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Preterm birth and its complications and the associated adverse factors,

including brain hemorrhage, inflammation, and the side effects of medical

treatments, are the leading causes of neurodevelopmental disability. Growing

evidence suggests that preterm birth affects the cerebellum, which is the brain

region involved in motor coordination, cognition, learning, memory, and social

communication. The cerebellum is particularly vulnerable to the adverse effects

of preterm birth because key cerebellar developmental processes, including the

proliferation of neural progenitors, and differentiation andmigration of neurons,

occur in the third trimester of a human pregnancy. This review discusses the

negative impacts of preterm birth and its associated factors on cerebellar

development, focusing on the cellular and molecular mechanisms that

mediate cerebellar pathology. A better understanding of the cerebellar

developmental mechanisms affected by preterm birth is necessary for

developing novel treatment and neuroprotective strategies to ameliorate the

cognitive, behavioral, and motor deficits experienced by preterm subjects.

KEYWORDS

preterm birth, cerebellum, neurogenesis, granule cells, Purkinje cells, glia,
hemorrhage, inflammation

Introduction

Preterm birth is a significant medical condition that is the leading cause of neonatal

mortality and infant morbidity worldwide (Tosto et al., 2020). The World Health

Organization (WHO) defines preterm birth as birth before 37 weeks of a typical 40-

week human pregnancy (Samuel et al., 2019). The rate of preterm birth varies from 5% to

18% of human pregnancies, depending on the geographic region. Low-income areas have

the highest rate of preterm birth, and its incidence is growing worldwide (Tosto et al.,

2020).

Preterm birth is associated with a wide range of long-lasting adverse health outcomes,

particularly neuropsychological deficits that include impairment of cognitive, behavioral,

language, socialization, or motor-coordination functions. It is estimated that one or more

of such neuropsychological problems develop in 25–50% of preterm infants (Volpe, 2009,

2021; Lammertink et al., 2020).

Due to their high social and medical importance, the origin of neurological problems

associated with preterm birth has been extensively investigated in clinical and preclinical

settings. At least some such deficits result from disruption of the cerebellum, the brain

region involved in motor coordination, cognition, learning, memory, and social
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communication (Salman and Tsai, 2016; Sathyanesan et al., 2019;

Guell and Schmahmann, 2020; van der Heijden et al., 2021).

Numerous imaging studies report reduced cerebellar volume

and/or altered cerebellar shape in preterm infants in both

short and long-term observations. Cerebellar pathology in

preterm infants involves both white and grey matter (Allin

et al., 2001; Bouyssi-Kobar et al., 2016; Kim et al., 2016; Tam,

2018; Wu et al., 2020). Analysis of postmortem cerebellar

samples from preterm subjects revealed specific deficits in

several cerebellar cell types, further supporting the disruption

of the cerebellar developmental program by preterm birth

(Haldipur et al., 2011). It needs to be noted, however, that

preterm infants frequently experience the adverse effects of a

wide range of additional insults and negative factors, including

but not limited to hemorrhage, infections/inflammation, and the

side effects of medical treatments. Although these factors are not

unique to preterm babies, their frequency is much higher in

preterm than in term infants (Volpe, 2009).

In light of the aforementioned confounding factors that

accompany preterm birth and the limited availability of

human cerebellar tissue samples, it was difficult to identify the

origin and developmental mechanisms of cerebellar pathologies

that were directly attributable to preterm birth based solely on

human patient analysis. In recent years, however, the problem

has been alleviated by the use of animal models, especially large

animal models, whose cerebellar developmental programs are

particularly similar to those in humans. In this review, we will

first briefly describe cerebellar anatomy and development. Then,

we will discuss experimental approaches and models used to

analyze the effects of preterm birth on the cerebellum. Finally, we

will describe specific developmental mechanisms disrupted by

preterm birth and some adverse factors commonly associated

with preterm birth.

Cerebellar neuroanatomy

Neuroanatomy and development of the cerebellum have

been most studied in the mouse but appear to be sufficiently

conserved across mammalian species (Chizhikov and Millen,

2003). Thus, we will first summarize cerebellar anatomy using the

mouse as an example and then highlight some notable features

specific to the cerebellum of humans.

Anatomically, mouse cerebellum is divided into two lateral

hemispheres and a vermis that is located between the

hemispheres. Both vermis and hemispheres are subdivided

by fissures into distinct folia, forming species-specific

foliation patterns (Figure 1A) (Chizhikov and Millen, 2020).

The cerebellar cortex is comprised of three layers: the outermost

molecular layer, the intermediately located Purkinje cell layer,

and the innermost internal granule cell layer (IGL). The

Purkinje cell layer contains the bodies of Purkinje neurons

that provide the sole output of the cerebellar cortex. The

molecular layer contains the dendrites of Purkinje cells and

inhibitory basket and stellate neurons that innervate Purkinje

cells. The IGL is primarily comprised of granule neurons

(granule cells) that send excitatory signals to Purkinje cells

and also contains unipolar brush cells, Lugaro cells, and Golgi

cells (Figure 1B). A centrally located white matter contains

cerebellar nuclei composed of excitatory and inhibitory

neurons (Butts et al., 2014; Chizhikov and Millen, 2020;

Marzban et al., 2014).

FIGURE 1
Neuroanatomy of adult cerebellum. (A)Diagram of a sagittal section of the adult mouse cerebellum, showing layered structure of the cerebellar
cortex, which is subdivided by parallel fissures into distinct lobes. (B) Higher magnification of the region boxed in panel (A). Molecular layer—ML;
Purkinje cell layer—PCL; internal granule layer—IGL; white matter—WM; Purkinje cells—PC; granule cells—GC; Basket cells—Basket; Stellate
cells—Stellate; Lugaro cells—Lugaro; Golgi cells—Golgi; Unipolar brush cells—UBC. The anterior-posterior (A–P) and dorsal-ventral (D–V) axes
are shown in the top left corner.
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Although many of the aforementioned aspects of mouse

cerebellar neuroanatomy also apply to the human cerebellum,

certain species-specific cerebellar features exist in humans. For

example, the human cerebellum has a surface area that is 750-

fold larger than that of the mouse cerebellum. In addition, the

human cerebellum exhibits greater folial complexity than the

mouse cerebellum, and the human cerebellar hemispheres are

enlarged relative to the vermis. Finally, the cerebellum contains

approximately 80% of all neurons in the human brain, while it

contains only 60% of the neurons in the mouse brain (Haldipur

et al., 2022).

Cerebellar development

Cerebellar development has been most extensively studied in

mice. Thus, we will summarize cerebellar development, primarily

based on mouse studies. Then, we will discuss developmental

features unique to the human cerebellum.

In both mice and humans, during embryonic development,

the cerebellum originates from rhombomere 1, the most anterior

segment of the hindbrain (Sillitoe and Joyner, 2007; Chizhikov et

al., 2021). The isthmic organizer located at the mesencephalon/

rhombomere 1 boundary directs the formation of cerebellar

territory through the fibroblast growth factor 8 (Fgf8)

signaling pathway (Joyner et al., 2000; Nakamura et al., 2008;

Yaguchi et al., 2009; Tong et al., 2015). In both spicies,

establishment of the cerebellar territory is followed by the

formation of two germinal zones with distinct developmental

properties, namely the cerebellar ventricular zone and the

cerebellar rhombic lip. The cerebellar ventricular zone is

defined by expression of the pancreas associated transcription

factor 1a (Ptf1a) and generates inhibitory cerebellar neurons

(Figure 2A) (Hoshino et al., 2005; Pascual et al., 2007; Millen

et al., 2014; Yamada et al., 2014; Haldipur et al., 2022; Khouri-

Farah et al., 2022). The cerebellar rhombic lip is defined by the

expression of atonal bHLH transcription factor 1 (Atoh1) and

generates excitatory cerebellar neurons (Figure 2A) (Machold

and Fishell, 2005; Wang et al., 2005; Englund et al., 2006; Fink

et al., 2006; Yeung et al., 2014; Yeung et al., 2016; McDonough

et al., 2020).

A typical mouse pregnancy lasts 19 days. Excitatory neurons

that populate adult mouse cerebellar nuclei arise from the

rhombic lip between embryonic days (e) 10.5 and 12.5.

Granule cell precursors (GCPs) migrate from the rhombic lip

between e13 and e18.5, when the rhombic lip regresses in the

mouse (Machold and Fishell, 2005; Wang et al., 2005)

(Figure 3A). After exiting the rhombic lip, GCPs populate the

outer surface of the cerebellar anlage, forming a secondary

germinal zone called the external granule cell layer (EGL)

(Figure 2), where GCPs proliferate extensively before

beginning their differentiation and radial migration along the

Bergmann glial fibers (Basson and Wingate, 2013; Leung and Li,

2018; Consalez et al., 2020; Lowenstein et al., 2022). In the mouse,

radial migration of granule cells begins around the time of birth

(postnatal day 0, P0), when granule cells pass the Purkinje cell

layer and settle in the IGL (Figures 2B,C). Mouse granule cell

migration concludes by P16, when all GCPs have migrated from

the EGL to IGL, leading to the disappearance of the EGL. Since

amplification of GCPs is a significant contributor to the

FIGURE 2
Developmental origin of major types of cerebellar neurons. (A) Diagram of a sagittal section of the mouse embryonic cerebellar anlage (e10.5-
e18) showing that the cerebellar rhombic lip (cRL) gives rise to excitatory cerebellar cells, namely granule cell precursors (GCP), unipolar brush cells
(UBC), and excitatory neurons of the cerebellar nuclei (CN). The cerebellar ventricular zone (cVZ) gives rise to inhibitory cells, such as Purkinje cells
(PC), inhibitory interneuron progenitors (IIP) and inhibitory neurons of CN. Tangentially migrating GCPs form the secondary germinal zone—the
external granule cell layer (EGL). (B) Diagram of a midsagittal section of the neonatal mouse cerebellum, showing layered organization of the
cerebellar cortex. (C) Higher magnification of the region boxed in panel (B). After transient amplification in the EGL, GCPs differentiate into granule
cells (GC) andmigrate radially along Bergmann glial fibers (shown as black lines) from the EGL to the IGL. External granule cell layer—EGL; Molecular
layer—ML; Purkinje cell layer—PCL; internal granule layer—IGL; white matter—WM. The anterior-posterior (A–P) and dorsal-ventral (D–V) axes are
shown in the top left corner of panels (A) and (B).
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cerebellar foliation, the mature foliation pattern is established by

P16 as well (Leto et al., 2016). Unipolar brush cells migrate from

the rhombic lip into the white matter between e14.5 and e18.5

(Englund et al., 2006) (Figure 3A).

In the mouse, postmitotic Purkinje cells arise from the

cerebellar ventricular zone between e10.5 and e13.5. By e17.5,

these cells have migrated radially to form a cell cluster below the

EGL that becomes refined into the monolayer several days

following birth (Chizhikov and Millen, 2020). Murine

progenitors of inhibitory interneurons exit the cerebellar

ventricular zone between e12.5 and e16 and transiently

amplify in the embryonic and neonatal cerebellar white

matter, most extensively during P2-P8, before differentiating

into mature Golgi, basket, and stellate cell types (Fleming

et al., 2013; Leto et al., 2016; Li et al., 2022) (Figures 2A, 3A).

Although many aspects of cerebellar neurogenesis are

conserved across mammalian species, notable differences exist

between the cerebellum of humans and mice. These include

significant differences in the cerebellar developmental trajectory,

with mouse cerebellar development appearing “delayed” relative

to that of human (Figures 3A,B). For example, many key

developmental processes in the mouse cerebellum occur either

FIGURE 3
Timing of key cerebellar developmental events in the mouse and human. Horizontal axes show the mouse (A) and human (B) developmental
timelines. On the mouse timeline, e and P mean embryonic and postnatal days, respectively. On the human timeline, pcw means postconceptual
weeks. Diagrams showing the extent of cerebellar folding at selected developmental stages are shown above the timeline for each species. cRL and
cVZ are shown at appropriate stages. Arrowheads point to fissures that begin forming on the outer cerebellar surface at species-specific
developmental stages. Horizontal bars indicate the duration of distinct developmental processes in each species. Since the refinement of Purkinje
cells into the monolayer and the development of cerebellar foliation (Cb folding) are gradual processes, they are shown as arrows. glut.
CN—glutamatergic neurons of cerebellar nuclei. All other abbreviations are defined in legends for Figures 1, 2. Compared to the mouse, human
embryonic cerebellar development is highly protracted. Many key cerebellar developmental events that occur in themouse after birth, in humans are
initiated or even completed in utero.
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postnatally, such as the peak of GCP proliferation, the refinement

of Purkinje cells in the monolayer, and the onset of cerebellar

foliation, or around the time of birth, such as the beginning of the

migration of granule cells from the EGL to the IGL. In contrast,

all these processes are either fully underway (extensive

proliferation of GCPs, radial migration of granule cells, and

folding of the cerebellar cortex) or conclude (refinement of

Purkinje cells in the monolayer) in the third trimester of a

typical 40-week-long human pregnancy (ten Donkelaar et al.,

2003; ten Donkelaar and Lammens, 2009; Volpe, 2009; Haldipur

et al., 2022) (Figures 3A,B). Recent studies have also described

specific populations of progenitor cells in the rhombic lip and

cerebellar subventricular zone that are present in the human

cerebellum but absent in the mouse (Haldipur et al., 2019;

Haldipur et al., 2022; Smith et al., 2022).

Although each cerebellar cell type employs a unique

molecular program, it is essential to note that the

development of different classes of cerebellar neurons depends

on each other in both humans and mice. For example, Purkinje

cells secrete the sonic hedgehog (Shh) protein that non-

autonomously promotes proliferation of both GCPs in the

EGL and inhibitory interneuron progenitors in the white

matter (Dahmane and Ruiz i Altaba, 1999; Wallace, 1999;

Wechsler-Reya and Scott, 1999; Fleming et al., 2013; Leto

et al., 2016; Haldipur et al., 2022; Li et al., 2022). Thus,

Purkinje cells act as a bi-directional signaling center that

“scales” the populations of functionally connected cerebellar

neurons. On the other hand, GCPs migrating tangentially over

the cerebellar surface are known to attract Purkinje cells, and the

survival of Purkinje cells is critically dependent on their proper

innervation by molecular layer interneurons (Jensen et al., 2002;

Edamakanti et al., 2018). Thus, while preterm birth and its

associated factors may initially affect only one or few types of

cerebellar cells, their effects may eventually become more global

because of the interdependence of cerebellar neurons.

Experimental approaches to study the
preterm cerebellum

Human brain imaging studies were instrumental in revealing

the adverse effect of preterm birth on cerebellar development,

and analysis of postmortem human cerebellar tissue has begun

identifying candidate cerebellar populations and the

developmental mechanisms affected by preterm birth.

However, interpretation of the results of human cerebellar

postmortem tissue studies is complicated by numerous

confounding factors, including hemorrhage, inflammation,

and medical treatments, thereby necessitating the use of more

controlled experimental animal models.

Mouse models provided important insights into the

mechanisms of neural pathology caused by adverse factors

associated with preterm birth. However, the mouse is not best

suited to study preterm cerebellar neurogenesis because of the

considerable natural variation of gestational length between

dams, the difficulties in accurately assessing gestational length,

extremely poor survival of preterm pups, and the discussed above

differences in the cerebellar developmental trajectories in

humans and mice (McCarthy et al., 2018; Haldipur et al.,

2022). Thus, mouse studies of prematurity-related

mechanisms must be interpreted with caution and, ideally,

should be complemented by more translational large animal

models.

While non-human primates are an excellent model for

studying preterm birth (Rees et al., 2009; Barron and Kim,

2020), the extent of their use is limited by ethical

considerations, their high cost, and the small number of

offspring (typically one or two) resulting from each

pregnancy. Other models that have been successfully used for

preclinical studies relevant to humans include rabbits, guinea

pigs, lambs, and pigs (Yawno et al., 2007; Sveinsdóttir et al., 2017;

Iskusnykh et al., 2018; Shaw et al., 2018; Romantsik et al., 2019;

Yawno et al., 2019; Iskusnykh et al., 2021; Vanden Hole et al.,

2021). The pig is a particularly advantageous model for studying

preterm birth. Pigs produce large litters of 7–15 fetuses per

pregnancy, and preterm piglets are compatible with neonatal

intensive care unit protocols and equipment used to care for

preterm babies (Sangild et al., 2013; Buddington et al., 2018;

Buddington et al., 2021). Importantly, analysis of the cerebellum

of newborn pigs revealed a complex foliation pattern, a

monolayer of Purkinje cells, and a well-developed IGL,

indicating that similar to humans, in the pig, refinement of

Purkinje cells in the monolayer, the onset of cerebellar

foliation, the extensive proliferation of GCPs, and the radial

migration of granule cells to a large extent occur in utero

(Choudhri et al., 2014; Iskusnykh et al., 2018; Iskusnykh et al.,

2021).

The impact of preterm birth on
different cerebellar cell types

Below we discuss what is known regarding the effect of

preterm birth on specific cerebellar cell types and the

molecular mechanisms mediating cerebellar cell-type specific

pathology.

Granule cells

As granule cells, by far, are the most numerous neurons in the

cerebellum, and most cases of human cerebellar hypoplasia are

characterized by a reduced number of granule cells (Hoshino

et al., 2005; Aldinger et al., 2009; Lee and Gleeson, 2011; Haldipur

et al., 2021), reduced cerebellar volume in preterm subjects is

expected to involve granule cell abnormality. Indeed, a decreased
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number of granule cells in the IGL was observed in the

cerebellum of preterm pigs, and lobe-specific reduction of the

width of the IGL was described in preterm guinea pigs

(Iskusnykh et al., 2018; Shaw et al., 2018). Several processes

are critical to achieving an appropriate number of granule cells in

the IGL, including the proper proliferation of GCPs in the EGL,

normal differentiation of granule cells, their appropriate

migration from the EGL to IGL, and proper apoptosis of

GCPs or mature granule cells (Iskusnykh et al., 2021).

Consistently with a reduced number of mature granule cells in

the IGL of preterm animals, decreased proliferation was detected in

the EGL of preterm human subjects, preterm pigs, and preterm

rabbits (Haldipur et al., 2011; Sveinsdóttir et al., 2017; Iskusnykh

et al., 2018). Decreased proliferation of GCPs in pigs was associated

with reduced expression of cell-cycle promoting cyclins and the

Atoh1 and Jag1 genes (Iskusnykh et al., 2018). The

Atoh1 transcription factor is critical for the expansion of GCPs,

and the secreted mitogen jagged canonical notch ligand 1 (Jag1)

promotes the proliferation of GCPs in the mouse (Solecki et al.,

2001; Flora et al., 2009; Klisch et al., 2011; Višnjar et al., 2022).

Interestingly, supplementation of ex vivo cerebellar slices from

preterm pigs with recombinant Jag1 protein rescued GCP

proliferation, further supporting the role of Jag1 as an essential

mediator of the preterm cerebellar hypoplasia phenotype (Iskusnykh

et al., 2018). Notably, contrary to the results obtained in healthy

preterm pigs (Bergström et al., 2016; Iskusnykh et al., 2018),

postmortem examination of cerebellar tissue from preterm

infants revealed reduced expression of the secreted mitogen Shh

in Purkinje cells and reduced Shh signaling in the EGL (Haldipur

et al., 2011). Since preterm human infants frequently experience

hemorrhage, sepsis/inflammation, and treatment with

glucocorticoids, the disruption of their cerebellar Shh signaling

may be caused by one or more of these confounding factors

rather than directly by preterm birth and the premature exposure

to the extrauterine environment per se.

In the EGL of both preterm humans and pigs, the differentiation

of granule cells appeared to be normal based on

immunohistochemical detection of differentiation markers axonal

glycoprotein 1 (Tag1), doublecortin (DCX), and β-tubulin
(Haldipur et al., 2011; Iskusnykh et al., 2018). Nor was any

difference in the number of apoptotic cells in the EGL detected

between preterm and control pigs (Iskusnykh et al., 2018).While the

migration of granule cells from the EGL to IGL, which is underway

in the third trimester of human pregnancy, was not specifically

tested in preterm animals, Bergmann glial fibers that guide the radial

migration of granule cells were decreased in numbers in both

preterm humans and preterm pigs (Haldipur et al., 2011;

Iskusnykh et al., 2018). Thus, similar to reduced proliferation of

GCPs, altered migration of granule cells from the EGL to IGLmight

contribute to the cerebellar hypoplasia associated with pretermbirth.

Notably, fetuses develop in utero in relatively hypoxic

conditions and arterial oxygen tension sharply increases upon

birth (Scheuer et al., 2015). Analysis of neonatal rodent models of

hyperoxia revealed that an increased oxygen concentration

reduces proliferation in the EGL. Mechanistically, hyperoxia

reduces the expression of cell-cycle promoting Cyclin D2 and

the Notch target transcription factor hairy and enhancer of split-

1 (Hes1) (Scheuer et al., 2015). These observations suggest that at

least some adverse effects of preterm birth may be mediated by

the early exposure of the immature cerebellum to elevated oxygen

levels.

Purkinje cells

Multiple lines of evidence indicate that preterm birth

negatively affects Purkinje cells. While analysis of postmortem

cerebellar tissue from preterm infants and preterm pigs showed

no difference in the overall density of Purkinje cells, the number

of glutamate decarboxylase 67 (GAD67)—positive Purkinje cells

was specifically reduced in the posterior cerebellum of preterm

guinea pigs of both sexes (Haldipur et al., 2011; Iskusnykh et al.,

2018; Shaw et al., 2018). Considering the importance of the

GAD67 enzyme for secretion of the neurotransmitter gamma-

aminobutyric acid (GABA), these data suggest that dysregulation

of GABAergic tone in the cerebellum partially mediates the

negative consequences of preterm birth.

In a preterm rabbit model, Purkinje cells exhibited decreased

immunostaining for the calcium binding protein Calbindin,

suggesting their delayed maturation (Sveinsdóttir et al., 2017). In

a non-human primate model, preterm baboons that experienced

2 weeks of neonatal intensive care exhibited reduced growth of

Purkinje cell dendrites and electrophysiological abnormalities that

affected both synaptic input and output (Barron and Kim, 2020).

The authors proposed that the delayed developmental refinements

of Purkinje cells result in functional deficits in preterm subjects.

Interestingly, genetic depletion of granule cells in the mouse

prevented the development of typical Purkinje cell morphology,

proper Purkinje cell connectivity and firing activity, and resulted in

impairedmotor coordination and vocal skills (van der Heijden et al.,

2021). Thus, compromised development and functional properties

of Purkinje cells in preterm subjects may at least partially result from

granule cell developmental defects. Similar to granule cells, some

adverse effects of preterm birth on the development of Purkinje cells

may be caused by an elevated oxygen concentration in the ex utero

environment relative to in utero conditions, as hyperoxia was

reported to inhibit the maturation and dendrite branching of

Purkinje cells (Scheuer et al., 2015).

Other cerebellar neurons

Little is known about the effect of preterm birth on other

types of cerebellar neurons. One study revealed no difference in

the number of differentiating precursors of molecular layer

interneurons (Pax2+ precursors of basket and stellate cells) in
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the vermis of preterm pigs relative to newborn term controls

(Iskusnykh et al., 2018). However, the number of mature basket

or stellate cells or their earlier progenitors in the white matter was

not investigated in either preterm animal models or postmortem

human cerebellar tissue. Golgi, Lugaro, and unipolar brush cells

have also not been analyzed in preterm subjects.

Glial cells

The different glial cell types that comprise the cerebellum are

also affected by preterm birth. Particularly, preterm human

infants exhibited a reduced density of Bergmann glial fibers in

the cerebellar molecular layer (Haldipur et al., 2011). Since Shh is

necessary for proper development of Bergmann glia (Chizhikov

et al., 2007; Cheng et al., 2018; Lee et al., 2022), the impaired Shh

signaling observed in preterm infants (Haldipur et al., 2011) may

contribute to their cerebellar Bergmann glial cell pathology.

Preterm pigs also exhibited reduced numbers of Bergmann

glial fibers, which was associated with a reduced expression of

the secreted Notch ligand Jag1 (Iskusnykh et al., 2018). Since

differentiation, migration, and survival of Bergmann glia depend

on Jag1/Notch signaling (Weller et al., 2006; Komine et al., 2007;

Yu et al., 2018), the abnormalities in the Bergmann glial cells in

preterm pigs may be mediated by decreased Notch signaling.

Preterm birth also affected the development of

oligodendrocytes, which are myelin-forming glial cells residing

in the white matter of the cerebellum (Grimaldi et al., 2009;

Scheuer et al., 2015; Hashimoto et al., 2016; Shaw et al., 2018).

Immature oligodendrocytes are particularly sensitive to the

oxidative stress that results from premature exposure to the

extrauterine environment and respond with increased

apoptosis, reduced proliferation, and delayed differentiation

(Nitsos and Rees, 1990; Mallard et al., 2000; Gerstner et al.,

2006; Ritter et al., 2013; Scheuer et al., 2015).

Adverse effects of other factors
commonly associated with preterm
birth

In addition to directly affecting the cerebellar developmental

program as described above, preterm birth is also associated with

various complications or other factors that may adversely affect

cerebellar development. Some of the most common of these

adverse factors are cerebellar hemorrhage, inflammation, and the

side effects of medical treatments. Although these factors are not

uniquely applicable to preterm subjects and not all preterm

infants experience one or more of these factors, preterm

babies have a much higher chance of experiencing these

factors than term infants. Thus, adverse effects on cerebellar

development of hemorrhage, inflammation, and side effects of

medical treatments are discussed briefly below.

Hemorrhage

Cerebellar hemorrhage is a common complication of preterm

birth that affects up to 37% of preterm babies (Boswinkel et al.,

2019; Gano and Barkovich, 2019; Brossard-Racine and

Limperopoulos, 2021). The immature brain vasculature of

preterm babies is particularly prone to damage when blood

flow fluctuates following birth (Rhee et al., 2018). Bleeding

can occur directly in the cerebellar tissue (intraparenchymal

hemorrhage) or in adjacent regions (subarachnoid or

intraventricular hemorrhages) (Spoto et al., 2021). Bleeding

within the brain parenchyma causes injury to the white

matter, while massive cerebellar hemorrhage results in more

generalized cerebellar atrophy that is associated with severe

motor and cognitive dysfunction (Limperopoulos et al., 2007;

Volpe, 2009, 2021; Gano and Barkovich, 2019; Bonaventura et al.,

2022). Negative effects of hemorrhages are mediated by both the

toxicity of blood products, such as hemoglobin, for the

developing cerebellar cells and the associated increase in

reactive oxygen species (Agyemang et al., 2017; Agyemang

et al., 2021; Spoto et al., 2021).

Similar to human patients, cerebellar hemorrhage induced by

collagenase injection in the mouse resulted in reduced cerebellar

growth and persistent neurobehavioral abnormalities (Yoo et al.,

2014). The authors described the predominant effect of

hemorrhage on granule cell development, associated with the

activation of both injury and neuroprotection-associated

endogenous mechanisms. In a preterm rabbit model,

intraventricular hemorrhage resulted in a decreased

proliferation of GCPs in the EGL, delayed maturation of

Purkinje cells, and activation of microglia in the white matter

(Agyemang et al., 2017), suggesting that cerebellar bleeding has a

prominent effect on multiple cellular populations.

Infection/inflammation

Preterm subjects have a higher chance of experiencing

infection/inflammation while still in utero or after delivery.

Maternal intrauterine infection with systemic fetal

inflammation can trigger preterm delivery. On the other hand,

the risk of postnatal neonatal infections is increased in subjects

born preterm (Volpe, 2009).

Necrotizing enterocolitis with sepsis correlates with a

reduced cerebellar diameter and white matter lesions in

humans (Shah et al., 2008; Volpe, 2008).

Systemic inflammation in the mouse results in a region-

specific volume reduction of both cerebellar white and grey

matter (Klein et al., 2022). These cerebellar volume deficits

were associated with enrichment of pro-inflammatory

markers in microglia, reduced proliferation of

oligodendrocyte progenitors, and reduced levels of myelin

basic protein and myelin-associated glycoprotein that
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affected myelination in the neonatal cerebellum (Cardoso

et al., 2015; Klein et al., 2022). A similar pattern of

microglia activation in the cerebellum was observed in

preterm sheep in which intravenous injection of a low dose

of Escherichia coli lipopolysaccharide (LPS) led to an

increased number of microglia, cerebellar white matter

injury, and loss of oligodendrocytes (Baburamani et al.,

2014; Dean et al., 2014). Although the most prominent

target of inflammation is cerebellar white matter,

inflammation may also affect other cerebellar regions. For

example, intrauterine exposure of pregnant rabbits to LPS

reduced the cell size and density of Purkinje cells, which was

associated with compromised cerebellar function as tested by

eye-blink conditioning (Zhang et al., 2019).

Side effects of medical treatments

Because of prematurity, newborn preterm infants typically

require more diagnostic and treatment procedures than term

babies. Unfortunately, some of these treatments can harm

cerebellar development. For example, up to 85–100% of preterm

infants receive glucocorticoids to prevent or treat lung, airway, or

cardiovascular conditions including bronchopulmonary dysplasia

and hypotension (Volpe, 2009; Heine et al., 2011). Postnatal

exposure of preterm infants to glucocorticoids is associated with

reduced cerebellar growth (Tam, 2018). Chronic treatment of

neonatal mice with glucocorticoids inhibited Shh-dependent

proliferation of GCPs, which exhibit particularly high expression

of glucocorticoid receptors, while acute glucocorticoid treatment

caused transient increases in apoptosis (Noguchi et al., 2008; Heine

and Rowitch, 2009). Interestingly, activation of the Shh-Smo

(smoothened, frizzled class G-protein coupled receptor) signaling

pathway in transgenic mice or systemic administration of the small

molecule Shh agonist (SAG) prevented the adverse effects of

glucocorticoids on cerebellar granule cell development (Heine

et al., 2011). Another promising approach entails the use of the

glucocorticoid prodrug Ciclesonide (brand name Alvesco), which

activates glucocorticoid signaling in the lungs but does not lead to

apparent cerebellar growth deficits in rats (Jaumotte et al., 2021).

To reduce pain from diagnostic and therapeutic

procedures, preterm infants often receive opioids and oral

sucrose, both of which affect cerebellar growth in humans or

animal models (McPherson et al., 2015; Zwicker et al., 2016;

Tremblay et al., 2017; Spoto et al., 2021). Magnetic resonance

imaging revealed reduced cerebellar volume in adult mice

which repeatedly received oral sucrose shortly after birth

(Tremblay et al., 2017). Since no additional brain

assessment was performed, the cellular and molecular

mechanisms mediating this phenotype remain unknown.

The synthetic opioid fentanyl induces apoptosis of

cerebellar granule cells in newborn pigs (Sabir et al., 2018),

while exposure of the developing rat cerebellum to the opioid

analgesic tramadol causes dysgenesis of Purkinje cells,

activation of microglia, and abnormalities of Bergmann glia

(Aboulhoda and Hassan, 2018).

Conclusions and future directions

Preterm birth is a significant risk factor for abnormal

cerebellar development. In humans, an extensive proliferation

of GCPs, radial migration of granule cells, differentiation of

Purkinje cells, and folding of the cerebellar cortex are

underway in the third trimester of pregnancy, which likely

make human cerebellar development particularly vulnerable to

adverse effects of preterm birth and the premature exposure to

the extrauterine environment. Studies have begun to elucidate

the mechanisms that mediate cerebellar pathology in preterm

subjects. Preterm birth has been documented to reduce the

numbers of specific neuronal (such as granule cells) and glial

(such as Bergmann glia and oligodendrocytes) cells and to affect

the maturation of neurons (Purkinje cells) and glia

(oligodendrocytes). It is likely that premature exposure to an

extrauterine environment, including its higher oxygen

concentration relative to in utero, affects gene expression in

distinct cerebellar cell types, resulting in their altered

proliferation, differentiation, and increased apoptosis. As such,

we hypothesize that abnormal functioning of premature

cerebellum results from both intrinsic deficits in cerebellar

neurons and the reduced numbers of specific cerebellar cells

that form the cerebellar circuitry. Currently, in the preterm

cerebellum, functional abnormalities have been documented

only in Purkinje cells, while functional properties of other

cerebellar neurons are yet to be investigated.

In addition to the early exposure to the extrauterine

environment, preterm human subjects may also experience

the adverse effects of hemorrhage, inflammation, and the side

effects of medical treatments. The common association of

preterm birth with other deleterious influences makes it

challenging to identify which molecular pathways are

specifically affected by preterm birth and which are affected

by the confounding factors that frequently accompany preterm

birth. Highly controlled studies utilizing large animal models that

recapitulate the developmental trajectory of the human

cerebellum are particularly needed to dissect the molecular

mechanisms compromised by preterm birth and each of its

associated factors. A better understanding of the mechanisms

of preterm cerebellar pathology will help to develop therapeutic

strategies to treat or prevent neurological deficits in babies that

are born preterm.

Author contributions

II and VC wrote and edited the paper.

Frontiers in Cell and Developmental Biology frontiersin.org08

Iskusnykh and Chizhikov 10.3389/fcell.2022.1068288

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2022.1068288


Funding

This work was supported by the following funding sources:

National Institute of Health (NIH) grant R01 NS127973 (to VC),

and a pilot grant (to VC) and a fellowship (to II) from the

Neuroscience Institute of the UTHSC.

Acknowledgments

The authors thank Dr. Kyle Johnson Moore and the Office of

Scientific Writing at the University of Tennessee Health Science

Center (UTHSC) for editing of the manuscript.

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations,

or those of the publisher, the editors and the reviewers. Any product

that may be evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the publisher.

References

Aboulhoda, B. E., and Hassan, S. S. (2018). Effect of prenatal tramadol on
postnatal cerebellar development: Role of oxidative stress. J. Chem. Neuroanat. 94,
102–118. doi:10.1016/j.jchemneu.2018.10.002

Agyemang, A. A., Kvist, S. V., Brinkman, N., Gentinetta, T., Illa, M.,
Ortenlöf, N., et al. (2021). Cell-free oxidized hemoglobin drives reactive
oxygen species production and pro-inflammation in an immature primary
rat mixed glial cell culture. J. Neuroinflammation 18, 42. doi:10.1186/s12974-
020-02052-4

Agyemang, A. A., Sveinsdóttir, K., Vallius, S., Sveinsdóttir, S., Bruschettini, M.,
Romantsik, O., et al. (2017). Cerebellar exposure to cell-free hemoglobin following
preterm intraventricular hemorrhage: Causal in cerebellar damage? Transl. Stroke
Res. 8, 461–473. doi:10.1007/s12975-017-0539-1

Aldinger, K. A., Lehmann, O. J., Hudgins, L., Chizhikov, V. V., Bassuk, A. G.,
Ades, L. C., et al. (2009). FOXC1 is required for normal cerebellar development and
is a major contributor to chromosome 6p25.3 Dandy-Walker malformation. Nat.
Genet. 41, 1037–1042. doi:10.1038/ng.422

Allin, M., Matsumoto, H., Santhouse, A. M., Nosarti, C., AlAsady, M. H., Stewart,
A. L., et al. (2001). Cognitive and motor function and the size of the cerebellum in
adolescents born very pre-term. Brain 124, 60–66. doi:10.1093/brain/124.1.60

Baburamani, A. A., Supramaniam, V. G., Hagberg, H., and Mallard, C. (2014).
Microglia toxicity in preterm brain injury. Reprod. Toxicol. 48, 106–112. doi:10.
1016/j.reprotox.2014.04.002

Barron, T., and Kim, J. H. (2020). Preterm birth impedes structural and functional
development of cerebellar Purkinje cells in the developing baboon cerebellum.
Brain Sci. 10, E897. doi:10.3390/brainsci10120897

Basson,M. A., andWingate, R. J. (2013). Congenital hypoplasia of the cerebellum:
Developmental causes and behavioral consequences. Front. Neuroanat. 7, 29.
doi:10.3389/fnana.2013.00029

Bergström, A., Kaalund, S. S., Skovgaard, K., Andersen, A. D., Pakkenberg, B.,
Rosenørn, A., et al. (2016). Limited effects of preterm birth and the first enteral
nutrition on cerebellum morphology and gene expression in piglets. Physiol. Rep. 4,
e12871. doi:10.14814/phy2.12871

Bonaventura, E., Purpura, G., Pasquariello, R., Da Prato, S., Di Lieto, M. C.,
Barsotti, J., et al. (2022). Complex neurodevelopmental disorder in a preterm child
with unilateral cerebellar hemorrhage. Appl. Neuropsychol. Child. 11, 915–920.
doi:10.1080/21622965.2021.1935256

Boswinkel, V., Steggerda, S. J., Fumagalli, M., Parodi, A., Ramenghi, L. A.,
Groenendaal, F., et al. (2019). The CHOPIn study: A multicenter study on
cerebellar hemorrhage and outcome in preterm infants. Cerebellum 18, 989–998.
doi:10.1007/s12311-019-01053-1

Bouyssi-Kobar, M., du Plessis, A. J., McCarter, R., Brossard-Racine, M., Murnick,
J., Tinkleman, L., et al. (2016). Third trimester brain growth in preterm infants
compared with in utero healthy fetuses. Pediatrics 138, e20161640. doi:10.1542/
peds.2016-1640

Brossard-Racine, M., and Limperopoulos, C. (2021). Cerebellar injury in
premature neonates: Imaging findings and relationship with outcome. Semin.
Perinatol. 45, 151470. doi:10.1016/j.semperi.2021.151470

Buddington, R. K., Chizhikov, V. V., Iskusnykh, I. Y., Sable, H. J., Sable, J. J.,
Holloway, Z. R., et al. (2018). A phosphatidylserine source of docosahexanoic acid
improves neurodevelopment and survival of preterm pigs. Nutrients 10, E637.
doi:10.3390/nu10050637

Buddington, R. K., Yakimkova, T., Adebiyi, A., Chizhikov, V. V., Iskusnykh, I. Y., and
Buddington, K. K. (2021). Organ growth and intestinal functions of preterm pigs fed low
and high protein formulas with or without supplemental leucine or hydroxymethylbutyrate
as growth promoters. Front. Nutr. 8, 687703. doi:10.3389/fnut.2021.687703

Butts, T., Green, M. J., and Wingate, R. J. (2014). Development of the cerebellum:
Simple steps to make a ’little brain. Development 141, 4031–4041. doi:10.1242/dev.
106559

Cardoso, F. L., Herz, J., Fernandes, A., Rocha, J., Sepodes, B., Brito, M. A., et al.
(2015). Systemic inflammation in early neonatal mice induces transient and lasting
neurodegenerative effects. J. Neuroinflammation 12, 82. doi:10.1186/s12974-015-
0299-3

Cheng, F. Y., Fleming, J. T., and Chiang, C. (2018). Bergmann glial Sonic
hedgehog signaling activity is required for proper cerebellar cortical expansion
and architecture. Dev. Biol. 440, 152–166. doi:10.1016/j.ydbio.2018.05.015

Chizhikov, V., and Millen, K. J. (2003). Development and malformations of the
cerebellum in mice. Mol. Genet. Metab. 80, 54–65. doi:10.1016/j.ymgme.2003.
08.019

Chizhikov, V. V., Iskusnykh, I. Y., Fattakhov, N., and Fritzsch, B. (2021). Lmx1a
and Lmx1b are redundantly required for the development of multiple components
of the mammalian auditory system. Neuroscience 452, 247–264. doi:10.1016/j.
neuroscience.2020.11.013

Chizhikov, V. V., Davenport, J., Zhang, Q., Shih, E. K., Cabello, O. A., Fuchs, J. L.,
et al. (2007). Cilia proteins control cerebellar morphogenesis by promoting
expansion of the granule progenitor pool. J. Neurosci. 27, 9780–9789. doi:10.
1523/JNEUROSCI.5586-06.2007

Chizhikov, V. V., and Millen, K. J. (2020). “Neurogenesis in the cerebellum,” in
Patterning and cell type specification in the developing CNS and PNS. Editor
R. P. Rubenstein J (Amsterdam: Elsevier), 349–367.

Choudhri, A. F., Sable, H. J., Chizhikov, V. V., Buddington, K. K., and
Buddington, R. K. (2014). Parenteral nutrition compromises neurodevelopment
of preterm pigs. J. Nutr. 144, 1920–1927. doi:10.3945/jn.114.197145

Consalez, G. G., Goldowitz, D., Casoni, F., and Hawkes, R. (2020). Origins,
development, and compartmentation of the granule cells of the cerebellum. Front.
Neural Circuits 14, 611841. doi:10.3389/fncir.2020.611841

Dahmane, N., and Ruiz i Altaba, A. (1999). Sonic hedgehog regulates the growth
and patterning of the cerebellum. Development 126, 3089–3100. doi:10.1242/dev.
126.14.3089

Dean, J. M., Bennet, L., Back, S. A., McClendon, E., Riddle, A., and Gunn, A. J.
(2014). What brakes the preterm brain? An arresting story. Pediatr. Res. 75,
227–233. doi:10.1038/pr.2013.189

Edamakanti, C. R., Do, J., Didonna, A., Martina, M., and Opal, P. (2018). Mutant
ataxin1 disrupts cerebellar development in spinocerebellar ataxia type 1. J. Clin.
Invest. 128, 2252–2265. doi:10.1172/JCI96765

Frontiers in Cell and Developmental Biology frontiersin.org09

Iskusnykh and Chizhikov 10.3389/fcell.2022.1068288

https://doi.org/10.1016/j.jchemneu.2018.10.002
https://doi.org/10.1186/s12974-020-02052-4
https://doi.org/10.1186/s12974-020-02052-4
https://doi.org/10.1007/s12975-017-0539-1
https://doi.org/10.1038/ng.422
https://doi.org/10.1093/brain/124.1.60
https://doi.org/10.1016/j.reprotox.2014.04.002
https://doi.org/10.1016/j.reprotox.2014.04.002
https://doi.org/10.3390/brainsci10120897
https://doi.org/10.3389/fnana.2013.00029
https://doi.org/10.14814/phy2.12871
https://doi.org/10.1080/21622965.2021.1935256
https://doi.org/10.1007/s12311-019-01053-1
https://doi.org/10.1542/peds.2016-1640
https://doi.org/10.1542/peds.2016-1640
https://doi.org/10.1016/j.semperi.2021.151470
https://doi.org/10.3390/nu10050637
https://doi.org/10.3389/fnut.2021.687703
https://doi.org/10.1242/dev.106559
https://doi.org/10.1242/dev.106559
https://doi.org/10.1186/s12974-015-0299-3
https://doi.org/10.1186/s12974-015-0299-3
https://doi.org/10.1016/j.ydbio.2018.05.015
https://doi.org/10.1016/j.ymgme.2003.08.019
https://doi.org/10.1016/j.ymgme.2003.08.019
https://doi.org/10.1016/j.neuroscience.2020.11.013
https://doi.org/10.1016/j.neuroscience.2020.11.013
https://doi.org/10.1523/JNEUROSCI.5586-06.2007
https://doi.org/10.1523/JNEUROSCI.5586-06.2007
https://doi.org/10.3945/jn.114.197145
https://doi.org/10.3389/fncir.2020.611841
https://doi.org/10.1242/dev.126.14.3089
https://doi.org/10.1242/dev.126.14.3089
https://doi.org/10.1038/pr.2013.189
https://doi.org/10.1172/JCI96765
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2022.1068288


Englund, C., Kowalczyk, T., Daza, R. A., Dagan, A., Lau, C., Rose, M. F., et al.
(2006). Unipolar brush cells of the cerebellum are produced in the rhombic lip and
migrate through developing white matter. J. Neurosci. 26, 9184–9195. doi:10.1523/
JNEUROSCI.1610-06.2006

Fink, A. J., Englund, C., Daza, R. A., Pham, D., Lau, C., Nivison, M., et al. (2006).
Development of the deep cerebellar nuclei: Transcription factors and cell migration
from the rhombic lip. J. Neurosci. 26, 3066–3076. doi:10.1523/JNEUROSCI.5203-
05.2006

Fleming, J. T., He, W., Hao, C., Ketova, T., Pan, F. C., Wright, C. C., et al.
(2013). The Purkinje neuron acts as a central regulator of spatially and
functionally distinct cerebellar precursors. Dev. Cell 27, 278–292. doi:10.
1016/j.devcel.2013.10.008

Flora, A., Klisch, T. J., Schuster, G., and Zoghbi, H. Y. (2009). Deletion of
Atoh1 disrupts Sonic Hedgehog signaling in the developing cerebellum and
prevents medulloblastoma. Science 326, 1424–1427. doi:10.1126/science.1181453

Gano, D., and Barkovich, A. J. (2019). Cerebellar hypoplasia of prematurity:
Causes and consequences. Handb. Clin. Neurol. 162, 201–216. doi:10.1016/B978-0-
444-64029-1.00009-6

Gerstner, B., Bührer, C., Rheinländer, C., Polley, O., Schüller, A., Berns, M., et al.
(2006). Maturation-dependent oligodendrocyte apoptosis caused by hyperoxia.
J. Neurosci. Res. 84, 306–315. doi:10.1002/jnr.20880

Grimaldi, P., Parras, C., Guillemot, F., Rossi, F., and Wassef, M. (2009). Origins
and control of the differentiation of inhibitory interneurons and glia in the
cerebellum. Dev. Biol. 328, 422–433. doi:10.1016/j.ydbio.2009.02.008

Guell, X., and Schmahmann, J. (2020). Cerebellar functional anatomy: A didactic
summary based on human fMRI evidence. Cerebellum 19, 1–5. doi:10.1007/s12311-
019-01083-9

Haldipur, P., Aldinger, K. A., Bernardo, S., Deng, M., Timms, A. E., Overman, L.
M., et al. (2019). Spatiotemporal expansion of primary progenitor zones in the
developing human cerebellum. Science 366, 454–460. doi:10.1126/science.aax7526

Haldipur, P., Bernardo, S., Aldinger, K. A., Sivakumar, T., Millman, J., Sjoboen, A.
H., et al. (2021). Evidence of disrupted rhombic lip development in the pathogenesis
of Dandy-Walker malformation. Acta Neuropathol. 142, 761–776. doi:10.1007/
s00401-021-02355-7

Haldipur, P., Bharti, U., Alberti, C., Sarkar, C., Gulati, G., Iyengar, S., et al. (2011).
Preterm delivery disrupts the developmental program of the cerebellum. PLoS One
6, e23449. doi:10.1371/journal.pone.0023449

Haldipur, P., Millen, K. J., and Aldinger, K. A. (2022). Human cerebellar
development and transcriptomics: Implications for neurodevelopmental
disorders. Annu. Rev. Neurosci. 45, 515–531. doi:10.1146/annurev-neuro-
111020-091953

Hashimoto, R., Hori, K., Owa, T., Miyashita, S., Dewa, K., Masuyama, N., et al.
(2016). Origins of oligodendrocytes in the cerebellum, whose development is
controlled by the transcription factor, Sox9. Mech. Dev. 140, 25–40. doi:10.1016/
j.mod.2016.02.004

Heine, V. M., Griveau, A., Chapin, C., Ballard, P. L., Chen, J. K., and Rowitch, D.
H. (2011). A small-molecule smoothened agonist prevents glucocorticoid-induced
neonatal cerebellar injury. Sci. Transl. Med. 3, 105ra104. doi:10.1126/scitranslmed.
3002731

Heine, V. M., and Rowitch, D. H. (2009). Hedgehog signaling has a protective
effect in glucocorticoid-induced mouse neonatal brain injury through an
11betaHSD2-dependent mechanism. J. Clin. Invest. 119, 267–277. doi:10.1172/
JCI36376

Hoshino, M., Nakamura, S., Mori, K., Kawauchi, T., Terao, M., Nishimura, Y. V.,
et al. (2005). Ptf1a, a bHLH transcriptional gene, defines GABAergic neuronal fates
in cerebellum. Neuron 47, 201–213. doi:10.1016/j.neuron.2005.06.007

Iskusnykh, I. Y., Buddington, R. K., and Chizhikov, V. V. (2018). Preterm birth
disrupts cerebellar development by affecting granule cell proliferation program
and Bergmann glia. Exp. Neurol. 306, 209–221. doi:10.1016/j.expneurol.2018.
05.015

Iskusnykh, I. Y., Fattakhov, N., Buddington, R. K., and Chizhikov, V. V. (2021).
Intrauterine growth restriction compromises cerebellar development by affecting
radial migration of granule cells via the JamC/Pard3a molecular pathway.
Exp. Neurol. 336, 113537. doi:10.1016/j.expneurol.2020.113537

Jaumotte, J. D., Franks, A. L., Bargerstock, E. M., Kisanga, E. P., Menden, H. L.,
Ghersi, A., et al. (2021). Ciclesonide activates glucocorticoid signaling in neonatal
rat lung but does not trigger adverse effects in the cortex and cerebellum.Neurobiol.
Dis. 156, 105422. doi:10.1016/j.nbd.2021.105422

Jensen, P., Zoghbi, H. Y., and Goldowitz, D. (2002). Dissection of the cellular
and molecular events that position cerebellar Purkinje cells: A study of the
math1 null-mutant mouse. J. Neurosci. 22, 8110–8116. doi:10.1523/jneurosci.
22-18-08110.2002

Joyner, A. L., Liu, A., and Millet, S. (2000). Otx2, Gbx2 and Fgf8 interact to
position and maintain a mid-hindbrain organizer. Curr. Opin. Cell Biol. 12,
736–741. doi:10.1016/s0955-0674(00)00161-7

Khouri-Farah, N., Guo, Q., Morgan, K., Shin, J., and Li, J. Y. H. (2022). Integrated
single-cell transcriptomic and epigenetic study of cell state transition and lineage
commitment in embryonic mouse cerebellum. Sci. Adv. 8, eabl9156. doi:10.1126/
sciadv.abl9156

Kim, H., Gano, D., Ho, M. L., Guo, X. M., Unzueta, A., Hess, C., et al. (2016).
Hindbrain regional growth in preterm newborns and its impairment in relation to
brain injury. Hum. Brain Mapp. 37, 678–688. doi:10.1002/hbm.23058

Klein, L., Van Steenwinckel, J., Fleiss, B., Scheuer, T., Bührer, C., Faivre, V., et al.
(2022). A unique cerebellar pattern of microglia activation in a mouse model of
encephalopathy of prematurity. Glia 70, 1699–1719. doi:10.1002/glia.24190

Klisch, T. J., Xi, Y., Flora, A., Wang, L., Li, W., and Zoghbi, H. Y. (2011). In vivo
Atoh1 targetome reveals how a proneural transcription factor regulates cerebellar
development. Proc. Natl. Acad. Sci. U. S. A. 108, 3288–3293. doi:10.1073/pnas.
1100230108

Komine, O., Nagaoka, M., Watase, K., Gutmann, D. H., Tanigaki, K., Honjo, T.,
et al. (2007). The monolayer formation of Bergmann glial cells is regulated by
Notch/RBP-J signaling. Dev. Biol. 311, 238–250. doi:10.1016/j.ydbio.2007.08.042

Lammertink, F., Vinkers, C. H., Tataranno, M. L., and Benders, M. (2020).
Premature birth and developmental programming: Mechanisms of resilience and
vulnerability. Front. Psychiatry 11, 531571. doi:10.3389/fpsyt.2020.531571

Lee, B., Beuhler, L., and Lee, H. Y. (2022). The primary ciliary deficits in cerebellar
Bergmann glia of the mouse model of fragile X syndrome. Cerebellum 21, 801–813.
doi:10.1007/s12311-022-01382-8

Lee, J. E., and Gleeson, J. G. (2011). Cilia in the nervous system: Linking cilia
function and neurodevelopmental disorders. Curr. Opin. Neurol. 24, 98–105. doi:10.
1097/WCO.0b013e3283444d05

Leto, K., Arancillo, M., Becker, E. B., Buffo, A., Chiang, C., Ding, B., et al. (2016).
Consensus paper: Cerebellar development. Cerebellum 15, 789–828. doi:10.1007/
s12311-015-0724-2

Leung, A. W., and Li, J. Y. H. (2018). The molecular pathway regulating
Bergmann glia and folia generation in the cerebellum. Cerebellum 17, 42–48.
doi:10.1007/s12311-017-0904-3

Li, W., Chen, L., Fleming, J. T., Brignola, E., Zavalin, K., Lagrange, A., et al. (2022).
Dendritic inhibition by Shh signaling-dependent stellate cell pool is critical for
motor learning. J. Neurosci. 42, 5130–5143. doi:10.1523/JNEUROSCI.2073-21.2022

Limperopoulos, C., Bassan, H., Gauvreau, K., Robertson, R. L., Jr., Sullivan, N. R.,
Benson, C. B., et al. (2007). Does cerebellar injury in premature infants contribute to
the high prevalence of long-term cognitive, learning, and behavioral disability in
survivors? Pediatrics 120, 584–593. doi:10.1542/peds.2007-1041

Lowenstein, E. D., Cui, K., and Hernandez-Miranda, L. R. (2022). Regulation of
early cerebellar development. Febs J. [Epub ahead of print]. doi:10.1111/febs.16426

Machold, R., and Fishell, G. (2005). Math1 is expressed in temporally discrete
pools of cerebellar rhombic-lip neural progenitors. Neuron 48, 17–24. doi:10.1016/j.
neuron.2005.08.028

Mallard, C., Loeliger, M., Copolov, D., and Rees, S. (2000). Reduced number of
neurons in the hippocampus and the cerebellum in the postnatal Guinea-pig
following intrauterine growth-restriction. Neuroscience 100, 327–333. doi:10.
1016/s0306-4522(00)00271-2

Marzban, H., Del Bigio, M. R., Alizadeh, J., Ghavami, S., Zachariah, R. M., and
Rastegar, M. (2014). Cellular commitment in the developing cerebellum. Front. Cell.
Neurosci. 8, 450. doi:10.3389/fncel.2014.00450

McCarthy, R., Martin-Fairey, C., Sojka, D. K., Herzog, E. D., Jungheim, E. S.,
Stout, M. J., et al. (2018). Mouse models of preterm birth: Suggested assessment and
reporting guidelines. Biol. Reprod. 99, 922–937. doi:10.1093/biolre/ioy109

McDonough, A., Elsen, G. E., Daza, R. M., Bachleda, A. R., Pizzo, D., DelleTorri,
O. M., et al. (2020). Unipolar (dendritic) brush cells are morphologically complex
and require Tbr2 for differentiation and migration. Front. Neurosci. 14, 598548.
doi:10.3389/fnins.2020.598548

McPherson, C., Haslam, M., Pineda, R., Rogers, C., Neil, J. J., and Inder, T. E.
(2015). Brain injury and development in preterm infants exposed to fentanyl. Ann.
Pharmacother. 49, 1291–1297. doi:10.1177/1060028015606732

Millen, K. J., Steshina, E. Y., Iskusnykh, I. Y., and Chizhikov, V. V. (2014).
Transformation of the cerebellum into more ventral brainstem fates causes
cerebellar agenesis in the absence of Ptf1a function. Proc. Natl. Acad. Sci. U. S.
A. 111, E1777–E1786. doi:10.1073/pnas.1315024111

Nakamura, H., Sato, T., and Suzuki-Hirano, A. (2008). Isthmus organizer for
mesencephalon and metencephalon. Dev. Growth Differ. 50 (1), S113–S118. doi:10.
1111/j.1440-169X.2008.00995.x

Frontiers in Cell and Developmental Biology frontiersin.org10

Iskusnykh and Chizhikov 10.3389/fcell.2022.1068288

https://doi.org/10.1523/JNEUROSCI.1610-06.2006
https://doi.org/10.1523/JNEUROSCI.1610-06.2006
https://doi.org/10.1523/JNEUROSCI.5203-05.2006
https://doi.org/10.1523/JNEUROSCI.5203-05.2006
https://doi.org/10.1016/j.devcel.2013.10.008
https://doi.org/10.1016/j.devcel.2013.10.008
https://doi.org/10.1126/science.1181453
https://doi.org/10.1016/B978-0-444-64029-1.00009-6
https://doi.org/10.1016/B978-0-444-64029-1.00009-6
https://doi.org/10.1002/jnr.20880
https://doi.org/10.1016/j.ydbio.2009.02.008
https://doi.org/10.1007/s12311-019-01083-9
https://doi.org/10.1007/s12311-019-01083-9
https://doi.org/10.1126/science.aax7526
https://doi.org/10.1007/s00401-021-02355-7
https://doi.org/10.1007/s00401-021-02355-7
https://doi.org/10.1371/journal.pone.0023449
https://doi.org/10.1146/annurev-neuro-111020-091953
https://doi.org/10.1146/annurev-neuro-111020-091953
https://doi.org/10.1016/j.mod.2016.02.004
https://doi.org/10.1016/j.mod.2016.02.004
https://doi.org/10.1126/scitranslmed.3002731
https://doi.org/10.1126/scitranslmed.3002731
https://doi.org/10.1172/JCI36376
https://doi.org/10.1172/JCI36376
https://doi.org/10.1016/j.neuron.2005.06.007
https://doi.org/10.1016/j.expneurol.2018.05.015
https://doi.org/10.1016/j.expneurol.2018.05.015
https://doi.org/10.1016/j.expneurol.2020.113537
https://doi.org/10.1016/j.nbd.2021.105422
https://doi.org/10.1523/jneurosci.22-18-08110.2002
https://doi.org/10.1523/jneurosci.22-18-08110.2002
https://doi.org/10.1016/s0955-0674(00)00161-7
https://doi.org/10.1126/sciadv.abl9156
https://doi.org/10.1126/sciadv.abl9156
https://doi.org/10.1002/hbm.23058
https://doi.org/10.1002/glia.24190
https://doi.org/10.1073/pnas.1100230108
https://doi.org/10.1073/pnas.1100230108
https://doi.org/10.1016/j.ydbio.2007.08.042
https://doi.org/10.3389/fpsyt.2020.531571
https://doi.org/10.1007/s12311-022-01382-8
https://doi.org/10.1097/WCO.0b013e3283444d05
https://doi.org/10.1097/WCO.0b013e3283444d05
https://doi.org/10.1007/s12311-015-0724-2
https://doi.org/10.1007/s12311-015-0724-2
https://doi.org/10.1007/s12311-017-0904-3
https://doi.org/10.1523/JNEUROSCI.2073-21.2022
https://doi.org/10.1542/peds.2007-1041
https://doi.org/10.1111/febs.16426
https://doi.org/10.1016/j.neuron.2005.08.028
https://doi.org/10.1016/j.neuron.2005.08.028
https://doi.org/10.1016/s0306-4522(00)00271-2
https://doi.org/10.1016/s0306-4522(00)00271-2
https://doi.org/10.3389/fncel.2014.00450
https://doi.org/10.1093/biolre/ioy109
https://doi.org/10.3389/fnins.2020.598548
https://doi.org/10.1177/1060028015606732
https://doi.org/10.1073/pnas.1315024111
https://doi.org/10.1111/j.1440-169X.2008.00995.x
https://doi.org/10.1111/j.1440-169X.2008.00995.x
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2022.1068288


Nitsos, I., and Rees, S. (1990). The effects of intrauterine growth retardation on
the development of neuroglia in fetal Guinea pigs. An immunohistochemical and an
ultrastructural study. Int. J. Dev. Neurosci. 8, 233–244. doi:10.1016/0736-5748(90)
90029-2

Noguchi, K. K., Walls, K. C., Wozniak, D. F., Olney, J. W., Roth, K. A., and Farber,
N. B. (2008). Acute neonatal glucocorticoid exposure produces selective and rapid
cerebellar neural progenitor cell apoptotic death. Cell Death Differ. 15, 1582–1592.
doi:10.1038/cdd.2008.97

Pascual, M., Abasolo, I., Mingorance-Le Meur, A., Martínez, A., Del Rio, J. A.,
Wright, C. V., et al. (2007). Cerebellar GABAergic progenitors adopt an external
granule cell-like phenotype in the absence of Ptf1a transcription factor expression.
Proc. Natl. Acad. Sci. U. S. A. 104, 5193–5198. doi:10.1073/pnas.0605699104

Rees, S. M., Loeliger, M. M., Munro, K. M., Shields, A., Dalitz, P. A., Dieni, S., et al.
(2009). Cerebellar development in a baboon model of preterm delivery: Impact of
specific ventilatory regimes. J. Neuropathol. Exp. Neurol. 68, 605–615. doi:10.1097/
NEN.0b013e3181a39b3f

Rhee, C. J., da Costa, C. S., Austin, T., Brady, K. M., Czosnyka, M., and Lee, J. K.
(2018). Neonatal cerebrovascular autoregulation. Pediatr. Res. 84, 602–610. doi:10.
1038/s41390-018-0141-6

Ritter, J., Schmitz, T., Chew, L. J., Bührer, C., Möbius, W., Zonouzi, M., et al.
(2013). Neonatal hyperoxia exposure disrupts axon-oligodendrocyte integrity in the
subcortical white matter. J. Neurosci. 33, 8990–9002. doi:10.1523/JNEUROSCI.
5528-12.2013

Romantsik, O., Agyemang, A. A., Sveinsdóttir, S., Rutardóttir, S., Holmqvist, B.,
Cinthio, M., et al. (2019). The heme and radical scavenger α(1)-microglobulin
(A1M) confers early protection of the immature brain following preterm
intraventricular hemorrhage. J. Neuroinflammation 16, 122. doi:10.1186/s12974-
019-1486-4

Sabir, H., Dingley, J., Scull-Brown, E., Chakkarapani, E., and Thoresen, M. (2018).
Fentanyl induces cerebellar internal granular cell layer apoptosis in healthy
newborn pigs. Front. Neurol. 9, 294. doi:10.3389/fneur.2018.00294

Salman, M. S., and Tsai, P. (2016). The role of the pediatric cerebellum in motor
functions, cognition, and behavior: A clinical perspective. Neuroimaging Clin. N.
Am. 26, 317–329. doi:10.1016/j.nic.2016.03.003

Samuel, T. M., Sakwinska, O., Makinen, K., Burdge, G. C., Godfrey, K. M., and
Silva-Zolezzi, I. (2019). Preterm birth: A narrative review of the current evidence on
nutritional and bioactive solutions for risk reduction. Nutrients 11, E1811. doi:10.
3390/nu11081811

Sangild, P. T., Thymann, T., Schmidt, M., Stoll, B., Burrin, D. G., and Buddington,
R. K. (2013). Invited review: The preterm pig as a model in pediatric
gastroenterology. J. Anim. Sci. 91, 4713–4729. doi:10.2527/jas.2013-6359

Sathyanesan, A., Zhou, J., Scafidi, J., Heck, D. H., Sillitoe, R. V., and Gallo, V.
(2019). Emerging connections between cerebellar development, behaviour and
complex brain disorders. Nat. Rev. Neurosci. 20, 298–313. doi:10.1038/s41583-
019-0152-2

Scheuer, T., Brockmöller, V., Blanco Knowlton, M., Weitkamp, J. H., Ruhwedel,
T., Mueller, S., et al. (2015). Oligodendroglial maldevelopment in the cerebellum
after postnatal hyperoxia and its prevention by minocycline. Glia 63, 1825–1839.
doi:10.1002/glia.22847

Shah, D. K., Doyle, L. W., Anderson, P. J., Bear, M., Daley, A. J., Hunt, R. W., et al.
(2008). Adverse neurodevelopment in preterm infants with postnatal sepsis or
necrotizing enterocolitis is mediated by white matter abnormalities on magnetic
resonance imaging at term. J. Pediatr. 153, 170–175. 175.e171. doi:10.1016/j.jpeds.
2008.02.033

Shaw, J. C., Palliser, H. K., Dyson, R. M., Berry, M. J., and Hirst, J. J. (2018).
Disruptions to the cerebellar GABAergic system in juvenile Guinea pigs
following preterm birth. Int. J. Dev. Neurosci. 65, 1–10. doi:10.1016/j.
ijdevneu.2017.10.002

Sillitoe, R. V., and Joyner, A. L. (2007). Morphology, molecular codes, and
circuitry produce the three-dimensional complexity of the cerebellum. Annu.
Rev. Cell Dev. Biol. 23, 549–577. doi:10.1146/annurev.cellbio.23.090506.
123237

Smith, K. S., Bihannic, L., Gudenas, B. L., Haldipur, P., Tao, R., Gao, Q., et al.
(2022). Unified rhombic lip origins of group 3 and group 4 medulloblastoma.
Nature 609, 1012–1020. doi:10.1038/s41586-022-05208-9

Solecki, D. J., Liu, X. L., Tomoda, T., Fang, Y., and Hatten, M. E. (2001). Activated
Notch2 signaling inhibits differentiation of cerebellar granule neuron precursors by
maintaining proliferation. Neuron 31, 557–568. doi:10.1016/s0896-6273(01)
00395-6

Spoto, G., Amore, G., Vetri, L., Quatrosi, G., Cafeo, A., Gitto, E., et al. (2021).
Cerebellum and prematurity: A complex interplay between disruptive and
dysmaturational events. Front. Syst. Neurosci. 15, 655164. doi:10.3389/fnsys.
2021.655164

Sveinsdóttir, K., Länsberg, J. K., Sveinsdóttir, S., Garwicz, M., Ohlsson, L.,
Hellström, A., et al. (2017). Impaired cerebellar maturation, growth restriction,
and circulating insulin-like growth factor 1 in preterm rabbit pups. Dev. Neurosci.
39, 487–497. doi:10.1159/000480428

Tam, E. W. Y. (2018). Cerebellar injury in preterm infants. Handb. Clin. Neurol.
155, 49–59.

ten Donkelaar, H. J., and Lammens, M. (2009). Development of the human
cerebellum and its disorders. Clin. Perinatol. 36, 513–530. doi:10.1016/j.clp.2009.
06.001

ten Donkelaar, H. J., Lammens, M., Wesseling, P., Thijssen, H. O., and Renier, W.
O. (2003). Development and developmental disorders of the human cerebellum.
J. Neurol. 250, 1025–1036. doi:10.1007/s00415-003-0199-9

Tong, K. K., Ma, T. C., and Kwan, K. M. (2015). BMP/Smad signaling and
embryonic cerebellum development: Stem cell specification and heterogeneity of
anterior rhombic lip. Dev. Growth Differ. 57, 121–134. doi:10.1111/dgd.12198

Tosto, V., Giardina, I., Tsibizova, V., and Renzo, G. C. D. (2020). Preterm birth,
from the biological knowledges to the prevention: An overview. Maternal-Fetal
Med. 2, 162–171. doi:10.1097/fm9.0000000000000054

Tremblay, S., Ranger, M., Chau, C. M. Y., Ellegood, J., Lerch, J. P., Holsti, L., et al.
(2017). Repeated exposure to sucrose for procedural pain in mouse pups leads to
long-term widespread brain alterations. Pain 158, 1586–1598. doi:10.1097/j.pain.
0000000000000961

van der Heijden, M. E., Lackey, E. P., Perez, R., Ișleyen, F. S., Brown, A. M.,
Donofrio, S. G., et al. (2021). Maturation of Purkinje cell firing properties relies
on neurogenesis of excitatory neurons. Elife 10, e68045. doi:10.7554/eLife.
68045

Vanden Hole, C., Ayuso, M., Aerts, P., Van Cruchten, S., Thymann, T., Sangild, P.
T., et al. (2021). Preterm birth affects early motor development in pigs. Front.
Pediatr. 9, 731877. doi:10.3389/fped.2021.731877

Višnjar, T., Maver, A., Writzl, K., Maloku, O., Bergant, G., Jaklič, H., et al. (2022).
Biallelic ATOH1 gene variant in siblings with pontocerebellar hypoplasia,
developmental delay, and hearing loss. Neurol. Genet. 8, e677. doi:10.1212/NXG.
0000000000000677

Volpe, J. J. (2009). Cerebellum of the premature infant: Rapidly developing,
vulnerable, clinically important. J. Child. Neurol. 24, 1085–1104. doi:10.1177/
0883073809338067

Volpe, J. J. (2021). Commentary - cerebellar underdevelopment in the very
preterm infant: Important and underestimated source of cognitive deficits.
J. Neonatal. Perinat. Med. 14, 451–456. doi:10.3233/NPM-210774

Volpe, J. J. (2008). Postnatal sepsis, necrotizing entercolitis, and the critical role of
systemic inflammation in white matter injury in premature infants. J. Pediatr. 153,
160–163. doi:10.1016/j.jpeds.2008.04.057

Wallace, V. A. (1999). Purkinje-cell-derived Sonic hedgehog regulates granule
neuron precursor cell proliferation in the developing mouse cerebellum. Curr. Biol.
9, 445–448. doi:10.1016/s0960-9822(99)80195-x

Wang, V. Y., Rose, M. F., and Zoghbi, H. Y. (2005). Math1 expression redefines
the rhombic lip derivatives and reveals novel lineages within the brainstem and
cerebellum. Neuron 48, 31–43. doi:10.1016/j.neuron.2005.08.024

Wechsler-Reya, R. J., and Scott, M. P. (1999). Control of neuronal precursor
proliferation in the cerebellum by Sonic Hedgehog. Neuron 22, 103–114. doi:10.
1016/s0896-6273(00)80682-0

Weller, M., Krautler, N., Mantei, N., Suter, U., and Taylor, V. (2006).
Jagged1 ablation results in cerebellar granule cell migration defects and
depletion of Bergmann glia. Dev. Neurosci. 28, 70–80. doi:10.1159/000090754

Wu, Y., Stoodley, C., Brossard-Racine, M., Kapse, K., Vezina, G., Murnick, J., et al.
(2020). Altered local cerebellar and brainstem development in preterm infants.
Neuroimage 213, 116702. doi:10.1016/j.neuroimage.2020.116702

Yaguchi, Y., Yu, T., Ahmed, M. U., Berry, M., Mason, I., and Basson, M. A. (2009).
Fibroblast growth factor (FGF) gene expression in the developing cerebellum
suggests multiple roles for FGF signaling during cerebellar morphogenesis and
development. Dev. Dyn. 238, 2058–2072. doi:10.1002/dvdy.22013

Yamada, M., Seto, Y., Taya, S., Owa, T., Inoue, Y. U., Inoue, T., et al. (2014).
Specification of spatial identities of cerebellar neuron progenitors by ptf1a and
atoh1 for proper production of GABAergic and glutamatergic neurons. J. Neurosci.
34, 4786–4800. doi:10.1523/JNEUROSCI.2722-13.2014

Yawno, T., Sutherland, A. E., Pham, Y., Castillo-Melendez, M., Jenkin, G.,
and Miller, S. L. (2019). Fetal growth restriction alters cerebellar development
in fetal and neonatal sheep. Front. Physiol. 10, 560. doi:10.3389/fphys.2019.
00560

Yawno, T., Yan, E. B., Walker, D. W., and Hirst, J. J. (2007). Inhibition of
neurosteroid synthesis increases asphyxia-induced brain injury in the late

Frontiers in Cell and Developmental Biology frontiersin.org11

Iskusnykh and Chizhikov 10.3389/fcell.2022.1068288

https://doi.org/10.1016/0736-5748(90)90029-2
https://doi.org/10.1016/0736-5748(90)90029-2
https://doi.org/10.1038/cdd.2008.97
https://doi.org/10.1073/pnas.0605699104
https://doi.org/10.1097/NEN.0b013e3181a39b3f
https://doi.org/10.1097/NEN.0b013e3181a39b3f
https://doi.org/10.1038/s41390-018-0141-6
https://doi.org/10.1038/s41390-018-0141-6
https://doi.org/10.1523/JNEUROSCI.5528-12.2013
https://doi.org/10.1523/JNEUROSCI.5528-12.2013
https://doi.org/10.1186/s12974-019-1486-4
https://doi.org/10.1186/s12974-019-1486-4
https://doi.org/10.3389/fneur.2018.00294
https://doi.org/10.1016/j.nic.2016.03.003
https://doi.org/10.3390/nu11081811
https://doi.org/10.3390/nu11081811
https://doi.org/10.2527/jas.2013-6359
https://doi.org/10.1038/s41583-019-0152-2
https://doi.org/10.1038/s41583-019-0152-2
https://doi.org/10.1002/glia.22847
https://doi.org/10.1016/j.jpeds.2008.02.033
https://doi.org/10.1016/j.jpeds.2008.02.033
https://doi.org/10.1016/j.ijdevneu.2017.10.002
https://doi.org/10.1016/j.ijdevneu.2017.10.002
https://doi.org/10.1146/annurev.cellbio.23.090506.123237
https://doi.org/10.1146/annurev.cellbio.23.090506.123237
https://doi.org/10.1038/s41586-022-05208-9
https://doi.org/10.1016/s0896-6273(01)00395-6
https://doi.org/10.1016/s0896-6273(01)00395-6
https://doi.org/10.3389/fnsys.2021.655164
https://doi.org/10.3389/fnsys.2021.655164
https://doi.org/10.1159/000480428
https://doi.org/10.1016/j.clp.2009.06.001
https://doi.org/10.1016/j.clp.2009.06.001
https://doi.org/10.1007/s00415-003-0199-9
https://doi.org/10.1111/dgd.12198
https://doi.org/10.1097/fm9.0000000000000054
https://doi.org/10.1097/j.pain.0000000000000961
https://doi.org/10.1097/j.pain.0000000000000961
https://doi.org/10.7554/eLife.68045
https://doi.org/10.7554/eLife.68045
https://doi.org/10.3389/fped.2021.731877
https://doi.org/10.1212/NXG.0000000000000677
https://doi.org/10.1212/NXG.0000000000000677
https://doi.org/10.1177/0883073809338067
https://doi.org/10.1177/0883073809338067
https://doi.org/10.3233/NPM-210774
https://doi.org/10.1016/j.jpeds.2008.04.057
https://doi.org/10.1016/s0960-9822(99)80195-x
https://doi.org/10.1016/j.neuron.2005.08.024
https://doi.org/10.1016/s0896-6273(00)80682-0
https://doi.org/10.1016/s0896-6273(00)80682-0
https://doi.org/10.1159/000090754
https://doi.org/10.1016/j.neuroimage.2020.116702
https://doi.org/10.1002/dvdy.22013
https://doi.org/10.1523/JNEUROSCI.2722-13.2014
https://doi.org/10.3389/fphys.2019.00560
https://doi.org/10.3389/fphys.2019.00560
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2022.1068288


gestation fetal sheep. Neuroscience 146, 1726–1733. doi:10.1016/j.neuroscience.
2007.03.023

Yeung, J., Ha, T. J., Swanson, D. J., Choi, K., Tong, Y., and Goldowitz, D. (2014).
Wls provides a new compartmental view of the rhombic lip in mouse cerebellar
development. J. Neurosci. 34, 12527–12537. doi:10.1523/JNEUROSCI.1330-14.
2014

Yeung, J., Ha, T. J., Swanson, D. J., and Goldowitz, D. (2016). A novel and
multivalent role of Pax6 in cerebellar development. J. Neurosci. 36, 9057–9069.
doi:10.1523/JNEUROSCI.4385-15.2016

Yoo, J. Y., Mak, G. K., and Goldowitz, D. (2014). The effect of hemorrhage on the
development of the postnatal mouse cerebellum. Exp. Neurol. 252, 85–94. doi:10.
1016/j.expneurol.2013.11.010

Yu, Y., Wang, Y., Wang, Y., Dong, J., Min, H., and Chen, J. (2018). Maternal
marginal iodine deficiency delays cerebellar Bergmann glial cell development in rat
offspring: Involvement of Notch signaling pathway. Neurotoxicology 68, 159–166.
doi:10.1016/j.neuro.2018.08.004

Zhang, Z., Narayan, S., Su, L., Al-Alawyat, H., Liu, J., and Kannan, S. (2019).
Cerebellar injury and impaired function in a rabbit model of maternal inflammation
induced neonatal brain injury. Neurobiol. Learn. Mem. 165, 106901. doi:10.1016/j.
nlm.2018.07.005

Zwicker, J. G., Miller, S. P., Grunau, R. E., Chau, V., Brant, R., Studholme, C., et al.
(2016). Smaller cerebellar growth and poorer neurodevelopmental outcomes in very
preterm infants exposed to neonatal morphine. J. Pediatr. 172, 81–87. e82. doi:10.
1016/j.jpeds.2015.12.024

Frontiers in Cell and Developmental Biology frontiersin.org12

Iskusnykh and Chizhikov 10.3389/fcell.2022.1068288

https://doi.org/10.1016/j.neuroscience.2007.03.023
https://doi.org/10.1016/j.neuroscience.2007.03.023
https://doi.org/10.1523/JNEUROSCI.1330-14.2014
https://doi.org/10.1523/JNEUROSCI.1330-14.2014
https://doi.org/10.1523/JNEUROSCI.4385-15.2016
https://doi.org/10.1016/j.expneurol.2013.11.010
https://doi.org/10.1016/j.expneurol.2013.11.010
https://doi.org/10.1016/j.neuro.2018.08.004
https://doi.org/10.1016/j.nlm.2018.07.005
https://doi.org/10.1016/j.nlm.2018.07.005
https://doi.org/10.1016/j.jpeds.2015.12.024
https://doi.org/10.1016/j.jpeds.2015.12.024
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2022.1068288

	Cerebellar development after preterm birth
	Introduction
	Cerebellar neuroanatomy
	Cerebellar development
	Experimental approaches to study the preterm cerebellum
	The impact of preterm birth on different cerebellar cell types
	Granule cells
	Purkinje cells
	Other cerebellar neurons
	Glial cells

	Adverse effects of other factors commonly associated with preterm birth
	Hemorrhage
	Infection/inflammation
	Side effects of medical treatments

	Conclusions and future directions
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References


