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ARTICLE INFO ABSTRACT

Keywords: Stress-related psychiatric conditions are one of the main causes of disability in developed countries. They ac-
Stress count for a large portion of resource investment in stress-related disorders, become chronic, and remain difficult

Cerebellum to treat. Research on the neurobehavioral effects of stress reveals how changes in certain brain areas, mediated
Post-traumatic stress disorder b b £ hemical kedly al : : :

e y a number of neurochemical messengers, markedly alter behavior. The cerebellum is connected with stress-
Prediction 1 brai h hi . " hemical .
Anticipation related brain areas and expresses the machinery required to process stress-related neurochemical mediators.
Depression Surprisingly, it is not regarded as a substrate of stress-related behavioral alterations, despite numerous studies
Anxiety that show cerebellar responsivity to stress. Therefore, this review compiles those studies and proposes a hy-

pothesis for cerebellar function in stressful conditions, relating it to stress-induced psychopathologies. It aims to
provide a clearer picture of stress-related neural circuitry and stimulate cerebellum-stress research.
Consequently, it might contribute to the development of improved treatment strategies for stress-related dis-

orders.

1. Introduction

Stress can be defined as a multi-level response of an organism when
it faces an environmental challenge that is aimed at overcoming that
difficulty. Prolonged periods of stress produce deleterious effects that
might become chronic and/or life-threatening (McEwen et al., 2015).
These effects are related to its involvement in medical conditions such
as metabolic syndrome (Goldstein et al., 2016), cardiovascular disease
(Kivimaki and Kawachi, 2015), type 2 diabetes mellitus (Hackett and
Steptoe, 2017), allergies (Dave et al., 2011), and autoimmune diseases
(Stojanovich and Marisalvjevich, 2008). Nevertheless, stress is not only
involved in physical medical conditions. Indeed, brain disorders and
functions are notably influenced by stress. Its role in precipitating
psychiatric pathologies is either suggested or demonstrated for condi-
tions such as mood disorders (Kendler et al., 1999), anxiety disorders
(Weger and Sandi, 2018), and post-traumatic stress disorder (PTSD;
Yehuda et al., 2015). Furthermore, neurodegenerative disorders are
apparently precipitated or worsened by stress (Hemmerle et al., 2012;
Hou et al., 2014; Machado et al., 2014; Mravec et al., 2018). Similarly,
stress alters several cognitive functions like attention, memory, and
cognitive flexibility (Liston et al., 2006; Graybeal et al., 2011; Shields
et al., 2017). Therefore, the brain is considered to be one of the most
stress-sensitive organs (McEwen et al., 2015), and this high sensitivity
provides a biological substrate for the appearance of psychiatric dis-
orders after continuous stress exposure. It is also noteworthy that the
available treatment options for stress-induced psychiatric conditions
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are far from fully efficient. As a result, sustained remission is difficult to
achieve, and relapse rates are very high (Yonkers et al., 2003; Kelsey,
2004).

The neural circuitry that governs stress-induced behavioral changes
and stress-related disorders such as PTSD includes a series of cortical
and subcortical brain structures, such as the hypothalamus (Buller,
2003; Bains et al., 2015), amygdala (McEwen, 2007; Rozendaal et al.,
2009), hippocampus (Rozendaal et al., 2009; McEwen et al., 2016),
prefrontal cortical areas (Rozendaal et al., 2009; McEwen et al., 2016),
midbrain structures, e.g., the periaqueductal gray (PAG; Chou et al.,
2018; Ho et al., 2018), raphe nuclei (Natarajan et al., 2017; Nishitani
et al., 2019), and reward-related areas, including the ventral tegmental
area (VTA; Solecki et al., 2017; Fernandez et al., 2018; Rabellino et al.,
2018b) and the nucleus accumbens (NAc; Francis et al., 2015; Sussman
et al., 2016; Chandra et al., 2017). Within these brain areas, a number
of neurochemical mediators and their receptors modulate stress-in-
duced behavioral changes. This action occurs for glucocorticoids
(Jochems et al., 2015; Palma-Gudiel et al., 2015), corticotropin-re-
leasing factor (CRF; Partridge et al., 2016; Dedic et al., 2018), nor-
epinephrine (Wood and Valentino, 2017; Borodovitsyna et al., 2018),
serotonin (Natarajan et al., 2017; Nishitani et al., 2019), and en-
docannabinoids (Hill and McEwen, 2010; Gunduz-Cinar et al., 2013),
among others.

The cerebellum contains more neurons than the rest of the brain
(Herculano-Houzel, 2009), and its contribution to several nonmotor
domains is being increasingly recognized (Moreno-Rius, 2018, 2019a,
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2019b). Furthermore, it is connected to stress-related brain zones and
expresses the neural machinery necessary for processing the chemical
mediators involved in stress responses. However, literature and re-
search on stress and its neurobehavioral consequences has paid little
attention to the cerebellum until very recently (Rabellino et al., 2016;
Tomas-Roig et al., 2016; Tomas-Roig and Havemann-Reinecke, 2018),
despite several studies that reported cerebellar changes in response to
stress in experimental animals and humans (Kitraki et al., 1999;
Jastreboff et al., 2011; Babenko et al., 2012). A potential explanation
for this lack of attention might relate to the traditional views of the
cerebellum as a structure exclusively devoted to motor functions. This
view is strongly ingrained in medical and biological curricula, owing to
the vast number of studies that demonstrated a role for the cerebellum
in several motor-related functions since the early 20th century. These
reports encompass reflex movements (Brogden and Gantt, 1937;
Moruzzi, 1950; Rowan et al., 2018), oculomotor control (Alahyane
et al., 2008; Xu-Wilson et al., 2009; Baier and Dieterich, 2011), other
types of motor learning (Yeo et al., 1985; Steiner et al., 2019), and
speech production (Ackermann et al., 1999, 2007). It is thus possible
that this view precluded considering stress-induced cerebellar changes
as related to non-motor domains, an oversight that potentially under-
estimates the cerebellar contribution to the stress response.

Therefore, this work highlights the numerous studies that involve
the cerebellum in the stress response and proposes a hypothesis for its
role. To this end, a description of cerebellar anatomy and synaptic or-
ganization is provided first, followed by describing cerebellar connec-
tions with other stress-related brain areas. Subsequently, cerebellar
changes induced by acute and chronic stress in non-human animals are
reviewed. The studies that link cerebellar alterations with stressor ex-
posure in humans are then discussed, including those performed in
PTSD patients. Finally, a hypothesis to clarify the function that cere-
bellar changes might play in stress-induced behavioral changes is pro-
posed. This work also aims to help guide future experimental ap-
proaches on the topic and establish the cerebellum as a part of the
neural networks that underlie stress-related responses.

2. Cerebellar anatomy, internal circuitry, and connections to
stress-related brain areas

The cerebellum consists of a central region called the vermis and
two cerebellar hemispheres on each side of the vermis. Its midsagittal
view shows white matter arborization called the arbor vitae surrounded
by grey matter. Inside the white matter formation are three pairs of
nuclei (Purves et al., 2001). The cerebellum is attached to the brainstem
through three pairs of structures named cerebellar peduncles (inferior,
middle, and superior). All cerebellar efferents and afferents pass
through the peduncles to reach their respective targets. Macro-
scopically, the cerebellum is divided by two main transverse fissures.
The primary fissure separates the anterior from the posterior lobe, and
the posterior fissure separates the posterior lobe from the flocculo-
nodular lobe (Purves et al., 2001). Moreover, the arrangement of the
cerebellar cortical superficial fissures allows the identification of 10
different lobules (I-X), following an anteroposterior axis (Brodal, 1992).
The anterior lobe comprises lobules I-V, the posterior lobe includes
lobules VI-IX, and the flocculonodular lobe contains lobule X. Fig. 1
presents a representation of the cerebellar cortex and the domains each
region is mostly involved in according to recent studies (Stoodley and
Schachmann, 2009; Klein et al., 2016).

The cerebellar cortex’s output projects to the deep cerebellar nuclei
(DCN), which constitutes the output from the cerebellum to other brain
areas. Following a lateral-medial axis, the names of the cerebellar nu-
clei are dentate (lateral in rodents), interposed, and fastigial. The
dentate/lateral nuclei receive projections from the lateral parts of the
hemispheres, the interposed nuclei receive them from paravermal
zones, and the fastigial nuclei’s input is the vermis.

Cerebellar cortical circuitry is highly stereotyped and does not
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Fig. 1. Representation of macroscopic cerebellar view and association between
cerebellar subregions and functions. The image represents an unfolded cere-
bellum, with shaded areas indicating the type of functions these subregions are
predominantly (not exclusively) associated with. Adapted from a copyright-free
image from Wikimedia Commons.

significantly vary by region. It is composed of three different layers, the
most dorsal being the molecular layer. It contains Purkinje cell (PC)
dendrites, different types of inhibitory interneurons, and parallel fibers
(PF). These fibers represent the granule cell (GC) glutamatergic axons.
Underneath, the PC layer contains PC somata and Bergmann glial cells.
PCs represent the sole cerebellar cortex output. The most ventral layer,
the granule cell layer, contains a large number of GCs, which are
modulated by Golgi inhibitory interneurons, unipolar brush cells, and
Lugaro neurons, as well as different types of glial cells (Purves et al.,
2001).

Two main afferents constitute the cerebellar input. The mossy fibers
(MF), which arise from the pontine nuclei, convey information from
cerebral cortices, limbic areas, and the basal ganglia to the cerebellar
cortex. These fibers target the glomerular formation at the granule layer
and form synapses with GCs. Climbing fibers (CF) arise from the inferior
olive and form synapses with PC dendrites and somata (Warren and
Sawtell, 2016). Aside from PF activity, these two excitatory inputs
modulate the PC GABAergic output onto DCN neurons, an action that
modulates global cerebellar output. A schematic representation of the
cerebellar synaptic organization is presented in Fig. 2.

As mentioned in Section 1, the cerebellum presents a variety of
connections with other brain areas that are traditionally considered to
mediate stress-induced behavioral alterations. Studies in non-human
animals and resting-state functional connectivity magnetic resonance
imaging analyses in human subjects support this assumption. This role
is the case for cerebellar connections with the hypothalamus (Dietrichs,
1984; Zhu et al., 2006; Contreras-Rodriguez et al., 2017), hippocampus
(Rochefort et al. 2011; Babayan et al. 2017; Choe et al., 2018), amyg-
dala (Sang et al., 2012; Farley et al., 2016, 2018), prefrontal cortex
(Tomasi and Volkow, 2011; Badura et al., 2018; Choe et al., 2018), PAG
(Gonzalo-Ruiz et al., 1990; Koutsikou et al., 2014; Thome et al., 2017),
raphe nuclei (Kaufman et al., 1996; Mierzejewska-Krzyzowska et al.,
1996; Beliveau et al., 2015), VTA (Oades and Halliday, 1987; Ikai et al.,
1991; Kline et al., 2016), and NAc (Cservenka et al., 2014; Holloway
et al., 2019). Moreover, certain neurochemical messengers are also
listed as mediators of stress-induced behavioral anomalies in Section 1.
The cerebellum also expresses the cellular machinery necessary for
interacting with those mediators, and altering those systems affects
cerebellar physiology and function. This phenomenon applies to glu-
cocorticoid (Sousa et al., 1989; Wilber et al., 2010) and CRF signaling
(King et al., 1997; Wang et al., 2017), monoaminergic systems such as
the serotonergic system (Arpin-Bott et al., 2006; Lippiello et al., 2016)
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Fig. 2. Representation of cerebellar synaptic organization. Information reaches
the cerebellar cortex through mossy and climbing fibers. There, multiple neu-
rons receive this input and forward it directly or indirectly to Purkinje cells,
which project to the deep cerebellar nuclei. The latter represent cerebellar
output to efferent structures. DCN: Deep cerebellar nuclei; GC: Granule cell,
GCL: Granule cell layer; Go: Golgi cell; 10: Inferior olive; ML: Molecular layer;
MLI Molecular layer interneuron; PC: Purkinje cell; PCL: Purkinje cell layer;
UBC: Unipolar brush cell. Adapted with permission from Warren and Sawtell
(2016).

and the noradrenergic system (Schambra et al., 2005; Lippiello et al.,
2015), and the endocannabinoid system (Herkenham et al., 1990;
Rinaldo and Hansel, 2013).

The aforementioned anatomical and biochemical findings place the
cerebellum in an ideal position to play a functional role in stress-in-
duced neurobehavioral effects. Therefore, studies that assess stress-in-
duced neural alterations might also report cerebellar changes when this
brain area is included in the examinations. Works performed in non-
human animals that describe those changes are discussed in Section 3.

3. The cerebellum and stressor exposure in non-human
experimental animals

The study of the behavioral and neural effects of stress in rodents
involves the use of paradigms in which a stimulus or stimuli known to
elicit stress-like physiological responses (such as enhanced corticos-
terone levels) is/are applied. After stressor application, behavioral and/
or neural stress effects are assessed by comparing changes in these
measures in stressed and unstressed experimental subjects. However,
stressors can vary greatly in type and exposure time. For writing co-
herence/study grouping purposes, “acute stressor exposure” refers to
exposure that occurs in a single experimental session, whereas “re-
peated stressor exposure” relates to stressor exposure that occurs during
more than one experimental session.

3.1. Effects of acute stressor exposure on the cerebellum

A summary of the studies that report changes in the cerebellum as a
result of acute stressor exposure is presented in Table 1.

3.1.1. Neurotransmitter/neuromodulating systems and associated signaling
molecules

To the best of the author’s knowledge, the first study that demon-
strated cerebellar changes in response to a stressful experience was
performed by Curzon and Green in 1971. They report that a 10-min
immobilization  episode reduces cerebellar levels of 5-
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hydroxyindoleacetic acid in male rats (Curzon and Green, 1971). This
compound is a serotonin metabolite, a catecholamine involved in stress-
related responses (see Section 1). Therefore, this result might indicate
reduced cerebellar serotonin after stressor exposure. However, a sub-
sequent study (also with male rats) that used longer exposure times and
combined stressors (immobilization + water exposure) found the op-
posite patterns regarding the serotonergic system (Takada et al., 1995).
The latter study is supported by a more recent investigation. In this
report, a 1-hour episode of immobilization stress applied to mice is
accompanied by increased serotonergic and noradrenergic precursors
levels (Lee et al., 2012). No specification with regards to the animals’
sex is provided in this study.

Additional early studies found calcium alterations in the cerebellum
in response to acute stressor exposure. Calcium mediates physiological
properties of cerebellar neurons (Regehr and Alturi, 1995; Brown et al.,
2004) and stress effects in other brain areas (Satoh et al., 2006). Ex-
posure to a cold environment reduces calcium content in the cerebellum
of male rats (Sabbot and Costin, 1974) and elevates calcium uptake in
both rats and mice of unspecified sex (Watanabe et al., 1987). These
results suggest stressor-induced calcium depletion in the cerebellum.
However, the intricate cerebellar circuitry and different functions of
cerebellar subregions make it difficult to establish further conclusions.

Other neurotransmitter systems also vary in the cerebellum in re-
sponse to acute stress. The cholinergic system mediates physiological
properties of cerebellar neurons (Takayasu et al., 2003; Rinaldo and
Hansel, 2013) and stress-related neural effects outside the cerebellum
(Mineur et al., 2013, 2016). With regards to this system, 15min of
forced swim exposure significantly increases muscarinic cholinergic
receptor binding in male and female rats (Estevez et al., 1984), and
immobilization in a cold room enhances cerebellar acetylcholinesterase
levels in male rats (Tsakiris and Kontopoulos, 1993). Thus, it is possible
that acute stress increases cerebellar cholinergic signaling through
muscarinic receptor-dependent mechanisms, but further anatomical
specificity cannot be inferred from these studies.

Acute stress also promotes glutamatergic alterations at the cere-
bellar level. Glutamate mediates stressor effects in many brain areas
(Nasca et al., 2017; Montalban et al, 2019), and it is the neuro-
transmitter that controls cerebellar input and output (Purves et al.,
2001). Cerebellar glutamatergic alterations after acute stressor ex-
posure include increased NMDA receptor binding (Yoneda et al., 1994)
and decreased radioactive glutamate uptake in male rats (Borisova
et al.,, 2002). Therefore, these studies support that NMDA-mediated
glutamatergic signaling can increase as result of acute stressor ex-
posure.

Studies also note GABAergic system deregulations. GABA is the
main neurotransmitter of PCs and other cerebellar interneurons, and it
participates in the neural effects of stress (Jie et al., 2018). There is
significant variability in studies that examine this neurotransmitter
system. Different stressors, including forced swim (Park et al., 1993;
Bitran et al., 1998), shocks (Drugan et al., 1989; Concas et al., 1993),
and handling (Biggio et al., 1980, 1981), decrease GABA, receptor
binding at different sites within the receptor. Most studies were con-
ducted in males, but the one that was conducted in females (Bitran
et al., 1998) report similar results. However, social defeat stress, a
paradigm that consists of introducing an experimental mouse in the
cage of a more dominant one that attacks the intruder (Miller et al.,
1987; Barnhill et al., 1991), and surgical stress (Revilla et al., 1999)
produce the opposite effects in male mice and rats, respectively. Whe-
ther the pattern of results is due to the different applied stressors or
some other factor(s) is unclear and conclusions cannot be unequivocally
established.

Acute hyperthermic stress increases dynorphin protein levels in the
male rat cerebellum (Sharma and Alm, 2002). This endogenous opioid
acts preferentially on kappa opioid receptors (Carroll and Carlezon,
2013). It mediates stress-induced behavioral alterations as well as drug-
induced dysphoric-like effects (Bruchas et al., 2010), but its role in
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cerebellar physiology and function remains virtually unstudied.

Cerebellar cyclic guanosine monophosphate (cGMP) levels are also
sensitive to stressor exposure. cGMP-mediated signaling controls the
behavioral effects of stress (Masood et al., 2009; Yazir et al., 2012; Xu
et al., 2015) and PC firing (Hartell, 1994, 1996). Several stressors, such
as fighting, forced swim, heat exposure (Dinnendahl, 1975), cold ex-
posure (Biggio and Guidotti, 1976), restraint (Kant et al., 1981),
shaking (Rubin and Ferrendelli, 1977), footshocks (Sethy and Oien,
1991), and handling (Corda et al., 1980) elevate cerebellar cGMP levels
in mice and rats of both sexes. Hence, reduced cerebellar cortex output
might occur due to acute stress.

3.1.2. Cerebellar activity measurements

A number of studies also provide evidence of cerebellar activation in
response to acute stress. Those studies quantified the expression of
transcripts/products of the c-fos gene. This gene is transcribed in neu-
rons after action potentials are fired and is labeled as an immediate-
early gene (IEG). Thus, it is used as an indirect indicator of neural ac-
tivation (Curran and Morgan, 1995). c-fos expression is enhanced upon
stressor exposure in other stress-related brain areas (Reznikov et al.,
2008; Cohen et al., 2017; Sood et al., 2018). Several other stimuli, in-
cluding psychostimulant administration (Klitenick et al., 1995;
Stephenson et al., 1999) and experimental seizure induction (Toth
et al., 2018), also increase c-fos expression in the cerebellum. Acute
stressors, like shocks applied in the ears, earclipping procedures (Daval
et al., 1989), and immobilization (Imaki et al., 1993), upregulate c-fos
mRNA expression throughout the granule cell layer of male rodents.
Forced swim plus immobilization also elevates total cerebellar c-fos
mRNA in male rats as assessed by northern blot assays (Bozas et al.,
1997). The use of positron emission tomography (PET) scan, another
technique aimed at measuring neural activity, produced different re-
sults. In this case, restraint stress decreases cerebellar glucose utiliza-
tion in male rats (Sung et al., 2009). Methodological factors, including
different spatial resolution of the techniques, might account for the
divergence in the results. In line with this last report, acute stress-in-
duced cerebellar metabolic slowdown is also supported by reductions in
adenosine triphosphate (ATP) and adenosine diphosphate (ADP) that
are caused by exposing male rats to inescapable foootshocks (Dickman
et al., 1973).

3.1.3. Additional studies

Studies also report altered cerebellar hormone levels upon acute
stressor exposure. This phenomenon occurs for thyroid hormones in
male rats (Baumgartner et al., 1998) and progesterone derivatives in
mice of unspecified sex (Lee et al., 2016). In the former study, 1l-thyr-
oxin levels are reduced, and the levels of its active metabolite (3,3’,5-
triiodo-L-thyronine) increase. The latter work reports elevated allo-
pregnanolone and dihydroprogesterone levels. Some of these hormones
may control certain brain function parameters (Timiras et al., 1955),
and are involved in cognition (Smith et al., 2002), emotion (Backstrom
et al., 2014; Schiile et al., 2014), and reward (Vallée et al., 2014). Given
the cerebellar involvement in these functions (Moreno-Rius, 2018,
2019a, 2019b), stress-induced impairments on any of those domains
could be mediated by these hormones at the cerebellar level.

Stress also alters cerebellovascular permeability. Immobilization
(Skultetyova et al., 1998) and forced swim exposure (Sharma et al.,
1991, 1995) increase blood-brain barrier permeability in rats of both
sexes. Similar neurovascular effects from acute stress are reported for
stress-related brain areas in the aforementioned studies and additional
ones (Menard et al.,, 2017; Xu et al.,, 2019). Moreover, acute hy-
perthermic stress increases glial fibrillary acidic protein expression in
the cerebellum of male rats (Sharma et al., 1992). Altogether, these
studies indicate potential damage in the cerebellum even after acute
stress.

Finally, additional findings that describe the cerebellar effects of
acute stress include an increase in the neurotrophin receptor p75 levels
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in male rats (Foreman et al., 1995). This receptor is involved in neural
death, regeneration, and associated disorders (Dechant and Barde,
2002). Acute stress also alters glutathione levels (Ghizoni et al., 2006),
a peptide with recognized antioxidant properties. Enhanced XBP-1 gene
splicing also occurs in male mice (Hosoi et al., 2019), and acute stressor
exposure reduces cerebellar creatine levels in male rats (Herring et al.,
2008). Creatine participates in brain cell metabolism, and its levels are
altered in PTSD (Harnett et al., 2017). It is apparently beneficial for
cognitive and mood disturbances when given as a supplement (Turner
et al., 2015; Pazini et al., 2016), so it might have positive effects in
patients afflicted from stress-related disorders.

3.2. Effects of repeated stressor exposure on the cerebellum

Repeated stressor exposure also causes marked effects on different
cerebellar parameters, often accompanied by behavioral symptoms that
resemble those of stress-induced psychopathologies in human beings.
The studies are summarized in Table 2.

3.2.1. Neurotransmitter/neuromodulating systems and associated signaling
molecules

One of these studies reports decreased cerebellar glucocorticoid
receptor mRNA expression after applying forced swim and/or restraint
to male rats for 8-14 days (Kitraki et al., 1999). Some of the neuro-
transmitter systems involved in acute stress-induced cerebellar altera-
tions also present changes with repeated stressor exposure, including
GABAergic transmission. One week of a daily restraint or restraint plus
an injection episode decreases cerebellar GABA, receptor binding in
male mice (Mosaddeghi et al., 1993). Similarly, three weekly chronic
unpredictable mild stress (CUMS) cycles, which consist of daily stressor
application to male rats, induces depressive-like behavior and a con-
comitant decrease in cerebellar serotonin content (Dubey et al., 2015).
CUMS paradigms apply several stressors during a relatively long period
of time in such a way that the animal cannot predict their order of
appearance, thereby making the procedure more stressful for the ex-
perimental subjects.

With respect to catecholamines, an early study found increased le-
vels of phenylethanolamine N-methyltransferase, an enzyme re-
sponsible for the conversion of norepinephrine to epinephrine, after
seven daily, 2.5-hour restraint sessions were applied to male rats
(Saavedra and Torda, 1980). Additionally, a study reported decreased
CB; receptor mRNA expression in the cerebellum of male mice after
21 days of psychosocial stress (Tomas-Roig et al., 2016). This paradigm
is similar to the aforementioned social defeat paradigm, except full
physical contact cannot occur between mice. Given that the experi-
mental mouse is placed inside a small cage while in the resident’s home
cage, physical contact is minimal, and the stress source in this paradigm
is sensory cues provided by the resident mouse. This paper also re-
ported decreased tenascin-R and calreticulin transcript levels. Tenascin-
R is an integral component of perineuronal nets, extracellular structures
that play important roles in brain physiology and functions (Xue et al.,
2014; Carbo-Gas et al., 2017). Calreticulin is a calcium-binding protein
that is highly expressed in the cerebellum, and it is sensitive to other
stimuli such as methamphetamine (Hayashi et al., 2010) and prolonged
stress exposure (Wen et al., 2015) in different brain areas. A recent
report shows decreased calcyclin levels in the cerebellum of male mice
(Bartkowska et al., 2017). This calcium binding protein is involved in
aging and neurodegenerative disorders (Tiu et al., 2000; Hoyaux et al.,
2002), but it was not previously linked to stress or its associated psy-
chiatric conditions.

3.2.2. Cerebellar activity measurements

A number of studies also manifest alterations in cerebellar activity
in response to repeated stressor application. Male mice that underwent
a CUMS paradigm with 42 total stressor exposures show depressive-like
behavior that is accompanied by cerebellar vermis deactivation (Huang
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et al., 2017). However, in a subsequent study performed in male rats,
CUMS paradigm exposure causes depressive-like behaviors and
memory impairments and increases resting-state activity measures in
the cerebellar hemispheres (Li et al., 2018). Similarly, a PET experiment
conducted in male rats subjected to a 4-week CUMS paradigm found
increased cerebellar hemispheric activity, yet this study reported no
depressive-like symptoms (Van Laeken et al., 2018).

Other studies measured brain activity via quantifying IEG expres-
sion. c-fos expression increases in the deep cerebellar nuclei of male rats
subjected to 3-week CUMS (Huguet et al., 2017). Furthermore, 5-week
CUMS decreases zif268 expression throughout the cerebellar cortex of
male rats, which is accompanied by reduced PC firing. Importantly, this
work demonstrated that cerebellar vermis stimulation can reverse the
depressive phenotype induced by CUMS, a finding that highlights the
therapeutic promise of neuromodulatory interventions that target the
cerebellum (Bambico et al., 2018).

3.2.3. Effects of early-life stress on the cerebellum

In addition to these studies, where stressor exposure took place
during adulthood or, exceptionally, late adolescence (see Table 2),
stressor application at early developmental time points also provokes
structural and functional alterations in the cerebellum. Prenatal stress
markedly affects cerebellar architecture, since restraining dams for 6 h
from gestational day (GD) 7-14 reduces PC counts, average GC dia-
meter, and GC synaptic contacts in 30-day-old pups of both sexes
(Ulupinar and Yucel, 2005; Ulupinar et al., 2006). Reduced PC arbor-
ization is also evident in male pups aged 22 and 52 days when restraint
sessions are shorter (1h) and applied from GD 14-21 (Pascual et al.,
2010, 2015). Moreover, increased blood-brain barrier permeability
caused by ten, 20-min forced-swim episodes applied to the dams from
GD 10-20 is apparent in 20-day-old pups (Gomez-Gonzalez and
Escobar, 2009). This data supports the assumption that prolonged
prenatal stress induces different kinds of tissue damage in the cere-
bellum.

Early postnatal stressor application is also responsible for a series of
changes in cerebellar structure and function. In monkeys of both sexes,
being reared by peers instead of mothers is associated with increased
cerebellar vermis volume at 2-2.5 years of age (Spinelli et al., 2009). In
rats, 2 h of maternal separation and 2 min of handling applied to male
pups from postnatal day (PD) 1-21 increases cerebellar -adrenor-
eceptor binding concomitant with decreased agonist-stimulated cAMP
production at 1 and 3 months of age (Baamonde et al., 1999, 2002).
These results indicate stress-induced decreased B-adrenoreceptor func-
tion.

Additional findings include enhanced expression of AMPA receptor
subunits GluAl and GluA3 after 13 sessions of maternal separation
applied from PD 2-14, accompanied by increased cerebellar activity as
assessed by local field potentials, both evident at 2-2.5 months of age
(Kokubo et al., 2018). Further, in male pups, transient increases (pre-
sent at PD 16 but absent at PD 30) in the levels of brain-derived neu-
rotrophic factor and its receptor occur after maternal separation from
PD 5-10 (Miki et al., 2013, 2014).

3.2.4. Additional studies

Further findings include decreased cerebellar neuregulin-1 mRNA
expression in male mice after 3 weeks of psychosocial stress (Tomas-
Roig and Havemann-Reinecke, 2019). Neuregulin-1 is a cellular adhe-
sion protein encoded by the schizophrenia candidate gene NRGI.
Neuregulin-1 modulates certain stress effects (Dang et al., 2016; Clarke
et al., 2018) and also controls the expression of different receptor
subunits in the cerebellum (Ozaki et al., 1997; Xie et al., 2004).
Therefore, stress-induced neuregulin-1 expression and cerebellar re-
ceptor availability/expression changes might be related.

Daily social defeat episodes applied to male mice for 10 days en-
hance cerebellar volume, an alteration that is correlated with stress-
induced social avoidance (Anacker et al., 2016). Intriguingly, applying
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a CUMS paradigm reduces mitochondrial respiratory chain enzyme
levels in the cerebellum of male rats, and such alterations are reversed
by administration of the fast-acting antidepressant ketamine (Rezin
et al., 2008, 2009, 2010). Potential implications in stress-induced be-
havioral impairments might be difficult to envision, but it is not pos-
sible to discard a role for these enzymes in stress-induced cognitive
alterations, owing to the described role of the mitochondria in cognitive
functions such as memory (Hebert-Chatelain et al., 2016).

Application of various stressors for 8 days to male rats reduces
cerebellar sialyltransferase levels (Dabelic et al., 2004). This enzyme is
responsible for adding sialyl groups to certain biomolecules, a process
that is necessary for proper brain architecture, myelination, and motor
and cognitive function (Yoo et al., 2015). Alterations in hormone-
mediated signaling also occur after repeated homotypic stress. Exposing
male rats to 2 weeks of daily 20-minute restraint sessions reduces cer-
ebellar adiponectin and prolactin receptor mRNA levels (Babenko et al.,
2012). Besides their respective metabolic and bonding/attachment
functions, neural signaling mediated by these mechanisms governs a
handful of processes that are potentially relevant for stress-induced
pathologies. Recent studies show a role for adiponectin in stress-in-
duced behavioral alterations and the activity of stress-related brain
areas (Guo et al., 2017; Zhang et al., 2017; Sun et al., 2019), and
prolactin counteracts adrenocorticotropic hormone secretion and
modulates stress-induced responses (Torner et al., 2001; Donner et al.,
2007). Thus, these studies indicate a potential pathway through which
cerebellar hormone-mediated signaling can influence stress behavioral
effects.

Collectively, these studies provide abundant evidence of cerebellar
changes in response to stress, at every developmental time point where
stressor exposure occurred, and when stressors are acutely or re-
peatedly applied to non-human experimental animals. Therefore, neu-
roimaging assessments of human brain responses to stress-inducing
stimuli and/or subjects who underwent markedly stressful events
should involve the cerebellum. Those studies are discussed in Section 4.

4. The cerebellum and stress in humans
4.1. Cerebellar reactivity to stress-inducing stimuli in human subjects

The first type of studies discussed in this section involve the as-
sessment of brain reactivity to the presentation of stress-inducing sti-
muli, such as scripts that describe highly stressful situations. These
activation patterns are then compared to those elicited by a non-stres-
sing script, and the areas that exhibit significant differences are con-
sidered to be involved in the stress response. A summary of the studies
that report significant cerebellar differences using this method is pre-
sented in Table 3.

In healthy men and women, a personalized script-driven stress-in-
ducing imagery session causes cerebellar activation in medial regions
that expands laterally (Jastreboff et al., 2011; Seo et al., 2011). Another
study replicated the previous finding, but between-sex assessment of
these patterns revealed cerebellar hyper-responsivity in females when
compared to males (Seo et al., 2017). These differential responsivity
patterns might indicate the relative propensity of each sex to develop
physical (e.g. coronary heart disease in males) versus psychiatric dis-
orders (depression in females), both of which may appear upon pro-
longed stress conditions. This assumption is supported by the notable
sex bias observed in epidemiological data for both types of conditions
(Albert, 2015; Mozaffarian et al., 2015).

Further studies that assessed the temporal pattern of brain responses
to stressful imagery sessions indicate medial cerebellar activity is more
prominent in late versus early phases of the procedure in subjects of
both sexes (Sinha et al., 2016). An evaluation of adolescents instead of
adults with a similar procedure (Hommer et al., 2013) again found
augmented cerebellar activity when comparing the stressful versus re-
laxing scripts effects. In this case, the maximum peak is located in the
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J. Moreno-Rius

(Real et al., 2016). Likewise, cerebellar hemispheric enlargement oc-
curs in OCD-afflicted men and women compared to controls, and it
positively correlates with the experienced physical neglect in the pa-
tient group (Brooks et al., 2016).

Nevertheless, neuroimaging parameters other than grey matter es-
timations also change in the cerebellum as a function of early stressful
experiences. Philip et al. (2013) found that men and women exposed to
early life stress present decreased functional connectivity of the medial
cerebellum with the inferior parietal lobule, a cortical area involved in
sensory processing. Methamphetamine-dependent men and women
with a history of childhood maltreatment present increased functional
connectivity between the cerebellar hemispheres and amygdala when
compared to non-maltreated subjects (Dean et al., 2014). Furthermore,
early-life adverse experiences reduce cerebellar activation in a task that
assesses the ability to infer the mental states and intentions of others
(Vai et al., 2018). Similarly, adolescents of both sexes with a history of
childhood trauma display broad cerebellar deactivation as a response to
relaxing images when brain activity patterns are compared to control
subjects (Elsey et al., 2015). Consistently, activity in the cerebellar
hemispheres of MDD patients of both sexes in resting-state conditions
correlates positively with the subjects’ scores on a childhood trauma
questionnaire (Du et al., 2016). An evaluation of brain responses from
female MDD patients towards a picture with negative emotional con-
tent as a function of stressful life events mentions the left cerebellar
hemisphere is significantly more active in patients who experienced
stress. However, neither images nor statistical analyses that included
the cerebellum in between-group comparisons are provided (Li et al.,
2016). Furthermore, a study that assessed brain responses in cocaine-
dependent men towards cocaine-related cues as a function of previous
history of emotional, physical, and/or sexual abuse revealed enhanced
cerebellar response towards cocaine-related versus neutral cues in the
abuse-exposed group (Regier et al., 2017). Likewise, a comparison of
subjects who suffered marked symptoms of occupational stress and
healthy sex-matched controls noted increased functional connectivity
between bilateral amygdalae and several spots within the cerebellum,
including the vermis and parts of the anterior lobe (Golkar et al., 2014).

Additional findings that relate the cerebellum and stress in humans
include the described stress-induced performance impairment in a
saccadic adaptation task in subjects of both sexes (Gheorghe et al.,
2018). This task consists of changing the position of a visual target at
the onset of the saccadic movement in such a way that the subject is
unable to initially perceive the target displacement. However, after
several training trials, the subject can predict the target displacement,
and the saccadic movement positions the eye towards the visual target
(McLaughlin, 1967). This task is considered to be cerebellum-depen-
dent because several studies performed in rodents and humans de-
monstrated a role for this brain area in saccadic eye movement adap-
tation (Takagi et al., 1998; Robinson et al., 2002; Panouilleres et al.,
2013). Similarly, stress-induced performance impairments were also
described in a different type of cerebellum-dependent learning para-
digm, namely the eyeblink conditioning paradigm. It consists of making
the experimental subject associate an eye-directed, blink-eliciting air
puff with a sound by repeatedly presenting them together. After a
number of pairings, the presentation of the sound alone elicits the
eyeblink response (Bracha, 2004). This task is considered to be cere-
bellum-dependent because several decades of research indicated a
crucial role for the cerebellum (Yeo et al., 1985; Li et al., 2019; Steiner
et al., 2019). In this regard, experimental stress induction impairs the
acquisition of this conditioned response in men and women (Wolf et al.,
2009, 2012). Besides, increased functional connectivity of the hippo-
campus with the cerebellar vermis and left hemisphere in healthy
subjects pre-exposed to stress compared to unstressed ones occurs when
they perform a semantic categorization task (Vogel et al., 2018).

Collectively, these studies demonstrate that stressful stimuli or ex-
periences are associated with a number of changes in the cerebellum in
healthy individuals as well as in psychiatric populations. Based on this
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evidence, it is also feasible to assume that patients afflicted with PTSD,
the prototypical chronic stress disorder, will also present them. The
studies that describe those changes are discussed in the next subsection.

4.3. Cerebellar changes associated with PTSD

PTSD is a condition characterized by vividly re-experiencing a
traumatic episode that results in significant impairments in cognitive,
emotional, and social/interpersonal domains. Like in many other psy-
chiatric conditions, the individual symptomatology of two PTSD pa-
tients can be fundamentally different, but the subjects present the same
diagnosis. Nonetheless, the trigger for the pathology is always an ex-
tremely stressful situation, and consequences of re-experiencing the
situation such as intrusions, avoidance behaviors, and associated phy-
siological alterations are qualitatively similar to intense non-traumatic
direct stressors. Therefore, potential findings that involve the cere-
bellum in PTSD might also support general conclusions about its par-
ticipation in the neural stress response. An early publication that sug-
gested this PTSD-cerebellum link, however, was not a neuroimaging
study. It was a case report that described an altered sense of time right
after a motor vehicle accident, as well as intrusions and spatial memory
issues months after the traumatic event. The authors suggest cerebellar
involvement in PTSD because of the role of the cerebellum in time
perception and the initial findings that related cerebellar function to
spatial processing (Ursano and Fullerton, 1999). Consistent with this
idea, numerous studies reported structural and functional alterations in
the cerebellum of PTSD patients, which are summarized in Table 5.

The first of these works assessed cerebellar volumes in children of
both sexes with PTSD or generalized anxiety disorder and healthy
controls. Total, left, and right cerebellar volumes are reduced in PTSD-
suffering children when compared to the generalized anxiety and
healthy control groups (De Bellis and Kuchibhatla, 2006). Moreover,
the traumatic experience age-of-onset and trauma duration correlate
with cerebellar volumes. Specifically, trauma age-of-onset and right and
left cerebellar volumes are positively correlated. On the other hand,
right and total cerebellar volumes correlate negatively with trauma
duration. A subsequent study from the same group showed these dif-
ferences to be mainly driven by grey matter volume decreases in the
cerebellar hemispheres, yet there is a trend towards significant vermis
grey matter reduction (De Bellis et al., 2015). This study also reported a
negative correlation between cerebellar grey matter and PTSD
symptom scores, findings that indicate potential involvement in the
maintenance of the disorder. A distinct morphometry study that as-
sessed changes in PTSD-suffering boys and girls noted reduced total
cerebellar vermis volume (mainly driven by posterior vermis volume
reductions; Carrion et al., 2009).

In line with these findings obtained from children, adult populations
also present cerebellar volume reductions. Specifically, the vermis and
left hemisphere volumes decrease when comparing men and women
diagnosed with PTSD with trauma-exposed, PTSD-free controls.
Cerebellar volume also correlates negatively with the PTSD symptom
checklist scores in these subjects (Baldacara et al., 2011, 2012). This
volume reduction is also significant for the left hemisphere when PTSD
patients are compared with sex-matched OCD-afflicted individuals
(Cheng et al., 2015). However, a later investigation performed in PTSD-
suffering Canadian soldiers provided apparently contradicting data
with the aforementioned literature, since the posterior hemisphere
volume is greater than that of PTSD-free soldiers (Sussman et al., 2016).

Studies that assess basal brain activity patterns in PTSD-suffering
individuals reinforce the notion of cerebellar participation in PTSD. An
initial single-photon emission computed tomography (SPECT) study
found several spots with increased glucose utilization in the left cere-
bellar hemisphere of PTSD-afflicted individuals of both sexes when
compared with trauma-exposed individuals and healthy controls
(Bonne et al., 2003). The cerebellar hemispheres of war-related PTSD
patients are also significantly more active in basal conditions when
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Table 5 (continued)

Reference

Main results

Cerebellar region

Procedural details

Experimental subjects

Shang et al., 2014

Decreased functional connectivity between cerebellum and vision-related brain

areas PTSD patients < healthy controls

Posterior lobe, lateral, right

Resting-state functional connectivity MRI

PTSD patients and trauma-exposed controls

(60.5% females)
Dissociative PTSD patients, non-dissociative

Rabellino et al., 2018a

Increased functional connectivity anterior cerebellum-hippocampus PTSD

Various locations

Resting-state functional connectivity MRI

patients > controls, decreased functional connectivity posterior cerebellum-

multiple cortical regions dissociative PTSD patients < healthy controls

PTSD patients and controls (61.9% females)

Thome et al., 2017

Increased functional connectivity between cerebellum and periaqueductal grey

in PTSD patients > healthy controls

Anterior lobe medial-lateral,

left

Resting-state functional connectivity MRI

PTSD patients and healthy controls (34%

females)
Dissociative PTSD patients, non-dissociative

Harricharan et al.,

2016

Increased functional connectivity between cerebellum and periaqueductal grey

in dissociative PTSD patients > non-dissociative PTSD patients

Posterior lobe, lateral, left

Resting-state functional connectivity MRI

PTSD patients and controls (65.7% females)

Dissociative PTSD patients, non-dissociative

Rabellino et al., 2018b

Increased functional connectivity between cerebellum and BNST in dissociative

PTSD patients > healthy controls

Anterior-posterior transition

Resting-state functional connectivity MRI

zone, medial and (bi)lateral

Anterior, lateral, left

PTSD patients and controls (61.9% females)

PTSD patients, trauma-exposed and healthy

Steiger et al., 2015

Increased response CS+ > CS- in PTSD patients > trauma-exposed controls

Fear conditioning + fMRI

controls (52.6% females)
PTSD patients and trauma-exposed controls (53%

Rougemont-Bucking
et al., 2011

Posterior, lateral-medial, left Decreased response to CS + during late extinction trials

Fear conditioning + fMRI

females)
PTSD patients and trauma-exposed controls

Hall et al., 2018

Interactive effect PTSD diagnosis-training phase (PTSD patients > controls

early, PTSD patients < controls late)

Posterior, lateral-medial, left

Involuntary memory retrieval task + fMRI

(69.1% females)
PTSD patients and trauma-exposed controls

Naegeli et al., 2018

Increased loud sound reactivity PTSD patients > controls

Posterior, lateral, left

Loud sound exposure + fMRI

(77.8% females)
Female PTSD patients and trauma-exposed

Stevens et al., 2013

Increased fearful face reactivity PTSD patients > controls

Posterior, lateral, right

Fearful face exposure + fMRI

controls
PTSD patients and healthy controls (54.1%

Elman et al., 2018

Increased heat stimuli reactivity PTSD patients > controls

Posterior, medial and (bi)lateral

Thermal stimuli exposure + fMRI

females)
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compared to war-experienced, psychopathology-devoid soldiers
(Molina et al., 2010). Likewise, motor vehicle accident survivors diag-
nosed with PTSD present increased amplitude of low-frequency activity
fluctuations in resting conditions (when compared to controls) in the
posterior hemispheres and extending towards medial areas (Bing et al.,
2013). Comparing basal brain activity of earthquake survivors with
PTSD and trauma-exposed, sex-matched controls with this same
method revealed a similar result. However, the activation peak appears
in a slightly more anterior zone (Yin et al., 2011). Activity in this same
area in resting-state conditions in a sample of men and women diag-
nosed with PTSD is a predictor of paroxetine therapeutic efficiency
(Yuan et al., 2018). These studies provide evidence of functional al-
terations in the cerebellum of PTSD-suffering individuals, and some of
them are good predictors of disease scores and therapeutic option ef-
ficiency.

Furthermore, the cerebellum responds to trauma-associated stimuli
when they are presented to PTSD patients. An initial assessment of
brain glucose metabolism in a man with war-torture-related PTSD
showed the cerebellum is significantly active after exposure to war-
related sounds. Cerebellar activation decreases after treatment with
fluoxetine (Fernandez et al., 2001). Further investigations that mon-
itored brain metabolic activity also report cerebellar increases in dif-
ferent PTSD groups. This phenomenon is true for a study that assessed
basal brain activity levels in male war veterans (Pissiota et al., 2002)
and a group of 11 women and 1 man with heterogeneous disease-eli-
citing traumas (Osuch et al., 2001). In the latter study, cerebellar ac-
tivation upon trauma cue presentation correlates positively with the
intensity of the experienced flashbacks.

Adolescents of both sexes who developed PTSD after an earthquake
also show significant cerebellar activation when exposed to earthquake-
like ground movements and images (Yang et al., 2004). Additionally,
mining-accident-PTSD patients exhibit increased cerebellar response to
trauma-related cues. Cerebellar activity is significantly reduced at a 2-
year follow-up scan, and this activity negatively correlates with PTSD
symptom improvement (Ke et al., 2016). Likewise, war-related PTSD
male patients display enhanced responsivity to trauma versus neutral
cues, which decrease after successful mindfulness treatment (Bremner
et al., 2017). These two studies add to others discussed in this section
(Baldacara et al., 2011, 2012; De Bellis et al., 2015; Yuan et al., 2018)
to demonstrate a consistent link between cerebellar changes and dis-
ease indicators.

Interestingly, an investigation on the subliminal processing of
trauma-related words in PTSD patients of both sexes versus sex-mat-
ched controls found a zone in the cerebellar hemispheres is significantly
activated by subliminal trauma (versus neutral) cues in patients
(Rabellino et al., 2016). In this study, the authors propose the cere-
bellum to be part of an innate alarm system that is strongly coherent
with the role for this brain area that will be postulated in the next
section.

Another source of evidence provided by neuroimaging studies on
the cerebellum-PTSD relationship comes from functional connectivity
studies. By using this technique, researchers can describe the temporal
relationships of activation patterns of distal brain areas in resting or
task-related conditions. Nicholson et al. (2017) examined the effects of
a neurofeedback session in functional connectivity patterns of PTSD
patients; there is an interaction between training effect and basolateral
amygdala-cerebellum functional connectivity reduction. There is also a
negative correlation between these connectivity results and the relaxing
effects of the neurofeedback session. Intriguingly, connectivity of these
same brain areas is apparently enhanced in the dissociative subtype of
PTSD (Nicholson et al., 2015).

Connectivity anomalies of the cerebellum with cerebral cortical
regions also occur, including decreased connectivity between anterior
cerebellar regions and the anterior cingulate cortex (when compared to
healthy controls; Chen et al., 2019). Moreover, a resting-state func-
tional connectivity analysis of prefrontal regions of interest shown to
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behave differently as a function of PTSD diagnosis in a neuropsycho-
logical assessment revealed decreased functional connectivity between
the medial prefrontal cortex (mPFC) and anterior and posterior hemi-
spheric cerebellar regions. Correlational analyses demonstrated a ne-
gative association between mPFC-cerebellum connectivity and PTSD
symptoms (Clausen et al., 2017). Likewise, PTSD patients present de-
creased intrinsic cerebellar and cerebellum-supramarginal gyrus con-
nectivity when compared to healthy controls (Holmes et al., 2018). The
presupplementary motor area also presents decreased synchronous ac-
tivity with the cerebellum in PTSD patients compared to non-trauma-
tized controls (Zhang et al., 2015). An earlier study that assessed
resting-state functional connectivity networks of earthquake victims
who developed PTSD demonstrated increased co-occurrence of activa-
tion signals with the cerebellum and visual network compared to
healthy subjects (Shang et al., 2014). Moreover, a specific cerebellar
functional connectivity assessment in PTSD patients who did or did not
present substantial dissociative symptoms reported profound altera-
tions that depend on the presence of these symptoms and the studied
cerebellar region. When compared to healthy controls, non-dissociative
PTSD patients exhibit decreased functional connectivity of the posterior
cerebellum with prefrontal cortical regions and enhanced connectivity
of anterior cerebellar regions with posterior insula, hippocampus, and
visual regions. In contrast, dissociative PTSD patients present decreased
connectivity between frontal subregions and the posterior cerebellum
(Rabellino et al., 2018a). The PAG, a structure that receives direct
amygdalar inputs to initiate fear-related behaviors, also exhibits con-
nectivity alterations with the cerebellum in PTSD. Concretely, anterior
cerebellar areas show enhanced synchronous activity with the PAG
when compared to healthy controls (Thome et al., 2017). However,
when dissociative and non-dissociative PTSD patients are compared,
the former group presents enhanced connectivity of the posterior cer-
ebellum with this midbrain structure (Harricharan et al., 2016). The
dissociative PTSD subtype also demonstrates enhanced cerebellar con-
nectivity with the bed nucleus of the stria terminalis (Rabellino et al.,
2018Db). This brain structure is considered to be a part of the extended
amygdala and is a crucial mediator of stress-induced responses
(Oliveira et al., 2018; Vasconcelos et al., 2019). These studies con-
tribute to the previously reported cerebellum-amygdala connectivity
alterations (Gilboa et al., 2004; Dean et al., 2014; Golkar et al., 2014;
Nicholson et al., 2015, 2016) and indicate stress-induced deregulation
of cerebellar connectivity with areas that mediate responses towards
aversive stimuli and the stress response itself.

Aside from these investigations, there are a number of studies that
report differential task-related cerebellar activity patterns in PTSD pa-
tients when compared to psychopathology-devoid populations. Those
reports assessed associative learning, emotional reactivity, or other
cognitive abilities in these patients. With respect to associative learning
processes, studies showed differential cerebellar participation in fear
conditioning paradigms as a function of PTSD diagnosis. Specifically,
anterior cerebellar regions are more responsive during contextual fear
conditioning acquisition in PTSD patients of both sexes than in PTSD-
free, trauma-exposed individuals (Steiger et al., 2015). During fear
extinction, however, the results are different, since PTSD is associated
with decreased posterior cerebellar activity during the late trials of the
extinction session (Rougemont-Biicking et al., 2011). Additional as-
sessments showed an enhanced ability of PTSD-afflicted individuals to
retrieve memories with emotional content, accompanied by increased
cerebellar activation (Hall et al., 2018). Enhanced cerebellar reactivity
in PTSD patients versus psychopathology-devoid individuals occurs
when loud sounds (Naegeli et al., 2018), fearful faces (Stevens et al.,
2013), or heat stimuli (Elman et al., 2018) are presented, data that
suggest cerebellar dysfunction is part of PTSD-associated impairments.

Taken together, these studies provide compelling, multimodal evi-
dence of cerebellar involvement in stress-related neural effects in
human beings, including PTSD patients. Nonetheless, within the re-
viewed studies, explanations on the role of this activation are often
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lacking or limited to mentioning that the cerebellum appears to be in-
volved in fear/emotion or cognition. Indeed, a specific role for this
brain area as having the ability to confirm results from non-human
experimental animals and humans has not yet been proposed. Thus, the
next section attempts to provide such an explanation.

5. Stress-induced impairment of cerebellar predictive functioning
as a contributor to stress-induced behavioral alterations

5.1. Potential confounding factors

Overall, the collected evidence from both human and animal studies
indicates that: 1) the cerebellum is heavily connected with a variety of
areas that mediate stress-related behavioral alterations, 2) acute and/or
repeated stressor application exerts a myriad of effects on cerebellar
integrity and function in non-human experimental animals and hu-
mans, and 3) PTSD-suffering patients present structural and functional
cerebellar alterations that are associated with disease indicators and
sensitive to successful treatment interventions. Nevertheless, the pos-
sibility remains that several methodological factors could account for
the variability found between studies.

In human studies, variables such as the number of subjects, age, sex,
years of diagnosis, presence of psychopathologies, and previous treat-
ments are not equivalent among most studies. Differences in the neu-
roimaging techniques used for monitoring activity, which include PET
and functional magnetic resonance imaging (fMRI) scans, and differ-
ences within the studies using the same technique (different tracers for
PET scans, different intensities of magnetic fields in fMRI studies) could
have influenced the results. There are some divergent results in animal
studies (Miller et al., 1987; Drugan et al., 1989; Barnhill et al., 1991;
Park et al., 1993; Concas et al., 1993; Revilla et al., 1999). These results
might be due to the different nature of the stressor, the duration of
stressor exposure, and/or the different proportion of studies performed
in rats or mice that report those results.

With regards to how representative these results might be from a sex
perspective, the human studies normally include men and women in the
experimental and control groups. The studies that included only one sex
also reported significant differences at the cerebellar level, but there
was one report (Seo et al., 2019) that found differential responsivity to
stress-inducing stimuli as a function of sex. Nevertheless, the fact that
research that included both sexes together or only one of them also
showed significant cerebellar differences indicates that the cerebellum
is involved in the stress response in men and women. On the other
hand, animal studies generally only include males. This factor could be
limiting with regards to explaining the obtained results. Nonetheless,
some studies assessed the same parameters in male and female rodents.
The fact that comparable results are found in both sexes (Corda et al.,
1980; Concas et al., 1993; Bitran et al., 1998; Rubin and Ferrendelli,
1997) also supports the general cerebellar involvement in the stress
response.

Another concern that might arise is whether the c-fos expression
observed in the animal studies is due to differences in locomotion be-
tween stressed and non-stressed groups, given that the studies did not
include a group with equal locomotion to control for this factor.
However, the cerebellar differences observed in neuroimaging animal
studies (which tested the animals while anesthetized) make it difficult
to assume that c-fos expression is only due to potential locomotion
differences. Similarly, stress-induced behavioral effects are reduced by
cerebellar stimulation (Bambico et al., 2018), results that make it dif-
ficult to ascribe cerebellar changes to locomotion impairments.

5.2. Anticipation/prediction processes and the cerebellum
When examining the functional role of the cerebellum in stress-in-

duced behavioral alterations, the first aspect that indicates potential
relevance is the well-described relationship between the cerebellum
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and prediction processes.

From a theoretical standpoint, one of the proposed main cerebellar
functions is to support generalized, fast prediction processes
(Courchesne and Allen, 1997; Wolpert et al., 1998). Such a function is
thought to be performed by “forward controllers” (Wolpert et al., 1998;
Brown and Briine, 2012). A forward controller is a brain circuit capable
of recruiting forward models to produce anticipatory responses. For-
ward models, in turn, are internal representations of specific contexts or
environments from which an individual is able to estimate the con-
sequences of his/her actions in a given environment (Van der Meer and
Redish, 2010). Importantly, the cerebellum is widely considered to act
as a forward controller (Miall et al., 1993; Ito, 2008). This idea supposes
that, via the use of internal memory and environmental input proces-
sing, cerebellar systems can provide a virtual scenario that generates
fast prediction of outcomes for a particular behavior (D’Angelo and
Casali, 2013). The neural signals that encode this prediction would then
be transmitted to effector structures in charge of executing the appro-
priate behavioral response. In the case of a potentially harmful en-
vironment, the transmission of these signals would lead to readiness to
execute defensive behaviors. At a neural level, it is conceivable that
aberrant functionality of this cerebellum-based predictive system could
be indicated by cerebellar activity changes observed after presenting
stress-inducing stimuli. It is worth noting, however, that defensive re-
sponses might present as behavior-activating (increased arousal and
restlessness) or behavior-depressing (avoidance of threatening stimuli
or suppression of other naturally occurring behaviors).

Intriguingly, this prediction process is proposed to be performed by
the cerebellum in other domains (Adamaszek et al., 2017). Studies in
patients afflicted by cerebellar lesions show emotional perception and
recognition impairments that are especially pronounced for negative
emotions (Annoni et al., 2003; Adamaszek et al., 2014; Lupo et al.,
2015). Those findings were previously related to a general predictive
function of the cerebellum (Molinari et al., 2008). Furthermore, a meta-
analytic work demonstrated that the cerebellum is involved in aversive-
learning-related prediction error in human subjects (Garrison et al.,
2013).

This hypothesis could also explain the involvement of the cere-
bellum in associative learning paradigms. Associative learning me-
chanisms are used by an organism for more efficient adaptation by
predicting the appearance of relevant stimuli based on the presentation
of previously associated ones that are initially neutral. Therefore, the
relationship between prediction/anticipation processes and associative
learning is evident. Aversive learning paradigms applied to PTSD pa-
tients have indeed provided support for differential cerebellar in-
volvement in these individuals when compared to controls
(Rougemont-Biicking et al., 2011; Steiger et al., 2015). Moreover, fear
conditioning studies in rodents provide causal evidence on the cere-
bellum-associative learning link, since cerebellar lesion or inactivation
impairs the ability of the subjects to display the classically conditioned
anticipatory response (Sacchetti et al., 2002; Koutsikou et al., 2014).
Similarly, mice that learn to associate drug administration with the
presentation of a cocaine-paired stimulus in a cocaine-conditioned
preference paradigm display enhanced GC activation and increased
restrictive plasticity mechanisms in the inhibitory interneurons that
control GCs (Carbo-Gas et al., 2014, 2017).

Additional evidence that supports a cerebellar role in anticipatory
responses also comes from the study of reward-related behaviors.
Anticipation of psychostimulant administration in cocaine addicts en-
hances cerebellar activation, and this effect is unrelated to the phar-
macological effects of the administered drug (Volkow et al., 2003). In
rodents, cerebellar GCs were imaged while mice performed two dif-
ferent reward-related paradigms that required markedly different mo-
toric requirements to obtain the reward. GCs encode reward anticipa-
tion in both paradigms tested (Wagner et al., 2017).
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5.3. How might stress impair cerebellum-based predictive functions?

The support provided by the studies mentioned in Section 5.2 about
the cerebellar involvement in prediction processes (together with the
studies that demonstrate stress-induced cerebellar changes) allow one
to hypothesize that subjects exposed to repeated or traumatic stress
possess a malfunctioning cerebellum-based predictive system. This
maladaptation would promote overestimation of environment-asso-
ciated harms and concomitantly reduce the perceived success like-
lihood of potential actions.

This proposed cerebellar role would be consistent with the de-
scribed behavioral effects of repeated stressor application in non-
human experimental animals, namely depression and anxiety-related
behaviors. Accordingly, stressed subjects would perceive the typical
testing environments for these behaviors as more threatening.
Therefore, in assessments of depressive behaviors like the forced swim
test, stressed animals spend less time wasting energy trying to escape
the water-filled cylinder (Dubey et al., 2015) and seem to resign
themselves to stay in those conditions until the environment changes.
Likewise, anxiety-assessing environments, including the elevated plus
maze or the dark-light test, rely on the conflict that supposes the in-
vestigation of a novel, potentially reward-containing environment
where the rodent is also more exposed to potential identification by a
predator or injury (Salum et al., 2003; Walf and Frye, 2007). In this
case, prediction of the novel environment as more threatening than it is
by stressed subjects could explain the reduced investigation of the
conflict-inducing environment, namely the open arms or the lit zone in
the aforementioned anxiety paradigms.

In the case of human beings who suffer from stress-associated psy-
chiatric conditions, the system would work in a similar manner. For
example, a patient who suffers from stress-induced depression would
likely refuse an offer to join a social event. His/her cerebellum-based
predictive system would not be working appropriately, and he/she
would predict excessive potential negative outcomes. These outcomes
might include being scrutinized, not being able to “fit”, et cetera.
However, a healthy/resilient person would not anticipate such negative
outcomes so prominently, owing to his/her functional cerebellum-
based predictive system. As a result, the person could experience po-
tentially beneficial outcomes like having a good time or meeting new
people.

In the case of PTSD, a PTSD-free person with or without war ex-
perience who encounters another individual with amputated limbs on
the streets will likely have an empathy-driven unpleasant emotional
reaction. However, this encounter will have little-to-no impact in the
behavior of the physically healthy person. His/her cerebellum-based
predictive system is functioning correctly, and this fact allows him/her
to understand that the particular context in which they met has nothing
to do with the other person having lost his/her limb. Therefore, no
potential harm is predicted. On the contrary, a war-related PTSD pa-
tient (who presents a malfunctioning cerebellum-based predictive
system) who is exposed with this same situation would not be able to
realize s/he is in a non-war-related context, and would thus interpret it
as an extremely threatening situation. This enhanced negative outcome
prediction would potentially result in experiencing disease-related
symptoms such as physical/emotional distress or the reappearance of
trauma-related memories. This assumption is supported by the fact that
PTSD patients present enhanced cerebellar activation when they are
exposed to trauma-related cues (Fernandez et al., 2001; Osuch et al.,
2001; Pissiota et al., 2002; Yang et al., 2004; Ke et al., 2016), owing to
their ability of provoking anticipation of harmful outcomes. Ad-
ditionally, studies on threat anticipation in PTSD patients demonstrate
hyper-reactivity to this anticipation and increased distress self-reports
(Grillon et al., 2009; Simmons et al.,, 2013; Duan et al., 2016;
Brinkmann et al., 2017). Moreover, anticipation impairments occur in
MDD (Forbes et al., 2009; Strigo et al., 2013; Ubl et al., 2015) and
anxiety disorders (Andrews et al., 1994; Tillfors et al., 2002; Hazlett-
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Stevens and Borkovec, 2004; Grillon et al., 2008), the main psychiatric
conditions caused by sustained stress exposure in humans.

At a neurobiological level, upon presentation of an environmental
challenge, cerebral cortical input that signals environmental modifica-
tions would reach the cerebellum through MFs. MF input would then
reach GCs. In line with data reported by Wagner et al. (2017), it is likely
that these cells perform computations that are largely responsible for
the posterior behavioral response, so the author speculates that such
computation could actually reflect the comparison with the cerebellum-
based internal model. After GCs integrate environmental-change-re-
lated MF signals, information would reach the PCs through the PFs.
Then, the differential input provided to PCs would be transmitted to the
DCN, which are responsible for delivering cerebellar output to effector
structures like the PAG and spinal regions. Upon stressor exposure, this
mechanism would function in an aberrant manner and cause GCs to
inappropriately integrate the MF input. Ultimately, this dysfunction
would result in imbalanced cerebellar output to effector structures. This
process would enhance the estimation of negative outcomes and be
accompanied by exacerbated defensive reactions, which would be ex-
pressed differentially as a function of the patient’s disorder or the
context. Since the cerebellar organization is strikingly uniform, re-
searchers suggest that it performs a single computational function, and
the different domains it affects are dictated by the particular connec-
tions of a certain cerebellar region (D’Angelo and Casali, 2013). Ac-
cordingly, the cerebellar regions in charge of processing this emotion-
ally relevant environmental challenge might differ from those that
provide a similar function for limb control (Ito, 2008). They may re-
ceive substantially more input from limbic and perception-related
cortical regions rather than pure motor cortical areas. This supposition
is supported by the very limited number of human studies that describe
functional connectivity changes between the cerebellum and motor
cortical areas as a response to or function of stress (Zhang et al., 2015).
Furthermore, functional connectivity impairments between the cere-
bellum and emotion-related brain areas such as the amygdala (Gilboa
et al., 2004; Dean et al., 2014; Golkar et al., 2014; Nicholson et al.,
2015, 2016), and between the cerebellum and sensory processing areas
(Philip et al., 2013; Shang et al., 2014; Holmes et al., 2018; Rabellino
et al., 2018a), would support this proposal. The output, however, would
likely be directed predominantly to effector structures, but some feed-
back would be provided to cortical-limbic brain areas. This feedback
might help tune the emotional reaction towards a particular stimulus or
guide decision-making processes when similar situations are en-
countered. The consistent finding of connectivity impairments between
the cerebellum and the amygdala in stressed individuals supports the
idea that emotional valence assessments can be an important part of the
cerebellum-based prediction processes impaired by stress. A schematic
representation of how the system would work under stressful and non-
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stressful conditions can be found in Fig. 3.

Furthermore, this proposed cerebellar function is highly compatible
with a recent suggestion that considers the cerebellum as a part of an
innate alarm system gone awry in PTSD patients (Rabellino et al., 2016;
Lanius et al., 2017). These researchers suggest that the cerebellum plays
an important homeostatic-like role in this system due to its mono-
synaptic connections with stress-related midbrain areas, which would
be particularly relevant for rapid adaption to potentially challenging
environments. This proposal is entirely consistent with an internal
model-based prediction process in the cerebellum (as suggested above).
In PTSD patients, the aberrant functioning of this cerebellum-based
system would increase negative outcome anticipation and delivery of
cerebellar output to stress-related and effector structures to trigger
anxiety-like reactions characteristic of this disorder.

Overall, taking into account the cerebellar involvement in predic-
tion processes, the abundant effects of stress on cerebellar structure and
functioning, and numerous studies that report cerebellar changes in
PTSD patients, the proposal of a stress-induced cerebellum-based
aberrant prediction process appears to encompass the previously
mentioned findings and could underlie the behavioral alterations
caused by stress in non-human experimental animals and humans.
Support for a causal role of the cerebellum in stress-induced behavioral
alterations is provided by a study that shows cerebellar stimulation
reduces stress-induced depressive-like behavior (Bambico et al., 2018).

6. Conclusions and future directions

The proposal of a stress-induced cerebellum-based aberrant pre-
diction process is consistent with the aforementioned findings.
However, it would need to be tested further, as direct evidence that
indicates stress-induced cerebellar activity alterations reflect mal-
functioning prediction processes is not available. Similarly, there are a
number of experimental approaches that would help reinforce con-
sideration of the cerebellum as a crucial mediator of stress effects.

The previously mentioned study (Bambico et al., 2018) provides
support for the use of non-invasive brain-stimulating techniques in
stress-induced MDD to target the cerebellum and induce long-term
plasticity changes that would reduce symptoms. The abundant neu-
roimaging findings of cerebellar alterations in PTSD patients support a
similar approach in PTSD-affected individuals. To verify that cerebellar
activity reflects the functioning of a forward model leading to predic-
tions of upcoming negative outcomes in stressed/PTSD patients, some
other approaches could be taken. Presenting patients with ambiguously
or mildly threatening cues, or cues that signal a probable but not de-
finitive adverse event, and then measuring their threat-like physiolo-
gical responses and brain activation would shed light on whether such a
cerebellum-supported aberrant harm prediction occurs in these
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Fig. 3. Representation of the functioning of the cerebellum-based predictive system and its impairment by stress.
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patients. Subsequently, the effect of non-invasive cerebellar stimulation
on patients’ estimations of negative outcomes after cue presentation
could also be assessed. This approach could provide therapeutic benefit
if proven successful.

In rodent studies, presenting stressed and non-stressed subjects with
ambiguous cues and evaluating whether they anticipate any harm
(Enkel et al., 2010) associated with potential cerebellar changes would
reinforce cerebellar involvement in stress-induced increased threat
anticipation. Causal evidence could be provided by attempting to re-
verse this adverse event anticipation via cerebellar activity modifica-
tions. Techniques like optogenetics or designer receptors exclusively
activated by designer drugs (DREADDs) could be used in rodents to
specifically manipulate a cell subtype or a particular pathway that
connects the cerebellum to stress-related brain areas. Interesting targets
for this manipulation, which present monosynaptic connections with
the cerebellum, would include midbrain areas like the PAG (Koutsikou
et al., 2014), locus coeruleus (Schwarz et al., 2015), and/or VTA (Carta
et al., 2019).

Additional preclinical experimental approaches with increased po-
tential to be translated to clinical settings might also study the re-
lationship between environmental enrichment (EE) and stress-induced
cerebellar changes. This possibility is appealing because EE ameliorates
stress-induced behavioral alterations (Novaes et al., 2017; Seong et al.,
2018), and it also induces neuroplastic-like changes in the cerebellum
(Vazquez-Sanroman et al., 2013). Therefore, further investigation about
this relationship might provide neurobiological validation of ther-
apeutic strategies analogous to EE for PTSD patients.

Another interesting option would be pharmacologically targeting a
specific component of the neurotransmitter systems altered in the cer-
ebellum as a response to stress. Unfortunately, the receptors and sub-
units expressed in the cerebellum and the rest of the brain are essen-
tially the same, but this situation is not the case for the alpha6 subunit
of the GABA, receptor. This protein is exclusively expressed in the
cerebellum (Galliano et al., 2013; Carbo-Gas et al., 2017), and it thus
represents a target that could assist in stress-induced symptoms and
disorders. Given that no pharmacological compound that specifically
targets this subunit is available on the market, it represents an inter-
esting research line for companies or laboratories interested in stress
neuropharmacology.

In conclusion, stress-related behavioral impairments and disorders
can become severely debilitating conditions that lack fully effective
treatments, possibly influenced by incomplete understanding of its
neurobiological basis. Cerebellar changes occur after stressful experi-
ences in non-human experimental animals and humans, including pa-
tients. Furthermore, the cerebellum is strongly linked with predictive
processes, and enhanced threat anticipation also occurs in patients who
suffer from stress-related disorders. Therefore, it is possible the cere-
bellar changes that occur in response to stress reflect aberrant predic-
tion processes. As a result, the chances of obtaining a negative outcome
from an environmental challenge are overestimated. Information re-
garding this prediction would then be transmitted to other structures,
and this process would promote maladaptive responses. Characterizing
this process in depth, and performing some of the suggested experi-
ments, would also be helpful in order to develop strategies to normalize
aberrant threat predictions. This endeavor, in turn, may lead to a new
therapeutic option to reduce stress-induced behavioral alterations and
disorders.

7. Role of founding source

This research did not receive any specific grant from funding
agencies in the public, commercial, or not-for-profit sectors.

Declaration of Competing Interest

The author declares no conflict of interest.

16

Frontiers in Neuroendocrinology 54 (2019) 100774

Acknowledgments

The author thanks Prof. Nathaniel Sawtell for authorizing the use of
one of his captions and Proof-Reading-Service.com for English language
revision. The author also thanks Dr. Maria Carbo-Gas for her key role in
helping the author providing a clearer, more understandable organi-
zation of the content.

References

Ackermann, H., Graber, S., Hertrich, I., Daum, 1., 1999. Phonemic vowel length contrasts
in cerebellar disorders. Brain Lang. 67 (2), 95-109.

Ackermann, H., Mathiak, K., Riecker, A., 2007. The contribution of the cerebellum to
speech production and speech perception: clinical and functional imaging data.
Cerebellum 6 (3), 202-213.

Adamaszek, M., D'Agata, F., Ferrucci, R., Habas, C., Keulen, S., Kirkby, K.C., Leggio, M.,
Marién, P., Molinari, M., Moulton, E., Orsi, L., Van Overwalle, F., Papadelis, C.,
Priori, A., Sacchetti, B., Schutter, D.J., Styliadis, C., Verhoeven, J., 2017. Consensus
paper: cerebellum and emotion. Cerebellum 16 (2), 552-576.

Adamaszek, M., D'Agata, F., Kirkby, K.C., Trenner, M.U., Sehm, B., Steele, C.J., Berneiser,
J., Strecker, K., 2014. Impairment of emotional facial expression and prosody dis-
crimination due to ischemic cerebellar lesions. Cerebellum 13 (3), 338-345.

Alahyane, N., Fonteille, V., Urquizar, C., Salemme, R., Nighoghossian, N., Pelisson, D.,
Tilikete, C., 2008. Separate neural substrates in the human cerebellum for sensory-
motor adaptation of reactive and of scanning voluntary saccades. Cerebellum 7 (4),
595-601. https://doi.org/10.1007/s12311-008-0065-5.

Albert, P.R., 2015. Why is depression more prevalent in women? J. Psychiatry Neurosci.
40 (4), 219-221.

Anacker, C., Scholz, J., O'Donnell, K.J., Allemang-Grand, R., Diorio, J., Bagot, R.C.,
Nestler, E.J., Hen, R., Lerch, J.P., Meaney, M.J., 2016. Neuroanatomic differences
associated with stress susceptibility and resilience. Biol. Psychiatry 79 (10), 840-849.

Anderson, C.M., Teicher, M.H., Polcari, A., Renshaw, P.F., 2002. Abnormal T2 relaxation
time in the cerebellar vermis of adults sexually abused in childhood: potential role of
the vermis in stress-enhanced risk for drug abuse. Psychoneuroendocrinology 27
(1-2), 231-244.

Andrews, G., Freed, S., Teesson, M., 1994. Proximity and anticipation of a negative
outcome in phobias. Behav. Res. Ther. 32 (6), 643-645.

Annoni, J.M., Ptak, R., Caldara-Schnetzer, A.S., Khateb, A., Pollermann, B.Z., 2003.
Decoupling of autonomic and cognitive emotional reactions after cerebellar stroke.
Ann. Neurol. 53 (5), 654-658.

Arpin-Bott, M.P., Dietrich, J.B., Dirrig-Grosch, S., Aunis, D., Zwiller, J., 2006. Induction
by cocaine of the serotonergic 5-HT3 receptor in rat cerebellum. Ann. N Y Acad. Sci.
1074, 382-389.

Baamonde, C., Lumbreras, M.A., MartInez-Cué, C., Vallina, LF., Flérez, J., Dierssen, M.,
2002. Postnatal handling induces long-term modifications in central beta-nora-
drenergic signalling in rats. Stress 5 (2), 137-147.

Baamonde, C., Lumbreras, M.A., Martinez-Cué, C., Vallina, LF., Garcia-Calatayud, S.,
Flérez, J., Dierssen, M., 1999. Short-term effects of postnatal manipulation on central
beta-adrenoceptor transmission. Stress 3 (2), 147-162.

Babayan, B.M., Watilliaux, A., Viejo, G., Paradis, A.L., Girard, B., Rondi-Reig, L., 2017. A
hippocampo-cerebellar centred network for the learning and execution of sequence-
based navigation. Sci. Rep. 7 (1), 17812.

Babenko, O., Golubov, A., Ilnytskyy, Y., Kovalchuk, I., Metz, G.A., 2012. Genomic and
epigenomic responses to chronic stress involve miRNA-mediated programming. PLoS
One 7 (1), e29441.

Béckstrom, T., Bixo, M., Johansson, M., Nyberg, S., Ossewaarde, L., Ragagnin, G., Savic,
1., Stromberg, J., Timby, E., van Broekhoven, F., van Wingen, G., 2014.
Allopregnanolone and mood disorders. Prog. Neurobiol. 113, 88-94.

Badura, A., Verpeut, J.L., Metzger, J.W., Pereira, T.D., Pisano, T.J., Deverett, B.,
Bakshinskaya, D.E., Wang, S.S., 2018. Normal cognitive and social development re-
quire posterior cerebellar activity. Elife 7 pii: e36401.

Baier, B., Dieterich, M., 2011. Incidence and anatomy of gaze-evoked nystagmus in pa-
tients with cerebellar lesions. Neurology 76, 361-365.

Bains, J.S., Wamsteeker Cusulin, J.I., Inoue, W., 2015. Stress-related synaptic plasticity in
the hypothalamus. Nat. Rev. Neurosci. 16 (7), 377-388.

Baldacara, L., Borgio, J.G.F., Aratjo, C., Nery-Fernandes, F., Lacerda, A.L.T., Moraes,
W.A.D.S., Montafio, M.B.M.M., Rocha, M., Quarantini, L.C., Schoedl, A., Pupo, M.,
Mello, M.F., Andreoli, S.B., Miranda-Scippa, A., Ramos, L.R., Mari, J.J., Bressan, R.A.,
Jackowski, A.P., 2012. Relationship between structural abnormalities in the cere-
bellum and dementia, posttraumatic stress disorder and bipolar disorder. Dement
Neuropsychol. 6 (4), 203-211.

Baldacara, L., Jackowski, A.P., Schoedl, A., Pupo, M., Andreoli, S.B., Mello, M.F., Lacerda,
AL., Mari, J.J., Bressan, R.A., 2011. Reduced cerebellar left hemisphere and vermal
volume in adults with PTSD from a community sample. J. Psychiatr. Res. 45 (12),
1627-1633.

Bambico, F.R., Comai, S., Diwan, M., Hasan, S.M.N., Conway, J.D., Darvish-Ghane, S.,
Hamani, C., Gobbi, G., Nobrega, J.N., 2018. High frequency stimulation of the
anterior vermis modulates behavioural response to chronic stress: involvement of the
prefrontal cortex and dorsal raphe? Neurobiol. Dis. 116, 166-178.

Barnhill, J.G., Miller, L.G., Greenblatt, D.J., Thompson, M.L., Ciraulo, D.A., Shader, R.L,
1991. Benzodiazepine receptor binding response to acute and chronic stress is in-
creased in aging animals. Pharmacology 42 (4), 181-187.

Bartkowska, K., Swiatek, I., Aniszewska, A., Jurewicz, E., Turlejski, K., Filipek, A.,


http://refhub.elsevier.com/S0091-3022(19)30035-4/h0005
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0005
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0010
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0010
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0010
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0015
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0015
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0015
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0015
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0020
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0020
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0020
https://doi.org/10.1007/s12311-008-0065-5
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0030
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0030
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0035
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0035
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0035
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0040
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0040
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0040
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0040
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0045
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0045
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0050
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0050
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0050
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0055
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0055
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0055
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0060
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0060
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0060
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0065
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0065
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0065
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0070
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0070
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0070
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0075
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0075
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0075
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0080
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0080
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0080
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0085
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0085
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0085
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0090
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0090
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0095
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0095
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0100
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0100
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0100
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0100
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0100
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0100
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0105
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0105
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0105
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0105
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0110
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0110
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0110
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0110
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0115
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0115
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0115
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0120

J. Moreno-Rius

Djavadian, R.L., 2017. Stress-dependent changes in the CacyBP/SIP interacting pro-
tein S100A6 in the mouse brain. PLoS One 12 (1), e0169760.

Baumgartner, A., Hiedra, L., Pinna, G., Eravci, M., Prengel, H., Meinhold, H., 1998. Rat
brain type II 5-iodothyronine deiodinase activity is extremely sensitive to stress. J.
Neurochem. 71 (2), 817-826.

Beliveau, V., Svarer, C., Frokjaer, V.G., Knudsen, G.M., Greve, D.N., Fisher, P.M., 2015.
Functional connectivity of the dorsal and median raphe nuclei at rest. Neuroimage
116, 187-195.

Biggio, G., Corda, M.G., Concas, A., Demontis, G., Rossetti, Z., Gessa, G.L., 1981. Rapid
changes in GABA binding induced by stress in different areas of the rat brain. Brain
Res. 229 (2), 363-369.

Biggio, G., Corda, M.G., Demontis, G., Concas, A., Gessa, G.L., 1980. Sudden decrease in
cerebellar GABA binding induced by stress. Pharmacol. Res. Commun. 12 (5),
489-493.

Biggio, G., Guidotti, A., 1976. Climbing fiver activation and 3', 5'-cyclic guanosine
monophosphate (¢cGMP) content in cortex and deep nuclei of cerebellum. Brain Res.
107 (2), 365-373.

Bing, X., Ming-Guo, Q., Ye, Z., Jing-Na, Z., Min, L., Han, C., Yu, Z., Jia-Jia, Z., Jian, W.,
Wei, C., Han-Jian, D., Shao-Xiang, Z., 2013. Alterations in the cortical thickness and
theamplitude of low-frequency fluctuation in patients with post-traumatic stressdi-
sorder. Brain Res. 1490, 225-232.

Bitran, D., Carlson, D., Leschiner, S., Gavish, M., 1998. Ovarian steroids and stress pro-
duce changes in peripheral benzodiazepine receptor density. Eur. J. Pharmacol. 361
(2-3), 235-242.

Bonne, O., Gilboa, A., Louzoun, Y., Brandes, D., Yona, 1., Lester, H., Barkai, G., Freedman,
N., Chisin, R., Shalev, A.Y., 2003. Resting regional cerebral perfusion in recent
posttraumatic stress disorder. Biol. Psychiatry 54 (10), 1077-1086.

Borisova, T., Krisanova, N., Himmelreich, N., 2002. Artificial gravity and functional
plasticity of nerve system. L-[14C]-glutamate uptake by nerve terminals from rat
cerebellum and cerebral hemispheres under hypergravity stress. J. Gravit Physiol. 9
(1), P25-P26.

Borodovitsyna, O., Joshi, N., Chandler, D., 2018. Persistent stress-induced neuroplastic
changes in the locus coeruleus/norepinephrine system. Neural Plast. 2018, 1892570.

Bozas, E., Tritos, N., Phillipidis, H., Stylianopoulou, F., 1997. At least three neuro-
transmitter systems mediate a stress-induced increase in c-fos mRNA in different rat
brain areas. Cell. Mol. Neurobiol. 17 (2), 157-169.

Bremner, J.D., Mishra, S., Campanella, C., Shah, M., Kasher, N., Evans, S., Fani, N., Shah,
A.J., Reiff, C., Davis, L.L., Vaccarino, V., Carmody, J., 2017. A pilot study of the
effects of mindfulness-based stress reduction on post-traumatic stress disorder
symptoms and brain response to traumatic reminders of combat in operation en-
during freedom/operation iraqi freedom combat veterans with post-traumatic stress
disorder. Front Psychiatry 8, 157.

Brinkmann, L., Buff, C., Neumeister, P., Tupak, S.V., Becker, M.P., Herrmann, M.J.,
Straube, T., 2017. Dissociation between amygdala and bed nucleus of the stria ter-
minalis during threat anticipation in female post-traumatic stress disorder patients.
Hum Brain Mapp. 38 (4), 2190-2205.

Brodal, P., 1992. The Central Nervous System, Structure and Function. Oxford University
Press, New York, NY, USA.

Brogden, W.J., Gantt, W.H., 1937. Cerebellar conditioned reflexes. Am. J. Physiol. 119,
277-278.

Brooks, S.J., Naidoo, V., Roos, A., Fouché, J.P., Lochner, C., Stein, D.J., 2016. Early-life
adversity and orbitofrontal and cerebellar volumes in adults with obsessive-com-
pulsive disorder: voxel-based morphometry study. Br. J. Psychiatry 208 (1), 34-41.

Brown, E.C., Briine, M., 2012. The role of prediction in social neuroscience. Front. Hum.
Neurosci. 6, 147.

Brown, S.P., Safo, P.K., Regehr, W.G., 2004. Endocannabinoids inhibit transmission at
granule cell to Purkinje cell synapses by modulating three types of presynaptic cal-
cium channels. J. Neurosci. 24 (24), 5623-5631.

Bruchas, M.R., Land, B.B., Chavkin, C., 2010. The dynorphin/kappa opioid system as a
modulator of stress-induced and pro-addictive behaviors. Brain Res. 1314, 44-55.

Buller, K.M., 2003. Neuroimmune stress responses: reciprocal connections between the
hypothalamus and the brainstem. Stress 6 (1), 11-17.

Carbo-Gas, M., Moreno-Rius, J., Guarque-Chabrera, J., Vazquez-Sanroman, D., Gil-
Miravet, I., Carulli, D., Hoebeek, F., De Zeeuw, C., Sanchis-Segura, C., Miquel, M.,
2017. Cerebellar perineuronal nets in cocaine-induced pavlovian memory: site mat-
ters. Neuropharmacology 125, 166-180.

Carbo-Gas, M., Vazquez-Sanroman, D., Aguirre-Manzo, L., Coria-Avila, G.A., Manzo, J.,
Sanchis-Segura, C., Miquel, M., 2014. Involving the cerebellum in cocaine-induced
memory: pattern of cFos expression in mice trained to acquire conditioned preference
for cocaine. Addict. Biol. 19 (1), 61-76.

Carrion, V.G., Weems, C.F., Watson, C., Eliez, S., Menon, V., Reiss, A.L., 2009. Converging
evidence for abnormalities of the prefrontal cortex and evaluation of midsagittal
structures in pediatric posttraumatic stress disorder: an MRI study. Psychiatry Res.
172 (3), 226-234.

Carroll, F.I., Carlezon Jr., W.A., 2013. Development of k opioid receptor antagonists. J.
Med. Chem. 56 (6), 2178-2195.

Carta, L., Chen, C.H., Schott, A.L., Dorizan, S., Khodakhah, K., 2019. Cerebellar mod-
ulation of the reward circuitry and social behavior. Science 363 (6424).

Chandra, R., Francis, T.C., Nam, H., Riggs, L.M., Engeln, M., Rudzinskas, S., Konkalmatt,
P., Russo, S.J., Turecki, G., Iniguez, S.D., Lobo, M.K., 2017. Reduced Slc6al5 in
nucleus accumbens D2-neurons underlies stress susceptibility. J. Neurosci. 37 (27),
6527-6538.

Chen, H.J., Zhang, L., Ke, J., Qi, R., Xu, Q., Zhong, Y., Pan, M., Li, J., Lu, G.M., Chen, F.,
2019. Altered resting-state dorsal anterior cingulate cortex functional connectivity in
patients with post-traumatic stress disorder. Aust. N Z J. Psychiatry 53 (1), 68-79.

Cheng, B., Huang, X., Li, S., Hu, X., Luo, Y., Wang, X., Yang, X., Qiu, C., Yang, Y., Zhang,

17

Frontiers in Neuroendocrinology 54 (2019) 100774

W., Bi, F., Roberts, N., Gong, Q., 2015. Gray matter alterations in post-traumatic
stress disorder, obsessive-compulsive disorder, and social anxiety disorder. Front.
Behav. Neurosci. 9, 219.

Choe, K.Y., Sanchez, C.F., Harris, N.G., Otis, T.S., Mathews, P.J., 2018. Optogenetic fMRI
and electrophysiological identification of region-specific connectivity between the
cerebellar cortex and forebrain. Neuroimage 173, 370-383.

Chou, D., Peng, H.Y., Lin, T.B., Lai, C.Y., Hsieh, M.C., Wen, Y.C,, Lee, A.S., Wang, H.H.,
Yang, P.S., Chen, G.D., Ho, Y.C., 2018. (2R,6R)-hydroxynorketamine rescues chronic
stress-induced depression-like behavior through its actions in the midbrain peria-
queductal gray. Neuropharmacology 139, 1-12.

Clarke, D.J., Chohan, T.W., Kassem, M.S., Smith, K.L., Chesworth, R., Karl, T., Kuligowski,
M.P., Fok, S.Y., Bennett, M.R., Arnold, J.C., 2019. Neuregulin 1 Deficiency Modulates
Adolescent Stress-Induced Dendritic Spine Loss in a Brain Region-Specific Manner
and Increases Complement 4 Expression in the Hippocampus. Schizophr. Bull. 45 (2),
339-349.

Clausen, A.N., Francisco, A.J., Thelen, J., Bruce, J., Martin, L.E., McDowd, J., Simmons,
W.K., Aupperle, R.L., 2017. PTSD and cognitive symptoms relate to inhibition-related
prefrontal activation and functional connectivity. Depress Anxiety 34 (5), 427-436.

Concas, A., Sanna, E., Cuccheddu, T., Mascia, M.P., Santoro, G., Maciocco, E., Biggio, G.,
1993. Carbon dioxide inhalation, stress and anxiogenic drugs reduce the function of
GABAA receptor complex in the rat brain. Prog. Neuropsychopharmacol. Biol.
Psychiatry 17 (4), 651-661.

Cohen, J.L., Ata, A.E., Jackson, N.L., Rahn, E.J., Ramaker, R.C., Cooper, S., Kerman, LA.,
Clinton, S.M., 2017. Differential stress induced c-Fos expression and identification of
region-specific miRNA-mRNA networks in the dorsal raphe and amygdala of high-
responder/low-responder rats. Behav. Brain Res. 319, 110-123.

Contreras-Rodriguez, O., Vilar-Lépez, R., Andrews, Z.B., Navas, J.F., Soriano-Mas, C.,
Verdejo-Garcia, A., 2017. Altered cross-talk between the hypothalamus and non-
homeostatic regions linked to obesity and difficulty to lose weight. Sci. Rep. 7 (1),
9951.

Corda, M.G., Biggio, G., Gessa, G.L., 1980. Brain nucleotides in naive and handling-ha-
bituated rats: differences in levels and drug-sensitivity. Brain Res. 188 (1), 287-290.

Courchesne, E., Allen, G., 1997. Prediction and preparation, fundamental functions of the
cerebellum. Learn. Mem. 4, 1-35.

Cservenka, A., Casimo, K., Fair, D.A., Nagel, B.J., 2014. Resting state functional con-
nectivity of the nucleus accumbens in youth with a family history of alcoholism.
Psychiatry Res. 221 (3), 210-219.

Curran, T., Morgan, J.I., 1995. Fos: an immediate-early transcription factor in neurons. J.
Neurobiol. 26 (3), 403-412.

Curzon, G., Green, A.R., 1971. Regional and subcellular changes in the concentration of 5-
hydroxytryptamine and 5-hydroxyindoleacetic acid in the rat brain caused by hy-
drocortisone, DL-methyl-tryptophan 1-kynurenine and immobilization. Br. J.
Pharmacol. 43 (1), 39-52.

D’Angelo, E., Casali, S., 2013. Seeking a unified framework for cerebellar function and
dysfunction: from circuit operations to cognition. Front. Neural Circuits 6, 116.
Dabelic, S., Flogel, M., Maravi¢, G., Lauc, G., 2004. Stress causes tissue-specific changes in

the sialyltransferase activity. Z. Naturforsch C. 59 (3-4), 276-280.

Dang, R., Cai, H., Zhang, L., Liang, D., Lv, C., Guo, Y., Yang, R., Zhu, Y., Jiang, P., 2016.
Dysregulation of Neuregulin-1/ErbB signaling in the prefrontal cortex and hippo-
campus of rats exposed to chronic unpredictable mild stress. Physiol. Behav. 154,
145-150.

Daval, J.L., Nakajima, T., Gleiter, C.H., Post, R.M., Marangos, P.J., 1989. Mouse brain c-
fos mRNA distribution following a single electroconvulsive shock. J. Neurochem. 52
(6), 1954-1957.

Dave, N.D., Xiang, L., Rehm, K.E., Marshall Jr., G.D., 2011. Stress and allergic diseases.
Immunol. Allergy Clin. North Am. 31 (1), 55-68.

De Bellis, M.D., Hooper, S.R., Chen, S.D., Provenzale, J.M., Boyd, B.D., Glessner, C.E.,
MackFall, J.R., Payne, M.E., Rybczynski, R., Woolley, D.P., 2015. Posterior structural
brain volumes differ in maltreated youth with and without chronic posttraumatic
stress disorder. Dev. Psychopathol. 27 (4 Pt 2), 1555-1576.

De Bellis, M.D., Kuchibhatla, M., 2006. Cerebellar volumes in pediatric maltreatment-
related posttraumatic stress disorder. Biol. Psychiatry 60 (7), 697-703.

Dean, A.C., Kohno, M., Hellemann, G., London, E.D., 2014. Childhood maltreatment and
amygdala connectivity in methamphetamine dependence: a pilot study. Brain Behav.
4 (6), 867-876.

Dechant, G., Barde, Y.A., 2002. The neurotrophin receptor p75(NTR): novel functions and
implications for diseases of the nervous system. Nat. Neurosci. 5 (11), 1131-1136.

Dedic, N., Chen, A., Deussing, J.M., 2018. The CRF family of neuropeptides and their
receptors - mediators of the central stress response. Curr. Mol. Pharmacol. 11 (1),
4-31.

Dickman, S.R., Harrison, J.F., Grosser, B.I., 1973. Decrease in adenyl nucleotide con-
centrations in rat brain components after footshock stress. Brain Res. 53 (2),
483-487.

Dietrichs, E., 1984. Cerebellar autonomic function: direct hypothalamocerebellar
pathway. Science 223 (4636), 591-593.

Dinnendahl, V., 1975. Effects of stress on mouse brain cyclic nucleotide levels in vivo.
Brain Res. 100 (3), 716-719.

Donner, N., Bredewold, R., Maloumby, R., Neumann, I.D., 2007. Chronic intracerebral
prolactin attenuates neuronal stress circuitries in virgin rats. Eur. J. Neurosci. 25 (6),
1804-1814.

Drugan, R.C., Morrow, A.L., Weizman, R., Weizman, A., Deutsch, S.I., Crawley, J.N., Paul,
S.M., 1989. Stress-induced behavioral depression in the rat is associated with a de-
crease in GABA receptor-mediated chloride ion flux and brain benzodiazepine re-
ceptor occupancy. Brain Res. 487 (1), 45-51.

Du, L., Wang, J., Meng, B., Yong, N., Yang, X., Huang, Q., Zhang, Y., Yang, L., Qu, Y.,
Chen, Z., Li, Y., Lv, F., Hu, H., 2016. Early life stress affects limited regional brain


http://refhub.elsevier.com/S0091-3022(19)30035-4/h0120
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0120
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0125
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0125
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0125
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0130
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0130
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0130
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0135
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0135
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0135
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0140
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0140
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0140
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0145
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0145
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0145
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0150
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0150
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0150
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0150
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0155
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0155
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0155
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0160
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0160
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0160
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0165
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0165
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0165
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0165
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0170
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0170
http://refhub.elsevier.com/S0091-3022(19)30035-4/opt2RbRMY1QxN
http://refhub.elsevier.com/S0091-3022(19)30035-4/opt2RbRMY1QxN
http://refhub.elsevier.com/S0091-3022(19)30035-4/opt2RbRMY1QxN
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0175
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0175
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0175
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0175
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0175
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0175
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0180
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0180
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0180
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0180
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0185
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0185
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0190
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0190
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0195
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0195
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0195
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0200
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0200
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0205
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0205
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0205
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0210
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0210
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0215
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0215
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0220
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0220
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0220
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0220
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0225
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0225
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0225
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0225
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0230
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0230
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0230
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0230
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0235
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0235
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0240
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0240
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0245
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0245
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0245
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0245
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0250
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0250
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0250
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0255
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0255
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0255
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0255
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0260
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0260
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0260
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0265
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0265
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0265
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0265
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0270
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0270
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0270
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0270
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0270
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0275
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0275
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0275
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0280
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0280
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0280
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0280
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0285
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0285
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0285
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0285
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0290
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0290
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0290
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0290
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0295
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0295
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0300
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0300
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0305
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0305
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0305
http://refhub.elsevier.com/S0091-3022(19)30035-4/opt8sazuJgO6A
http://refhub.elsevier.com/S0091-3022(19)30035-4/opt8sazuJgO6A
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0310
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0310
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0310
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0310
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0315
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0315
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0320
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0320
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0325
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0325
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0325
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0325
http://refhub.elsevier.com/S0091-3022(19)30035-4/optoNc3CX6Xgv
http://refhub.elsevier.com/S0091-3022(19)30035-4/optoNc3CX6Xgv
http://refhub.elsevier.com/S0091-3022(19)30035-4/optoNc3CX6Xgv
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0330
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0330
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0335
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0335
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0335
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0335
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0340
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0340
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0345
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0345
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0345
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0350
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0350
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0355
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0355
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0355
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0360
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0360
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0360
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0365
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0365
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0370
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0370
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0375
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0375
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0375
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0380
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0380
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0380
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0380
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0385
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0385

J. Moreno-Rius

activity in depression. Sci. Rep. 6, 25338.

Duan, H., Wang, L., Ferndndez, G., Zhang, K., Wu, J., 2016. Increased anticipatory con-
tingent negative variation in posttraumatic stress disorder. Biol. Psychol. 117, 80-88.

Dubey, V.K., Ansari, F., Vohora, D., Khanam, R., 2015. Possible involvement of corti-
costerone and serotonin in antidepressant and antianxiety effects of chromium pi-
colinate in chronic unpredictable mild stress induced depression and anxiety in rats.
J. Trace Elem. Med. Biol. 29, 222-226.

Edmiston, E.E., Wang, F., Mazure, C.M., Guiney, J., Sinha, R., Mayes, L.C., Blumberg,
H.P., 2011. Corticostriatal-limbic gray matter morphology in adolescents with self-
reported exposure to childhood maltreatment. Arch. Pediatr. Adolesc Med. 165 (12),
1069-1077.

Elman, 1., Upadhyay, J., Langleben, D.D., Albanese, M., Becerra, L., Borsook, D., 2018.
Reward and aversion processing in patients with post-traumatic stress disorder:
functional neuroimaging with visual and thermal stimuli. Transl. Psychiatry 8 (1),
240.

Elsey, J., Coates, A., Lacadie, C.M., McCrory, E.J., Sinha, R., Mayes, L.C., Potenza, M.N.,
2015. Childhood trauma and neural responses to personalized stress, favorite-food
and neutral-relaxing cues in adolescents. Neuropsychopharmacology 40 (7),
1580-1589.

Elton, A., Smitherman, S., Young, J., Kilts, C.D., 2015. Effects of childhood maltreatment
on the neural correlates of stress- and drug cue-induced cocaine craving. Addict Biol.
20 (4), 820-831.

Enkel, T., Gholizadeh, D., von Bohlen Und Halbach, O., Sanchis-Segura, C., Hurlemann,
R., Spanagel, R., Gass, P., Vollmayr, B., 2010. Ambiguous-cue interpretation is biased
under stress- and depression-like states in rats. Neuropsychopharmacology 35 (4),
1008-1015.

Estévez, E.E., Jerusalinsky, D., Medina, J.H., De Robertis, E., 1984. Cholinergic mus-
carinic receptors in rat cerebral cortex, basal ganglia and cerebellum undergo rapid
and reversible changes after acute stress. Neuroscience 13 (4), 1353-1357.

Farley, S.J., Albazboz, H., De Corte, B.J., Radley, J.J., Freeman, J.H., 2018. Amygdala
central nucleus modulation of cerebellar learning with a visual conditioned stimulus.
Neurobiol. Learn. Mem. 150, 84-92.

Farley, S.J., Radley, J.J., Freeman, J.H., 2016. Amygdala modulation of cerebellar
learning. J. Neurosci. 36 (7), 2190-2201.

Fernandez, S.P., Broussot, L., Marti, F., Contesse, T., Mouska, X., Soiza-Reilly, M., Marie,
H., Faure, P., Barik, J., 2018. Mesopontine cholinergic inputs to midbrain dopamine
neurons drive stress-induced depressive-like behaviors. Nat. Commun. 9 (1), 4449.

Fernandez, M., Pissiota, A., Frans, O., von Knorring, L., Fischer, H., Fredrikson, M., 2001.
Brain function in a patient with torture related post-traumatic stress disorder before
and after fluoxetine treatment: a positron emission tomography provocation study.
Neurosci. Lett. 297 (2), 101-104.

Forbes, E.E., Hariri, A.R., Martin, S.L., Silk, J.S., Moyles, D.L., Fisher, P.M., Brown, S.M.,
Ryan, N.D., Birmaher, B., Axelson, D.A., Dahl, R.E., 2009. Altered striatal activation
predicting real-world positive affect in adolescent major depressive disorder. Am. J.
Psychiatry 166 (1), 64-73.

Foreman, P.J., Perez-Polo, J.R., Angelucci, L., Ramacci, M.T., Taglialatela, G., 1995.
Effects of acetyl-L-carnitine treatment and stress exposure on the nerve growth factor
receptor (p75NGFR) mRNA level in the central nervous system of aged rats. Prog.
Neuropsychopharmacol. Biol. Psychiatry 19 (1), 117-133.

Francis, T.C., Chandra, R., Friend, D.M., Finkel, E., Dayrit, G., Miranda, J., Brooks, J.M.,
Iniguez, S.D., O'Donnell, P., Kravitz, A., Lobo, M.K., 2015. Nucleus accumbens
medium spiny neuron subtypes mediate depression-related outcomes to social defeat
stress. Biol. Psychiatry 77 (3), 212-222.

Galliano, E., Potters, J.W., Elgersma, Y., Wisden, W., Kushner, S.A., De Zeeuw, C.I,
Hoebeek, F.E., 2013. Synaptic transmission and plasticity at inputs to murine cere-
bellar Purkinje cells are largely dispensable for standard nonmotor tasks. J. Neurosci.
33 (31), 12599-12618.

Garrison, J., Erdeniz, B., Done, J., 2013. Prediction error in reinforcement learning: a
meta-analysis of neuroimaging studies. Neurosci. Biobehav. Rev. 37 (7), 1297-1310.

Garrison, K.A., Sinha, R., Lacadie, C.M., Scheinost, D., Jastreboff, A.M., Constable, R.T.,
Potenza, M.N., 2016. Functional connectivity during exposure to favorite-food, stress,
and neutral-relaxing imagery differs between smokers and nonsmokers. Nicotine Tob
Res. 18 (9), 1820-1829.

Gheorghe, D.A., Panouilléeres, M.T.N., Walsh, N.D., 2018. Psychosocial stress affects the
acquisition of cerebellar-dependent sensorimotor adaptation.
Psychoneuroendocrinology 92, 41-49.

Ghizoni, D.M., Pavanati, K.C., Arent, A.M., Machado, C., Faria, M.S., Pinto, C.M.,
Gasparotto, O.C., Gongalves, S., Dafre, A.L., 2006. Alterations in glutathione levels of
brain structures caused by acute restraint stress and by nitric oxide synthase in-
hibition but not by intraspecific agonistic interaction. Behav. Brain Res. 166 (1),
71-77.

Gilboa, A., Shalev, A.Y., Laor, L., Lester, H., Louzoun, Y., Chisin, R., Bonne, O., 2004.
Functional connectivity of the prefrontal cortex and the amygdala in posttraumatic
stress disorder. Biol. Psychiatry 55 (3), 263-272.

Goldstein, J.M., Holsen, L., Huang, G., Hammond, B.D., James-Todd, T., Cherkerzian, S.,
Hale, T.M., Handa, R.J., 2016. Prenatal stress-immune programming of sex differ-
ences in comorbidity of depression and obesity/metabolic syndrome. Dialogues Clin.
Neurosci. 18 (4), 425-436.

Go6mez-Gonzalez, B., Escobar, A., 2009. Altered functional development of the blood-
brain barrier after early life stress in the rat. Brain Res. Bull. 79 (6), 376-387.

Golkar, A., Johansson, E., Kasahara, M., Osika, W., Perski, A., Savic, 1., 2014. The in-
fluence of work-related chronic stress on the regulation of emotion and on functional
connectivity in the brain. PLoS One 9 (9), e104550.

Gonzalo-Ruiz, A., Leichnetz, G.R., Hardy, S.G., 1990. Projections of the medial cerebellar
nucleus to oculomotor-related midbrain areas in the rat: an anterograde and retro-
grade HRP study. J. Comp. Neurol. 296 (3), 427-436.

18

Frontiers in Neuroendocrinology 54 (2019) 100774

Graybeal, C., Feyder, M., Schulman, E., Saksida, L.M., Bussey, T.J., Brigman, J.L., Holmes,
A., 2011. Paradoxical reversal learning enhancement by stress or prefrontal cortical
damage: rescue with BDNF. Nat. Neurosci. 14 (12), 1507-1509.

Grillon, C., Pine, D.S., Lissek, S., Rabin, S., Bonne, O., Vythilingam, M., 2009. Increased
anxiety during anticipation of unpredictable aversive stimuli in posttraumatic stress
disorder but not in generalized anxiety disorder. Biol. Psychiatry 66 (1), 47-53.

Grillon, C., Lissek, S., Rabin, S., McDowell, D., Dvir, S., Pine, D.S., 2008. Increased anxiety
during anticipation of unpredictable but not predictable aversive stimuli as a psy-
chophysiologic marker of panic disorder. Am. J. Psychiatry 165 (7), 898-904.

Gunduz-Cinar, O., Hill, M.N., McEwen, B.S., Holmes, A., 2013. Amygdala FAAH and
anandamide: mediating protection and recovery from stress. Trends Pharmacol. Sci.
34 (11), 637-644.

Guo, M., Li, C,, Lei, Y., Xu, S., Zhao, D., Lu, X.Y., 2017. Role of the adipose PPARy-
adiponectin axis in susceptibility to stress and depression/anxiety-related behaviors.
Mol. Psychiatry 22 (7), 1056-1068.

Hackett, R.A., Steptoe, A., 2017. Type 2 diabetes mellitus and psychological stress — a
modifiable risk factor. Nat. Rev. Endocrinol. 13 (9), 547-560.

Hall, S.A., Brodar, K.E., LaBar, K.S., Berntsen, D., Rubin, D.C., 2018. Neural responses to
emotional involuntary memories in posttraumatic stress disorder: differences in
timing and activity. Neuroimage Clin. 19, 793-804.

Hayashi, T., Justinova, Z., Hayashi, E., Cormaci, G., Mori, T., Tsai, S.Y., Barnes, C.,
Goldberg, S.R., Su, T.P., 2010. Regulation of sigma-1 receptors and endoplasmic
reticulum chaperones in the brain of methamphetamine self-administering rats. J.
Pharmacol. Exp. Ther. 332 (3), 1054-1063.

Harnett, N.G., Wood, K.H., Ference 3rd, E.W., Reid, M.A,, Lahti, A.C., Knight, A.J.,
Knight, D.C., 2017. Glutamate/glutamine concentrations in the dorsal anterior cin-
gulate vary with Post-Traumatic Stress Disorder symptoms. J. Psychiatr. Res. 91,
169-176.

Harricharan, S., Rabellino, D., Frewen, P.A., Densmore, M., Théberge, J., McKinnon,
M.C., Schore, A.N., Lanius, R.A., 2016. fMRI functional connectivity of the peria-
queductal gray in PTSD and its dissociative subtype. Brain Behav. 12, e00579.

Hartell, N.A., 1994. ¢cGMP acts within cerebellar Purkinje cells to produce long term
depression via mechanisms involving PKC and PKG. Neuroreport 5 (7), 833-836.

Hartell, N.A., 1996. Inhibition of cGMP breakdown promotes the induction of cerebellar
long-term depression. J. Neurosci. 16 (9), 2881-2890.

Hazlett-Stevens, H., Borkovec, T.D., 2004. Interpretive cues and ambiguity in generalized
anxiety disorder. Behav. Res. Ther. 42 (8), 881-892.

Hebert-Chatelain, E., Desprez, T., Serrat, R., Bellocchio, L., Soria-Gomez, E., Busquets-
Garcia, A., Pagano Zottola, A.C., Delamarre, A., Cannich, A., Vincent, P., Varilh, M.,
Robin, L.M., Terral, G., Garcia-Ferndndez, M.D., Colavita, M., Mazier, W., Drago, F.,
Puente, N., Reguero, L., Elezgarai, 1., Dupuy, J.W., Cota, D., Lopez-Rodriguez, M.L.,
Barreda-Gomez, G., Massa, F., Grandes, P., Bénard, G., Marsicano, G., 2016. A can-
nabinoid link between mitochondria and memory. Nature 539 (7630), 555-559.

Hemmerle, A.M., Herman, J.P., Seroogy, K.B., 2012. Stress, depression and Parkinson's
disease. Exp. Neurol. 233 (1), 79-86.

Herculano-Houzel, S., 2009. The human brain in numbers: a linearly scaled-up primate
brain. Front. Hum. Neurosci. 3, 31.

Herkenham, M., Lynn, A.B., Little, M.D., Johnson, M.R., Melvin, L.S., de Costa, B.R., Rice,
K.C., 1990. Cannabinoid receptor localization in brain. Proc. Natl. Acad. Sci. USA 87
(5), 1932-1936.

Herring, N.R., Schaefer, T.L., Tang, P.H., Skelton, M.R., Lucot, J.P., Gudelsky, G.A.,
Vorhees, C.V., Williams, M.T., 2008. Comparison of time-dependent effects of
(+)-methamphetamine or forced swim on monoamines, corticosterone, glucose,
creatine, and creatinine in rats. BMC Neurosci. 9, 49.

Hill, M.N., McEwen, B.S., 2010. Involvement of the endocannabinoid system in the
neurobehavioural effects of stress and glucocorticoids. Prog. Neuropsychopharmacol.
Biol. Psychiatry 34 (5), 791-797.

Ho, Y.C., Lin, T.B., Hsieh, M.C,, Lai, C.Y., Chou, D., Chau, Y.P., Chen, G.D., Peng, H.Y.,
2018. Periaqueductal gray glutamatergic transmission governs chronic stress-induced
depression. Neuropsychopharmacology 43 (2), 302-312.

Holloway, Z.R., Paige, N.B., Comstock, J.F., Nolen, H.G., Sable, H.J., Lester, D.B., 2019.
Cerebellar Modulation of Mesolimbic Dopamine Transmission is Functionally
Asymmetrical. BioRxiv, 615815.

Holmes, S.E., Scheinost, D., DellaGioia, N., Davis, M.T., Matuskey, D., Pietrzak, R.H.,
Hampson, M., Krystal, J.H., Esterlis, I., 2018. Cerebellar and prefrontal cortical al-
terations in PTSD: structural and functional evidence. Chronic Stress (Thousand
Oaks) 2.

Hommer, R.E., Seo, D., Lacadie, C.M., Chaplin, T.M., Mayes, L.C., Sinha, R., Potenza,
M.N., 2013. Neural correlates of stress and favorite-food cue exposure in adolescents:
a functional magnetic resonance imaging study. Hum. Brain Mapp. 34 (10),
2561-2573.

Hosoi, T., Kimura, H., Yamawaki, Y., Mori, K., Ozawa, K., 2019. Immobilization stress
induces XBP1 splicing in the mouse brain. Biochem. Biophys. Res. Commun. 508 (2),
516-520.

Hou, G., Tian, R., Li, J., Yuan, T.F., 2014. Chronic stress and Parkinson's disease. CNS
Neurosci. Ther. 20 (1), 1-2.

Hoyaux, D., Boom, A., Van den Bosch, L., Belot, N., Martin, J.J., Heizmann, C.W., Kiss, R.,
Pochet, R., 2002. S100A6 overexpression within astrocytes associated with impaired
axons from both ALS mouse model and human patients. J. Neuropathol. Exp. Neurol.
61 (8), 736-744.

Huang, P., Dong, Z., Huang, W., Zhou, C., Zhong, W., Hu, P., Wen, G., Sun, X., Hua, H.,
Cao, H., Gao, L., Lv, Z., 2017. Voluntary wheel running ameliorates depression-like
behaviors and brain blood oxygen level-dependent signals in chronic unpredictable
mild stress mice. Behav. Brain Res. 330, 17-24.

Huguet, G., Kadar, E., Temel, Y., Lim, L.W., 2017. Electrical stimulation normalizes c-Fos
expression in the deep cerebellar nuclei of depressive-like rats: implication of


http://refhub.elsevier.com/S0091-3022(19)30035-4/h0385
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0390
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0390
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0395
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0395
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0395
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0395
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0400
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0400
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0400
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0400
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0405
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0405
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0405
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0405
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0410
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0410
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0410
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0410
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0415
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0415
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0415
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0420
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0420
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0420
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0420
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0425
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0425
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0425
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0430
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0430
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0430
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0435
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0435
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0440
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0440
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0440
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0445
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0445
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0445
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0445
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0450
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0450
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0450
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0450
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0455
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0455
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0455
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0455
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0460
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0460
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0460
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0460
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0465
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0465
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0465
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0465
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0470
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0470
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0475
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0475
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0475
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0475
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0480
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0480
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0480
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0485
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0485
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0485
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0485
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0485
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0490
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0490
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0490
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0495
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0495
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0495
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0495
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0500
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0500
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0505
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0505
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0505
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0510
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0510
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0510
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0515
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0515
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0515
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0520
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0520
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0520
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0525
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0525
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0525
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0530
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0530
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0530
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0535
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0535
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0535
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0545
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0545
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0550
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0550
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0550
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0555
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0555
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0555
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0555
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0560
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0560
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0560
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0560
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0565
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0565
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0565
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0570
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0570
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0575
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0575
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0580
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0580
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0585
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0585
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0585
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0585
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0585
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0585
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0590
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0590
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0595
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0595
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0600
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0600
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0600
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0605
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0605
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0605
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0605
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0610
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0610
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0610
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0615
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0615
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0615
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0620
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0620
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0620
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0625
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0625
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0625
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0625
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0630
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0630
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0630
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0630
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0635
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0635
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0635
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0640
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0640
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0645
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0645
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0645
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0645
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0650
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0650
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0650
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0650
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0655
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0655

J. Moreno-Rius

antidepressant activity. Cerebellum 16 (2), 398-410.

Ikai, Y., Takada, M., Shinonaga, Y., Mizuno, N., 1992. Dopaminergic and non-dopami-
nergic neurons in the ventral tegmental area of the rat project, respectively, to the
cerebellar cortex and deep cerebellar nuclei. Neuroscience 51 (3), 719-728.

Imaki, T., Shibasaki, T., Hotta, M., Demura, H., 1993. Intracerebroventricular adminis-
tration of corticotropin-releasing factor induces c-fos mRNA expression in brain re-
gions related to stress responses: comparison with pattern of c-fos mRNA induction
after stress. Brain Res. 616 (1-2), 114-125.

Ito, M., 2008. Control of mental activities by internal models in the cerebellum. Nat. Rev.
Neurosci. 9, 304-313.

Jastreboff, A.M., Potenza, M.N., Lacadie, C., Hong, K.A., Sherwin, R.S., Sinha, R., 2011.
Body mass index, metabolic factors, and striatal activation during stressful and
neutral-relaxing states: an FMRI study. Neuropsychopharmacology 36 (3), 627-637.

Jie, F., Yin, G., Yang, W., Yang, M., Gao, S., Lv, J., Li, B., 2018. Stress in regulation of
GABA amygdala system and relevance to neuropsychiatric diseases. Front. Neurosci.
12, 562.

Jochems, J., Teegarden, S.L., Chen, Y., Boulden, J., Challis, C., Ben-Dor, G.A., Kim, S.F.,
Berton, O., 2015. Enhancement of stress resilience through histone deacetylase 6-
mediated regulation of glucocorticoid receptor chaperone dynamics. Biol. Psychiatry
77 (4), 345-355.

Kant, G.J., Sessions, G.R., Lenox, R.H., Meyerhoff, J.L., 1981. The effects of hormonal and
circadian cycles, stress, and activity on levels of cyclic AMP and cyclic GMP in pi-
tuitary, hypothalamus, pineal and cerebellum of female rats. Life Sci. 29 (24),
2491-2499.

Kaufman, G.D., Mustari, M.J., Miselis, R.R., Perachio, A.A., 1996. Transneuronal path-
ways to the vestibulocerebellum. J. Comp. Neurol. 370 (4), 501-523.

Ke, J., Zhang, L., Qi, R., Li, W., Hou, C., Zhong, Y., He, Z., Li, L., Lu, G., 2016. A long-
itudinal fMRI investigation in acute post-traumatic stress disorder (PTSD). Acta
Radiol. 57 (11), 1387-1395.

Kelsey, J.E., 2004. Achieving remission in major depressive disorder: the first step to long-
term recovery. J. Am. Osteopath Assoc. 104 (3 Suppl 1), S6-S10.

Kendler, K.S., Karkowski, L.M., Prescott, C.A., 1999. Causal relationship between stressful
life events and the onset of major depression. Am. J. Psychiatry 156 (6), 837-841.

King, J.S., Madtes Jr, P., Bishop, G.A., Overbeck, T.L., 1997. The distribution of corti-
cotropin-releasing factor (CRF), CRF binding sites and CRF1 receptor mRNA in the
mouse cerebellum. Prog Brain Res. 114, 55-66.

Kitraki, E., Karandrea, D., Kittas, C., 1999. Long-lasting effects of stress on glucocorticoid
receptor gene expression in the rat brain. Neuroendocrinology 69 (5), 331-338.
Kiviméaki, M., Kawachi, 1., 2015. Work stress as a risk factor for cardiovascular disease.

Curr. Cardiol Rep. 17 (9), 630.

Klein, A.P., Ulmer, J.L., Quinet, S.A., Mathews, V., Mark, L.P., 2016. Nonmotor functions
of the cerebellum: an introduction. AJNR Am. J. Neuroradiol. 37 (6), 1005-1009.

Kline, R.L., Zhang, S., Farr, O.M., Hu, S., Zaborszky, L., Samanez-Larkin, G.R., Li, C.S.,
2016. The effects of methylphenidate on resting-state functional connectivity of the
basal nucleus of meynert, locus coeruleus, and ventral tegmental area in healthy
adults. Front Hum. Neurosci. 10, 149.

Klitenick, M.A., Tham, C.S., Fibiger, H.C., 1995. Cocaine and d-amphetamine increase c-
fos expression in the rat cerebellum. Synapse 19 (1), 29-36.

Kober, H., Brewer, J.A., Height, K.L., Sinha, R., 2017. Neural stress reactivity relates to
smoking outcomes and differentiates between mindfulness and cognitive-behavioral
treatments. Neuroimage 151, 4-13.

Kokubo, M., Toya, S., Amano, 1., Takatsuru, Y., 2018. Early-life stress induces motor
coordination dysfunction in adult mice. J. Physiol. Sci. 68 (5), 663-669.

Koutsikou, S., Crook, J.J., Earl, E.V., Leith, J.L., Watson, T.C., Lumb, B.M., Apps, R., 2014.
Neural substrates underlying fear-evoked freezing: the periaqueductal grey-cerebellar
link. J. Physiol. 592 (10), 2197-2213.

Ladefoged, O., Hougaard, K.S., Hass, U., Sgrensen, L.K., Lund, S.P., Svendsen, G.W., Lam,
H.R., 2004. Effects of combined prenatal stress and toluene exposure on apoptotic
neurodegeneration in cerebellum and hippocampus of rats. Basic Clin. Pharmacol.
Toxicol. 94 (4), 169-176.

Lanius, R.A., Rabellino, D., Boyd, J.E., Harricharan, S., Frewen, P.A., McKinnon, M.C.,
2017. The innate alarm system in PTSD: conscious and subconscious processing of
threat. Curr. Opin Psychol. 14, 109-115.

Lee, S.H., Hur, J., Lee, E.H., Kim, S.Y., 2012. Ginsenoside rbl modulates level of mono-
amine neurotransmitters in mice frontal cortex and cerebellum in response to im-
mobilization stress. Biomol. Ther. (Seoul) 20 (5), 482-486.

Lee, S.H., Jung, B.H., Choi, S.Y., Kim, S.Y., Lee, E.H., Chung, B.C., 2016. Influence of
ginsenoside Rb1 on brain neurosteroid during acute immobilization stress. Arch.
Pharm. Res. 29 (7), 566-569.

Li, D.B., Yao, J., Sun, L., Wu, B., Li, X,, Liu, S.L., Hou, J.M., Liu, H.L., Sui, J.F., Wu, G.Y.,
2019. Reevaluating the ability of cerebellum in associative motor learning. Sci. Rep. 9
(1), 6029.

Li, G., Ma, X., Bian, H., Sun, X., Zhai, N., Yao, M., Qu, H., Ji, S., Tian, H., Zhuo, C., 2016. A
pilot fMRI study of the effect of stressful factors on the onset of depression in female
patients. Brain Imaging Behav. 10 (1), 195-202.

Li, J., Yang, R., Xia, K., Wang, T., Nie, B., Gao, K., Chen, J., Zhao, H., Li, Y., Wang, W.,
2018. Effects of stress on behavior and resting-state fMRI in rats and evaluation of
Telmisartan therapy in a stress-induced depression model. BMC Psychiatry 18 (1),
337.

Lim, L., Hart, H., Mehta, M., Worker, A., Simmons, A., Mirza, K., Rubia, K., 2018. Grey
matter volume and thickness abnormalities in young people with a history of child-
hood abuse. Psychol. Med. 48 (6), 1034-1046.

Lippiello, P., Hoxha, E., Volpicelli, F., Lo Duca, G., Tempia, F., Miniaci, M.C., 2015.
Noradrenergic modulation of the parallel fiber-Purkinje cell synapse in mouse cere-
bellum. Neuropharmacology 89, 33-42.

Lippiello, P., Hoxha, E., Speranza, L., Volpicelli, F., Ferraro, A., Leopoldo, M., Lacivita, E.,

19

Frontiers in Neuroendocrinology 54 (2019) 100774

Perrone-Capano, C., Tempia, F., Miniaci, M.C., 2016. The 5-HT7 receptor triggers
cerebellar long-term synaptic depression via PKC-MAPK. Neuropharmacology 101,
426-438.

Liston, C., Miller, M.M., Goldwater, D.S., Radley, J.J., Rocher, A.B., Hof, P.R., Morrison,
J.H., McEwen, B.S., 2006. Stress-induced alterations in prefrontal cortical dendritic
morphology predict selective impairments in perceptual attentional set-shifting. J.
Neurosci. 26 (30), 7870-7874.

Lupo, M., Troisi, E., Chiricozzi, F.R., Clausi, S., Molinari, M., Leggio, M., 2015. Inability to
process negative emotions in cerebellar damage: a functional transcranial doppler
sonographic study. Cerebellum 14 (6), 663-669.

Machado, A., Herrera, A.J., de Pablos, R.M., Espinosa-Oliva, A.M., Sarmiento, M., Ayala,
A., Venero, J.L., Santiago, M., Villardn, R.F., Delgado-Cortés, M.J., Argiielles, S.,
Cano, J., 2014. Chronic stress as a risk factor for Alzheimer's disease. Rev. Neurosci.
25 (6), 785-804.

Masood, A., Huang, Y., Hajjhussein, H., Xiao, L., Li, H., Wang, W., Hamza, A., Zhan, C.G.,
O'Donnell, J.M., 2009. Anxiolytic effects of phosphodiesterase-2 inhibitors associated
with increased cGMP signaling. J. Pharmacol. Exp. Ther. 331 (2), 690-699.

McEwen, B.S., 2007. Physiology and neurobiology of stress and adaptation: central role of
the brain. Physiol. Rev. 87 (3), 873-904.

McEwen, B.S., Bowles, N.P., Gray, J.D., Hill, M.N., Hunter, R.G., Karatsoreos, I.N., Nasca,
C., 2015. Mechanisms of stress in the brain. Nat. Neurosci. 18 (10), 1353-1363.

McEwen, B.S., Nasca, C., Gray, J.D., 2016. Stress effects on neuronal structure: hippo-
campus, amygdala, and prefrontal cortex. Neuropsychopharmacology 41 (1), 3-23.

Mclaughlin, S.C., 1967. Parametric adjustment in saccadic eye movements. Percept.
Psychophys. 2, 359-362.

Menard, C., Pfau, M.L., Hodes, G.E., Kana, V., Wang, V.X., Bouchard, S., Takahashi, A.,
Flanigan, M.E., Aleyasin, H., LeClair, K.B., Janssen, W.G., Labonté, B., Parise, E.M.,
Lorsch, Z.S., Golden, S.A., Heshmati, M., Tamminga, C., Turecki, G., Campbell, M.,
Fayad, Z.A., Tang, C.Y., Merad, M., Russo, S.J., 2017. Social stress induces neuro-
vascular pathology promoting depression. Nat. Neurosci. 20 (12), 1752-1760.

Miall, R.C., Weir, D.J., Wolpert, D.M., Stein, J.F., 1993. Is the cerebellum a smith pre-
dictor? J. Mot. Beh. 25 (3), 203-216.

Mierzejewska-Krzyzowska, B., Sikora, E., Zguczytiski, L., 1996. Branching axon from pons
and raphe nuclei project to cerebellar paramedian lobule as studied with the double
fluorescent retrograde tracing technique. Folia Morphol. (Warsz) 55 (4), 396-397.

Miki, T., Lee, K.Y., Yokoyama, T., Liu, J.Q., Kusaka, T., Suzuki, S., Ohta, K., Warita, K.,
Jamal, M., Ueki, M., Yakura, T., Hosomi, N., Takeuchi, Y., 2013. Differential effects of
neonatal maternal separation on the expression of neurotrophic factors in rat brain.
II: Regional differences in the cerebellum versus the cerebral cortex. Okajimas Folia
Anat Jpn. 90 (3), 53-58.

Miki, T., Yokoyama, T., Kusaka, T., Suzuki, S., Ohta, K., Warita, K., Wang, Z.Y., Ueki, M.,
Sumitani, K., Bellinger, F.P., Tamai, M., Liu, J.Q., Yakura, T., Takeuchi, Y., 2014.
Early postnatal repeated maternal deprivation causes a transient increase in OMpg
and BDNF in rat cerebellum suggesting precocious myelination. J. Neurol. Sci. 336
(1-2), 62-67.

Miller, L.G., Thompson, M.L., Greenblatt, D.J., Deutsch, S.I., Shader, R.I., Paul, S.M.,
1987. Rapid increase in brain benzodiazepine receptor binding following defeat stress
in mice. Brain Res. 414 (2), 395-400.

Mineur, Y.S., Fote, G.M., Blakeman, S., Cahuzac, E.L., Newbold, S.A., Picciotto, M.R.,
2016. Multiple nicotinic acetylcholine receptor subtypes in the mouse amygdala
regulate affective behaviors and response to social stress. Neuropsychopharmacology
41 (6), 1579-1587.

Mineur, Y.S., Obayemi, A., Wigestrand, M.B., Fote, G.M., Calarco, C.A., Li, A.M.,
Picciotto, M.R., 2013. Cholinergic signaling in the hippocampus regulates social
stress resilience and anxiety- and depression-like behavior. Proc. Natl. Acad. Sci. USA
110 (9), 3573-3578.

Molina, M.E., Isoardi, R., Prado, M.N., Bentolila, S., 2010. Basal cerebral glucose dis-
tribution in long-term post-traumatic stress disorder. World J. Biol. Psychiatry 11 (2
Pt 2), 493-501.

Molinari, M., Chiricozzi, F.R., Clausi, S., Tedesco, A.M., De Lisa, M., Leggio, M.G., 2008.
Cerebellum and detection of sequences, from perception to cognition. Cerebellum 7
(4), 611-615.

Montalban, E., Al-Massadi, O., Sancho-Balsells, A., Brito, V., de Pins, B., Alberch, J.,
Ginés, S., Girault, J.A., Giralt, A., 2019. Pyk2 in the amygdala modulates chronic
stress sequelae via PSD-95-related micro-structural changes. Transl. Psychiatry 9
1), 3.

Moreno-Rius, J., 2018. The cerebellum in fear and anxiety-related disorders. Prog.
Neuropsychopharmacol. Biol. Psychiatry 85, 23-32.

Moreno-Rius, J., 2019a. Is there an “antisocial” cerebellum? Evidence from disorders
other than autism characterized by abnormal social behaviours. Prog.
Neuropsychopharmacol. Biol. Psychiatry 89, 1-8.

Moreno-Rius, J., 2019b. The cerebellum, THC, and cannabis addiction: findings from
animal and human studies. Cerebellum 18 (3), 593-604.

Moruzzi, G., 1950. Effects at different frequencies of cerebellar stimulation upon postural
tonus and myotatic reflexes. Electroencephalogr. Clin. Neurophysiol. 2 (4), 463-469.

Mosaddeghi, M., Burke, T.F., Moerschbaecher, J.M., 1993. Chronic brief restraint de-
creases in vivo binding of benzodiazepine receptor ligand to mouse brain. Mol. Chem.
Neuropathol. 18 (1-2), 115-121.

Mozaffarian, D., Benjamin, E.J., Go, A.S., Arnett, D.K., Blaha, M.J., Cushman, M., de
Ferranti, S., Després, J.P., Fullerton, H.J., Howard, V.J., Huffman, M.D., Judd, S.E.,
Kissela, B.M., Lackland, D.T., Lichtman, J.H., Lisabeth, L.D., Liu, S., Mackey, R.H.,
Matchar, D.B., McGuire, D.K., Mohler 3rd, E.R., Moy, C.S., Muntner, P., Mussolino,
M.E., Nasir, K., Neumar, R.W., Nichol, G., Palaniappan, L., Pandey, D.K., Reeves,
M.J., Rodriguez, C.J., Sorlie, P.D., Stein, J., Towfighi, A., Turan, T.N., Virani, S.S.,
Willey, J.Z., Woo, D., Yeh, R.W., Turner, M.B., American Heart Association Statistics
Committee and Stroke Statistics Subcommittee, 2015. Heart disease and stroke


http://refhub.elsevier.com/S0091-3022(19)30035-4/h0655
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0660
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0660
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0660
http://refhub.elsevier.com/S0091-3022(19)30035-4/opt2SbE1sudZU
http://refhub.elsevier.com/S0091-3022(19)30035-4/opt2SbE1sudZU
http://refhub.elsevier.com/S0091-3022(19)30035-4/opt2SbE1sudZU
http://refhub.elsevier.com/S0091-3022(19)30035-4/opt2SbE1sudZU
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0665
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0665
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0675
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0675
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0675
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0680
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0680
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0680
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0685
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0685
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0685
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0685
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0690
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0690
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0690
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0690
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0695
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0695
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0700
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0700
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0700
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0705
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0705
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0710
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0710
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0715
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0715
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0715
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0720
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0720
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0725
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0725
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0730
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0730
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0735
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0735
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0735
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0735
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0740
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0740
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0745
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0745
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0745
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0750
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0750
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0755
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0755
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0755
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0760
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0760
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0760
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0760
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0765
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0765
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0765
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0770
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0770
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0770
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0775
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0775
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0775
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0780
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0780
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0780
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0785
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0785
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0785
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0790
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0790
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0790
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0790
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0795
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0795
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0795
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0800
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0800
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0800
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0805
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0805
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0805
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0805
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0810
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0810
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0810
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0810
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0815
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0815
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0815
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0820
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0820
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0820
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0820
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0825
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0825
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0825
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0830
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0830
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0835
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0835
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0840
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0840
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0845
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0845
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0850
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0850
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0850
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0850
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0850
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0855
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0855
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0860
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0860
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0860
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0865
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0865
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0865
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0865
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0865
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0870
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0870
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0870
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0870
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0870
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0875
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0875
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0875
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0880
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0880
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0880
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0880
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0885
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0885
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0885
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0885
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0890
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0890
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0890
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0895
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0895
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0895
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0900
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0900
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0900
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0900
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0905
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0905
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0910
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0910
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0910
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0915
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0915
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0925
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0925
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0930
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0930
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0930
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0935
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0935
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0935
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0935
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0935
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0935
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0935
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0935

J. Moreno-Rius

statistics—2015 update: a report from the American Heart Association. Circulation
131 (4), e29-e322.

Mravec, B., Horvathova, L., Padova, A., 2018. Brain under stress and Alzheimer's disease.
Cell Mol. Neurobiol. 38 (1), 73-84.

Naegeli, C., Zeftiro, T., Piccirelli, M., Jaillard, A., Weilenmann, A., Hassanpour, K., Schick,
M., Rufer, M., Orr, S.P., Mueller-Pfeiffer, C., 2018. Locus coeruleus activity mediates
hyperresponsiveness in posttraumatic stress disorder. Biol. Psychiatry 83 (3),
254-262.

Nasca, C., Bigio, B., Zelli, D., de Angelis, P., Lau, T., Okamoto, M., Soya, H., Ni, J., Brichta,
L., Greengard, P., Neve, R.L., Lee, F.S., McEwen, B.S., 2017. Role of the astroglial
glutamate exchanger xCT in ventral hippocampus in resilience to stress. Neuron 96
(2), 402-413.

Natarajan, R., Forrester, L., Chiaia, N.L., Yamamoto, B.K., 2017. Chronic-stress-induced
behavioral changes associated with subregion-selective serotonin cell death in the
dorsal raphe. J Neurosci. 37 (26), 6214-6223.

Nicholson, A.A., Densmore, M., Frewen, P.A., Théberge, J., Neufeld, R.W., McKinnon,
M.C., Lanius, R.A., 2015. The dissociative subtype of posttraumatic stress disorder:
unique resting-state functional connectivity of basolateral and centromedial amyg-
dala complexes. Neuropsychopharmacology 40 (10), 2317-2326.

Nicholson, A.A., Ros, T., Frewen, P.A., Densmore, M., Théberge, J., Kluetsch, R.C., Jetly,
R., Lanius, R.A., 2016. Alpha oscillation neurofeedback modulates amygdala complex
connectivity and arousal in posttraumatic stress disorder. Neuroimage Clin. 12,
506-516.

Nishitani, N., Nagayasu, K., Asaoka, N., Yamashiro, M., Andoh, C., Nagai, Y., Kinoshita,
H., Kawai, H., Shibui, N., Liu, B., Hewinson, J., Shirakawa, H., Nakagawa, T.,
Hashimoto, H., Kasparov, S., Kaneko, S., 2019. Manipulation of dorsal raphe ser-
otonergic neurons modulates active coping to inescapable stress and anxiety-related
behaviors in mice and rats. Neuropsychopharmacology 44 (4), 721-732.

Novaes, L.S., Dos Santos, N.B., Batalhote, R.F.P., Malta, M.B., Camarini, R., Scavone, C.,
Munhoz, C.D., 2017. Environmental enrichment protects against stress-induced an-
xiety: role of glucocorticoid receptor, ERK, and CREB signaling in the basolateral
amygdala. Neuropharmacology 113 (Pt A), 457-466.

Oades, R.D., Halliday, G.M., 1987. Ventral tegmental (A10) system: neurobiology. 1.
Anatomy and connectivity. Brain Res. 434 (2), 117-165.

Oliveira, L.A., Gomes-de-Souza, L., Benini, R., Crestani, C.C., 2018. Control of cardio-
vascular responses to stress by CRF in the bed nucleus of stria terminalis is mediated
by local NMDA/nNOS/sGC/PKG signaling. Psychoneuroendocrinology 89, 168-176.

Osuch, E.A., Benson, B., Geraci, M., Podell, D., Herscovitch, P., McCann, U.D., Post, R.M.,
2001. Regional cerebral blood flow correlated with flashback intensity in patients
with posttraumatic stress disorder. Biol. Psychiatry 50 (4), 246-253.

Ozaki, M., Sasner, M., Yano, R., Lu, H.S., Buonanno, A., 1997. Neuregulin-beta induces
expression of an NMDA-receptor subunit. Nature 390 (6661), 691-694.

Palma-Gudiel, H., Cérdova-Palomera, A., Leza, J.C., Fafianas, L., 2015. Glucocorticoid
receptor gene (NR3C1) methylation processes as mediators of early adversity in
stress-related disorders causality: a critical review. Neurosci. Biobehav. Rev. 55,
520-535.

Panouilléres, M., Alahyane, N., Urquizar, C., Salemme, R., Nighoghossian, N., Gaymard,
B., Tilikete, C., Pélisson, D., 2013. Effects of structural and functional cerebellar le-
sions on sensorimotor adaptation of saccades. Exp. Brain Res. 231 (1), 1-11.

Park, C.H., Hitri, A., Lukacs, L.G., Deutsch, S.I., 1993. Swim stress selectively alters the
specific binding of a benzodiazepine antagonist in mice. Pharmacol. Biochem. Behav.
45 (2), 299-304.

Partridge, J.G., Forcelli, P.A., Luo, R., Cashdan, J.M., Schulkin, J., Valentino, R.J., Vicini,
S., 2016. Stress increases GABAergic neurotransmission in CRF neurons of the central
amygdala and bed nucleus stria terminalis. Neuropharmacology 107, 239-250.

Pascual, R., Ebner, D., Araneda, R., Urqueta, M.J., Bustamante, C., 2010. Maternal stress
induces long-lasting Purkinje cell developmental impairments in mouse offspring.
Eur. J. Pediatr. 169 (12), 1517-1522.

Pascual, R., Valencia, M., Bustamante, C., 2015. Purkinje cell dendritic atrophy induced
by prenatal stress is mitigated by early environmental enrichment. Neuropediatrics
46 (1), 37-43.

Pazini, F.L., Cunha, M.P., Rosa, J.M., Colla, A.R., Lieberknecht, V., Oliveira, A.,
Rodrigues, A.L., 2016. Creatine, similar to ketamine, counteracts depressive-like
behavior induced by corticosterone via PI3K/Akt/mTOR pathway. Mol. Neurobiol.
53 (10), 6818-6834.

Pissiota, A., Frans, O., Fernandez, M., von Knorring, L., Fischer, H., Fredrikson, M., 2002.
Neurofunctional correlates of posttraumatic stress disorder: a PET symptom provo-
cation study. Eur. Arch. Psychiatry Clin. Neurosci. 252 (2), 68-75.

Philip, N.S., Kuras, Y.I., Valentine, T.R., Sweet, L.H., Tyrka, A.R., Price, L.H., Carpenter,
L.L., 2013. Regional homogeneity and resting state functional connectivity: associa-
tions with exposure to early life stress. Psychiatry Res. 214 (3), 247-253.

Purves, D., Augustine, G.J., Fitzpatrick, D., et al., (Eds.), Neuroscience. 2nd ed.
Sunderland (MA): Sinauer Associates; 2001. Circuits within the Cerebellum.
Available from: https://www.ncbi.nlm.nih.gov/books/NBK10865/.

Rabellino, D., Densmore, M., Frewen, P.A., Théberge, J., Lanius, R.A., 2016. The innate
alarm circuit in post-traumatic stress disorder: conscious and subconscious processing
of fear- and trauma-related cues. Psychiatry Res. 248, 142-150.

Rabellino, D., Densmore, M., Théberge, J., McKinnon, M.C., Lanius, R.A., 2018a. The
cerebellum after trauma: resting-state functional connectivity of the cerebellum in
posttraumatic stress disorder and its dissociative subtype. Hum. Brain Mapp. 39 (8),
3354-3374.

Rabellino, D., Densmore, M., Harricharan, S., Jean, T., McKinnon, M.C., Lanius, R.A.,
2018b. Resting-state functional connectivity of the bed nucleus of the stria terminalis
in post-traumatic stress disorder and its dissociative subtype. Hum. Brain Mapp. 39
(3), 1367-1379.

Real, E., Subira, M., Alonso, P., Segalas, C., Labad, J., Orfila, C., L6pez-Sola, C., Martinez-

20

Frontiers in Neuroendocrinology 54 (2019) 100774

Zalacain, 1., Via, E., Cardoner, N., Jiménez-Murcia, S., Soriano-Mas, C., Menchén,
J.M., 2016. Brain structural correlates of obsessive-compulsive disorder with and
without preceding stressful life events. World J. Biol. Psychiatry 17 (5), 366-377.

Regehr, W.G., Atluri, P.P., 1995. Calcium transients in cerebellar granule cell presynaptic
terminals. Biophys. J. 68 (5), 2156-2170.

Regier, P.S., Monge, Z.A., Franklin, T.R., Wetherill, R.R., Teitelman, A., Jagannathan, K.,
Suh, J.J., Wang, Z., Young, K.A., Gawrysiak, M., Langleben, D.D., Kampman, K.M.,
O'Brien, C.P., Childress, A.R., 2017. Emotional, physical and sexual abuse are asso-
ciated with a heightened limbic response to cocaine cues. Addict Biol. 22 (6),
1768-1777.

Revilla, V., Soria, C., Aller, M.I., Calvo, P., Fernandez-Lépez, A., 1999. Effect of surgical
stress on benzodiazepine receptors as a consequence of placebo pellet implantation in
rat: an autoradiographic study. Brain Res. Bull. 49 (6), 413-418.

Rezin, G.T., Cardoso, M.R., Gon¢alves, C.L., Scaini, G., Fraga, D.B., Riegel, R.E., Comim,
C.M., Quevedo, J., Streck, E.L., 2008. Inhibition of mitochondrial respiratory chain in
brain of rats subjected to an experimental model of depression. Neurochem. Int. 53
(6-8), 395-400.

Rezin, G.T., Gongalves, C.L., Daufenbach, J.F., Fraga, D.B., Santos, P.M., Ferreira, G.K.,
Hermani, F.V., Comim, C.M., Quevedo, J., Streck, E.L., 2009. Acute administration of
ketamine reverses the inhibition of mitochondrial respiratory chain induced by
chronic mild stress. Brain Res. Bull. 79 (6), 418-421.

Rezin, G.T., Gongalves, C.L., Daufenbach, J.F., Carvalho-Silva, M., Borges, L.S., Vieira,
J.S., Hermani, F.V., Comim, C.M., Quevedo, J., Streck, E.L., 2010. Effect of chronic
administration of ketamine on the mitochondrial respiratory chain activity caused by
chronic mild stress. Acta Neuropsychiatr. 22 (6), 292-299.

Reznikov, L.R., Reagan, L.P., Fadel, J.R., 2008. Activation of phenotypically distinct
neuronal subpopulations in the anterior subdivision of the rat basolateral amygdala
following acute and repeated stress. J. Comp. Neurol. 508 (3), 458-472.

Rinaldo, L., Hansel, C., 2013. Muscarinic acetylcholine receptor activation blocks long-
term potentiation at cerebellar parallel fiber-Purkinje cell synapses via cannabinoid
signaling. Proc. Natl. Acad. Sci. USA 110 (27), 11181-11186.

Robinson, F.R., Fuchs, A.F., Noto, C.T., 2002. Cerebellar influences on saccade plasticity.
Ann. N Y Acad. Sci. 956, 155-163.

Rochefort, C., Arabo, A., André, M., Poucet, B., Save, E., Rondi-Reig, L., 2011. Cerebellum
shapes hippocampal spatial code. Science 334 (6054), 385-389.

Roozendaal, B., McEwen, B.S., Chattarji, S., 2009. Stress, memory and the amygdala. Nat.
Rev. Neurosci. 10 (6), 423-433.

Rougemont-Biicking, A., Linnman, C., Zeffiro, T.A., Zeidan, M.A., Lebron-Milad, K.,
Rodriguez-Romaguera, J., Rauch, S.L., Pitman, R.K., Milad, M.R., 2011. Altered
processing of contextual information during fear extinction in PTSD: an fMRI study.
CNS Neurosci. Ther. 17 (4), 227-236.

Rowan, M.J.M., Bonnan, A., Zhang, K., Amat, S.B., Kikuchi, C., Taniguchi, H., Augustine,
G.J., Christie, J.M., 2018. Graded control of climbing-fiber-mediated plasticity and
learning by inhibition in the cerebellum. Neuron 99 (5), 999-1015.

Rubin, E.H., Ferrendelli, J.A., 1977. Distribution and regulation of cyclic nucleotide levels
in cerebellum, in vivo. J. Neurochem. 29 (1), 43-51.

Saavedra, J.M., Torda, T., 1980. Increased brain stem and decreased hypothalamic
adrenaline-forming enzyme after acute and repeated immobilization stress in the rat.
Neuroendocrinology 31 (2), 142-146.

Sabbot, 1., Costin, A., 1974. Effect of stress on the uptake of radiolabelled calcium in the
pituitary gland and the brain of the rat. J. Neurochem. 22 (5), 731-734.

Sacchetti, B., Baldi, E., Lorenzini, C.A., Bucherelli, C., 2002. Cerebellar role in fear-con-
ditioning consolidation. Proc. Natl. Acad. Sci. USA 99 (12), 8406-8411.

Sang, L., Qin, W., Liu, Y., Han, W., Zhang, Y., Jiang, T., Yu, C., 2012. Resting-state
functional connectivity of the vermal and hemispheric subregions of the cerebellum
with both the cerebral cortical networks and subcortical structures. Neuroimage 61
(4), 1213-1225.

Salum, C., Roque-da-Silva, A.C., Morato, S., 2003. Conflict as a determinant of rat be-
havior in three types of elevated plus-maze. Behav. Processes 63 (2), 87-93.

Satoh, E., Edamatsu, H., Omata, Y., 2006. Acute restraint stress enhances calcium mo-
bilization and proliferative response in splenic lymphocytes from mice. Stress 9 (4),
223-230.

Schambra, U.B., Mackensen, G.B., Stafford-Smith, M., Haines, D.E., Schwinn, D.A., 2005.
Neuron specific alpha-adrenergic receptor expression in human cerebellum: im-
plications for emerging cerebellar roles in neurologic disease. Neuroscience 135 (2),
507-523.

Schiile, C., Nothdurfter, C., Rupprecht, R., 2014. The role of allopregnanolone in de-
pression and anxiety. Prog. Neurobiol. 113, 79-87.

Schwarz, L.A., Miyamichi, K., Gao, X.J., Beier, K.T., Weissbourd, B., DeLoach, K.E., Ren,
J., Ibanes, S., Malenka, R.C., Kremer, E.J., Luo, L., 2015. Viral-genetic tracing of the
input-output organization of a central noradrenaline circuit. Nature 524 (7563),
88-92.

Seo, D., Tsou, K.A., Ansell, E.B., Potenza, M.N., Sinha, R., 2014. Cumulative adversity
sensitizes neural response to acute stress: association with health symptoms.
Neuropsychopharmacology 39 (3), 670-680.

Seo, D., Jia, Z., Lacadie, C.M., Tsou, K.A., Bergquist, K., Sinha, R., 2011. Sex differences in
neural responses to stress and alcohol context cues. Hum. Brain Mapp. 32 (11),
1998-2013.

Seo, D., Ahluwalia, A., Potenza, M.N., Sinha, R., 2017. Sex differences in neural correlates
of stress-induced anxiety. J. Neurosci. Res. 95 (1-2), 115-125.

Seo, D., Rabinowitz, A.G., Douglas, R.J., Sinha, R., 2019. Limbic response to stress linking
life trauma and hypothalamus-pituitary-adrenalaxis function.
Psychoneuroendocrinology 99, 38-46.

Seong, H.H., Park, J.M., Kim, Y.J., 2018. Antidepressive effects of environmental en-
richment in chronic stress-induced depression in rats. Biol. Res. Nurs. 20 (1), 40-48.

Sethy, V.H., Oien, T.T., 1991. Role of cGMP in the mechanism of anxiolytic activity of U-


http://refhub.elsevier.com/S0091-3022(19)30035-4/h0935
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0935
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0940
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0940
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0945
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0945
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0945
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0945
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0950
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0950
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0950
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0950
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0955
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0955
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0955
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0960
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0960
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0960
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0960
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0965
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0965
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0965
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0965
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0970
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0970
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0970
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0970
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0970
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0975
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0975
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0975
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0975
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0980
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0980
http://refhub.elsevier.com/S0091-3022(19)30035-4/optnbQVjtpvdf
http://refhub.elsevier.com/S0091-3022(19)30035-4/optnbQVjtpvdf
http://refhub.elsevier.com/S0091-3022(19)30035-4/optnbQVjtpvdf
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0985
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0985
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0985
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0990
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0990
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0995
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0995
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0995
http://refhub.elsevier.com/S0091-3022(19)30035-4/h0995
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1000
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1000
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1000
http://refhub.elsevier.com/S0091-3022(19)30035-4/h9000
http://refhub.elsevier.com/S0091-3022(19)30035-4/h9000
http://refhub.elsevier.com/S0091-3022(19)30035-4/h9000
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1005
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1005
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1005
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1010
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1010
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1010
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1015
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1015
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1015
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1020
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1020
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1020
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1020
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1025
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1025
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1025
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1030
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1030
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1030
https://www.ncbi.nlm.nih.gov/books/NBK10865/
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1040
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1040
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1040
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1045
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1045
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1045
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1045
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1050
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1050
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1050
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1050
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1055
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1055
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1055
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1055
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1060
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1060
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1065
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1065
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1065
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1065
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1065
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1070
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1070
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1070
http://refhub.elsevier.com/S0091-3022(19)30035-4/optL6YWSMfTTx
http://refhub.elsevier.com/S0091-3022(19)30035-4/optL6YWSMfTTx
http://refhub.elsevier.com/S0091-3022(19)30035-4/optL6YWSMfTTx
http://refhub.elsevier.com/S0091-3022(19)30035-4/optL6YWSMfTTx
http://refhub.elsevier.com/S0091-3022(19)30035-4/optd0fD8PUpMA
http://refhub.elsevier.com/S0091-3022(19)30035-4/optd0fD8PUpMA
http://refhub.elsevier.com/S0091-3022(19)30035-4/optd0fD8PUpMA
http://refhub.elsevier.com/S0091-3022(19)30035-4/optd0fD8PUpMA
http://refhub.elsevier.com/S0091-3022(19)30035-4/optwo4yT8hnsJ
http://refhub.elsevier.com/S0091-3022(19)30035-4/optwo4yT8hnsJ
http://refhub.elsevier.com/S0091-3022(19)30035-4/optwo4yT8hnsJ
http://refhub.elsevier.com/S0091-3022(19)30035-4/optwo4yT8hnsJ
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1075
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1075
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1075
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1080
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1080
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1080
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1085
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1085
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1090
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1090
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1095
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1095
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1100
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1100
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1100
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1100
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1105
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1105
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1105
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1110
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1110
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1115
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1115
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1115
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1120
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1120
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1125
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1125
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1130
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1130
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1130
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1130
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1135
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1135
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1140
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1140
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1140
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1145
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1145
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1145
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1145
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1150
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1150
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1155
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1155
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1155
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1155
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1160
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1160
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1160
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1165
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1165
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1165
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1170
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1170
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1175
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1175
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1175
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1180
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1180
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1185

J. Moreno-Rius

78875. Pharmacol. Biochem. Behav. 39 (2), 379-382.

Shang, J., Lui, S., Meng, Y., Zhu, H., Qiu, C., Gong, Q., Liao, W., Zhang, W., 2014.
Alterations in low-level perceptual networks related to clinical severity in PTSD after
an earthquake: a resting-state fMRI study. PLoS One 9 (5), e96834.

Sharma, H.S., Alm, P., 2002. Nitric oxide synthase inhibitors influence dynorphin A
(1-17) immunoreactivity in the rat brain following hyperthermia. Amino Acids 23
(1-3), 247-259.

Sharma, H.S., Cervés-Navarro, J., Dey, P.K., 1991. Increased blood-brain barrier perme-
ability following acute short-term swimming exercise in conscious normotensive
young rats. Neurosci. Res. 10 (3), 211-221.

Sharma, H.S., Westman, J., Navarro, J.C., Dey, P.K., Nyberg, F., 1995. Probable in-
volvement of serotonin in the increased permeability of the blood-brain barrier by
forced swimming. An experimental study using Evans blue and 131I-sodium tracers
in the rat. Behav. Brain Res. 72 (1-2), 189-196.

Sharma, H.S., Zimmer, C., Westman, J., Cervds-Navarro, J., 1992. Acute systemic heat
stress increases glial fibrillary acidic protein immunoreactivity in brain: experimental
observations in conscious normotensive young rats. Neuroscience 48 (4), 889-901.

Shields, G.S., Doty, D., Shields, R.H., Gower, G., Slavich, G.M., Yonelinas, A.P., 2017.
Recent life stress exposure is associated with poorer long-term memory, working
memory, and self-reported memory. Stress 20 (6), 598-607.

Simmons, A.N., Flagan, T.M., Wittmann, M., Strigo, L.A., Matthews, S.C., Donovan, H.,
Lohr, J.B., Paulus, M.P., 2013. The effects of temporal unpredictability in anticipation
of negative events in combat veterans with PTSD. J. Affect Disord. 146 (3), 426-432.

Sinha, R., Lacadie, C.M., Constable, R.T., Seo, D., 2016. Dynamic neural activity during
stress signals resilient coping. Proc. Natl. Acad. Sci. USA 113 (31), 8837-8842.

Skultétyovd, I., Tokarev, D., Jezovd, D., 1998. Stress-induced increase in blood-brain
barrier permeability in control and monosodium glutamate-treated rats. Brain Res.
Bull. 45 (2), 175-178.

Smith, J.W., Evans, A.T., Costall, B., Smythe, J.W., 2002. Thyroid hormones, brain
function and cognition: a brief review. Neurosci. Biobehav. Rev. 26 (1), 45-60.
Solecki, W.B., Szklarczyk, K., Klasa, A., Pradel, K., Dobrzarski, G., Przewlocki, R., 2017.
Alpha(1)-adrenergic receptor blockade in the VTA modulates fear memories and

stress responses. Eur. Neuropsychopharmacol. 27 (8), 782-794.

Sood, A., Chaudhari, K., Vaidya, V.A., 2018. Acute stress evokes sexually dimorphic,
stressor-specific patterns of neural activation across multiple limbic brain regions in
adult rats. Stress 21 (2), 136-150.

Sousa, R.J., Tannery, N.H., Lafer, E.M., 1989. In situ hybridization mapping of gluco-
corticoid receptor messenger ribonucleic acid in rat brain. Mol. Endocrinol. 3 (3),
481-494.

Spinelli, S., Chefer, S., Suomi, S.J., Higley, J.D., Barr, C.S., Stein, E., 2009. Early-life stress
induces long-term morphologic changes in primate brain. Arch. Gen. Psychiatry 66
(6), 658-665.

Steiger, F., Nees, F., Wicking, M., Lang, S., Flor, H., 2015. Behavioral and central corre-
lates of contextual fear learning and contextual modulation of cued fear in post-
traumatic stress disorder. Int. J. Psychophysiol. 98 (3 Pt 2), 584-593.

Steiner, K.M., Gisbertz, Y., Chang, D.I., Koch, B., Uslar, E., Claassen, J., Wondzinski, E.,
Ernst, T.M., Goricke, S.L., Siebler, M., Timmann, D., 2019. Extinction and renewal of
conditioned eyeblink responses in focal cerebellar disease. Cerebellum 18 (2),
166-177.

Stevens, J.S., Jovanovic, T., Fani, N., Ely, T.D., Glover, E.M., Bradley, B., Ressler, K.J.,
2013. Disrupted amygdala-prefrontal functional connectivity in civilian women with
posttraumatic stress disorder. J. Psychiatr. Res. 47 (10), 1469-1478.

Stephenson, C.P., Hunt, G.E., Topple, A.N., McGregor, 1.S., 1999. The distribution of 3,4-
methylenedioxymethamphetamine “Ecstasy”-induced c-fos expression in rat brain.
Neuroscience 92 (3), 1011-1023.

Stojanovich, L., Marisavljevich, D., 2008. Stress as a trigger of autoimmune disease.
Autoimmun Rev. 7 (3), 209-213.

Stoodley, C.J., Schmahmann, J.D., 2009. Functional topography in the human cere-
bellum: a meta-analysis of neuroimaging studies. Neuroimage 44 (2), 489-501.

Strigo, I.A., Matthews, S.C., Simmons, A.N., 2013. Decreased frontal regulation during
pain anticipation in unmedicated subjects with major depressive disorder. Transl.
Psychiatry 3, e239.

Sun, F., Lei, Y., You, J., Li, C., Sun, L., Garza, J., Zhang, D., Guo, M., Scherer, P.E., Lodge,
D., Lu, X.Y., 2019. Adiponectin modulates ventral tegmental area dopamine neuron
activity and anxiety-related behavior through AdipoR1. Mol. Psychiatry 24 (1),
126-144.

Sung, K.X., Jang, D.P., Lee, S., Kim, M., Lee, S.Y., Kim, Y.B., Park, C.W., Cho, Z.H., 2009.
Neural responses in rat brain during acute immobilization stress: a [F-18]FDG micro
PET imaging study. Neuroimage 44 (3), 1074-1080.

Sussman, D., Pang, E.-W., Jetly, R., Dunkley, B.T., Taylor, M.J., 2016. Neuroanatomical
features in soldiers with post-traumatic stress disorder. BMC Neurosci. 17, 13.

Takada, Y., Urano, T., Ihara, H., Takada, A., 1995. Changes in the central and peripheral
serotonergic system in rats exposed to water-immersion restrained stress and nicotine
administration. Neurosci. Res. 23 (3), 305-311.

Takagi, M., Zee, D.S., Tamargo, R.J., 1998. Effects of lesions of the oculomotor vermis on
eye movements in primate: saccades. J. Neurophysiol. 80 (4), 1911-1931.

Takayasu, Y., lino, M., Furuya, N., Ozawa, S., 2003. Muscarine-induced increase in fre-
quency of spontaneous EPSCs in Purkinje cells in the vestibulo-cerebellum of the rat.
J. Neurosci. 23 (15), 6200-6208.

Thome, J., Densmore, M., Frewen, P.A., McKinnon, M.C., Théberge, J., Nicholson, A.A.,
Koenig, J., Thayer, J.F., Lanius, R.A., 2017. Desynchronization of autonomic response
and central autonomic network connectivity in posttraumatic stress disorder. Hum.
Brain Mapp. 38 (1), 27-40.

Tillfors, M., Furmark, T., Marteinsdottir, I., Fredrikson, M., 2002. Cerebral blood flow
during anticipation of public speaking in social phobia: a PET study. Biol. Psychiatry
52 (11), 1113-1119.

21

Frontiers in Neuroendocrinology 54 (2019) 100774

Timiras, P.S., Woodbury, D.M., Agarwal, S.L., 1955. Effect of thyroxine and triio-
dothyronine on brain function and electrolyte distribution in intact and adrena-
lectomized rats. J. Pharmacol. Exp. Ther. 115 (2), 154-171.

Tiu, S.C., Chan, W.Y., Heizmann, C.W., Schéfer, B.W., Shu, S.Y., Yew, D.T., 2000.
Differential expression of S100B and S100A6(1) in the human fetal and aged cerebral
cortex. Brain Res. Dev. Brain Res. 119 (2), 159-168.

Tomas-Roig, J., Havemann-Reinecke, U., 2019. Gene expression signature in brain re-
gions exposed to long-term psychosocial stress following acute challenge with can-
nabinoid drugs. Psychoneuroendocrinology 102, 1-8.

Tomas-Roig, J., Piscitelli, F., Gil, V., Del Rio, J.A., Moore, T.P., Agbemenyah, H., Salinas-
Riester, G., Pommerenke, C., Lorenzen, S., Beibarth, T., Hoyer-Fender, S., Di Marzo,
V., Havemann-Reinecke, U., 2016. Social defeat leads to changes in the en-
docannabinoid system: an overexpression of calreticulin and motor impairment in
mice. Behav. Brain Res. 303, 34-43.

Tomasi, D., Volkow, N.D., 2011. Association between functional connectivity hubs and
brain networks. Cereb. Cortex 21 (9), 2003-2013.

Torner, L., Toschi, N., Pohlinger, A., Landgraf, R., Neumann, 1.D., 2001. Anxiolytic and
anti-stress effects of brain prolactin: improved efficacy of antisense targeting of the
prolactin receptor by molecular modeling. J. Neurosci. 21 (9), 3207-3214.

Téth, Z., Mihdly, A., Matyas, A., Krisztin-Péva, B., 2018. Non-competitive antagonists of
NMDA and AMPA receptors decrease seizure-induced c-fos protein expression in the
cerebellum and protect against seizure symptoms in adult rats. Acta Histochem. 120
(3), 236-241.

Tsakiris, S., Kontopoulos, A.N., 1993. Time changes in Na+, K(+)-ATPase, Mg(+
+)-ATPase, and acetylcholinesterase activities in the rat cerebrum and cerebellum
caused by stress. Pharmacol. Biochem. Behav. 44 (2), 339-342.

Turner, C.E., Byblow, W.D., Gant, N., 2015. Creatine supplementation enhances corti-
comotor excitability and cognitive performance during oxygen deprivation. J.
Neurosci. 35 (4), 1773-1780.

Ubl, B., Kuehner, C., Kirsch, P., Ruttorf, M., Diener, C., Flor, H., 2015. Altered neural
reward and loss processing and prediction error signalling in depression. Soc. Cogn
Affect Neurosci. 10 (8), 1102-1112.

Ulupinar, E., Yucel, F., 2005. Prenatal stress reduces interneuronal connectivity in the rat
cerebellar granular layer. Neurotoxicol. Teratol. 27 (3), 475-484.

Ulupinar, E., Yucel, F., Ortug, G., 2006. The effects of prenatal stress on the Purkinje cell
neurogenesis. Neurotoxicol. Teratol. 28 (1), 86-94.

Ursano, R.J., Fullerton, C.S., 1999. Posttraumatic stress disorder: cerebellar regulation of
psychological, interpersonal, and biological responses to trauma? Psychiatry 62 (4),
325-328.

Vai, B., Riberto, M., Ghiglino, D., Bollettini, I., Falini, A., Benedetti, F., Poletti, S., 2018.
Mild adverse childhood experiences increase neural efficacy during affective theory
of mind. Stress 21 (1), 84-89.

Vallée, M., Vitiello, S., Bellocchio, L., Hébert-Chatelain, E., Monlezun, S., Martin-Garcia,
E., Kasanetz, F., Baillie, G.L., Panin, F., Cathala, A., Roullot-Lacarriéere, V., Fabre, S.,
Hurst, D.P., Lynch, D.L., Shore, D.M., Deroche-Gamonet, V., Spampinato, U., Revest,
J.M., Maldonado, R., Reggio, P.H., Ross, R.A., Marsicano, G., Piazza, P.V., 2014.
Pregnenolone can protect the brain from cannabis intoxication. Science 343 (6166),
94-98.

Van der Meer, M.A., Redish, A.D., 2010. Expectancies in decision making, reinforcement
learning, and ventral striatum. Front. Neurosci. 4, 29-37.

Van Laeken, N., Pauwelyn, G., Dockx, R., Descamps, B., Brans, B., Peremans, K., Baeken,
C., Goethals, I., Vanhove, C., De Vos, F., 2018. Regional alterations of cerebral [O®F]
FDG metabolism in the chronic unpredictable mild stress- and the repeated corti-
costerone depression model in rats. J. Neural. Transm. (Vienna) 125 (9), 1381-1393.

Vasconcelos, M., Stein, D.J., Albrechet-Souza, L., Miczek, K.A., de Almeida, R.M.M., 2019.
Recovery of stress-impaired social behavior by an antagonist of the CRF binding
protein, CRF(6-33,) in the bed nucleus of the stria terminalis of male rats. Behav.
Brain Res. 357, 104-110.

Vazquez-Sanroman, D., Sanchis-Segura, C., Toledo, R., Hernandez, M.E., Manzo, J.,
Miquel, M., 2013. The effects of enriched environment on BDNF expression in the
mouse cerebellum depending on the length of exposure. Behav. Brain Res. 243,
118-128.

Vogel, S., Kluen, L.M., Fernidndez, G., Schwabe, L., 2018. Stress leads to aberrant hip-
pocampal involvement when processing schema-related information. Learn Mem. 25
(1), 21-30.

Volkow, N.D., Wang, G.J., Ma, Y., Fowler, J.S., Zhu, W., Maynard, L., Swanson, J.M.,
2003. Expectation enhances the regional brain metabolic and the reinforcing effects
of stimulants in cocaine abusers. J. Neurosci. 23 (36), 11461-11468.

Walf, A.A.,, Frye, C.A., 2007. The use of the elevated plus maze as an assay of anxiety-
related behavior in rodents. Nat. Protoc. 2 (2), 322-328.

Wagner, M.J., Kim, T.H., Savall, J., Schnitzer, M.J., Luo, L., 2017. Cerebellar granule cells
encode the expectation of reward. Nature 544 (7648), 96-100.

Walsh, N.D., Dalgleish, T., Lombardo, M.V., Dunn, V.J., Van Harmelen, A.L., Ban, M.,
Goodyer, I.M., 2014. General and specific effects of early-life psychosocial adversities
on adolescent grey matter volume. Neuroimage Clin. 4, 308-318.

Wang, Y., Chen, Z.P., Zhuang, Q.X., Zhang, X.Y., Li, H.Z., Wang, J.J., Zhu, J.N., 2017.
Role of corticotropin-releasing factor in cerebellar motor control and ataxia. Curr
Biol. 27 (17), 2661-2669.

Warren, R., Sawtell, N.B., 2016. A comparative approach to cerebellar function: insights
from electrosensory systems. Curr. Opin Neurobiol. 41, 31-37.

Watanabe, H.K., Ho, LK., Hoskins, B., 1987. Effects of cold stress on brain regional cal-
cium content in rats and mice. Brain Res. Bull. 19 (4), 407-409.

Weger, M., Sandi, C., 2018. High anxiety trait: A vulnerable phenotype for stress-induced
depression. Neurosci. Biobehav. Rev. 87, 27-37.

Wen, L., Han, F., Shi, Y., 2015. Changes in the glucocorticoid receptor and Ca* /calre-
ticulin-dependent signalling pathway in the medial prefrontal cortex of rats with


http://refhub.elsevier.com/S0091-3022(19)30035-4/h1185
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1190
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1190
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1190
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1195
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1195
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1195
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1200
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1200
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1200
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1205
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1205
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1205
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1205
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1210
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1210
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1210
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1215
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1215
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1215
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1220
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1220
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1220
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1225
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1225
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1230
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1230
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1230
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1235
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1235
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1240
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1240
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1240
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1245
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1245
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1245
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1250
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1250
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1250
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1255
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1255
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1255
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1260
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1260
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1260
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1265
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1265
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1265
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1265
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1270
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1270
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1270
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1275
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1275
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1275
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1280
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1280
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1285
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1285
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1290
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1290
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1290
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1295
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1295
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1295
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1295
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1300
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1300
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1300
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1305
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1305
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1310
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1310
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1310
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1315
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1315
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1320
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1320
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1320
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1330
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1330
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1330
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1330
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1335
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1335
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1335
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1340
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1340
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1340
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1345
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1345
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1345
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1350
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1350
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1350
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1355
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1355
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1355
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1355
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1355
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1360
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1360
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1365
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1365
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1365
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1370
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1370
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1370
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1370
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1375
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1375
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1375
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1380
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1380
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1380
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1385
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1385
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1385
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1390
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1390
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1395
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1395
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1400
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1400
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1400
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1405
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1405
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1405
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1410
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1410
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1410
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1410
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1410
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1410
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1415
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1415
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1420
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1420
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1420
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1420
http://refhub.elsevier.com/S0091-3022(19)30035-4/optmlDegFBqtc
http://refhub.elsevier.com/S0091-3022(19)30035-4/optmlDegFBqtc
http://refhub.elsevier.com/S0091-3022(19)30035-4/optmlDegFBqtc
http://refhub.elsevier.com/S0091-3022(19)30035-4/optmlDegFBqtc
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1425
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1425
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1425
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1425
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1430
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1430
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1430
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1435
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1435
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1435
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1440
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1440
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1445
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1445
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1450
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1450
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1450
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1455
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1455
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1455
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1460
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1460
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1465
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1465
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1470
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1470
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1475
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1475

J. Moreno-Rius

post-traumatic stress disorder. J. Mol. Neurosci. 56 (1), 24-34.

Wilber, A.A., Lin, G.L., Wellman, C.L., 2010. Glucocorticoid receptor blockade in the
posterior interpositus nucleus reverses maternal separation-induced deficits in adult
eyeblink conditioning. Neurobiol. Learn Mem. 94 (2), 263-268.

Wolf, O.T., Minnebusch, D., Daum, I., 2009. Stress impairs acquisition of delay eyeblink
conditioning in men and women. Neurobiol. Learn. Mem. 91, 431-436.

Wolf, O.T., Bauser, D.S., Daum, 1., 2012. Eyeblink conditional discrimination learning in
healthy young men is impaired after stress exposure. Psychophysiology 49, 164-171.

Wolpert, D.M., Miall, R.C., Kawato, M., 1998. Internal models in the cerebellum. Trends
Cogn. Sci. 2 (9), 338-347.

Wood, S.K., Valentino, R.J., 2017. The brain norepinephrine system, stress and cardio-
vascular vulnerability. Neurosci. Biobehav. Rev. 74 (Pt B), 393-400.

Xie, F., Raetzman, L.T., Siegel, R.E., 2004. Neuregulin induces GABAA receptor beta2
subunit expression in cultured rat cerebellar granule neurons by activating multiple
signaling pathways. J Neurochem. 90 (6), 1521-1529.

Xu, G., Li, Y., Ma, C., Wang, C., Sun, Z., Shen, Y., Liu, L., Li, S., Zhang, X., Cong, B., 2019.
Restraint stress induced hyperpermeability and damage of the blood-brain barrier in
the amygdala of adult rats. Front. Mol. Neurosci. 12, 32.

Xu, Y., Pan, J., Sun, J., Ding, L., Ruan, L., Reed, M., Yu, X., Klabnik, J., Lin, D., Li, J., Chen,
L., Zhang, C., Zhang, H., O'Donnell, J.M., 2015. Inhibition of phosphodiesterase 2
reverses impaired cognition and neuronal remodeling caused by chronic stress.
Neurobiol. Aging 36 (2), 955-970.

Xu, K., Seo, D., Hodgkinson, C., Hu, Y., Goldman, D., Sinha, R., 2013. A variant on the
kappa opioid receptor gene (OPRK1) is associated with stress response and related
drug craving, limbic brain activation and cocaine relapse risk. Transl. Psychiatry 3,
e292.

Xu-Wilson, M., Chen-Harris, H., Zee, D.S., Shadmehr, R., 2009. Cerebellar contributions
to adaptive control of saccades in humans. J. Neurosci. 29, 12930-12939.

Xue, Y.X., Xue, L.F., Liu, J.F., He, J., Deng, J.H., Sun, S.C., Han, H.B., Luo, Y.X., Xu, L.Z.,
Wu, P., Lu, L., 2014. Depletion of perineuronal nets in the amygdala to enhance the
erasure of drug memories. J. Neurosci. 34 (19), 6647-6658.

Yang, S., Cheng, Y., Mo, Y., Bai, Y., Shen, Z., Liu, F., Li, N., Jiang, L., Chen, W., Lu, Y., Sun,
X., Xu, X., 2017. Childhood maltreatment is associated with gray matter volume
abnormalities in patients with first-episode depression. Psychiatry Res. Neuroimaging
268, 27-34.

Yang, P., Wu, M.T., Hsu, C.C., Ker, J.H., 2004. Evidence of early neurobiological alter-
nations in adolescents with posttraumatic stress disorder: a functional MRI study.
Neurosci. Lett. 370 (1), 13-18.

Yazir, Y., Utkan, T., Aricioglu, F., 2012. Inhibition of neuronal nitric oxide synthase and

22

Frontiers in Neuroendocrinology 54 (2019) 100774

soluble guanylate cyclase prevents depression-like behaviour in rats exposed to
chronic unpredictable mild stress. Basic Clin. Pharmacol. Toxicol. 111 (3), 154-160.

Yehuda, R., Hoge, C.W., McFarlane, A.C., Vermetten, E., Lanius, R.A., Nievergelt, C.M.,
Hobfoll, S.E., Koenen, K.C., Neylan, T.C., Hyman, S.E., 2015. Post-traumatic stress
disorder. Nat. Rev. Dis. Primers 1, 15057.

Yeo, C.H., Hardiman, M.J., Glickstein, M., 1985. Classical conditioning of the nictitating
membrane response of the rabbit. I. Lesions of the cerebellar nuclei. Exp. Brain Res.
60 (1), 87-98.

Yin, Y., Li, L., Jin, C., Hu, X., Duan, L., Eyler, L.T., Gong, Q., Song, M., Jiang, T., Liao, M.,
Zhang, Y., Li, W., 2011. Abnormal baseline brain activity in posttraumatic stress
disorder: a resting-state functional magnetic resonance imaging study. Neurosci. Lett.
498 (3), 185-189.

Yip, S.W., Potenza, E.B., Balodis, .M., Lacadie, C.M., Sinha, R., Mayes, L.C., Potenza,
M.N., 2014. Prenatal cocaine exposure and adolescent neural responses to appetitive
and stressful stimuli. Neuropsychopharmacology 39 (12), 2824-2834.

Yoneda, Y., Han, D., Ogita, K., 1994. Preferential induction by stress of the N-methyl-D-
aspartate recognition domain in discrete structures of rat brain. J. Neurochem. 63 (5),
1863-1871.

Yonkers, K.A., Bruce, S.E., Dyck, LR., Keller, M.B., 2003. Chronicity, relapse, and illness-
course of panic disorder, social phobia, and generalized anxiety disorder: findings in
men and women from 8 years of follow-up. Depress. Anxiety. 17 (3), 173-179.

Yoo, S.W., Motari, M.G., Susuki, K., Prendergast, J., Mountney, A., Hurtado, A., Schnaar,
R.L., 2015. Sialylation regulates brain structure and function. FASEB J. 29 (7),
3040-3053.

Yuan, M., Qiu, C., Meng, Y., Ren, Z., Yuan, C,, Li, Y., Gao, M., Lui, S., Zhu, H., Gong, Q.,
Zhang, W., 2018. Pre-treatment resting-state functional MR imaging predicts the
long-term clinical outcome after short-term paroxtine treatment in post-traumatic
stress disorder. Front Psychiatry 9, 532.

Zhang, Y., Liu, F., Chen, H., Li, M., Duan, X., Xie, B., Chen, H., 2015. Intranetwork and
internetwork functional connectivity alterations in post-traumatic stress disorder. J.
Affect Disord. 187, 114-121.

Zhang, D., Wang, X., Wang, B., Garza, J.C., Fang, X., Wang, J., Scherer, P.E., Brenner, R.,
Zhang, W., Lu, X.Y., 2017. Adiponectin regulates contextual fear extinction and in-
trinsic excitability of dentate gyrus granule neurons through AdipoR2 receptors. Mol.
Psychiatry 22 (7), 1044-1055.

Zhu, J.N., Yung, W.H., Kwok-Chong Chow, B., Chan, Y.S., Wang, J.J., 2006. The cere-
bellar-hypothalamic circuits: potential pathways underlying cerebellar involvement
in somatic-visceral integration. Brain Res. Rev. 52 (1), 93-106.


http://refhub.elsevier.com/S0091-3022(19)30035-4/h1475
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1480
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1480
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1480
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1485
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1485
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1490
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1490
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1495
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1495
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1500
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1500
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1505
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1505
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1505
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1510
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1510
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1510
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1515
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1515
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1515
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1515
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1520
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1520
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1520
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1520
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1525
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1525
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1530
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1530
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1530
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1535
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1535
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1535
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1535
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1540
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1540
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1540
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1545
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1545
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1545
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1550
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1550
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1550
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1555
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1555
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1555
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1560
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1560
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1560
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1560
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1565
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1565
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1565
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1570
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1570
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1570
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1575
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1575
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1575
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1580
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1580
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1580
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1585
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1585
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1585
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1585
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1590
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1590
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1590
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1595
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1595
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1595
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1595
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1600
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1600
http://refhub.elsevier.com/S0091-3022(19)30035-4/h1600

	The cerebellum under stress
	Introduction
	Cerebellar anatomy, internal circuitry, and connections to stress-related brain areas
	The cerebellum and stressor exposure in non-human experimental animals
	Effects of acute stressor exposure on the cerebellum
	Neurotransmitter/neuromodulating systems and associated signaling molecules
	Cerebellar activity measurements
	Additional studies

	Effects of repeated stressor exposure on the cerebellum
	Neurotransmitter/neuromodulating systems and associated signaling molecules
	Cerebellar activity measurements
	Effects of early-life stress on the cerebellum
	Additional studies


	The cerebellum and stress in humans
	Cerebellar reactivity to stress-inducing stimuli in human subjects
	Morphological and functional cerebellar changes related to stressful life experiences and stress-induced task performance impairments
	Cerebellar changes associated with PTSD

	Stress-induced impairment of cerebellar predictive functioning as a contributor to stress-induced behavioral alterations
	Potential confounding factors
	Anticipation/prediction processes and the cerebellum
	How might stress impair cerebellum-based predictive functions?

	Conclusions and future directions
	Role of founding source
	mk:H1_23
	Acknowledgments
	References




