.2014.02.014
https://doi.org/10.1186/s12969-019-0310-0
https://doi.org/10.1136/bcr.02.2011.3858
https://doi.org/10.1371/journal.pone.0032336
https://doi.org/10.1080/15419060390263191
https://doi.org/10.1016/s0168-0102(02)00027-5
https://clinicaltrials.gov/ct2/show/NCT02951988
https://doi.org/10.1111/j.1600-0447.1990.tb01364.x
https://doi.org/10.1017/s0140525x02000109
https://doi.org/10.1136/jnnp.62.4.404
https://doi.org/10.1038/s41380-020-0814-5
https://doi.org/10.1002/1531-8257(199905)14:3<404::aid-mds1004>3.0.co;2-5
https://doi.org/10.1002/1531-8257(199905)14:3<404::aid-mds1004>3.0.co;2-5
https://doi.org/10.1136/jnnp.67.4.445
https://doi.org/10.1016/s0925-4927(99)00024-4
https://doi.org/10.1016/s0925-4927(99)00024-4
https://doi.org/10.1093/oxfordjournals.schbul.a007088
https://doi.org/10.1007/BF02246093
https://doi.org/10.1097/01.pra.0000400268.60537.5e
https://doi.org/10.1097/01.pra.0000400268.60537.5e
https://doi.org/10.1016/j.ajp.2021.102946
https://doi.org/10.1038/sc.1990.8
https://doi.org/10.1007/s12031-007-9027-5
https://doi.org/10.3389/fnins.2022.836605
https://doi.org/10.4088/PCC.10l00992
https://doi.org/10.1016/S1474-4422(21)00356-2
https://doi.org/10.1080/15622970701287369
https://doi.org/10.2147/NDT.S147897
https://doi.org/10.2147/NDT.S147897
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/journals/molecular-neuroscience#articles
https://www.frontiersin.org


Ariza-Salamanca et al. 10.3389/fnmol.2022.993671

522 patients with bipolar depression, mixed-state, mania and catatonic features.
Curr. Neuropharmacol. 15, 359–371. doi: 10.2174/1570159X14666161017233642

Philbrick, K. L., and Rummans, T. A. (1994). Malignant catatonia.
J. Neuropsychiatry Clin. Neurosci. 6, 1–13. doi: 10.1176/jnp.6.1.1

Poggi, G., Boretius, S., Möbius, W., Moschny, N., Baudewig, J., Ruhwedel, T., et al.
(2016). Cortical network dysfunction caused by a subtle defect of myelination. Glia
64, 2025–2040. doi: 10.1002/glia.23039

Prinz, M., and Priller, J. (2014). Microglia and brain macrophages in the
molecular age: from origin to neuropsychiatric disease. Nat. Rev. Neurosci. 15,
300–312. doi: 10.1038/nrn3722

Qi, J.-H., and Dong, F.-X. (2021). The relevant targets of anti-oxidative stress: a
review. J. Drug Target. 29, 677–686. doi: 10.1080/1061186X.2020.1870987

Qin, L., Liu, Y., Hong, J.-S., and Crews, F. T. (2013). NADPH oxidase and aging
drive microglial activation, oxidative stress and dopaminergic neurodegeneration
following systemic LPS administration. Glia 61, 855–868. doi: 10.1002/glia.
22479

Quinn, D. K., and Abbott, C. C. (2014). Catatonia after cerebral hypoxia: do
the usual treatments apply? Psychosomatics 55, 525–535. doi: 10.1016/j.psym.2014.
03.010

Raasakka, A., and Kursula, P. (2020). Flexible players within the sheaths: the
intrinsically disordered proteins of myelin in health and disease. Cells 9:470.
doi: 10.3390/cells9020470

Ragguett, R.-M., Rong, C., Kratiuk, K., and McIntyre, R. S. (2019). Rapastinel
- an investigational NMDA-R modulator for major depressive disorder: evidence
to date. Expert Opin. Investig. Drugs 28, 113–119. doi: 10.1080/13543784.2019.
1559295

Rankel, H. W., and Rankel, L. E. (1988). Carbamazepine in the treatment of
catatonia. Am. J. Psychiatry 145, 361–362. doi: 10.1176/ajp.145.3.361

Rasmussen, S. A., Mazurek, M. F., and Rosebush, P. I. (2016). Catatonia: our
current understanding of its diagnosis, treatment and pathophysiology. World
J. Psychiatry 6, 391–398. doi: 10.5498/wjp.v6.i4.391

Rempel-Clower, N. L. (2007). Role of orbitofrontal cortex connections in
emotion. Ann. N. Y. Acad. Sci. 1121, 72–86. doi: 10.1196/annals.1401.026

Rogers, J. P., Pollak, T. A., Blackman, G., and David, A. S. (2019). Catatonia and
the immune system: a review. Lancet Psychiatry 6, 620–630. doi: 10.1016/S2215-
0366(19)30190-7

Roiser, J. P., Howes, O. D., Chaddock, C. A., Joyce, E. M., and McGuire, P.
(2013). Neural and behavioral correlates of aberrant salience in individuals
at risk for psychosis. Schizophr. Bull. 39, 1328–1336. doi: 10.1093/schbul/
sbs147

Roy, K., Warnick, S. J., and Balon, R. (2016). Catatonia Delirium: 3 Cases Treated
With Memantine. Psychosomatics 57, 645–650. doi: 10.1016/j.psym.2016.08.
001

Sakhardande, K. A., Pathak, H., Mahadevan, J., Muliyala, K. P., Moirangthem, S.,
and Reddi, V. S. K. (2022). Concurrent catatonia and COVID-19 infection - an
experiential account of challenges and management of cases from a tertiary care
psychiatric hospital in India. Asian J. Psychiatr. 69:103004. doi: 10.1016/j.ajp.2022.
103004

Samra, K., Rogers, J., Mahdi-Rogers, M., and Stanton, B. (2020). Catatonia with
GABAA receptor antibodies. Pract. Neurol. 20, 139–143. doi: 10.1136/practneurol-
2019-002388

Scherer, S. S., Braun, P. E., Grinspan, J., Collarini, E., Wang, D. -y.,
Kamholz, J., et al. (1994). Differential regulation of the 2′ ,3′-cyclic nucleotide
3′-phosphodiesterase gene during oligodendrocyte development. Neuron 12,
1363–1375. doi: 10.1016/0896-6273(94)90451-0

Scheuerecker, J., Ufer, S., Käpernick, M., Wiesmann, M., Brückmann, H.,
Kraft, E., et al. (2009). Cerebral network deficits in post-acute catatonic
schizophrenic patients measured by fMRI. J. Psychiatr. Res. 43, 607–614.
doi: 10.1016/j.jpsychires.2008.08.005

Schirmer, M., Smeekens, S. P., Vlamakis, H., Jaeger, M., Oosting, M.,
Franzosa, E. A., et al. (2016). Linking the human gut microbiome to inflammatory
cytokine production capacity. Cell 167, 1125–1136.e8. doi: 10.1016/j.cell.2016.10.
020

Schultz, W., Dayan, P., and Montague, P. R. (1997). A neural substrate of
prediction and reward. Science 275, 1593–1599. doi: 10.1126/science.275.5306.
1593

Seeman, P. (2013a). Schizophrenia and dopamine receptors. Eur.
Neuropsychopharmacol. 23, 999–1009. doi: 10.1016/j.euroneuro.2013.06.005

Seeman, P. (2013b). Clozapine, a fast-Off-D2 antipsychotic.ACSChem. Neurosci.
5, 24–29. doi: 10.1021/cn400189s

Seeman, P., Chau-Wong, M., Tedesco, J., and Wong, K. (1975). Brain receptors
for antipsychotic drugs and dopamine: direct binding assays. Proc. Natl. Acad. Sci.
U S A 72, 4376–4380. doi: 10.1073/pnas.72.11.4376

Seeman, P., Schwarz, J., Chen, J.-F., Szechtman, H., Perreault, M.,
McKnight, G. S., et al. (2006). Psychosis pathways converge via D2high dopamine
receptors. Synapse 60, 319–346. doi: 10.1002/syn.20303

Seeman, M. V., and Seeman, P. (2014). Is schizophrenia a dopamine
supersensitivity psychotic reaction? Prog. Neuropsychopharmacol. Biol. Psychiatry
48, 155–160. doi: 10.1016/j.pnpbp.2013.10.003

Sienaert, P., Dhossche, D. M., Vancampfort, D., De Hert, M., and Gazdag, G.
(2014). A clinical review of the treatment of catatonia. Front. Psychiatry 5:181.
doi: 10.3389/fpsyt.2014.00181

Sienaert, P., Rooseleer, J., and De Fruyt, J. (2011). Measuring catatonia: a
systematic review of rating scales. J. Affect. Disord. 135, 1–9. doi: 10.1016/j.jad.
2011.02.012

Sienaert, P., van Harten, P., and Rhebergen, D. (2019). The psychopharmacology
of catatonia, neuroleptic malignant syndrome, akathisia, tardive dyskinesia and
dystonia. Handb. Clin. Neurol. 165, 415–428. doi: 10.1016/B978-0-444-64012-3.
00025-3

Sies, H. (2015). Oxidative stress: a concept in redox biology and medicine. Redox
Biol. 4, 180–183. doi: 10.1016/j.redox.2015.01.002

Smith, Y., Bevan, M. D., Shink, E., and Bolam, J. P. (1998). Microcircuitry of
the direct and indirect pathways of the basal ganglia. Neuroscience 86, 353–387.
doi: 10.1016/s0306-4522(98)00004-9

Sock, E., and Wegner, M. (2019). Transcriptional control of myelination and
remyelination. Glia 67, 2153–2165. doi: 10.1002/glia.23636

Solmi, M., Pigato, G. G., Roiter, B., Guaglianone, A., Martini, L., Fornaro, M.,
et al. (2018). Prevalence of catatonia and its moderators in clinical samples: results
from a meta-analysis and meta-regression analysis. Schizophr. Bull. 44, 1133–1150.
doi: 10.1093/schbul/sbx157

Spampinato, C., Aguglia, E., Concerto, C., Pennisi, M., Lanza, G., Bella, R.,
et al. (2013). Transcranial magnetic stimulation in the assessment of motor cortex
excitability and treatment of drug-resistant major depression. IEEE Trans. Neural
Syst. Rehabil. Eng. 21, 391–403. doi: 10.1109/TNSRE.2013.2256432

Stuivenga, M., and Morrens, M. (2014). Prevalence of the catatonic syndrome in
an acute inpatient sample. Front. Psychiatry 5:174. doi: 10.3389/fpsyt.2014.00174

Sugawara, H., Takamatsu, J., Hashimoto, M., and Ikeda, M. (2021). Catatonia
associated with late-life psychosis successfully treated with lithium: a case report.
Ann. Gen. Psychiatry 20:14. doi: 10.1186/s12991-021-00336-4

Tandon, R., Heckers, S., Bustillo, J., Barch, D. M., Gaebel, W., Gur, R. E., et al.
(2013). Catatonia in DSM-5. Schizophr. Res. 150, 26–30. doi: 10.1016/j.schres.2013.
04.034

Tang, F., Qu, M., Wang, L., Ruan, Y., Lu, T., Zhang, H., et al. (2007). Case-control
association study of the 2′ ,3′-cyclic nucleotide 3′-phosphodiesterase (CNP) gene
and schizophrenia in the Han Chinese population. Neurosci. Lett. 416, 113–116.
doi: 10.1016/j.neulet.2007.01.054

Taranto, M. P., Vera, J. L., Hugenholtz, J., De Valdez, G. F., and Sesma, F. (2003).
Lactobacillus reuteri CRL1098 produces cobalamin. J. Bacteriol. 185, 5643–5647.
doi: 10.1128/JB.185.18.5643-5647.2003

Thippaiah, S. M., Fargason, R. E., Gude, J. G., Muralidhara, S. N., and Birur, B.
(2021). Lithium-associated hyperparathyroidism followed by catatonia. AACE
Clin. Case Rep. 7, 189–191. doi: 10.1016/j.aace.2020.12.010

Thomas, C., Carroll, B. T., Maley, R. T., Jayanti, K., and Koduri, A.
(2005). Memantine and catatonic schizophrenia. Am. J. Psychiatry 162:626.
doi: 10.1176/appi.ajp.162.3.626

Tikka, T., Fiebich, B. L., Goldsteins, G., Keinänen, R., and Koistinaho, J. (2001).
Minocycline, a tetracycline derivative, is neuroprotective against excitotoxicity by
inhibiting activation and proliferation of microglia. J. Neurosci. 21, 2580–2588.
doi: 10.1523/JNEUROSCI.21-08-02580.2001

Tormoehlen, L. M., and Rusyniak, D. E. (2018). Neuroleptic malignant syndrome
and serotonin syndrome. Handb. Clin. Neurol. 157, 663–675. doi: 10.1016/B978-0-
444-64074-1.00039-2

Trojak, B., Meille, V., Bonin, B., and Chauvet-Geliner, J.-C. (2014). Repetitive
transcranial magnetic stimulation for the treatment of catatonia: an alternative
treatment to electroconvulsive therapy? J. Neuropsychiatry Clin. Neurosci. 26,
E42–E43. doi: 10.1176/appi.neuropsych.13050102

Ungvari, G. S., Leung, S. K., Ng, F. S., Cheung, H.-K., and Leung, T.
(2005). Schizophrenia with prominent catatonic features (’catatonic
schizophrenia’): i. Demographic and clinical correlates in the chronic phase.
Prog. Neuropsychopharmacol. Biol. Psychiatry 29, 27–38. doi: 10.1016/j.pnpbp.
2004.08.007

Frontiers in Molecular Neuroscience 21 frontiersin.org

https://doi.org/10.3389/fnmol.2022.993671
https://doi.org/10.2174/1570159X14666161017233642
https://doi.org/10.1176/jnp.6.1.1
https://doi.org/10.1002/glia.23039
https://doi.org/10.1038/nrn3722
https://doi.org/10.1080/1061186X.2020.1870987
https://doi.org/10.1002/glia.22479
https://doi.org/10.1002/glia.22479
https://doi.org/10.1016/j.psym.2014.03.010
https://doi.org/10.1016/j.psym.2014.03.010
https://doi.org/10.3390/cells9020470
https://doi.org/10.1080/13543784.2019.1559295
https://doi.org/10.1080/13543784.2019.1559295
https://doi.org/10.1176/ajp.145.3.361
https://doi.org/10.5498/wjp.v6.i4.391
https://doi.org/10.1196/annals.1401.026
https://doi.org/10.1016/S2215-0366(19)30190-7
https://doi.org/10.1016/S2215-0366(19)30190-7
https://doi.org/10.1093/schbul/sbs147
https://doi.org/10.1093/schbul/sbs147
https://doi.org/10.1016/j.psym.2016.08.001
https://doi.org/10.1016/j.psym.2016.08.001
https://doi.org/10.1016/j.ajp.2022.103004
https://doi.org/10.1016/j.ajp.2022.103004
https://doi.org/10.1136/practneurol-2019-002388
https://doi.org/10.1136/practneurol-2019-002388
https://doi.org/10.1016/0896-6273(94)90451-0
https://doi.org/10.1016/j.jpsychires.2008.08.005
https://doi.org/10.1016/j.cell.2016.10.020
https://doi.org/10.1016/j.cell.2016.10.020
https://doi.org/10.1126/science.275.5306.1593
https://doi.org/10.1126/science.275.5306.1593
https://doi.org/10.1016/j.euroneuro.2013.06.005
https://doi.org/10.1021/cn400189s
https://doi.org/10.1073/pnas.72.11.4376
https://doi.org/10.1002/syn.20303
https://doi.org/10.1016/j.pnpbp.2013.10.003
https://doi.org/10.3389/fpsyt.2014.00181
https://doi.org/10.1016/j.jad.2011.02.012
https://doi.org/10.1016/j.jad.2011.02.012
https://doi.org/10.1016/B978-0-444-64012-3.00025-3
https://doi.org/10.1016/B978-0-444-64012-3.00025-3
https://doi.org/10.1016/j.redox.2015.01.002
https://doi.org/10.1016/s0306-4522(98)00004-9
https://doi.org/10.1002/glia.23636
https://doi.org/10.1093/schbul/sbx157
https://doi.org/10.1109/TNSRE.2013.2256432
https://doi.org/10.3389/fpsyt.2014.00174
https://doi.org/10.1186/s12991-021-00336-4
https://doi.org/10.1016/j.schres.2013.04.034
https://doi.org/10.1016/j.schres.2013.04.034
https://doi.org/10.1016/j.neulet.2007.01.054
https://doi.org/10.1128/JB.185.18.5643-5647.2003
https://doi.org/10.1016/j.aace.2020.12.010
https://doi.org/10.1176/appi.ajp.162.3.626
https://doi.org/10.1523/JNEUROSCI.21-08-02580.2001
https://doi.org/10.1016/B978-0-444-64074-1.00039-2
https://doi.org/10.1016/B978-0-444-64074-1.00039-2
https://doi.org/10.1176/appi.neuropsych.13050102
https://doi.org/10.1016/j.pnpbp.2004.08.007
https://doi.org/10.1016/j.pnpbp.2004.08.007
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/journals/molecular-neuroscience#articles
https://www.frontiersin.org


Ariza-Salamanca et al. 10.3389/fnmol.2022.993671

van de Lagemaat, E. E., de Groot, L. C. P. G. M., and van den Heuvel, E. G. H. M.
(2019). Vitamin B12 in relation to oxidative stress: a systematic review. Nutrients
11:E482. doi: 10.3390/nu11020482

Vaquerizo-Serrano, J., Salazar De Pablo, G., Singh, J., and Santosh, P. (2021).
Catatonia in autism spectrum disorders: a systematic review and meta-analysis.
Eur. Psychiatry 65:e4. doi: 10.1192/j.eurpsy.2021.2259

Varatharaj, A., and Galea, I. (2017). The blood-brain barrier in systemic
inflammation. Brain Behav. Immun. 60, 1–12. doi: 10.1016/j.bbi.2016.03.010

Vargas-Sánchez, K., Mogilevskaya, M., Rodríguez-Pérez, J., Rubiano, M. G.,
Javela, J. J., González-Reyes, R. E., et al. (2018). Astroglial role in the
pathophysiology of status epilepticus: an overview. Oncotarget 9, 26954–26976.
doi: 10.18632/oncotarget.25485

Velloso, N. A., Dalmolin, G. D., Gomes, G. M., Rubin, M. A., Canas, P. M.,
Cunha, R. A., et al. (2009). Spermine improves recognition memory deficit in
a rodent model of Huntington’s disease. Neurobiol. Learn. Mem. 92, 574–580.
doi: 10.1016/j.nlm.2009.07.006

Verkhratsky, A. (2010). Physiology of neuronal-glial networking. Neurochem.
Int. 57, 332–343. doi: 10.1016/j.neuint.2010.02.002

Verkhratsky, A., Anderova, M., and Chvatal, A. (2009). Differential calcium
signalling in neuronal-glial networks. Front. Biosci. (Landmark Ed) 14, 2004–2016.
doi: 10.2741/3359

Voros, V., Kovacs, A., Herold, R., Osvath, P., Simon, M., Fekete, S., et al. (2009).
Effectiveness of intramuscular aripiprazole injection in patients with catatonia:
report on three cases. Pharmacopsychiatry 42, 286–287. doi: 10.1055/s-0029-
1224185

Walther, S., Schäppi, L., Federspiel, A., Bohlhalter, S., Wiest, R., Strik, W., et al.
(2017). Resting-state hyperperfusion of the supplementary motor area in catatonia.
Schizophr. Bull. 43, 972–981. doi: 10.1093/schbul/sbw140

Walther, S., Stegmayer, K., Wilson, J. E., and Heckers, S. (2019). Structure and
neural mechanisms of catatonia. Lancet Psychiatry 6, 610–619. doi: 10.1016/S2215-
0366(18)30474-7

Walther, S., and Strik, W. (2016). Catatonia. CNS Spectr. 21, 341–348.
doi: 10.1017/S1092852916000274

Weiner, R. D., and Reti, I. M. (2017). Key updates in the clinical application of
electroconvulsive therapy. Int. Rev. Psychiatry 29, 54–62. doi: 10.1080/09540261.
2017.1309362

Wenthur, C. J., and Lindsley, C. W. (2013). Classics in chemical neuroscience:
clozapine. ACS Chem. Neurosci. 4, 1018–1025. doi: 10.1021/cn400121z

Wijemanne, S., and Jankovic, J. (2015). Movement disorders in catatonia.
J. Neurol. Neurosurg. Psychiatry 86, 825–832. doi: 10.1136/jnnp-2014-309098

Wilcox, J. A. (1991). Cerebellar atrophy and catatonia. Biol. Psychiatry 29,
733–734. doi: 10.1016/0006-3223(91)9152-c

Wing, L., and Shah, A. (2000). Catatonia in autistic spectrum disorders. Br.
J. Psychiatry 176, 357–362. doi: 10.1192/bjp.176.4.357

Wolf, S. A., Boddeke, H. W. G. M., and Kettenmann, H. (2017). Microglia in
physiology and disease. Annu. Rev. Physiol. 79, 619–643. doi: 10.1146/annurev-
physiol-022516-034406

Xia, C.-Y., Xu, J.-K., Pan, C.-H., Lian, W.-W., Yan, Y., Ma, B.-Z., et al. (2020).
Connexins in oligodendrocytes and astrocytes: possible factors for demyelination
in multiple sclerosis. Neurochem. Int. 136:104731. doi: 10.1016/j.neuint.2020.
104731

Yang, Q., Luo, L., Sun, T., Yang, L., Cheng, L.-F., Wang, Y., et al. (2020). Chronic
minocycline treatment exerts antidepressant effect, inhibits neuroinflammation
and modulates gut microbiota in mice. Psychopharmacology (Berl) 237, 3201–3213.
doi: 10.1007/s00213-020-05604-x

Yang, Y., and Wang, J.-Z. (2017). From structure to behavior in basolateral
amygdala-hippocampus circuits. Front. Neural Circuits 11:86. doi: 10.3389/fncir.
2017.00086

Zain, S. M., Muthukanagaraj, P., and Rahman, N. (2021). Excited catatonia - a
delayed neuropsychiatric complication of COVID-19 infection. Cureus 13:e13891.
doi: 10.7759/cureus.13891

Zaman, H., Gibson, R. C., and Walcott, G. (2019). Benzodiazepines for catatonia
in people with schizophrenia or other serious mental illnesses. Cochrane Database
Syst. Rev. 8:CD006570. doi: 10.1002/14651858.CD006570.pub3

Ziegler, W., Kilian, B., and Deger, K. (1997). The role of the left mesial
frontal cortex in fluent speech: evidence from a case of left supplementary motor
area hemorrhage. Neuropsychologia 35, 1197–1208. doi: 10.1016/s0028-3932(97)
00040-7

Zingela, Z., Stroud, L., Cronje, J., Fink, M., and Van Wyk, S. (2022). A
prospective descriptive study on prevalence of catatonia and correlates in an acute
mental health unit in Nelson Mandela Bay, South Africa. PLoS One 17:e0264944.
doi: 10.1371/journal.pone.0264944

Frontiers in Molecular Neuroscience 22 frontiersin.org

https://doi.org/10.3389/fnmol.2022.993671
https://doi.org/10.3390/nu11020482
https://doi.org/10.1192/j.eurpsy.2021.2259
https://doi.org/10.1016/j.bbi.2016.03.010
https://doi.org/10.18632/oncotarget.25485
https://doi.org/10.1016/j.nlm.2009.07.006
https://doi.org/10.1016/j.neuint.2010.02.002
https://doi.org/10.2741/3359
https://doi.org/10.1055/s-0029-1224185
https://doi.org/10.1055/s-0029-1224185
https://doi.org/10.1093/schbul/sbw140
https://doi.org/10.1016/S2215-0366(18)30474-7
https://doi.org/10.1016/S2215-0366(18)30474-7
https://doi.org/10.1017/S1092852916000274
https://doi.org/10.1080/09540261.2017.1309362
https://doi.org/10.1080/09540261.2017.1309362
https://doi.org/10.1021/cn400121z
https://doi.org/10.1136/jnnp-2014-309098
https://doi.org/10.1016/0006-3223(91)90152-c
https://doi.org/10.1192/bjp.176.4.357
https://doi.org/10.1146/annurev-physiol-022516-034406
https://doi.org/10.1146/annurev-physiol-022516-034406
https://doi.org/10.1016/j.neuint.2020.104731
https://doi.org/10.1016/j.neuint.2020.104731
https://doi.org/10.1007/s00213-020-05604-x
https://doi.org/10.3389/fncir.2017.00086
https://doi.org/10.3389/fncir.2017.00086
https://doi.org/10.7759/cureus.13891
https://doi.org/10.1002/14651858.CD006570.pub3
https://doi.org/10.1016/s0028-3932(97)00040-7
https://doi.org/10.1016/s0028-3932(97)00040-7
https://doi.org/10.1371/journal.pone.0264944
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/journals/molecular-neuroscience#articles
https://www.frontiersin.org


Ariza-Salamanca et al. 10.3389/fnmol.2022.993671

Glossary

NMDAr N-methyl-D-Aspartate Receptor
SMA Supplementary Motor Area
OFC Orbitofrontal Cortex
PFc Prefrontal Cortex
GABA-A Gamma-Aminobutyric acid-A
NMDA N-Methyl-D-Aspartate
CN Caudate Nucleus
VS Putamen and Ventral Striatum
iGP Internal Globus Pallidus
eGP ExternalGlobus Pallidus
SNc Substantia Nigra Pars Compacta
SNr Substantia Nigra Pars Reticulata
STN Subthalamic Nucleus
VL Ventral Lateral Nuclei of the Thalamus
VA Ventral Anterior Nuclei of theThalamus
D1R Dopamine Type 1 Receptor
D2R Dopamine Type 2 Receptor
SCZ Schizophrenia
vmPFC Ventromedial Prefrontal Cortex
SPG Superior Left Parietal Gyrus
SMG Supramarginal Gyrus
MPF Medial Prefrontal Cortex
CAC Cingulate Anterior Cortex
NIC Neuroleptic-Induced Catatonia
TNF alpha Tumour Necrosis Factoralpha
NO Nitric Oxide
Cnp 2’,3’- cyclic nucleotide 3’-phosphodiesterase
OS Oxidative Stress
RS Reactive Species
ROS Reactive Oxygen Species
RNS Reactive Nitrogen Species
H2O2 HydrogenPeroxide
ROO Peroxyl Radicals
O−2 O−2 Superoxide Anion Radical
OH Hydroxyl Radical
ONOO- Peroxynitrite
O−2 Single Molecular Oxygen
SOD Superoxide Dismutase
GSH Glutathione
RAGE Receptor for Advanced Glycation End-Products
Nf-KB Nuclear factor kappa-light-chain-enhancer ofactivated B cells
BBB Blood-Brain Barrier
BZD Benzodiazepines
ECT Electroconvulsive Therapy
IM Intramuscular
IST Initial Seizure Threshold
rTMS Repetitive Transmagnetic Stimulation
NMS Neuroleptic Malignant Syndrome
CNS Central Nervous System
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