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Cerebellar fastigial nucleus: from anatomic
construction to physiological functions
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Abstract

Fastigial nucleus (FN) is the phylogenetically oldest nucleus in the cerebellum, a classical subcortical motor
coordinator. As one of the ultimate integration stations and outputs of the spinocerebellum, the FN holds a key
position in the axial, proximal and ocular motor control by projecting to the medial descending systems and eye
movement related nuclei. Furthermore, through topographic connections with extensive nonmotor systems,
including visceral related nuclei in the brainstem, hypothalamus, as well as the limbic system, FN has also been
implicated in regulation of various nonsomatic functions, such as feeding, cardiovascular and respiratory, defecation
and micturition, immune, as well as emotional activities. In clinic, FN lesion or dysfunction results in motor deficits
including spinocerebellar ataxias, and nonmotor symptoms. In this review, we summarize the cytoarchitecture,
anatomic afferent and efferent connections, as well as the motor and nonmotor functions of the FN and the
related diseases and disorders. We suggest that by bridging the motor and nonmotor systems, the cerebellar FN
may help to integrate somatic motor and nonsomatic functions and consequently contribute to generate a
coordinated response to internal and external environments.

Keywords: Fastigial nucleus, Somatic motor control, Ocular motor control, Feeding control, Cardiovascular control,
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Background
The fastigial nucleus (FN), together with the interposed
nucleus (in humans, emboliform and globose nuclei)
and the dentate nucleus, constitutes the cerebellar nu-
clei, the final integrated nodes and outputs of the cere-
bellum except the flocculonodular lobe. Compared with
the other cerebellar nuclei, the FN is located nearest to
the middle line at the anterior end of the superior ver-
mis, and situated immediately over the roof of the IVth
ventricle [1–3]. The size of the FN is smaller than the
dentate and interposed nuclei. Magnetic resonance im-
aging (MRI), susceptibility-weighted imaging, and other
anatomical studies have reported that the size of FN is
approximately 3-6 mm in width, 3-10 mm in length, and
2-5 mm in height in humans [2–6].
Among the cerebellar nuclei, FN is the phylogenetic-

ally oldest nucleus. In evolution, cerebellar nuclei system
first appeared in the elasmobranch [7]. Studies on the
* Correspondence: jjwang@nju.edu.cn; jnzhu@nju.edu.cn
State Key Laboratory of Pharmaceutical Biotechnology and Department of
Biological Science and Technology, School of Life Sciences, Nanjing
University, 163 Xianlin Avenue, Nanjing 210023, China

© 2016 Zhang et al. Open Access This article
International License (http://creativecommons
reproduction in any medium, provided you g
the Creative Commons license, and indicate if
(http://creativecommons.org/publicdomain/ze
organization of dogfish cerebellar nuclei revealed that
the medial and lateral regions separated by dense fasci-
cles of coarse myelinated fibers constituted the ancient
cerebellar nuclei system [8]. These medial and lateral di-
visions of cerebellar nuclei are retained in amphibian,
reptiles, as well as birds [9]. In mammals, three cerebel-
lar nuclei, the fastigial (medial), interposed (interpositus)
and dentate (lateral) nuclei, embedding separately in a
dense mass of white matter appear. A comparative study
on the afferent and efferent organizations of cerebellar
nuclei system in different species demonstrated that the
cerebellar FN and interposed nucleus of mammals are
homologous with the medial and lateral nucleus in the
cerebellum in lower tetrapods, respectively [9]. However,
the FN is highly conserved throughout mammalian evo-
lution, whereas the interposed nucleus has differentiated
into the emboliform and globose nuclei in the human
cerebellum [1].
The perfect evolutionary conservation of the FN indi-

cates that it may exert a critical functional role in the
cerebellum. It has been well known that FN participates
in the axial, proximal and ocular motor control. In fact,
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accumulating evidence reveals that FN also makes topo-
graphic connections with various nonmotor structures
and actively participates in regulation of various visceral
activities, such as feeding, circulation and respiration,
defecation and micturition, and even immunity and
emotion [10–12]. Therefore, FN dysfunction or lesion
may result in not only motor deficits (such as spinocere-
bellar ataxias, SCAs), but also nonmotor symptoms or
syndromes. In this review, the anatomic construction,
motor and nonmotor functions, as well as related
diseases of the cerebellar FN are summarized and
discussed.

Review
The cytoarchitecture of the FN
Diverse classes of neurons are heterogeneously distrib-
uted throughout the FN. These neurons vary in their
morphological features, projection patterns, transmitter
phenotypes as well as intrinsic firing properties. Diame-
ters of neuronal somata in the FN range from 5 to
35 μm [13]. According to their projection patterns, FN
neurons can be neatly classified into projection neurons
and interneurons, with long axons projecting out of the
cerebellar nuclei and short axons connecting only with
neurons within the FN, respectively [1, 14]. Based on the
transmitter phenotypes, glutamatergic, GABAergic as
well as glycinergic neurons have been identified in the
FN [1, 14, 15]. In addition, electrophysiological features
(e.g. action potential waveform, maximal firing rate and
input resistance) can also be used as classification cri-
teria to subdivide FN neurons into two populations. One
population shows a complex waveform of afterpotentials,
marked by a fast afterhyperpolarization (AHP), an after-
depolarization, and then a slow AHP, and exhibits bursts
of high-rate firing which are separated from each other
by intervals of quiescence under continuous intracellular
injection of hyperpolarizing current [13, 16, 17]. On the
contrary, the other population shows a simple after-
potential, marked only by a slow AHP, and turns to
be silent rather than burst firing under constant hy-
perpolarization [13, 16, 17].
Although the exact relationship among morphological

features, projection patterns, transmitter phenotypes,
and intrinsic firing properties of different neuronal types
still needs to be intensively investigated, several overlaps
among these classifications by different criteria indicate
that FN neurons can be subdivided into at least five
distinct populations, i.e., large-sized glutamatergic
projection neurons, large-sized glycinergic projection
neurons, medium-sized GABAergic projection neu-
rons, and small-sized GABA/glycine interneurons
and non-GABAergic interneurons. Large-sized gluta-
matergic projection neurons (diameters ranging from
20 to 35 μm), which send their axons to various
brain regions, are mainly distributed throughout the
FN [14]. These glutamatergic projection neurons ex-
hibit double AHP and burst firing pattern under
constant hyperpolarization [13, 16, 17]. Large-sized
glycinergic projection neurons (diameters ranging
from 20 to 35 μm) are located exclusively in the ros-
tral of the FN and send fibers to ipsilateral vestibular
nuclei and caudal brainstem [18]. The electrophysio-
logical features of the glycinergic projection neurons
resemble those of large glutamatergic projection neu-
rons. Medium-sized GABAergic projection neurons
(diameters ranging from 10 to 15 μm) provide feedback sig-
nals to the inferior olive. Up to now, the intrinsic electro-
physiology of the GABAergic projection neurons remains
poorly explored. Small-sized GABA/glycine interneurons
(diameters < 10 μm) exhibit single AHP and turn into silent
under constant hyperpolarization [13, 16, 17]. This type of
neurons confines their axonal terminations strictly in the
nucleus and thus is responsible for the signaling connection
and integration within the FN [15]. Finally, small non-
GABAergic interneurons, presumed glutamatergic, have
been recently reported existing in the FN [19]. The non-
GABAergic interneurons differ from their GABAergic
counterparts in that their action potential repolarization
and spontaneous firing are faster (albeit slower than that in
the glutamatergic projection neurons). However, the exact
neurochemical property and functional role of the non-
GABAergic interneurons remain enigmatic [14, 19].

The afferent and efferent connections of the FN
Organization of FN afferent pathways
Purkinje cells of the cerebellar vermis in both anterior
and posterior lobes send inhibitory GABAergic axons to
innervate FN and sculpture the FN neuronal activities
[1, 20, 21]. These Purkinje cell axons transfer processed
and integrated information of the cerebellar cortex of
the vermis to the FN and constitute the primary FN
afferent pathway (Fig. 1). Considering that the vermis
receives somatic sensory inputs related to the head
and proximal parts of the body from ascending spinal
pathways, the FN is well known as a key component
of spinocerebellum [1, 20, 22]. Interestingly, a recent
anatomic study on monkeys has shown that the pri-
mary motor cortex and several cortical motor areas
on the medial wall of the hemisphere provide a major
source of inputs to lobules VB–VIIIB of the vermis
[23], the output of which is directed largely at the
FN. In addition, the FN in monkeys has also been
reported to receive afferents from the flocculus,
which is related chiefly to the vestibular system and
mediates visual-vestibular interaction [21, 24]. There-
fore, based on the afferent connections, the FN may
also serve as a part of cerebrocerebellum and
vestibulocerebellum.



Fig. 1 Organization of FN afferent pathways. The inhibitory GABAergic Purkinje axons constitute the most primary FN afferent pathway (blue).
Two major types of afferents of the cerebellar circuitry, the climbing fibers from the inferior olive and the mossy fibers from the nucleus reticularis
tegmenti pontis, the medullary reticular formation, and the medial vestibular nucleus send excitatory glutamatergic collaterals to FN (red). In
addition, FN also receives serotonergic projections from the medullary/pontine reticular formation and the raphe nuclei (yellow) as well as
histaminergic and orexinergic afferents from the hypothalamus (green). CF, climbing fiber; FN, fastigial nucleus; IO, inferior olive; MF, mossy fiber;
MRF, medullary reticular formation; NRTP, nucleus reticularis tegmenti pontis; PC, Purkinje cell; PRF, pontine reticular formation; RN, raphe nuclei
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Two major types of afferents of the cerebellar circuitry
[20, 22], the climbing fibers from the caudal half of the
medial and dorsal accessory subdivisions of the inferior
olive [20, 22, 25] and the mossy fibers from the nucleus
reticularis tegmenti pontis, the medullary reticular for-
mation, and the medial vestibular nucleus [20, 22, 26],
send excitatory glutamatergic collaterals to FN (Fig. 1).
The Purkinje cell inputs combined with the afferents of
collaterals of climbing/mossy fibers constitute the clas-
sical FN afferent pathways in mammals including
humans. Moreover, experimental studies on opossums,
cats and monkeys have revealed that FN also receives se-
rotonergic projections arising from the medullary/pon-
tine reticular formation and raphe nuclei [27] (Fig. 1).
Noradrenergic inputs originating from the locus coeru-
leus to FN have been clarified in cats as well [28] (Fig. 1).
Besides, it has been well demonstrated that the direct
hypothalamocerebellar projections reach the FN on a
variety of mammals, including primates [29]. The projec-
tions originate mainly from rostral to mid-hypothalamic
levels, including the lateral hypothalamic area (LHA),
the dorsal hypothalamic area, the posterior hypothalamic
area, the dorsomedial hypothalamus nucleus (DMN),
fascicles of the column of the fornix, and the periven-
tricular hypothalamic nucleus (PVN) [10, 11, 29] (Fig. 1).
Although the neurotransmitters used by the hypothala-
mocerebellar projections are still unclear, histamine and
orexin are currently considered as two potential candi-
dates [10, 11, 13, 30–32]. These monoaminergic (includ-
ing serotonergic, noradrenergic and histaminergic) or
neuropeptidergic afferents are often called the third type
of cerebellar afferents, which may hold a key position in
modulating excitability and sensitivity of FN neurons.

Organization of FN efferent pathways
The FN sends extensive projections to numerous motor
structures via both descending and ascending pathways
[22, 33]. Through the descending projections to the
components of the medial descending systems in brain-
stem, including the vestibular nuclei and the medullary/
pontine reticular formations [1, 20–22], the FN is thus
considered as one of the ultimate outputs of the spino-
cerebellum and modulates motor behaviors via vestibu-
lospinal and reticulospinal tracts. Moreover, the FN also
targets structures in the brainstem controlling head, fa-
cial, and ocular movements, such as the cranial motor
nuclei IV, VI and VII, the perihypoglossal nucleus, the
rostral interstitial nucleus of the medial longitudinal fas-
ciculus, the oculomotor and abducens nuclei, as well as
the rostral interstitial nucleus of the medial longitudinal
fasciculus and the paramedian pontine reticular forma-
tion in the pontine reticular formation [34]. The above
descending pathways, through which FN participates in
the axial, proximal and ocular motor control, have been
well clarified in both primates and other mammals. Not-
ably, in nonhuman primates, it has also been reported
that via ascending pathways, axons of the FN neurons
cross to the contralateral side and project to the primary
motor cortex via a synapse in the ventrolateral nucleus
of the thalamus [35, 36].
In addition to motor areas, FN projects to various

nonmotor structures/regions (Fig. 2). Numerous



Fig. 2 Major FN efferent pathways and their related somatic motor and nonsomatic functions. Through the descending projections to the
brainstem, including the vestibular nuclei and the medullary/pontine reticular formations, and the bi-synapses ascending pathways to the primary
motor cortex, FN holds a key position in axial and proximal motor control (red). FN also projects to the rostral interstitial nucleus of the medial
longitudinal fasciculus and the paramedian pontine reticular formation in the pontine reticular formation to control ocular movement (blue). In
addition, FN sends direct projections to the hypothalamus, visceral-related nuclei/regions in the medullary reticular formations and the limbic
system to participate in feeding (purple), cardiovascular (orange), respiratory (brown) and emotional (green) regulations. FN, fastigial nucleus; M1,
primary motor cortex; MRF, medullary reticular formation; NA, nucleus acumbens; NGC, gigantocellular nucleus; NTS, nucleus of solitary tract; PPRF,
paramedian pontine reticular formation; PRF, pontine reticular formation; PRN, paramedian reticular nucleus; riMLF, rostral interstitial nucleus of
the medial longitudinal fasciculus; VL, ventrolateral nucleus of the thalamus
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neuroanatomical studies on monkeys, beagles and
cats using retrograde, anterograde tracing and auto-
radiography techniques have revealed that FN neu-
rons send efferent fibers into visceral structures
located within the medullary/pontine reticular forma-
tions, such as the gigantocellular nucleus (NGC), the
paramedian reticular nucleus (PRN), the nucleus of
solitary tract (NTS) and the nucleus ambiguus [37,
38]. The direct projections from the FN to the hypo-
thalamus, a critical center for regulation of visceral
and emotional activities, have also been well docu-
mented in a variety of mammals, including primates
[10, 11, 29]. These FN neuronal axons pass through
the superior cerebellar peduncle, ascendingly project
to the hypothalamus, primarily reaching the LHA,
DMN, ventromedial hypothalamus nucleus, medial
mammillary nucleus, and PVN. Given the hypothal-
amic afferent inputs to the FN, there are direct bi-
directional cerebellar-hypothalamic circuits bridging
the FN and the hypothalamus. Besides the hypothal-
amus, FN also targets limbic system in monkeys and
cats, including the hippocampus, dentate gyri, septal
nuclei, basolateral amygdalae and nucleus acumbens,
to modulate emotional activities [39, 40]. In addition,
efferent pathways of the FN to the thalamus, the
nigra and the ventral tegmentum of the midbrain
have been reported in cats and rats [41]. The major
FN efferent pathways and their related functions are
summarized in Fig. 2.
Somatic motor and nonsomatic functions of the FN
The abundant afferent and efferent connections of the
FN with the extensive motor and nonmotor structures
indicate that FN may be involved in various physio-
logical functions. In fact, FN has been found to partici-
pate in not only axial, proximal and ocular motor
control, but also various nonsomatic functions, including
feeding, cardiovascular, respiratory, defecation and mic-
turition, immune, and emotional regulation (Fig. 2).

Axial and proximal motor control
Human patients with FN lesions exhibit deficiencies
principally in the control of axial and trunk muscles dur-
ing attempted antigravity posture [42]. FN inactivation
in primates and cats also produce severe ataxia and dis-
turbances of equilibrium involving axial and appendicu-
lar musculature but do not influence reaching and
grasping [43–45]. Moreover, a recent study indicated a
disturbance of motor coordination in FN-lesioned rats,
which showed poor motor performances in narrow
beam-walking, grid runway and rota-rod [46]. Thus, FN
holds a key position in controlling axial and proximal
musculatures so as to maintain posture and control dy-
namic balance.
A series of electrophysiological studies has shown that

neuronal discharges of FN code for proximal movement.
FN neuronal discharges correlates with the force and
time derivatives of trained limb movements [47]. Distin-
guished with the cerebellar interposed and dentate
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nuclei, the FN shows no detectable firing activity varia-
tions in the performance of trained wrist movements
[43], which is consistent with the specialized role of FN
in controlling of proximal body and limb activities rather
than distal extremity movements with fine dexterity.
Interestingly, it seems that only the neurons in the ros-
tral division of FN are related to axial and proximal
motor functions. Rostral division of the FN can encode
the motion of the head and body in space [48–50]. By
integrating the space information, rostral FN explicitly
computes an internal estimate of body motion and de-
termines spatial orientation to modulate movements re-
lated to posture and gait [48–50]. On the other hand,
the bi-synaptic projections from FN to the primary
motor cortex indicate that FN, one of the outputs for
spinocerebellum, may also participate in movement initi-
ation [35, 36] (Fig. 2).
Moreover, accumulating evidence has revealed that the

monoaminergic afferents, including serotonergic and
histaminergic, also modulate the neuronal activity of FN
and consequently influence the FN-mediated motor be-
haviors. Both serotonin (5-HT) and histamine exert
excitatory effects on FN neurons [13, 51–53]. 5-HT2A
receptors contribute to the 5-HT-induced excitation on
FN neurons [51]. Intriguingly, histamine selectively de-
polarizes projection neurons but not interneurons in the
FN via the hyperpolarization-activated cyclic nucleotide-
gated channels coupled to histamine H2 receptors [13].
The exclusive expression of histamine H2 receptors on
glutamatergic and glycinergic projection accounts for
the selective excitatory effect of histaminergic afferents
in the FN. Furthermore, microinjection of 5-HT or his-
tamine into bilateral FNs remarkably improves rat motor
performances on accelerating rota-rod and balance
beam, and narrows stride width in locomotion gait [52,
53]. Since serotonergic and histaminergic afferents usu-
ally form varicose contact with FN neurons and hista-
mine H2 and 5-HT2A receptors are both metabotropic,
the serotonergic and histaminergic afferent system may
not transmit fast signals, but act as a biasing force to
modulate their excitability and sensitivity at an appropri-
ate level for posture and gait control [13, 31, 32].

Ocular motor control
Neurons of the caudal FN, known as the fastigial oculo-
motor region, receive information from the oculomotor
vermis (lobules VI-VII) precisely predicting the real-time
motion of the eye [1, 34, 54], and in turn, project to the
saccade-generator circuit as well as pursuit-related struc-
tures in the lower brainstem (Fig. 2). Thus, it has long
been convinced that caudal FN holds an essential role in
saccadic and smooth pursuit eye movements [55–57].
Clinical evidence demonstrates that patients with mid-

line cerebellar lesions involving the FN usually suffer
from saccadic hypermetria [58]. Similarly, the saccades
in experimental animals became hypermetric after cau-
dal FN inactivation [59]. Accordingly, neurons in the
caudal FN discharge in relation to saccades and encode
the saccadic initiation and termination [60–62]. It has
also been reported that the caudal FN neurons supply a
presaccadic burst to facilitate contraversive saccades
(e.g., the right caudal FN bursts before leftward sac-
cades) and a “braking” discharge, late during the saccade,
to terminate ipsiversive saccades [57, 63]. This may ex-
plain why lesions in the caudal FN cause ipsiversive sac-
cadic hypermetria and contraversive hypometria [59, 64].
The early modulation of the caudal FN on the initiation
of saccades may be mediated by the excitatory burst
neurons within the brainstem reticular formation,
whereas the late effect on stopping saccades may be due
to the inhibitory burst neurons [57].
In the case of pursuit eye movements, caudal FN neu-

rons discharge in an analogous way with their firing
pattern during saccades, i.e., discharge early during con-
traversive pursuit and late for ipsilateral pursuit [65].
Consequently, a lesion in the unilateral caudal FN may
result in impairment in contralateral pursuit [64–66].
However, no obvious pursuit deficits have been observed
in animals or patients with bilateral caudal FN lesions
[65], suggesting that caudal FN may be not necessary for
intact maintenance of smooth pursuit movements.

Feeding control
Direct bidirectional connections between the FN and the
hypothalamus [10, 11, 29] provide strong neuroanatom-
ical substrates underlying the involvement of FN in feed-
ing control [11, 12] (Fig. 2). Early studies have noted
that FN is functional in peripheral gastrointestinal
modulation. Electrical activation of the cat cerebellar FN
produces modified gastric and duodenal motility [67].
Also, FN stimulation can influence on the motility in the
jejunum, ileum, and colon through sympathetic and
vagal pathways [68]. Furthermore, gastric motility has
been clarified to be bidirectionally modulated by FN
stimulation in a complex way involving adrenergic dis-
charge, adrenal catecholamine release as well as vagal
cholinergic discharge [68]. The active neurons respon-
sible for regulation of gastrointestinal motility within the
cerebellar FN are restricted to the rostral ventromedial
region [68].
More recent studies have revealed that the cerebellar

FN can regulate hypothalamic feeding-related neurons
through direct cerebellohypothalamic projections [11,
12]. Stimulation of the FN in rats or cats was found to
evoke postsynaptic responses and to modulate the activ-
ity of LHA glucose-sensitive/glycemia-sensitive neurons,
which may sense the blood glucose level and subse-
quently trigger multiple visceral-somatic responses (e.g.,
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initiating or ceasing food intake) [69–71]. There also
exist functional connections between the FN and the
glycemia-sensitive neurons in the DMN, another hypo-
thalamic region implicated in adiposity signaling and
feeding regulation [72]. Moreover, besides blood glucose
signal, the cerebellar FN inputs also converge and inte-
grate with other important peripheral feeding-associated
signals including the gastric vagal and leptin inputs on
single hypothalamic DMN neurons [72]. Considering
that gastric vagal inputs, leptin and blood glucose level
are feeding-related visceral signals and FN may forward
the somatic information to the hypothalamus, it can be
speculated that an integration of the somatic-visceral re-
sponse related to the food intake may take place in the
cerebellar FN-hypothalamic circuits and play an import-
ant role in the short-term or even long-term regulation
of feeding behavior.

Cardiovascular control
FN sends projections to the NTS and the PRN of the
medulla, both of which mediate the baroreceptor reflex
[38], suggesting a direct involvement of FN neurons in
cardiovascular functions (Fig. 2). In fact, fastigial pressor
response (FPR) has been found early in the 1960s, as
fastigial stimulation was noticed to cause a rapid rise of
arterial pressure in cats [73]. Thereafter, cardiovascular
responses, i.e., the elevations in arterial pressure, heart
rate and regional cerebral blood flow elicited by elec-
trical stimulation of the FN, were found in various
species, including monkeys, dogs, rabbits, ferrets and
rats [74]. In recent years, MRI studies visualized signal
changes of FN after pharmacological pressor and de-
pressor challenges in developing and adult animals,
also supporting a functional role of FN in cardiovas-
cular control [75].
The FPR is abolished by bilateral lesions of either the

PRN [73, 76] or the rostral ventrolateral reticular
nucleus of the medulla oblongata (RVLM) [77]. Since
direct FN afferent projections have been identified
exclusively in the PRN rather than RVLM, the FPR is
speculated to be a consequence of monosynaptic activa-
tion of sympathetic vasomotor neurons in the PRN and
polysynaptic excitation of reticulospinal sympathoexcita-
tory axons of RVLM. In addition, besides a typical rise
in blood pressure, renal sympathetic nerve activity can
be concomitantly increased after stimulation of the FN
in anesthetized animals [78].
Intriguingly, animals with FN lesions have no signifi-

cant disorder in resting blood pressure or heart rate, but
exhibit remarkable defects in compensatory responses to
hemorrhage or endotoxic shock to the point that a fatal
outcome can ensue [79]. Moreover, deactivation and ac-
tivation of FN neuronal activity was observed to occur
immediately after the elevation and lowering of arterial
pressure by phenylephrine and nitroprusside, respect-
ively [80]. All these findings indicate that FN may serve
a sympathoexcitatory role for hypotensive challenges
and sympathoinhibitory capacity for pressor challenges,
and thereby may play an essential role in the com-
pensation of cardiovascular activities to large blood
pressure changes rather than the maintenance of vas-
cular tone at rest.

Respiratory control
Electrical or chemical stimulation of the cerebellar FN in
anesthetized animals have been reported to elicit signifi-
cant respiratory responses, including an elevation of re-
spiratory frequency and inspiratory flow as well as an
earlier-onset of phrenic nerve discharge [81]. In humans,
electrical stimulation within the vicinity of the FN
during surgery results in respiratory tachypnea. [82]
Moreover, a c-Fos immunostaining study in animals [83]
and a MRI study in humans [84] revealed that the neur-
onal activity of FN remarkably increased in response to
hypercapnia. Lesion studies showed that ablation of the
FN did not significantly alter eupneic breathing, but did
markedly attenuate the respiratory response to medium
and severe hypercapnia as well as hypoxia [81]. There-
fore, similar to the FPR, which is contribute to the com-
pensation of large cardiovascular alternation rather than
maintenance of resting blood pressure, the FN-mediated
respiratory response may be more critical for the facilita-
tion of stressed breathing, but not for the eupneic venti-
lation maintenance.
Interestingly, although FN is involved in the modula-

tion of stressed breathing, it exhibits no functional regu-
lation on respiratory mechanoreflexes. Ablation of FN
does not significantly alter respiratory responses elicited
by manipulation of bronchial and pulmonary mecha-
noreceptors by applying lung inflation [85], inspira-
tory occlusion/airway resistance [86], and/or probing
the intrathoracic trachea. [87] In contrast, FN holds
an important position in regulation of respiratory
chemoreflexes. FN lesions attenuate the respiratory
responses to hypercapnia and hypoxia [88]. Elevation
of CO2/H

+ within the FN facilitates respiratory out-
put in anesthetized rats [89]. In awake animals, focal
acidosis in the rostral FN also significantly increases
inspired ventilation, whereas focal acidosis in the
caudal FN significantly decreases inspired ventilation
[90], indicating that there is a heterogeneous popula-
tion of CO2/H

+ chemoreceptor neurons in the FN
that affect respiratory control. Furthermore, lesioning
the FN attenuates CO2/H

+ ventilatory sensitivity dur-
ing wakefulness [91]. All these studies imply a CO2/
H+ chemoreception existed in FN neurons and an
active modulation of the cerebellar nucleus on re-
spiratory responses.
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Anatomically, FN neurons send efferent fibers to a var-
iety of pontomedullary nuclei recognized to be involved
in respiratory modulation, such as the ambiguous nu-
cleus, pontine respiratory groups, NGC, and PRN [38].
Thus, the possible respiratory pathways underlying the
FN-mediated respiratory responses were examined by
separate ablation of these FN targeted respiratory cen-
ters. It has been shown that destruction of neurons
within the pontine respiratory groups, Bötzinger com-
plex, and PRN fails to alter respiratory responses in-
duced by FN stimulation [92]. In contrast, respiratory
modulation of FN totally disappeared after selective ab-
lation of bilateral NGC neurons [89], suggesting that
FN-mediated respiratory response depends on the relay
of NGC (Fig. 2).

Other visceral, immune, and emotional functions
The FN has also been implicated in defecation and
micturition regulations [93]. FN stimulation regularly
suppresses both somatomotor and autonomic compo-
nents of the defecation reflex, but influences the bladder
motility in a bidirectional manner, either suppressed or
enhanced micturition reflex, depending both on prevail-
ing bladder tone and on the fastigial site stimulated [93].
Moreover, an involvement of FN in immune regulation
via the cerebellum-hypothalamus-sympathetic nerves-
lymphocytes pathway has been noticed in FN lesion rats
in which both T lymphocyte proliferation and the nat-
ural killer cell cytotoxicity are dramatically enhanced
[94]. Intriguingly, stimulation of the FN in cats deter-
mines fits of anger [95], indicating FN may be also
involved in emotional regulation. Since there are dir-
ect anatomic linkages between the FN and the limbic
system, including the hypothalamus, septal nuclei,
hippocampus, nucleus acumbens, and amygdala [10,
11, 29, 39, 40], the FN, together with the vermis and
flocculonodular lobe, is considered as the limbic cere-
bellum which serves as an extension of Papez circuit
[96, 97] (Fig. 2).

The clinical implication of FN in SCAs and nonmotor
diseases
Since FN is actively involved in the regulation of various
important physiological functions, its lesion or dysfunc-
tion leads to many motor and nonmotor symptoms and
syndromes. SCAs are a well-known clinically heteroge-
neous group of disorders characterized by cerebellar
syndrome, including ataxia of gait (usually the main
ataxic sign), posture ataxia, dysmetria and/or kinetic
tremor in four limbs, as well as oculomotor deficits (nys-
tagmus, hypermetria/hypometria of saccades) [98]. In re-
cent years, clinical studies have explored the topography
of ataxia symptoms in human cerebellum [55, 99–101].
Studies on subjects with chronic focal lesions after
cerebellar tumor resection have demonstrated that ataxia
of gait and posture is associated with lesions affecting
the FN [42, 102]. In a gait ataxia study, lesion-based
MRI subtraction analysis has shown that the FNs are
more frequently affected in patients with impaired com-
pared to unimpaired dynamic balance in gait [42]. And
in a study on posture ataxia, MRI overlays have also re-
vealed that the FNs are damaged in all the tested cere-
bellar tumor resection patients manifested abnormal
postural sway [102]. Moreover, the correlation with clin-
ical ataxia rating scores and MRI-defined lesions has
been performed in patients with acute and chronic is-
chemic/surgical cerebellar lesions using voxel-based
lesion-symptom mapping, and ataxia of posture and gait
has been found to be highly correlated with lesions of
the FN [103]. On the other hand, the FN-related saccadic
deficits occur in numerous families of SCAs. Degeneration
in the fastigial oculomotor region causes the saccadic dys-
metria in both the patients with SCA type 6 (SCA6) and
those with a similar phenotype but without the SCA6 gen-
etic mutation (so-called late onset cerebellar ataxia;
LOCA) [104]. In addition, FN has been proposed as a cen-
tral target for memantine, a non-competitive blocker of
the NMDA receptor, in the treatment of patients of SCA
with saccadic intrusions (SCASI) to relieve their symp-
toms of saccadic intrusions [105].
Besides SCAs, FN has also been reported to be related

with the pathology of various nonmotor diseases. Con-
genital central hypoventilation syndrome (CCHS) is a
life-threatening disorder involving an impaired ventila-
tory response to hypercarbia and hypoxemia. MRI stud-
ies have demonstrated that FN in CCHS patients
respond inappropriately to ventilatory or blood pressure
challenges [106–108]. Moreover, neural damage in FN
has been observed in CCHS subjects [109]. These find-
ings are consistent with the evidence from animal exper-
iments indicating that the FN plays a major role in
modulating breathing patterns, especially respiratory
chemoreflexes. Furthermore, some recent studies in rats
have shown that electrical or chemical stimulation of FN
plays protective effect on stress gastric mucosal injury
and acute myocardial infarction [110, 111], indicating a
possible involvement of FN in the pathogenesis and
treatment of gastrointestinal disorders. Interestingly, ab-
normalities in the FN have also been observed among
patients with autism and cerebellar cognitive affective
syndrome [112, 113], strongly suggesting that FN dys-
function may be closely related to syndromes of affective
disturbance.

Conclusion
As the most conservative nucleus in the cerebellum, the
FN holds a key position in the spinocerebellar circuits
and functions. It is not a simple relay station in the
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spinocerebellum but an important node in the cerebellar
circuitry integrating the GABAergic Purkinje inputs
from the cortex of vermis, the glutamatergic inputs from
collaterals of mossy and climbing fibers, and the mono-
aminergic/neuropeptidergic signals from the third type
of cerebellar afferents. The FN glutamatergic, glycinergic
and GABAergic projection neurons send the final
integrated information out of the spinocerebellum. Via
projecting to the medial descending systems of the
brainstem and eye movement related central structures,
the FN contributes to the axial, proximal and ocular
motor control. Furthermore, by directly connecting
extensive nonmotor structures, particularly the hypo-
thalamus, the FN also actively participates in various
nonsomatic functions, such as feeding control, cardio-
vascular and respiratory regulation, defecation and mic-
turition, immune, as well as emotions. Intriguingly,
stimulation of the FN in conscious animals elicits an
integrated response, i.e., hypertension and tachypnea
accompanied by complex behaviors, such as grooming,
biting, and eating [114]. Also, the FN is particularly
critical for regulating cardiovascular and respiratory
functions in exercising animals [115, 116]. Dysfunction
or lesion of FN may result in not only ataxias and oculo-
motor deficits, but also nonmotor symptoms involving
cardiovascular, respiratory and emotional disorders.
Therefore, the FN may function as an essential central
component involved in somatic-nonsomatic integration,
which is critical for generation of a coordinated behav-
ioral response for adapting to changes of internal and
external environments.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
XYZ drafted the manuscript and figures. JNZ designed the review, conceived
the figures, drafted and finalized the manuscript. JJW gave comments and
suggestions based on the area reviewed and helped to finalize the
manuscript. JNZ and JJW developed conclusions. All authors read and
approved the final manuscript.

Acknowledgement
Researches from our group were supported by grants 31171050, 31330033,
91332124, 31471112, and NSFC/RGC Joint Research Scheme 31461163001
from the National Natural Science Foundation of China; SRFDP/RGC ERG
grant 20130091140003, and Fundamental Research Funds for the Central
Universities 020814380004 and 20620140565 from the State Educational
Ministry of China; grant BK2011014 from the Natural Science Foundation of
Jiangsu Province, China; grant 2014M550283 from the China Postdoctoral
Science Foundation; grant 1302006C from the Jiangsu Planned Projects for
Postdoctoral Research Funds.

Received: 29 December 2015 Accepted: 31 March 2016

References
1. Ito M. Cerebellar circuitry as a neuronal machine. Prog Neurobiol. 2006;

78:272–303.
2. Dimitrova A, Weber J, Redies C, Kindsvater K, Maschke M, Kolb FP, Forsting
M, Diener HC, Timmann D. MRI atlas of the human cerebellar nuclei.
Neuroimage. 2002;17:240–55.

3. Diedrichsen J, Maderwald S, Küper M, Thürling M, Rabe K, Gizewski ER, Ladd
ME, Timmann D. Imaging the deep cerebellar nuclei: a probabilistic atlas
and normalization procedure. Neuroimage. 2011;54:1786–94.

4. Heimburger RF, Whitlock CC. Stereotaxic destruction of the human dentate
nucleus. Confin Neurol. 1965;26:346–58.

5. Kozlova GP. Individual anatomical variations in cerebellar nuclei. Neurosci
Behav Physiol. 1984;14:63–7.

6. Tellmann S, Bludau S, Eickhoff S, Mohlberg H, Minnerop M, Amunts K.
Cytoarchitectonic mapping of the human brain cerebellar nuclei in
stereotaxic space and delineation of their co-activation patterns. Front
Neuroanat. 2015;9:54.

7. Ikenaga T, Yoshida M, Uematsu K. Cerebellar efferent neurons in teleost fish.
Cerebellum. 2006;5:268–74.

8. Alvarez-Otero R, Perez SE, Rodriguez MA, Anadón R. Organisation of the
cerebellar nucleus of the dogfish, Scyliorhinus canicula L.: a light
microscopic, immunocytochemical, and ultrastructural study. J Comp
Neurol. 1996;368:487–502.

9. Arends JJ, Zeigler HP. Organization of the cerebellum in the pigeon
(Columba livia): II. Projections of the cerebellar nuclei. J Comp Neurol.
1991;306:245–72.

10. Haines DE, Dietrichs E, Mihailoff GA, McDonald EF. The cerebellar-
hypothalamic axis: basic circuits and clinical observations. Int Rev Neurobiol.
1997;41:83–107.

11. Zhu JN, Yung WH, Kwok-Chong Chow B, Chan YS, Wang JJ. The cerebellar-
hypothalamic circuits: potential pathways underlying cerebellar involvement
in somatic-visceral integration. Brain Res Rev. 2006;52:93–106.

12. Zhu JN, Wang JJ. The cerebellum in feeding control: possible function and
mechanism. Cell Mol Neurobiol. 2008;28:469–78.

13. Zhang J, Zhuang QX, Li B, Wu GY, Yung WH, Zhu JN, Wang JJ. Selective
Modulation of Histaminergic Inputs on Projection Neurons of Cerebellum
Rapidly Promotes Motor Coordination via HCN Channels. Mol Neurobiol.
2015;53:1386–401.

14. Uusisaari MY, Knöpfel T. Diversity of neuronal elements and circuitry in the
cerebellar nuclei. Cerebellum. 2012;11:420–1.

15. Husson Z, Rousseau CV, Broll I, Zeilhofer HU, Dieudonné S. Differential
GABAergic and glycinergic inputs of inhibitory interneurons and
Purkinje cells to principal cells of the cerebellar nuclei. J Neurosci.
2014;34:9418–31.

16. Czubayko U, Sultan F, Thier P, Schwarz C. Two types of neurons in the rat
cerebellar nuclei as distinguished by membrane potentials and intracellular
fillings. J Neurophysiol. 2001;85:2017–29.

17. Uusisaari M, Obata K, Knöpfel T. Morphological and electrophysiological
properties of GABAergic and non-GABAergic cells in the deep cerebellar
nuclei. J Neurophysiol. 2007;97:901–11.

18. Bagnall MW, Zingg B, Sakatos A, Moghadam SH, Zeilhofer HU, du Lac S.
Glycinergic projection neurons of the cerebellum. J Neurosci.
2009;29:10104–10.

19. Uusisaari M, Knöpfel T. GABAergic synaptic communication in the
GABAergic and non-GABAergic cells in the deep cerebellar nuclei.
Neuroscience. 2008;156:537–49.

20. Ito M. The Modifiable Neuronal Network of the Cerebellum. Jpn J Physiol.
1984;34:781–92.

21. Manto MU. The Cerebellum and its Disorders. Cambridge. New York, NY:
Cambridge University Press; 2002.

22. Bloedel JR, Courville J. Cerebellar afferent systems. In: Handbook of
physiology. USA: Wiley; 1981.

23. Coffman KA, Dum RP, Strick PL. Cerebellar vermis is a target of projections
from the motor areas in the cerebral cortex. Proc Natl Acad Sci U S A.
2011;108:16068–73.

24. Fuchs AF, Robinson FR, Straube A. Participation of the caudal fastigial
nucleus in smooth-pursuit eye movements. I. Neuronal activity.
J Neurophysiol. 1994;72:2714–28.

25. Courville J, Augustine JR, Martel P. Projections from the inferior olive to the
cerebellar nuclei in the cat demonstrated by retrograde transport of
horseradish peroxidase. Brain Res. 1977;130:405–19.

26. van der Want JJ, Gerrits NM, Voogd J. Autoradiography of mossy
fiber terminals in the fastigial nucleus of the cat. J Comp Neurol.
1987;258:70–80.



Zhang et al. Cerebellum & Ataxias  (2016) 3:9 Page 9 of 10
27. Bishop GA, Ho RH, King JS. A temporal analysis of the origin and
distribution of serotoninergic afferents in the cerebellum of pouch young
opossums. Anat Embryol (Berl). 1988;179:33–48.

28. Somana R, Walberg F. The cerebellar projection from locus coeruleus as
studied with retrograde transport of horseradish peroxidase in the cat.
Anat Embryol (Berl). 1978;155:87–94.

29. Dietrichs E. Cerebellar autonomic function: direct hypothalamocerebellar
pathway. Science. 1984;223:591–3.

30. Yu L, Zhang XY, Zhang J, Zhu JN, Wang JJ. Orexins excite neurons of the rat
cerebellar nucleus interpositus via orexin 2 receptors in vitro. Cerebellum.
2010;9:88–95.

31. Zhang XY, Yu L, Zhuang QX, Zhang J, Zhu JN, Wang JJ. Hypothalamic
histaminergic and orexinergic modulation on cerebellar and vestibular
motor control. Cerebellum. 2013;12:294–6.

32. Li B, Zhu JN, Wang JJ. Histaminergic afferent system in the cerebellum:
structure and function. Cerebellum & Ataxias. 2014;1:5.

33. Bloedel JR, Bracha V. On the cerebellum, cutaneomuscular reflexes, movement
control and the elusive engrams of memory. Behav Brain Res. 1995;68:1–44.

34. Noda H, Sugita S, Ikeda Y. Afferent and efferent connections of the
oculomotor region of the fastigial nucleus in the macaque monkey.
J Comp Neurol. 1990;302:330–48.

35. Allen GI, Tsukahara N. Cerebrocerebellar communication systems. Physiol
Rev. 1974;54:957–1006.

36. Kelly RM, Strick PL. Cerebellar loops with motor cortex and prefrontal cortex
of a nonhuman primate. J Neurosci. 2003;23:8432–44.

37. Andrezik JA, Dormer KJ, Foreman RD, Person RJ. Fastigial nucleus
projections to the brain stem in beagles: pathways for autonomic
regulation. Neuroscience. 1984;11:497–507.

38. Homma Y, Nonaka S, Matsuyama K, Mori S. Fastigiofugal projection to the
brainstem nuclei in the cat: an anterograde PHA-L tracing study. Neurosci
Res. 1995;23:89–102.

39. Harper JW, Heath RG. Anatomic connections of the fastigial nucleus to the
rostral forebrain in the cat. Exp Neurol. 1973;39:285–92.

40. Heath RG, Harper JW. Ascending projections of the cerebellar fastigial
nucleus to the hippocampus, amygdala, and other temporal lobe sites:
evoked potential and histological studies in monkeys and cats. Exp Neurol.
1974;45:268–87.

41. Snider RS, Maiti A, Snider SR. Cerebellar pathways to ventral midbrain and
nigra. Exp Neurol. 1976;53:714–28.

42. Ilg W, Giese MA, Gizewski ER, Schoch B, Timmann D. The influence of
focal cerebellar lesions on the control and adaptation of gait. Brain.
2008;131:2913–27.

43. Thach WT, Goodkin HP, Keating JG. The cerebellum and the adaptive
coordination of movement. Annu Rev Neurosci. 1992;15:403–42.

44. Milak MS, Shimansky Y, Bracha V, Bloedel JR. Effects of inactivating
individual cerebellar nuclei on the performance and retention of an
operantly conditioned forelimb movement. J Neurophysiol. 1997;78:939–59.

45. Martin JH, Cooper SE, Hacking A, Ghez C. Differential effects of deep
cerebellar nuclei inactivation on reaching and adaptive control.
J Neurophysiol. 2000;83:1886–99.

46. Wankhar W, Rathinasamy S. Unilateral lesion of fastigial nucleus in Wistar
albino rats and its effect on motor coordination-A preliminary study.
J Behav Health 2015. doi: 10.5455/jbh.186036.

47. Bava A, Grimm RJ, Rushmer DS. Fastigial unit activity during voluntary
movement in primates. Brain Res. 1983;288:371–4.

48. Kleine JF, Guan Y, Kipiani E, Glonti L, Hoshi M, Büttner U. Trunk position
influences vestibular responses of fastigial nucleus neurons in the alert
monkey. J Neurophysiol. 2004;91:2090–100.

49. Shaikh AG, Meng H, Angelaki DE. Multiple reference frames for motion in
the primate cerebellum. J Neurosci. 2004;24:4491–7.

50. Brooks JX, Cullen KE. Multimodal integration in rostral fastigial nucleus
provides an estimate of body movement. J Neurosci. 2009;29:10499–511.

51. Zhang CZ, Zhuang QX, He YC, Li GY, Zhu JN, Wang JJ. 5-HT2A receptor-
mediated excitation on cerebellar fastigial nucleus neurons and promotion
of motor behaviors in rats. Pflugers Arch. 2014;466:1259–71.

52. Tang B, Zhang J, Yu L, Li HZ, Zhu JN, Wang JJ. Excitation of histamine
on neuronal activity of cerebellar fastigial nucleus in rat. Inflamm Res.
2008;57:S41–2.

53. He YC, Wu GY, Li D, Tang B, Li B, Ding Y, Zhu JN, Wang JJ. Histamine
promotes rat motor performances by activation of H(2) receptors in the
cerebellar fastigial nucleus. Behav Brain Res. 2012;228:44–52.
54. Herzfeld DJ, Kojima Y, Soetedjo R, Shadmehr R. Encoding of action by the
Purkinje cells of the cerebellum. Nature. 2015;526:439–42.

55. Grimaldi G, Manto M. Topography of cerebellar deficits in humans.
Cerebellum. 2012;11:336–51.

56. Ramat S, Leigh RJ, Zee DS, Optican LM. What clinical disorders tell us about
the neural control of saccadic eye movements. Brain. 2007;130:10–35.

57. Kheradmand A, Zee DS. Cerebellum and ocular motor control. Front Neurol.
2011;2:53.

58. Ramat S, Leigh RJ, Zee DS, Optican LM. Ocular oscillations generated by
coupling of brainstem excitatory and inhibitory saccadic burst neurons. Exp
Brain Res. 2005;160:89–106.

59. Robinson FR, Straube A, Fuchs AF. Role of the caudal fastigial nucleus in
saccade generation. II. Effects of muscimol inactivation. J Neurophysiol.
1993;70:1741–58.

60. Ohtsuka K, Noda H. Saccadic burst neurons in the oculomotor region of the
fastigial nucleus of macaque monkeys. J Neurophysiol. 1991;65:1422–34.

61. Fuchs AF, Robinson FR, Straube A. Role of the caudal fastigial nucleus in
saccade generation. I. Neuronal discharge pattern. J Neurophysiol.
1993;70:1723–40.

62. Helmchen C, Straube A, Büttner U. Saccade-related activity in the fastigial
oculomotor region of the macaque monkey during spontaneous eye
movements in light and darkness. Exp Brain Res. 1994;98:474–82.

63. Kleine JF, Guan Y, Buttner U. Saccade-related neurons in the primate
fastigial nucleus: what do they encode? J Neurophysiol. 2003;90:3137–54.

64. Joshi AC, Das VE. Muscimol inactivation of caudal fastigial nucleus and
posterior interposed nucleus in monkeys with strabismus. J Neurophysiol.
2013;110:1882–91.

65. Robinson FR, Straube A, Fuchs AF. Participation of caudal fastigial nucleus in
smooth pursuit eye movements. II. Effects of muscimol inactivation.
J Neurophysiol. 1997;78:848–59.

66. Takagi M, Zee DS, Tamargo RJ. Effects of lesions of the oculomotor
cerebellar vermis on eye movements in primate: smooth pursuit.
J Neurophysiol. 2000;83:2047–62.

67. Manchanda SK, Tandon OP, Aneja IS. Role of the cerebellum in the control
of gastro-intestinal motility. J Neural Transm. 1972;33:195–209.

68. Martner J. Cerebellar influences on autonomic mechanisms. An
experimental study in the cat with special reference to the fastigial nucleus.
Acta Physiol Scand. 1975;425(Suppl):1–42.

69. Min B, Oomura Y, Katafuchi T. Responses of rat lateral hypothalamic
neuronal activity to fastigial nucleus stimulation. J Neurophysiol.
1989;61:1178–84.

70. Wang JJ, Pu YM, Wang T. Influences of cerebellar interpositus nucleus and
fastigial nucleus on the neuronal activity of lateral hypothalamic area. Sci
China (Series C). 1997;40:176–83.

71. Zhang YP, Ma C, Wen YQ, Wang JJ. Convergence of gastric vagal and
cerebellar fastigial nuclear inputs on glycemia-sensitive neurons of lateral
hypothalamic area in the rat. Neurosci Res. 2003;45:9–16.

72. Li B, Guo CL, Tang J, Zhu JN, Wang JJ. Cerebellar fastigial nuclear inputs
and peripheral feeding signals converge on neurons in the dorsomedial
hypothalamic nucleus. Neurosignals. 2009;17:132–43.

73. Miura M, Reis DJ. Cerebellum: a pressor response elicited from the fastigial
nucleus and its efferent pathway in brainstem. Brain Res. 1969;13:595–9.

74. Nisimaru N. Cardiovascular modules in the cerebellum. Jpn J Physiol.
2004;54:431–48.

75. Henderson LA, Richard CA, Macey PM, Runquist ML, Yu PL, Galons JP,
Harper RM. Functional magnetic resonance signal changes in neural
structures to baroreceptor reflex activation. J Appl Physiol. 2004;96:693–703.

76. Miura M, Reis DJ. A blood pressure response from fastigial nucleus and its
relay pathway in brainstem. Am J Physiol. 1970;219:1330–6.

77. Chida K, Iadecola C, Reis DJ. Lesions of rostral ventrolateral medulla abolish
some cardio- and cerebrovascular components of the cerebral fastigial
pressor and depressor responses. Brain Res. 1990;508:93–104.

78. Nisimaru N, Kawaguchi Y. Excitatory effects on renal sympathetic nerve
activity induced by stimulation at two distinctive sites in the fastigial
nucleus of rabbits. Brain Res. 1984;304:372–6.

79. Lutherer LO, Lutherer BC, Dormer KJ, Janssen HF, Barnes CD. Bilateral lesions
of the fastigial nucleus prevent the recovery of blood pressure following
hypotension induced by hemorrhage or administration of endotoxin. Brain
Res. 1983;269:251–7.

80. Rector DM, Richard CA, Harper RM. Cerebellar fastigial nuclei activity during
blood pressure challenges. J Appl Physiol. 2006;101:549–55.

http://dx.doi.org/10.5455/jbh.186036


Zhang et al. Cerebellum & Ataxias  (2016) 3:9 Page 10 of 10
81. Xu F, Frazier DT. Role of the cerebellar deep nuclei in respiratory
modulation. Cerebellum. 2002;1:35–40.

82. Hirano TK, Yoshida HK, Furuse M, Taniguchi K, Inao S. Fastigial pressor response
observed during an operation on a patient with cerebellar bleeding. An
anatomical review and clinical signicance. Neurosurgery. 1993;32:675.

83. Zhang Z, Xu F, Frazier DT. c-fos-identied activation of cerebellar neurons
during hypercapnia in rats. Soc Neurosci (Abstract). 1997;23:1254.

84. Gozal D, Hathout GM, Kirlew KA, Tang H, Woo MS, Zhang J, Lufkin RB,
Harper RM. Localization of putative neural respiratory regions in the human
by functional magnetic resonance imaging. J Appl Physiol. 1994;76:2076–83.

85. Xu F, Frazier DT. Respiratory-related neurons of the fastigial nucleus in response
to chemical and mechanical challenges. J Appl Physiol. 1997;82:1177–84.

86. Xu F, Taylor B, Lee LY, Frazier DT. Respiratory load-compensation II:
Cerebellar role. J Appl Physiol. 1993;75:675–81.

87. Xu F, Fazier DT, Zhang Z, Baekey DM, Shannon R. Cerebellar modulation of
the cough motor pattern in cats. J Appl Physiol. 1997;83:391–7.

88. Xu F, Frazier DT. Modulation of respiratory motor output by cerebellar deep
nuclei in the rat. J Appl Physiol. 2000;89:996–1004.

89. Xu F, Zhou T, Gibson T, Frazier DT. Fastigial nucleus-mediated respiratory
responses depend on the medullar gigantocellular nucleus. J Appl Physiol.
2001;91:1713–22.

90. Martino PF, Hodges MR, Davis S, Opansky C, Pan LG, Krause K, Qian B,
Forster HV. CO2/H

+ chemoreceptors in the cerebellar fastigial nucleus
do not uniformly affect breathing of awake goats. J Appl Physiol.
2006;101:241–8.

91. Martino PF, Davis S, Opansky C, Krause K, Bonis JM, Pan LG, Qian B, Forster
HV. The cerebellar fastigial nucleus contributes to CO2-H

+ ventilatory
sensitivity in awake goats. Respir Physiol Neurobiol. 2007;157:242–51.

92. Zhang Z, Xu F, Frazier DT. Role of the Bötzinger Complex in fastigial
nucleus-mediated respiratory responses. Anat Rec. 1999;254:542–8.

93. Martner J. Influences on the defecation and micturition reflexes by the
cerebellar fastigial nucleus. Acta Physiol Scand. 1975;94:95–104.

94. Peng YP, Qiu YH, Chao BB, Wang JJ. Effect of lesions of cerebellar fastigial
nuclei on lymphocyte functions of rats. Neurosci Res. 2005;51:275–84.

95. Fabbro F. Introduction to language and cerebellum. J Neurolinguist.
2000;13:83–94.

96. Schutter DJ, van Honk J. The cerebellum on the rise in human emotion.
Cerebellum. 2005;4:290–4.

97. Strata P: The Emotional Cerebellum. Cerebellum 2015, doi:10.1007/s12311-
015-0649-9.

98. Manto MU. The wide spectrum of spinocerebellar ataxias (SCAs).
Cerebellum. 2005;4:2–6.

99. Morton SM, Bastian AJ. Mechanisms of cerebellar gait ataxia. Cerebellum.
2007;6:79–86.

100. Timmann D, Brandauer B, Hermsdörfer J, Ilg W, Konczak J, Gerwig M, Gizewski ER,
Schoch B. Lesion-symptom mapping of the human cerebellum. Cerebellum.
2008;7:602–6.

101. Timmann D, Konczak J, Ilg W, Donchin O, Hermsdörfer J, Gizewski ER,
Schoch B. Current advances in lesion-symptom mapping of the human
cerebellum. Neuroscience. 2009;162:836–51.

102. Konczak J, Schoch B, Dimitrova A, Gizewski E, Timmann D. Functional
recovery of children and adolescents after cerebellar tumour resection.
Brain. 2005;128:1428–41.

103. Schoch B, Dimitrova A, Gizewski ER, Timmann D. Functional localization in
the human cerebellum based on voxelwise statistical analysis: a study of 90
patients. Neuroimage. 2006;30:36–51.

104. Federighi P, Cevenini G, Dotti MT, Rosini F, Pretegiani E, Federico A, Rufa A.
Differences in saccade dynamics between spinocerebellar ataxia 2 and late-
onset cerebellar ataxias. Brain. 2011;134:879–91.

105. Serra A, Liao K, Martinez-Conde S, Optican LM, Leigh RJ. Suppression of saccadic
intrusions in hereditary ataxia by memantine. Neurology. 2008;70:810–2.

106. Harper RM, Macey PM, Woo MA, Macey KE, Keens TG, Gozal D, Alger JR.
Hypercapnic exposure in congenital central hypoventilation syndrome reveals
CNS respiratory control mechanisms. J Neurophysiol. 2005;93:1647–58.

107. Macey PM, Woo MA, Macey KE, Keens TG, Saeed MM, Alger JR, Harper RM.
Hypoxia reveals posterior thalamic, cerebellar, midbrain and limbic deficits in
congenital central hypoventilation syndrome. J Appl Physiol. 2005;98:958–69.

108. Woo MA, Macey PM, Macey KE, Keens TG, Woo MS, Harper RK, Harper RM.
FMRI responses to hyperoxia in congenital central hypoventilation
syndrome. Pediatr Res. 2005;57:510–8.
109. Kumar R, Macey PM, Woo MA, Alger JR, Keens TG, Harper RM.
Neuroanatomic deficits in congenital central hypoventilation syndrome.
J Comp Neurol. 2005;487:361–71.

110. Wei Y, Zhang R. Preventive effect of fastigial nucleus on oxidative damage
in rats undergoing acute myocardial infarction. J Health Sci. 2008;54:330–4.

111. Gao L, Fei S, Qiao W, Zhang J, Xing H, Du D. Protective effect of chemical
stimulation of cerebellar fastigial nucleus on stress gastric mucosal injury in
rats. Life Sci. 2011;88:871–8.

112. Schmahmann JD, Sherman JC. The cerebellar cognitive affective syndrome.
Brain. 1998;121:561–79.

113. Bauman ML, Kemper TL. Neuroanatomic observations of the brain in autism:
a review and future directions. Int J Dev Neurosci. 2005;23:183–7.

114. Reis DJ, Doba N, Nathan MA. Predatory attack, grooming, and
consummatory behaviors evoked by electrical stimulation of cat cerebellar
nuclei. Science. 1973;182:845–7.

115. Dormer KJ. Modulation of cardiovascular response to dynamic exercise by
fastigial nucleus. J Appl Physiol Respir Environ Exerc Physiol. 1984;56:1369–77.

116. Martino PF, Davis S, Opansky C, Krause K, Bonis JM, Czerniak SG, Pan LG,
Qian B, Forster HV. Lesions in the cerebellar fastigial nucleus have a small
effect on the hyperpnea needed to meet the gas exchange requirements
of submaximal exercise. J Appl Physiol. 2006;101:1199–206.
•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

http://dx.doi.org/10.1007/s12311-015-0649-9
http://dx.doi.org/10.1007/s12311-015-0649-9

	Abstract
	Background
	Review
	The cytoarchitecture of the FN
	The afferent and efferent connections of the FN
	Organization of FN afferent pathways
	Organization of FN efferent pathways

	Somatic motor and nonsomatic functions of the FN
	Axial and proximal motor control
	Ocular motor control
	Feeding control
	Cardiovascular control
	Respiratory control
	Other visceral, immune, and emotional functions

	The clinical implication of FN in SCAs and nonmotor diseases

	Conclusion
	Competing interests
	Authors’ contributions
	Acknowledgement
	References



