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ABSTRACT: Ependymal cells are indispensable components of the central nervous system (CNS). They originate 

from neuroepithelial cells of the neural plate and show heterogeneity, with at least three types that are localized in 

different locations of the CNS. As glial cells in the CNS, accumulating evidence demonstrates that ependymal cells 

play key roles in mammalian CNS development and normal physiological processes by controlling the production 

and flow of cerebrospinal fluid (CSF), brain metabolism, and waste clearance. Ependymal cells have been attached 

to great importance by neuroscientists because of their potential to participate in CNS disease progression. Recent 

studies have demonstrated that ependymal cells participate in the development and progression of various 

neurological diseases, such as spinal cord injury and hydrocephalus, raising the possibility that they may serve as 

a potential therapeutic target for the disease. This review focuses on the function of ependymal cells in the 

developmental CNS as well as in the CNS after injury and discusses the underlying mechanisms of controlling the 

functions of ependymal cells. 

 

Key words: Ependymal cells, central nervous system, CNS development, CNS disease 
 

 

 

 
1. Introduction 

 

Ependymal cells are neuroepithelial multiciliated cells 

lining the spinal cord and cerebral ventricles [1], and are 

derived from radial glial cells in the embryo between 

embryonic Day 14 (E14) and E16 [2]. They are born first 

as nonmotile monopiled epithelial cells and then mature 

as motile multiciliated cells during the first two postnatal 

weeks. Immature ependymal cells protrude short and 

randomly oriented cilia into the brain ventricles. During 

maturation, the cilia length increases, starts beating, and 

produces a fluid flow that alters the basal bodies in the 

same direction. A recent study showed that mature 

ependymal cells can be detected at postnatal day (P0) as 

mature state-related genes (including Lrcc1, Meig1, 

Foxj1, etc.) are already highly expressed [3]. However, 

the mechanisms that control ependymal cell 

differentiation and maturation have not been fully 

revealed. It is known that some transcription factors are 

necessary for regulating the development of ependymal 

cells. Retinal ganglion cells can express transcription 

factors GemC1 and Mcidas, and both participate in 

ependymal cell maturation by activating their downstream 

transcription factors such as Foxj1 and Myb [4]. Foxj1 is 

involved in regulating cilia formation and epithelial 

morphology during ependymal cell maturation. Without 

Foxj1, ependymal cells fail to differentiate from radial 

glial cells [5]. Lavado et al. reported that the homeobox 

gene Six3 is expressed in ependymal cells during lateral 

ventricle formation, and deletion of Six3 resulted in the 

failure of ependymal cell maturation, lateral wall deficits, 

and hydrocephaly. Similarly, Myb is essential for 
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modulating the differentiation of ependymal cells and 

cilia formation [6]. Recent studies have found that the 

transcription factor nuclear factor IX (NFIX) regulates 

ependymal cell maturation by controlling Foxj1. NFIX 

deficiency in mice results in aberrant ependymal cell 

morphology as well as aberrant thickening and loss of the 

ependymal cell layer within the postnatal brain [7].  

Some investigators have suggested that multiciliated 

ependymal cells lack proliferation in the normal adult 

mouse brain [2]. However, in some cases, they still 

possess the ability to proliferate or regenerate, and limited 

repair capacity was detected under certain pathological 

conditions. In the aging brain, the ependymal repair is at 

a moderate level, and ependymal cells become elongated, 

extend long, and from tangled cilia [8]. However, the 

ependyma of young animals can be activated after injury, 

promoting disease progression. Moreover, neuraminidase 

-induced denudation of the ependymal layer also results 

in reactive gliosis [8]. Recently, it was found that stab 

injury in the brain can enhance parvalbumin (PV) 

expression in ependymal cells and promote their motility 

and adhesion, helping the scratch or the wound re-

epithelialize, thereby re-establishing a continuous 

ependymal layer to stop the leakage of cerebrospinal fluid 

(CSF) [9].  

In this review, we introduce the basics of ependymal 

cells while discussing their classification and 

physiological functions in the CNS in depth. At the same 

time, we also expounded on the important roles and future 

of ependymal cells from the aspects of the occurrence, 

development, and recovery of CNS diseases.  

 

2. Subtypes and differences in ependymal cells  

 

The heterogeneity of ependymal cells has been 

extensively explored. There are several different types of 

ependymal cells according to their different localizations, 

morphologies, surface markers, and functions. Gabrion 

and colleagues classified ependymal cells in the 

hypothalami or choroid plexuses in mice or rat foetuses 

into four groups: tanycytes, ciliated and unciliated 

ependymal cells, and choroidal ependymocytes [10]. Two 

types of tanycytes are observed in the third ventricle walls 

with long cytoplasmic shafts, apical blebs in the median 

eminence, and tight junctions. Ciliated and nonciliated 

ependymal cells are located in the ventrolateral walls of 

the third ventricle, with a lack of tightness in junctional 

complexes [11]. Choroidal ependymocytes are cuboidal 

shape with abundant long, club-shaped microvilli located 

in the choroid plexuses with tight junctions [10]. 

Another classification according to different 

morphologies divides ependymal cells into three types: 

cuboidal and radial ependymal cells and tanycytes [12]. 

The cuboidal ependymal cells are often arranged in a 

single layer that belongs to multiciliated ependymal cells 

with an oval nucleus and bright cytoplasm [12]. Tanycytes 

are often arranged in two layers, mainly existing in the 

median bulge and arcuate nucleus of the hypothalamus. 

They have irregular nuclei, dark cytoplasm, and only one 

type of cilium. Tanycytes are further divided into four 

subpopulations, α1, α2, β1, and β2, characterized by their 

distinct morphologies and molecular and functional 

features [13]. Radial ependymal cells are also arranged in 

two layers, with oval or irregular nuclei, bright cytoplasm, 

one to three types of cilia, and a long basal process [12].  

Other studies classify ependymal cells according to 

different cilia numbers and locations. Cilia are slender cell 

protrusions that are important for the development of 

various organs and the maintenance of homeostasis. In 

human and mouse brain ventricles, ependymal cells can 

be categorized into three subtypes by cilia number and 

regional distribution (shown in Fig. 1), including 

multiciliated ependymal (E1 cells), ciliated ependymal 

(E2 cells), and uniciliated ependymal (E3 cells) [14] . 

Among them, the E1 type is the major ependymal cell 

subtype that is aligned and densely arranged from the 

caudal to the rostral direction and mainly exists in the 

lateral, third and fourth cerebral ventricles [15], playing a 

key role in the flow of CSF and brain homeostasis [3]. E1 

cells have planar polarity, which helps the directional 

beating of motile cilia to maintain normal CSF flow [16]. 

E2 and E3 cells are responsible for collecting and 

transforming various extracellular signals, and β2-

tanycytes in median eminence can generate newborn 

neurons [17]. Based on their ultrastructure, basal process, 

and surface marker, E2 cells in the 3 V are identified as α-

tanycytes, while E3 cells in the floor of the 3 V correspond 

to β-tanycytes [14]. E2 cells are mainly localized in the 

spinal canal and part of the third and fourth ventricles and 

cerebral aqueduct, with both primary cilia and motile cilia 

[14]. The most different characteristic of E2 cells is their 

two large basal bodies, surrounded by a complicated set 

of electron-dense particles. E2 cells have a light 

cytoplasm, spherical nuclei, and scattered chromatin, and 

abundant mitochondria are concentrated around the 

nucleus. Mitochondria in E1 cells are confined near the 

basal bodies [14]. E3 cells are monociliated ependymal 

cells with only primary cilia, which are the 9+0 type cilia 

type, while both E1 and E2 ependymal cells are type 9+2 

cilia. They are mainly located in the preoptic and 

infundibular recesses of the third ventricle [14]. 

Interestingly, recent single-cell RNA sequencing revealed 

striking homogeneity of ependymal cells across different 

ages, species, and regions [3], and the three major 

categories are still shared in all ependymal cells, including 

cilia-related subtype, metal ion-related subtype, and 

transport-related subtype. However, there remains subtle 

differences between the different subtypes. Neonatal 
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ependymal cells captured a gene signature associated with 

developmental processes; however, adult ependymal 

cells, rather than ependymal cells in the canal of the spine, 

express cellular transport and inflammation-related genes. 

The molecular markers that distinguish different subtypes 

of ependymal cells are shown in Table 1. Moreover, E1, 

E2 and E3 ependymal cells are involved in cilia-related 

functions, ventricle shaping and metal ion regulation；E1 

ependymal cells are mainly responsible for transport, but 

other types of ependymal cells are also reported to 

transport water and glycerin as they express aquaporins. 

It has been suggested that tanycytes are more likely to 

differentiate into stem cells (Table 2). 

 

 
Figure 1. Schematic diagram of the morphology and distribution of ependymal cells. Structure of mouse 

ventricle (top left) from the Allen Brain Atlas with different ependymal cell subtypes in distinct ventricular 

regions (1) (2) (3). Ependymal cells in lateral ventricles (LV) are mainly E1 types, while E1, E2, E3 cell in V3 

(1).  Ependymal cells in V4 are mainly E2 types, while E1 and E2 cells in aqueduct (AQ) (2). Ependymal cells 

in the central canal (CC) are mainly E2 types (3). E1 type ependymal cells mainly exist in the lateral ventricle, 

the third and fourth ventricle of the brain, the cilia type is mainly motor cilia, and the mitochondria of E1 cells 

are concentrated near the basal body. E2 type ependymal cells are distributed in the spinal canal and part of the 

third and fourth ventricles and the cerebral aqueduct. They have both primary cilia and motor cilia, with two 

basal bodies surrounded by a complex set of electron density particles. E2 type ependymal cells have spherical 

nuclei, scattered chromatin and abundant mitochondria that concentrated around the nucleus. E3 cells are 

monociliated ependymal cells with only primary cilia, mainly located in the preoptic recess and infundibular 

recess of third ventricle. 
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Table 1. Criteria for the characterization of different subtypes of ependymal cells.  

 
 GFAP CD24 Vimentin S100β Nestin Fezf2 

E1 cells - (<16%+) + + + + - 

E2 cells + + + + + + 

E3 cells - - + - + + 
 

“+” means expression, “-”means no expression 

3. Role of ependymal cells in the healthy CNS 

 

The ependymal cells consist of a critical barrier. However, 

the function of ependymal cells remains unclear. 

Recently, a large number of investigations have been 

proformed to understand their roles in the development 

and physiology of the CNS. The interactions between 

ependymal cells and CSF and the possible role in 

neurogenesis have been highlighted. Ependymal cells also 

provide possible metabolic support for other cells. The 

function of ependymal cells in the healthy CNS is 

summarized in Table 3. 
 

Table 2. Function of different types of ependymal cells. 
 

Ependymal cell types Functions 

E1 cells 1. maintain normal CSF flow [16] 

2. transport functions [3] 

E2 cells may serve as mechanical or chemical 

sensors of CSF flow or composition 

[134] 

E3 cells (β-tanycytes) 1. retain a proliferative potential [14] 

2. regulating progenitor activity [135]  

3. sensing CSF metabolites [135] 

Tanycytes 1. generate newborn neurons [135] 

2. generate astrocytes [72] 

3. transport bioactive substances 

between the CSF and blood vessSels 

[136] 
 

3.1 Cilia-related functions 

 

The cilium is a very important organelle with membrane-

bound and centriole-derived projections from ependymal 

cells. It is composed of a microtubule cytoskeleton, the 

ciliary axoneme, encompassed by a ciliary membrane 

[18]. According to their ultrastructure and molecular 

composition, they are divided into primary cilia and 

motile cilia. 

Primary cilia are nonmotile organelles surrounded by 

a membrane that is connected to the plasma membrane. 

Because the membrane of primary cilia has perculiar lipid 

and receptor content, the main function of primary cilia is 

to sense and transmit changes in extracellular molecules 

that regulate a number of intracellular signals, as well as 

release vesicles to modulate the function of the epithelium 

[19, 20]. Motile cilia, on the other hand, function as 

nanomachines to help cell movement [21]. Invertebrates 

and motile cilia participate in many physiological 

processes. They are mainly located in the nasal cavity 

[22], central canal of the spinal cord [23], and cerebral 

ventricles [24]. Motile cilia are also detected in the 

cerebral ventricular system, suggesting its role in 

controling CSF flow. The number of motile cilia on 

ependymal cells of the central canal is closely associated 

with the size of the spinal cord and central canal [25]. 

A layer of ciliated ependymocytes lines in the 

cerebral ventricles, contact the CSF, and they beat 

periodically, generating localized CSF flow [26]. 

Activation of the A2B receptor increases the beat 

frequency of ependymal cells in the lateral ventricle, 

which may play an essential role in controlling cerebral 

fluid homeostasiss [27]. It has been reported that 

methylmercury (MeHg), a substance that is neurotoxic to 

humans, inhibits the movement of ependymal cell cilia in 

a concentration-dependent manner and inhibited CSF 

flow[28]. A study in zebrafish demonstrated that CSF 

flow was restricted to a single ventricular cavity and 

directed by ependymal cilia [29]. Recently, a study 

showed that a CSF flow network driven by independent 

ependymal cilia has been formed in the early embryonic 

ventricular system of Xenopus, enabling CSF within and 

across the ventricular space [30]. The beating of 

ependymal cilia maintains the normal flow of CSF, which 

is essential for brain homeostasis, toxin clearance, convey 

of signalling molecules, and orientation of newborn 

neurons [31]. Further study showed that serotonin (5HT) 

and ATP were actively involved in the control of ciliary 

activity in ependymal cells [32].  

3.2 Ventricle shaping 

 

The ependymal lies at the interface between the 

ventricular cavities and the brain parenchyma [33]. 

During the first postnatal days, radial glia cells transform 

into type B cells and ependymal cells to constitute the 

subventricular zone (SVZ), but the expression or deletion 

of some ependymal cell-related factors effects the 

formation of the SVZ. For example, p73 is a key factor 

that controls the development of the SVZ. Depletion of 

P73 in ependymal cells impaired ciliogenesis and 

disorganized pinwheels, resulting in SVZ disruption [34]. 

Another factor, Camsap3, is critical for forming the lateral 

ventricles. Mutation of Camsap3 in mice disrupted the 

expansion of the apical domain of ependymal cells, 
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resulting in narrow lateral ventricles. In addition, 

Camsap3 mutation obstructed extension of the neocortical 

VSs along the mediolateral axis [35]. Inhibitor of DNA-

binding 4 protein (ID4) is involved in CNS development 

by controlling the proliferation and differentiation of 

neural stem cells. ID4 also has an effect on ventricle 

formation. Knockout of ID4 in mice resulted in ventricle 

enlargement, thinning of the ventricular wall and 

elongation of ependymal cells [36]. In addition, 

parvalbumin+ ependymal cells were found localized in 

the adhesions of the medial and lateral walls of the rostral 

LVs and showed a reactive phenotype during aging. In 

addition, knockout of parvalbumin ameliorated LV 

stenosis and adhesions in aged mice, suggesting that 

parvalbumin+ ependymal cells are involved in ventricle 

stenosis during aging [37]. Selective disruption of N-

cadherin, a transmembrane glycoprotein highly expressed 

in the CNS, triggered massive apoptosis of ependymal 

cells and denudation of cerebral ventricular walls[38]. 

Finally, SrGAP3 deficiency enlarged lateral ventricles by 

15-fold due to the reduction in the densities of cilia in 

ependymal cells [39]. 
 

Table 3. Function of ependymal cells in healthy CNS. 

 
Function of ependymal cells in healthy CNS Evidence 

Cilia-Related function 1. motile cilia’ number correlates with the size of the spinal cord and central canal [25] 

2. beating to maintain normal CSF flow [26] 

Ventricle shaping 1. produced a major laminin component of the fractone bulbs in the SVZ [137] 

Transport functions 1. E1 cells expressed transport function related genes [3] 

2. involved in glucose or fructose transportation [41] 

Stem-cell like function 1. sharing a common embryonic origin with adult neural stem cells and forming the 

adult neurogenic niche[55] 

2. potential to turn into neuroblasts under certain environmental conditions [56] 

3. generate self-renewing neurospheres and new astrocytes and oligodendrocytes [55] 

4. CD9-positive ependymal cells can generate neurospheres [55] 

5. regulate neural stem cells [66]  
 

3.3 Transport functions 

 

Transcriptomics data from human and mouse ventricles 

suggest that ependymal cells express genes related to 

transport functions, and E1 cells seem to be more critical 

in these functions [3]. The glucose transporter (GLUT) 

transports glucose and/or fructose in different cell types 

and tissues. It has been identified that GLUT1, GLUT2, 

GLUT5, GLUT8, and GLUT9 are expressed in 

ependymal cells in human and mouse brains, suggesting 

that ependymal cells may also participate in glucose and 

fructose transportation [40, 41]. GLUT1 expression is an 

asynchronous process with ependymal cell 

differentiation. Inhibition of GLUT1 results in reduced 

energy and angiogenesis [42]. GLUT2, as a glucose 

sensor in the brain, may help the hypothalamus detect 

changes in glucose concentration and contribute to the 

regulation of glucose intake as well as glucose 

homeostasis [43]. GLUT5, a selective transporter for D-

fructose, is mainly expressed on the dorsal half of the third 

ventricle wall[44]. GLUT9, known as the reabsorptive 

urate transporter, is observed in the cilia of ependymal 

cells in the human brain [45]. Urate transporter 1 

(URAT1), also a reabsorption urate transporter, was 

recently found to be expressed in cilia and the apical 

surface of ependymal cells [46]. Their expression in 

ependymal cells suggests that CSF may be involved in the 

urate transport system, exerting the neuroprotective 

function of urate. 

Aquaporins (AQPs) are critical for water and 

glycerol transportation. AQP1, 4, 7 and 9 are expressed in 

ependymal cells [47]. AQP1 is largely expressed in 

ependymal cells at the apical membrane of the epithelium 

in the choroid plexus located in the lateral, third and fourth 

cerebral ventricles, and its main function is to produce 

CSF [47]. AQP has been observed surrounding brain-CSF 

barriers, participating in reabsorption and promoting the 

rapid transport of water through cell membranes [47]. 

Interestingly, the expression of AQP7 and AQP9 in 

tanycytes is related to the mouse oestrus cycle, suggesting 

that glycerol transport mediated by AQP7 and AQP9 can 

be affected by hormonal changes [48]. 

 

3.4 Metal ion regulations 

 

Metal ion regulation is essential for maintaining brain 

homeostasis, and few studies have analysed how 

ependymal cells are involved in this process [3]. In 

Ts1Cje mice, a widely used genetic model of Down 

syndrome, copper transporter CTR1 expression is 

reduced, causing accumulation of copper in CSF and 

elevation of oxidative stress in the brain parenchyma [49]. 

Another study found that hepcidin and ferroportin are 

colocalized in the ependymal cells of the SVZ, indicating 

their regulatory function in iron export function[50]. In a 

rat model with elevated CNS iron loads, increased iron 

accumulation was found in ependymal cells, together with 

decreased iron levels in CSF, implying that excessive iron 
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is actively absorbed by ependymal cells to reduce toxicity 

to the CNS [51]. 

3.5 Stem cell-like function 

 

The stemness of ependymal cells has been under debate, 

as they seem unable to undergo sufficient self-renewal to 

maintain their population when injured and do not 

normally produce a sufficient number of other cell types 

[12]. It has been reported that ependymal cells and adult 

neural stem cells (NSCs) are sister cells, sharing a 

common embryonic origin and together forming the adult 

neurogenic niche [52]. They also share several stem cell-

associated genes, overlapping transcriptional signatures, 

similar intracellular signalling, and some NSC protein 

‘markers’, such as Sox2, Nestin, SRY-Box2, and CD133 

[52-55]. In the adult lateral ventricle wall, ependymal 

cells show high expression of many genes controlled by 

the transforming growth factor-β family, which indicates 

their potential to transform into neuroblasts [56]. The 

stemness of ependymal cells seems to appear in certain 

locations of the brain, especially in the subependymal, 

central canal of the spinal cord, ventriculus terminalis, and 

choroid plexus ependymal regions [57-60]. CD133/ 

CD241/CD45/CD34 ependymal cells isolated from the 

spinal cord can form neurospheres under cloning 

conditions and differentiate into three neural lineages 

[56]. In the central canal, ependymal cells can generate 

proliferative neurospheres and differentiate into 

astrocytes and oligodendrocytes [61]. In addition, they 

can acquire stem cell properties after injury or stimulation. 

Ependymal cell dedifferentiation can be induced by IKK2 

inhibitors [62]. After spinal cord injury (SCI), 95% of 

reactive ependymal cells differentiate into astrocytes 

(mostly) or oligodendrocytes and form glial scars [12]. 

High mobility group Box 1 (HMGB1) secreted from 

reactive astrocytes promoted this process, and inhibited 

ependymal cell differentiation into neurons [63]. CD9-

positive ependymal cells in adult rats can generate 

neurospheres [55]. Ependymal cells in the adult spinal 

cord (SCEp cells) rarely proliferate under normal 

conditions; however, overexpression of the Notch 

intracellular domain in SCEp cells increases their 

proliferation and promotes their differentiation into 

astrocytes [52].An in vivo study demonstrated that a 

certain number of SCEp cells differentiated into 

astrocytes after grafting into the spinal cord [60]. After 

brain damage in the medulla oblongata, tanycytes are a 

subtype of ependymal cells that can provide new neuronal 

lineage cells [55]. Ependymal cells can also function as 

neural stem-like cells to rebuild the neural network during 
chordate metamorphosis [64]. 

In some cases, ependymal cells contribute to 

neurogenesis by releasing factors or signals rather than 

differentiating into stem cells. The ependymal cells that 

capulate the stem cell niche express LRP2, the receptor of 

BMP4 to mediate BMP4 catabolism, while LRP2 

deficiency inhibits neural precursor cell proliferation and 

neuroblast migration to the olfactory bulb [65]. The 

choroid plexus-derived ependymal cells grafted into 

spinal cord lesions secrete trophic factors and interact 

with growing axons via adhesion molecules, supporting 

nerve regeneration in the spinal cord [66].  

Ependymal cells and neural progenitor cells share a 

common origin and many molecular markers [52, 55]. As 

early as 1996, it was reported that the presence of cells in 

the ventricle can generate neurospheres and differentiate 

into glial cells, and it was speculated that it might be 

derived from ependymal cells in the ventricle [67]. 

Lineage tracing studies suggest that after spinal cord 

injury, most stem cells are derived from ependymal cells, 

which can differentiate into glial cells [12, 68]. For 

example, ependymal cells migrate from the ependymal 

layer to the lesion and differentiate into astrocytes after 

spinal cord injury [69].To date, many studies have 

proposed the stemness of ependymal cells in the CNS 

after injury; however, the mechanism still needs to be 

explored. 

 

3.6 Sleep and neurogenesis regulation 

 

The thalamus is considered to be a key structure involved 

in mediating circadian rhythms [20]. According to the 

location and function of ependymal cells, researchers 

suggest that ependymal cells may play a role in regulating 

sleep. For example, IL-18 secreted by ependymal cells 

was able to modulate sleep and influence long-term 

potentiation [70]. Fatty acid amide hydrolase derived 

from ventricular ependymal cells can also modulate sleep 

[71].  

A local neural stem/progenitor cell niche exists in the 

adult hypothalamus, in which α2-tanycytes is a key 

component, and α1 and β-tanycytes have limited self-

renewal capacity. α2-tanycytes regulate their proliferation 

through fibroblast growth factor signaling, maintain self-

renewal, or generate β-tanycytes and parenchymal 

astrocytes, and even a small number of neurons [72]. 

 

4. Role of ependymal cells in CNS diseases 

 

Under certain pathological conditions, ependymal cells 

change their morphology and function through a variety 

of signalling pathways. Here we describe the important 

roles and future development of ependymal cells in the 

occurrence, development, and recovery of CNS diseases 

such as cerebrovascular disease, spinal cord injury, 

hydrocephalus, and mental disease. The function of 
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ependymal cells in the CNS diseases is summarized in 

Table 4. 
 

Table 4. Function of ependymal cells in CNS diseases. 

 
Disease Morphological changes of ependymal cells Molecules involved in the disease 

Stroke 1. Almost lost in major stroke [76, 80].  

2. Became less cuboid, flattened and stretched in scar 

formation and surface area was increased [78]. 

3. Motor cilia and basal bodies were displaced in the 

anterior dorsal SVZ [76]. 

4. Non-stem- or progenitor-like responses [80]. 

1. Expressed robust levels of GFAP in 7 and 14 days 

after stroke [76, 81]. 

2. Notch signaling as the regulator [77].  

3. Up-regulated the expression of the O-linked N-

acetylglucosamine containing epitope H [82]. 

Spinal cord injury 

(SCI) 

1. Act as a potential repair cell source [87, 92]. 

2. Became multilineage differentiation [12, 91]. 

 

1. Nestin-positive cells are increased [88, 125]. 

2.BAF45D expression is reduced [87]. 

3. Intracellular Ca2+ level is increased [89]. 

4.Interleukin-17A is a negative regulator [94]. 

Hydrocephalus 1. Cilia lack the coordinated orientation [100]. 

2. Ependymal cell desquamation and subependymal 

basal membrane destruction [79]. 

1.Daple-deficient, Mpdz-deficient, RFX3-deficient, 

MT1-MMP–deficient, SNX27-deficient [98, 99, 109, 

111]. 

2.VPS35 prevents neonatal hydrocephalus [103]. 

3. Inactivation of Cdc42 lead to hydrocephalus [108]. 

Psychiatric 1. Ependymal planar cell polarity is disrupted [138]. 

2. CSF flow is reduced [138]. 

1. P11-deficient [86]. 

2. Ubiquitin-positive inclusions were found [126]. 

Brain injury 1. PV+ ependymal cells promote wound-healing [9]. 

a positive correlation between the percentage of nestin+ 

ependymal cells and post-injury survival time in mice 

after brain trauma [125]. 

1. Up-regulation of calcium-binding protein 

parvalbumin-expression [9]. 

 

Acute aseptic 

neuroinflammation 

1. Impaired ependymal cell viability and even cell death 

[127]. 

Not mentioned. 

Aging 1. The ependymal layer thins [54]. 

2. The density of apical motional cilia is reduced [54]. 

3. Accumulate the lipid droplets [54]. 

Not mentioned. 

Alzheimer's disease 1. Lipid droplets rich in oleic acid side chains 

selectively accumulate in the ependymal cells [54]. 

Not mentioned. 

Age-related 

ventricular stenosis 

1. p73 knock-in mouse showed aqueductal stenosis, p73 

knock out mouse showed aqueductal stenosis at a later 

stage but not hydrocephalus 

1. p73 [139].  

 

4.1 Roles of ependymal cells in cerebrovascular disease 

 

Stroke, one of the most common cerebrovascular 

diseases, is the leading cause of morbidity and mortality 

worldwide [73]. Usually, in the lesion area of stroke, 

microglia and astrocytes are extensively studied [74, 75] 

while ependymal cells are almost completely lost and 

most of them do not proliferate or divide too slowly to be 

observed [76, 77]. After stroke, the number of ependymal 

cells decreased in the neurogenic niche at 6 and 16 weeks, 

and ectopic ependymal cells migrated to the striatum of 

the stroke brain and were involved in scar formation[78]. 

Their ultrastructural properties changed and became less 

cuboid, flattened, and stretched[78]. The cell surface area 

was also increased; moreover, destruction of the 

ependymal cilia was also observed. The ependymal motor 

cilia and basal bodies were displaced in the anterior dorsal 

SVZ, disrupting the ependymal planar cell polarity, 
ultimately resulting in slower and more turbulent CSF 

flow [76]. Subarachnoid haemorrhage causes 

desquamation of choroidal artery vasospasm-related 

ependymal cells and rupture of the subependymal basal 

membrane [79]. After stroke, ependymal cells showed 

nonstemness [80]. Ependymal cells expressed robust 

levels of GFAP in the brain ipsilateral to the lesion and 

exhibited the phenotype and morphology of radial glia 

and reactive astrocytes at 7 and 14 days after stroke[76, 

81]. Ependymal cells in the forebrain generate neuroblasts 

and astrocytes, which are regulated by Notch signalling. 

However,  ependymal cells have difficulty maintaining 

their population by self-renewal and are reduced when 

generating differentiating progeny; thus, they are more 

likely to serve as a source that is stimulated by injury 

rather than serving as stem cells [77]. In human 

ependymal cells, hypoxia upregulated the level of the O-

linked N-acetylglucosamine-containing epitope H [82]. 

 

4.2 Ependymal cells in psychiatric disorder 

 
As the number of major depressive disorder (MDD) 

patients continues to increase, increasing attention has 

been given to this disease. However, the underlying 
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mechanism of MDD remains unclear. Depression is not 

only a neurological disease with anxiety disorder but also 

closely associated with a variety of chronic and senile 

diseases, making the prognosis complicated and 

aggravating the situation of disease and disability in the 

world [83]. Ependymal cells play critical roles in 

propelling the CSF, and interference with ependymal 

planar cell polarity leads to aberrant CSF circulation, 

which may influence neurodegenerative and psychiatric 

diseases [1]. P11 (S100A10) is an important molecule that 

regulates the aetiology of depression [84, 85]. A previous 

study demonstrated that patients with MDD and a chronic 

stress-induced mouse depression model showed 

decreased levels of p11, caused by disruption of 

ependymal planar cell polarity and reduction of CSF flow, 

resulting in depression and anxiety [86]. 

4.3 Ependymal cells in spinal cord injury 

 

Ependymal cells have been studied extensively in SCI. 

After SCI, ependymal cells in the central canal of the 

spinal cord (SCECs) proliferate, differentiate, and migrate 

to the lesion site and act as a potential repair cell source 

[87]. The proliferation and differentiation of ependymal 

cells vary according to the severity of the injury. SCI 

induced the proliferation of nestin+ ependymal cells, 

which is positively correlated with the survival time of 

mice [88]. In SCECs after SCI, the level of BAF45D is 

reduced, which may inhibit nerve growth [87]. In an ex 

vivo SCI model, ependymal cells are activated, 

proliferate, migrate out of the central canal, differentiate 

and show spontaneous Ca2+ activity and are responsive to 

ATP with increasing intracellular Ca2+ levels[89]. 

Cultured choroid plexus ependymal cells transplanted to 

the spinal cord can transform into astrocytes[90]. After 

SCI, ependymal cells showed multilineage 

differentiation, mainly differentiating into astrocyte-like 

cells and to a lesser degree, oligodendrocytes. Ependymal 

cells migrate to the injury site to constitute the glial scar 

and even support local sprouting [12, 91]. In vivo juvenile 

ependymal cells contribute more to glial scar formation 

and show a higher recruitment potential[92]; however, 

some investigators claimed that their contribution to scar 

formation is local, primarily in the vicinity of the damaged 

area, and dependent directly on ependymal injury [93]. In 

these processes, interleukin-17A(IL-17A) is negatively 

associated with ependymal cell proliferation and 

suppressing IL-17A in ependymal cells promotes 

neurotrophic factor levels and axonal sprouting in the 

injured spinal cord [94]. 

4.4 Ependymal cells in hydrocephalus 

Broadly speaking, hydrocephalus is defined as any 

increase in CSF, including brain oedema. In a narrow 

sense, it is defined as ventricular enlargement that 

accelerates head growth or requires surgical intervention 

[95]. Acute hydrocephalus is a common complication 

after spontaneous subarachnoid haemorrhage (SAH) that 

severely threatens life. After SAH, the frequency of 

occurrence of hydrocephalus ranges from 15% to 20%. 

Impairment of CSF and reduced absorption secondary to 

fibrosis of the leptomeninges and arachnoid granulations 

are considered causes of hydrocephalus after SAH[96]. 

Therefore, ependymal cells may have a certain connection 

with hydrocephalus. After SAH, aqueductal stenosis and 

hydrocephalus may be caused by desquamation of 

ependymal cells and disruption of the subependymal basal 

membrane [79]. A series of molecules in ependymal cells 

may be link to hydrocephalus. Knockout of Daple, a Dvl-

associated protein with high leucine content (Ccdc88c), 

caused hydrocephalus and disorientation of ependymal 

cilia [97, 98]. The assembly and function of cilia in 

nematodes, Drosophila and mice are regulated by the 

regulatory Factor X (RFX) family [99]. It has been 

demonstrated that knockout of RFX3 in mice caused 

hydrocephalus but not stenosis of the Sylvius aqueduct, 

which is characterized by hypoplasia of secretory 

ependymal cells of the subcommissural organ and 

changes in the number rather than ultrastructure of cilia 

[100, 101]. Vacuolar protein sorting-associated protein 35 

(VPS35) is involved in the retrieval of transmembrane 

proteins or cargos from endosomes to the trans-Golgi 

network or recycling cargos from endosomes to the cell 

surface [102]. A recent study suggested that Vps35 not 

only promotes the differentiation of ependymal cells in a 

cell-autonomous manner but also inhibits microglial 

activation, radial glial cell or ependymal precursor cell 

proliferation and death in a cell nonautonomous manner, 

thus preventing neonatal hydrocephalus [103]. Adherens 

junctions (AJs) play a critical role in connecting 

ependymal cells to maintain tissue structure integrity. 

Afadin, an actin filament-binding protein, is crucial for 

maintaining AJs in ependymal cells by binding to nectins 

and acatenin [104, 105], which is required for the 

development of the cerebral aqueduct and ventral third 

ventricle in the midbrain [106]. Another important 

molecule is Cdc42, a small GTPase that regulates many 

cellular functions, especially cell polarity [107]. 

Inactivation of Cdc42 leads to hydrocephalus, causes 

death during the postnatal stage and disrupts ependymal 

cell differentiation, resulting in aqueductal stenosis [108]. 

Membrane-type 1–MMP (MT1-MMP) has been shown to 

be a regulator of ependymal cells. Jiang et al. reported that 

knockout of MT1-MMP decreased and disrupted motile 
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cilia and impaired ependymal cell maturation, causing 

abnormal CSF flow and hydrocephalus [109]. To date, 

two genes responsible for causing nonsyndromic 

congenital hydrocephalus in humans have been detected, 

and MPDZ is one of them [110]. MPDZ deficiency 

reduced the interacting planar cell polarity protein Pals1 

in ependymal cells, accompanied by the loss of barrier 

integrity and reactive astrogliosis, ultimately resulting 

aqueductal stenosis [111]. SNX27 is an endosomal sorting 

factor highly expressed in the brain and has been 

suggested to participate in the trafficking of multiple 

transmembrane receptors. Knockout of SNX27 reduced 

the number of ependymal cells and cilia density, leading 

to severe postnatal hydrocephalus [112]. 

4.5 Ependymal cells in multiple sclerosis 

 

Multiple sclerosis is a chronic demyelinating disease that 

damages the spinal cord and brain, resulting in neuronal 

loss and brain atrophy. The periventricular is one of the 

main pathological changes in multiple sclerosis, and 

researchers found that the flow of cerebrospinal fluid is 

abnormal after MS, and MR results showed that 

ependymal cells are damaged after MS [113, 114]. 

Experimental animals with ependymal-related gene 

knockout have pathological changes similar to multiple 

sclerosis, such as periventricular demyelination, brain 

atrophy, and ventricular enlargement, indicating that there 

is a link between ependymal cells and multiple sclerosis. 

However, the underlying mechanism remains unknown 

[115]. In addition, the entry of myelin debris into the 

cerebrospinal fluid can also cause damage and apoptosis 

of ependymal cells [116].In addition, several articles have 

reported that ependymal cells express MS-related 

cytokines [53, 117, 118]. The correlation between MS and 

ependymal cells still needs to be investigated. 

4.6 Ependymal cells in aging and Alzheimer's disease 

 

Aging results in the loss of ependymal cells and increases 

the proliferation of reactive astrocytes. In addition, aging 

causes thinning of the ependymal layer, reduction of the 

density of apical motional cilia, and accumulation of lipid 

droplets in ependymal cells. In agingIn age-related 

ventricular stenosis, ependymal cells are damaged, and 

PV is upregulated [37]. Metabolic and barrier functions of 

ependymal cells significantly decline during aging in 

mice. These functions partially depend on the expression 

of myristoylated alanine-rich protein kinase C substrate 

(MARCKS), and reduction of MARCKS during aging 

leads to intracellular mucin accumulation, oxidative 

stress, and lipid droplet accumulation, resulting in 

disruption of the ependymal barrier function [119]. 

In Alzheimer's disease, irregular and thickening 

basement membranes can also be observed, similar to to 

aging [120, 121]. Biondi ring tangles, lipofuscin deposits 

and lipid droplets rich in oleic acid side chains selectively 

accumulate in the ependymal cells, ultimately leading to 

the deterioration of the neurogenic niche of the SVZ, 

further suppressing neurogenesis and destroying striatal 

and hippocampal function [54]. Aquaporins such as 

AQP1 expression and CSF secretion were also diminished 

[122, 123]. By using an unbiased proteomic analyses on 

autopsy tissue from AD, 25 proteins were found to be 

significantly increased on the lateral ventricle walls, 

including amyloid-β , indicating abnormalities in the 

clearance of some toxic molecules and a decrease in CSF 

turnover around the ependyma in AD pathology [124]. 

4.7 Ependymal cells in other neurological disorders 

 

There are connections between ependymal cells and other 

brain diseases. Inflammatory cytokines released from 

brain injury upregulate parvalbumin (PV) expression, 

which promotes the motion and adhesion of ependymal 

cells and improves ependymal layer re-establishment and 

leakage closure[9]. In the cervical spinal cord sections of 

27 patients who died from severe trauma to the CNS, there 

was a significant increase in nestin-positive ependymal 

cells, which was positively correlated with postinjury 

survival time [125], indicating that some ependymal cells 

have the potential for neurogenesis in response to brain 

injury. Ubiquitin-positive inclusions (UbIs) were found in 

ependymal cells, especially in the central canal, and 

central ependymal UbIs are more frequent in patients with 

neurological disorders, although they are not disease-

specific [126]. Additionally, in a rat model of acute 

aseptic neuroinflammation, microglia activate, and 

ependymal cell viability was impaired and even led to 

ependymal cell death [127].  

4.8 Interaction between ependymal cells and other cells 

 

Previous studies have shown that ependymal cells interact 

with astrocytes, microglia, and immune cells (Fig. 2). It 

has been demonstrated that injection of the enzyme 

neuraminidase derived from Clostridium perfringens into 

the lateral ventricle activated microglia, astrocytes, and 

immune cells, including neutrophils, macrophages, T 

cells and B cells, infiltrating the brain. Activated 

microglia are involved in ependymal damage and cause 

hydrocephalus through IL-1β [128, 129]. Other studies 

reported that conditional knockout of Vps35 in 

ependymal cells activated microglia and caused 

hydrocephalus, while depletion of microglia rescued the 

pathology of hydrocephalus [103]. 
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In addition to microglia, ependymal cells closely 

interact with astrocytes to modulate CNS function. 

Ependymal cells and astrocytes belong to the radial glia 

during development [2]. Thus, many studies have shown 

that ependymal cells can differentiate into astrocytes after 

CNS injury [12, 68, 77, 130, 131]. Lattke et al. reported 

that NF-kB activation in astrocytes impaired ependymal 

cilia formation and led to hydrocephalus [132]. 

After spinal cord injury, CD45+ immune cells 

modulate ependymal cell proliferation via IL17A, and 

inhibition of IL17A increases ependymal cell 

proliferation and functional recovery [94]. Ma and 

colleagues showed that M1 macrophages increased the 

proliferation of ependymal cells via TNFa-MAPK-Sox2 

signalling, while M2 macrophages promoted neuronal 

differentiation of ependymal cells [133]. 

 

 
Figure 2. Ependymal cells interact with glia cells and immune cells. (1)-(2) Ependymal cells express MHC II antigen and interact 

with immune cells. (1) Leukocytes affect ependymal cells via IL-17A. (2) Macrophages are activated to M1 or M2 macrophages after 

central nervous system injury. M1 macrophages promote the proliferation of ependymal cells, and M2 macrophages promote ependymal 

cell differentiation. (3)-(5) Ependymal cells interact with glia cells. (3) Astrocytes exhibit ependymal-like phenotype and function after 

central nervous system injury. Ependymal cells exhibit stem-like differentiation into astrocytes after CNS injury. (4) Microglia damage 

ependymal cells via neuraminidase and IFN pathways after CNS injury. (5) Ependymal cells exhibit stem-like differentiation into 

oligodendrocytes after CNS injury. 

5. Summary and conclusions 

 

As an essential part of the nervous system, ependymal 

cells separate nerve tissue from CSF and serve as a bridge 

between the brain/spinal cord and CSF. Their unique 

location makes them an important structure involved in 

the regulation mechanisms of both nerve and 

cerebrospinal fluid, and their function has been verified in 

a variety of neurological diseases. The healthy circulation 

of CSF is critical for maintaining homeostasis in the brain, 

and ependymal cells can either secrete substances to CSF 

or sense changes in CSF by direct contact, transmitting 

information to neural tissues. In addition, while 

controversial, ependymal cells have been identified in 

certain sites with stem cell characteristics. This effect is 

exhibited after SCI, highlighting them as potential nerve 

regeneration targets. It is of great importance to study the 

potential and properties of ependymal cells to modulate 

their response to CNS injury damage. Overall, the 

function of ependymal cells remains unclear, but due to 

their specific physical location in the brain and their 

diverse cellular functions, they can serve as a new target 

for neural regeneration. 

 

 

 



 Deng S., et al.  Ependymal cells in the CNS 

Aging and Disease • Volume 14, Number 2, April 2023                                                                              478 

 

Acknowledgments 

 

This study was supported by grants from the National 

Natural Science Foundation of China (NSFC) projects 

82071284 (YT), National Key R&D Program of China 

#2019YFA0112000 (YT), and Shanghai Rising-Star 

Program (21QA1405200, YT). 

 

References 

 
[1] Del Bigio MR (2010). Ependymal cells: biology and 

pathology. Acta Neuropathol, 119:55-73. 

[2] Spassky N, Merkle FT, Flames N, Tramontin AD, 

Garcia-Verdugo JM, Alvarez-Buylla A (2005). Adult 

ependymal cells are postmitotic and are derived from 

radial glial cells during embryogenesis. J Neurosci, 

25:10-18. 

[3] MacDonald A, Lu B, Caron M, Caporicci-Dinucci N, 

Hatrock D, Petrecca K, et al. (2021). Single Cell 

Transcriptomics of Ependymal Cells Across Age, 

Region and Species Reveals Cilia-Related and Metal 

Ion Regulatory Roles as Major Conserved Ependymal 

Cell Functions. Frontiers in Cellular Neuroscience, 15. 

[4] Kyrousi C, Lygerou Z, Taraviras S (2017). How a 

Radial Glial Cell Decides to Become a Multiciliated 

Ependymal Cell. Glia, 65:1032-1042. 

[5] Jacquet BV, Salinas-Mondragon R, Liang H, Therit B, 

Buie JD, Dykstra M, et al. (2009). FoxJ1-dependent 

gene expression is required for differentiation of radial 

glia into ependymal cells and a subset of astrocytes in 

the postnatal brain. Development, 136:4021-4031. 

[6] Malaterre J, Mantamadiotis T, Dworkin S, Lightowler 

S, Yang Q, Ransome MI, et al. (2008). c-Myb Is 

Required for Neural Progenitor Cell Proliferation and 

Maintenance of the Neural Stem Cell Niche in Adult 

Brain. STEM CELLS, 26:173-181. 

[7] Vidovic D, Davila RA, Gronostajski RM, Harvey TJ, 

Piper M (2018). Transcriptional regulation of 

ependymal cell maturation within the postnatal brain. 

Neural Development, 13. 

[8] Shook BA, Lennington JB, Acabchuk RL, Halling M, 

Sun Y, Peters J, et al. (2014). Ventriculomegaly 

associated with ependymal gliosis and declines in 

barrier integrity in the aging human and mouse brain. 

Aging Cell, 13:340-350. 

[9] Szabolcsi V, Celio MR (2015). De novo expression of 

parvalbumin in ependymal cells in response to brain 

injury promotes ependymal remodeling and wound 

repair. Glia, 63:567-594. 

[10] Gabrion J, Peraldi S, Faivre-Bauman A, Klotz C, 

Ghandour MS, Paulin D, et al. (1988). 

Characterization of ependymal cells in hypothalamic 

and choroidal primary cultures. Neuroscience, 24:993-

1007. 

[11] Gabrion JB, Herbute S, Bouille C, Maurel D, Kuchler-

Bopp S, Laabich A, et al. (1998). Ependymal and 

choroidal cells in culture: Characterization and 

functional differentiation. Microscopy Research and 

Technique, 41:124-157. 

[12] Meletis K, Barnabé-Heider F, Carlén M, Evergren E, 

Tomilin N, Shupliakov O, et al. (2008). Spinal cord 

injury reveals multilineage differentiation of 

ependymal cells. PLoS Biol, 6:e182. 

[13] Rodríguez EM, Blázquez JL, Pastor FE, Peláez B, 

Peña P, Peruzzo B, et al. 2005. Hypothalamic 

Tanycytes: A Key Component of Brain–Endocrine 

Interaction. In International Review of Cytology: 

Academic Press, 89-164. 

[14] Mirzadeh Z, Kusne Y, Duran-Moreno M, Cabrales E, 

Gil-Perotin S, Ortiz C, et al. (2017). Bi- and uniciliated 

ependymal cells define continuous floor-plate-derived 

tanycytic territories. Nat Commun, 8:13759. 

[15] Guirao B, Meunier A, Mortaud S, Aguilar A, Corsi J-

M, Strehl L, et al. (2010). Coupling between 

hydrodynamic forces and planar cell polarity orients 

mammalian motile cilia. Nature Cell Biology, 12:341-

350. 

[16] Sawamoto K, Wichterle H, Gonzalez PO, Cholfin JA, 

Yamada M, Spassky N, et al. (2006). New Neurons 

Follow the Flow of Cerebrospinal Fluid in the Adult 

Brain. Science, 311:629-632. 

[17] Lee DA, Bedont JL, Pak T, Wang H, Song J, Miranda-

Angulo A, et al. (2012). Tanycytes of the hypothalamic 

median eminence form a diet-responsive neurogenic 

niche. Nature Neuroscience, 15:700-702. 

[18] Oh EC, Katsanis N (2012). Cilia in vertebrate 

development and disease. Development, 139:443-448. 

[19] Satir P, Christensen ST (2007). Overview of structure 

and function of mammalian cilia. Annu Rev Physiol, 

69:377-400. 

[20] Wang J, Barr MM (2016). Ciliary Extracellular 

Vesicles: Txt Msg Organelles. Cell Mol Neurobiol, 

36:449-457. 

[21] Mitchison HM, Valente EM (2017). Motile and non-

motile cilia in human pathology: from function to 

phenotypes. J Pathol, 241:294-309. 

[22] Reiten I, Uslu FE, Fore S, Pelgrims R, Ringers C, Diaz 

Verdugo C, et al. (2017). Motile-Cilia-Mediated Flow 

Improves Sensitivity and Temporal Resolution of 

Olfactory Computations. Curr Biol, 27:166-174. 

[23] Cantaut-Belarif Y, Sternberg JR, Thouvenin O, Wyart 

C, Bardet PL (2018). The Reissner Fiber in the 

Cerebrospinal Fluid Controls Morphogenesis of the 

Body Axis. Curr Biol, 28:2479-2486.e2474. 

[24] Faubel R, Westendorf C, Bodenschatz E, Eichele G 

(2016). Cilia-based flow network in the brain 

ventricles. Science, 353:176-178. 

[25] Nakayama Y, Kohno K (1974). Number and polarity 

of the ependymal cilia in the central canal of some 

vertebrates. J Neurocytol, 3:449-458. 

[26] Lechtreck KF, Delmotte P, Robinson ML, Sanderson 

MJ, Witman GB (2008). Mutations in Hydin impair 

ciliary motility in mice. J Cell Biol, 180:633-643. 

[27] Genzen JR, Yang D, Ravid K, Bordey A (2009). 

Activation of adenosine A2B receptors enhances 

ciliary beat frequency in mouse lateral ventricle 

ependymal cells. Cerebrospinal Fluid Res, 6:15. 

[28] Yoshida S, Matsumoto S, Kanchika T, Hagiwara T, 



 Deng S., et al.  Ependymal cells in the CNS 

Aging and Disease • Volume 14, Number 2, April 2023                                                                              479 

 

Minami T (2016). The organic mercury compounds, 

methylmercury and ethylmercury, inhibited ciliary 

movement of ventricular ependymal cells in the mouse 

brain around the concentrations reported for human 

poisoning. Neurotoxicology, 57:69-74. 

[29] Olstad EW, Ringers C, Hansen JN, Wens A, Brandt C, 

Wachten D, et al. (2019). Ciliary Beating 

Compartmentalizes Cerebrospinal Fluid Flow in the 

Brain and Regulates Ventricular Development. Curr 

Biol, 29:229-241.e226. 

[30] Dur AH, Tang T, Viviano S, Sekuri A, Willsey HR, 

Tagare HD, et al. (2020). In Xenopus ependymal cilia 

drive embryonic CSF circulation and brain 

development independently of cardiac pulsatile forces. 

Fluids Barriers CNS, 17:72. 

[31] Zappaterra MW, Lehtinen MK (2012). The 

cerebrospinal fluid: regulator of neurogenesis, 

behavior, and beyond. Cell Mol Life Sci, 69:2863-

2878. 

[32] Nguyen T, Chin WC, O'Brien JA, Verdugo P, Berger 

AJ (2001). Intracellular pathways regulating ciliary 

beating of rat brain ependymal cells. J Physiol, 

531:131-140. 

[33] Mathew TC (2008). Regional analysis of the 

ependyma of the third ventricle of rat by light and 

electron microscopy. Anat Histol Embryol, 37:9-18. 

[34] Gonzalez-Cano L, Fuertes-Alvarez S, Robledinos-

Anton N, Bizy A, Villena-Cortes A, Fariñas I, et al. 

(2016). p73 is required for ependymal cell maturation 

and neurogenic SVZ cytoarchitecture. Dev Neurobiol, 

76:730-747. 

[35] Kimura T, Saito H, Kawasaki M, Takeichi M (2021). 

CAMSAP3 is required for mTORC1-dependent 

ependymal cell growth and lateral ventricle shaping in 

mouse brains. Development, 148. 

[36] Rocamonde B, Herranz-Perez V, Garcia-Verdugo JM, 

Huillard E (2021). ID4 Is Required for Normal 

Ependymal Cell Development. Frontiers in 

Neuroscience, 15. 

[37] Filice F, Celio MR, Babalian A, Blum W, Szabolcsi V 

(2017). Parvalbumin-expressing ependymal cells in 

rostral lateral ventricle wall adhesions contribute to 

aging-related ventricle stenosis in mice. J Comp 

Neurol, 525:3266-3285. 

[38] Oliver C, González CA, Alvial G, Flores CA, 

Rodríguez EM, Bátiz LF (2013). Disruption of 

CDH2/N-cadherin-based adherens junctions leads to 

apoptosis of ependymal cells and denudation of brain 

ventricular walls. J Neuropathol Exp Neurol, 72:846-

860. 

[39] Koschützke L, Bertram J, Hartmann B, Bartsch D, 

Lotze M, von Bohlen und Halbach O (2015). SrGAP3 

knockout mice display enlarged lateral ventricles and 

specific cilia disturbances of ependymal cells in the 

third ventricle. Cell Tissue Res, 361:645-650. 

[40] Murakami R, Chiba Y, Tsuboi K, Matsumoto K, 

Kawauchi M, Fujihara R, et al. (2016). 

Immunoreactivity of glucose transporter 8 is localized 

in the epithelial cells of the choroid plexus and in 

ependymal cells. Histochemistry and Cell Biology, 

146:231-236. 

[41] Chiba Y, Sugiyama Y, Nishi N, Nonaka W, Murakami 

R, Ueno M (2020). Sodium/glucose cotransporter 2 is 

expressed in choroid plexus epithelial cells and 

ependymal cells in human and mouse brains. 

Neuropathology, 40:482-491. 

[42] Veys K, Fan Z, Ghobrial M, Bouché A, García-

Caballero M, Vriens K, et al. (2020). Role of the 

GLUT1 Glucose Transporter in Postnatal CNS 

Angiogenesis and Blood-Brain Barrier Integrity. 

Circulation Research, 127:466-482. 

[43] Labouèbe G, Thorens B, Lamy C. 2018. GLUT2-

Expressing Neurons as Glucose Sensors in the Brain: 

Electrophysiological Analysis. In Glucose Transport: 

Methods and Protocols. K. Lindkvist-Petersson, and 

J.S. Hansen, editors. New York, NY: Springer New 

York. 255-267. 

[44] Kojo A, Yamada K, Yamamoto T (2016). Glucose 

transporter 5 (GLUT5)-like immunoreactivity is 

localized in subsets of neurons and glia in the rat brain. 

Journal of Chemical Neuroanatomy, 74:55-70. 

[45] Uemura N, Murakami R, Chiba Y, Yanase K, Fujihara 

R, Mashima M, et al. (2017). Immunoreactivity of 

urate transporters, GLUT9 and URAT1, is located in 

epithelial cells of the choroid plexus of human brains. 

Neuroscience Letters, 659:99-103. 

[46] Tomioka N, Nakamura M, Deguchi Y, Ichida K, 

Morisaki T, Hosoyamada M (2014). Ependymal cells 

of the mouse brain express urate transporter 1 

(URAT1). Journal of Pharmacological Sciences, 

124:209P-209P. 

[47] Halsey AM, Conner AC, Bill RM, Logan A, Ahmed Z 

(2018). Aquaporins and Their Regulation after Spinal 

Cord Injury. Cells, 7. 

[48] Yaba A, Sozen B, Suzen B, Demir N (2017). 

Expression of aquaporin-7 and aquaporin-9 in 

tanycyte cells and choroid plexus during mouse estrus 

cycle. Morphologie, 101:39-46. 

[49] Ishihara K, Kawashita E, Shimizu R, Nagasawa K, 

Yasui H, Sago H, et al. (2019). Copper accumulation 

in the brain causes the elevation of oxidative stress and 

less anxious behavior in Ts1Cje mice, a model of 

Down syndrome. Free Radical Biology and Medicine, 

134:248-259. 

[50] Raha-Chowdhury R, Raha AA, Forostyak S, Zhao J-

W, Stott SRW, Bomford A (2015). Expression and 

cellular localization of hepcidin mRNA and protein in 

normal rat brain. BMC Neuroscience, 16:24. 

[51] Wimmer I, Scharler C, Kadowaki T, Hillebrand S, 

Scheiber-Mojdehkar B, Ueda S, et al. (2021). Iron 

accumulation in the choroid plexus, ependymal cells 

and CNS parenchyma in a rat strain with low-grade 

haemolysis of fragile macrocytic red blood cells. Brain 

Pathology, 31:333-345. 

[52] Kitada M, Wakao S, Dezawa M (2018). Intracellular 

signaling similarity reveals neural stem cell-like 

properties of ependymal cells in the adult rat spinal 

cord. Dev Growth Differ, 60:326-340. 

[53] Shah PT, Stratton JA, Stykel MG, Abbasi S, Sharma S, 

Mayr KA, et al. (2018). Single-Cell Transcriptomics 



 Deng S., et al.  Ependymal cells in the CNS 

Aging and Disease • Volume 14, Number 2, April 2023                                                                              480 

 

and Fate Mapping of Ependymal Cells Reveals an 

Absence of Neural Stem Cell Function. Cell, 

173:1045-1057 e1049. 

[54] Stratton JA, Shah P, Sinha S, Crowther E, Biernaskie 

J (2019). A tale of two cousins: Ependymal cells, 

quiescent neural stem cells and potential mechanisms 

driving their functional divergence. Febs j, 286:3110-

3116. 

[55] Horiguchi K, Yoshida S, Hasegawa R, Takigami S, 

Ohsako S, Kato T, et al. (2020). Isolation and 

characterization of cluster of differentiation 9-positive 

ependymal cells as potential adult neural 

stem/progenitor cells in the third ventricle of adult rats. 

Cell Tissue Res, 379:497-509. 

[56] Pfenninger CV, Steinhoff C, Hertwig F, Nuber UA 

(2011). Prospectively isolated CD133/CD24-positive 

ependymal cells from the adult spinal cord and lateral 

ventricle wall differ in their long-term in vitro self-

renewal and in vivo gene expression. Glia, 59:68-81. 

[57] Chiasson BJ, Tropepe V, Morshead CM, van der Kooy 

D (1999). Adult mammalian forebrain ependymal and 

subependymal cells demonstrate proliferative 

potential, but only subependymal cells have neural 

stem cell characteristics. Journal of Neuroscience, 

19:4462-4471. 

[58] Moreno-Manzano V (2020). Ependymal cells in the 

spinal cord as neuronal progenitors. Current Opinion 

in Pharmacology, 50:82-87. 

[59] Song DY, Cho BP, Choi BY, Yang YC, Lee BH, Lim 

CK, et al. (2005). Upregulated and prolonged 

differentiation potential of the ependymal cells lining 

the ventriculus terminalis in human fetuses. 

Neuroscience Letters, 386:28-33. 

[60] Itokazu Y, Kitada M, Dezawa M, Mizoguchi A, 

Matsumoto N, Shimizu A, et al. (2006). Choroid 

plexus ependymal cells host neural progenitor cells in 

the rat. Glia, 53:32-42. 

[61] Furube E, Ishii H, Nambu Y, Kurganov E, Nagaoka S, 

Morita M, et al. (2020). Neural stem cell phenotype of 

tanycyte-like ependymal cells in the circumventricular 

organs and central canal of adult mouse brain. 

Scientific Reports, 10. 

[62] Abdi K, Lai CH, Paez-Gonzalez P, Lay M, Pyun J, 

Kuo CT (2018). Uncovering inherent cellular 

plasticity of multiciliated ependyma leading to 

ventricular wall transformation and hydrocephalus. 

Nat Commun, 9:1655. 

[63] Zhang H, Liu J, Ling C, Chen X, Lin J, Feng H, et al. 

(2021). High mobility group box 1 promotes the 

differentiation of spinal ependymal cells into 

astrocytes rather than neurons. Neuroreport, 32:399-

406. 

[64] Horie T, Shinki R, Ogura Y, Kusakabe TG, Satoh N, 

Sasakura Y (2011). Ependymal cells of chordate larvae 

are stem-like cells that form the adult nervous system. 

Nature, 469:525-528. 

[65] Gajera CR, Emich H, Lioubinski O, Christ A, 

Beckervordersandforth-Bonk R, Yoshikawa K, et al. 

(2010). LRP2 in ependymal cells regulates BMP 

signaling in the adult neurogenic niche. Journal of Cell 

Science, 123:1922-1930. 

[66] Ide C, Kitada M, Chakrabortty S, Taketomi M, 

Matsumoto N, Kikukawa S, et al. (2001). Grafting of 

choroid plexus ependymal cells promotes the growth 

of regenerating axons in the dorsal funiculus of rat 

spinal cord: a preliminary report. Exp Neurol, 

167:242-251. 

[67] Weiss S, Dunne C, Hewson J, Wohl C, Wheatley M, 

Peterson AC, et al. (1996). Multipotent CNS Stem 

Cells Are Present in the Adult Mammalian Spinal Cord 

and Ventricular Neuroaxis. The Journal of 

Neuroscience, 16:7599-7609. 

[68] Barnabé-Heider F, Göritz C, Sabelström H, 

Takebayashi H, Pfrieger FW, Meletis K, et al. (2010). 

Origin of New Glial Cells in Intact and Injured Adult 

Spinal Cord. Cell Stem Cell, 7:470-482. 

[69] Sabelström H, Stenudd M, Réu P, Dias DO, Elfineh M, 

Zdunek S, et al. (2013). Resident Neural Stem Cells 

Restrict Tissue Damage and Neuronal Loss After 

Spinal Cord Injury in Mice. Science, 342:637-640. 

[70] Sugama S, Cho BP, Baker H, Joh TH, Lucero J, Conti 

B (2002). Neurons of the superior nucleus of the 

medial habenula and ependymal cells express IL-18 in 

rat CNS. Brain Research, 958:1-9. 

[71] Egertová M, Michael GJ, Cravatt BF, Elphick MR 

(2004). Fatty acid amide hydrolase in brain ventricular 

epithelium: mutually exclusive patterns of expression 

in mouse and rat. Journal of Chemical Neuroanatomy, 

28:171-181. 

[72] Robins SC, Stewart I, McNay DE, Taylor V, Giachino 

C, Goetz M, et al. α-Tanycytes of the adult 

hypothalamic third ventricle include distinct 

populations of FGF-responsive neural progenitors. 

[73] Yahya T, Jilani MH, Khan SU, Mszar R, Hassan SZ, 

Blaha MJ, et al. (2020). Stroke in young adults: 

Current trends, opportunities for prevention and 

pathways forward. American Journal of Preventive 

Cardiology, 3:100085. 

[74] Zhang Q, Liu C, Shi R, Zhou S, Shan H, Deng L, et al. 

(2022). Blocking C3d(+)/GFAP(+) A1 Astrocyte 

Conversion with Semaglutide Attenuates Blood-Brain 

Barrier Disruption in Mice after Ischemic Stroke. 

Aging Dis, 13:943-959. 

[75] Ping S, Qiu X, Kyle M, Zhao L-R (2021). Brain-

derived CCR5 contributes to neuroprotection and 

brain repair after experimental stroke. Aging Dis, 

12:72. 

[76] Young CC, van der Harg JM, Lewis NJ, Brooks KJ, 

Buchan AM, Szele FG (2013). Ependymal ciliary 

dysfunction and reactive astrocytosis in a reorganized 

subventricular zone after stroke. Cereb Cortex, 

23:647-659. 

[77] Carlén M, Meletis K, Göritz C, Darsalia V, Evergren 

E, Tanigaki K, et al. (2009). Forebrain ependymal cells 

are Notch-dependent and generate neuroblasts and 

astrocytes after stroke. Nat Neurosci, 12:259-267. 

[78] Danilov AI, Kokaia Z, Lindvall O (2012). Ectopic 

ependymal cells in striatum accompany neurogenesis 

in a rat model of stroke. Neuroscience, 214:159-170. 

[79] Yolas C, Ozdemir NG, Kanat A, Aydin MD, Keles P, 



 Deng S., et al.  Ependymal cells in the CNS 

Aging and Disease • Volume 14, Number 2, April 2023                                                                              481 

 

Kepoglu U, et al. (2016). Uncovering a New Cause of 

Obstructive Hydrocephalus Following Subarachnoid 

Hemorrhage: Choroidal Artery Vasospasm-Related 

Ependymal Cell Degeneration and Aqueductal 

Stenosis-First Experimental Study. World Neurosurg, 

90:484-491. 

[80] Muthusamy N, Brumm A, Zhang X, Carmichael ST, 

Ghashghaei HT (2018). Foxj1 expressing ependymal 

cells do not contribute new cells to sites of injury or 

stroke in the mouse forebrain. Sci Rep, 8:1766. 

[81] Zhang RL, Zhang ZG, Wang Y, LeTourneau Y, Liu XS, 

Zhang X, et al. (2007). Stroke induces ependymal cell 

transformation into radial glia in the subventricular 

zone of the adult rodent brain. J Cereb Blood Flow 

Metab, 27:1201-1212. 

[82] Arvanitis LD, Vassiou K, Kotrotsios A, Sgantzos MN 

(2011). Hypoxia upregulates the expression of the O-

linked N-acetylglucosamine containing epitope H in 

human ependymal cells. Pathol Res Pract, 207:91-96. 

[83] Evans DL, Charney DS, Lewis L, Golden RN, 

Gorman JM, Krishnan KR, et al. (2005). Mood 

disorders in the medically ill: scientific review and 

recommendations. Biol Psychiatry, 58:175-189. 

[84] Seo JS, Zhong P, Liu A, Yan Z, Greengard P (2018). 

Elevation of p11 in lateral habenula mediates 

depression-like behavior. Mol Psychiatry, 23:1113-

1119. 

[85] Sousa VC, Mantas I, Stroth N, Hager T, Pereira M, 

Jiang H, et al. (2020). P11 deficiency increases stress 

reactivity along with HPA axis and autonomic 

hyperresponsiveness. Mol Psychiatry. 

[86] Seo JS, Mantas I, Svenningsson P, Greengard P (2021). 

Ependymal cells-CSF flow regulates stress-induced 

depression. Mol Psychiatry. 

[87] Wang Z, Huang J, Liu C, Liu L, Shen Y, Shen C, et al. 

(2019). BAF45D Downregulation in Spinal Cord 

Ependymal Cells Following Spinal Cord Injury in 

Adult Rats and Its Potential Role in the Development 

of Neuronal Lesions. Front Neurosci, 13:1151. 

[88] Xue X, Shu M, Xiao Z, Zhao Y, Li X, Zhang H, et al. 

(2021). Lineage tracing reveals the origin of Nestin-

positive cells are heterogeneous and rarely from 

ependymal cells after spinal cord injury. Sci China 

Life Sci. 

[89] Fernandez-Zafra T, Codeluppi S, Uhlén P (2017). An 

ex vivo spinal cord injury model to study ependymal 

cells in adult mouse tissue. Exp Cell Res, 357:236-242. 

[90] Kitada M, Chakrabortty S, Matsumoto N, Taketomi M, 

Ide C (2001). Differentiation of choroid plexus 

ependymal cells into astrocytes after grafting into the 

pre-lesioned spinal cord in mice. Glia, 36:364-374. 

[91] Lacroix S, Hamilton LK, Vaugeois A, Beaudoin S, 

Breault-Dugas C, Pineau I, et al. (2014). Central Canal 

Ependymal Cells Proliferate Extensively in Response 

to Traumatic Spinal Cord Injury but Not 

Demyelinating Lesions. Plos One, 9. 

[92] Li X, Floriddia EM, Toskas K, Fernandes KJL, 

Guerout N, Barnabe-Heider F (2016). Regenerative 

Potential of Ependymal Cells for Spinal Cord Injuries 

Over Time. EBioMedicine, 13:55-65. 

[93] Ren Y, Ao Y, O'Shea TM, Burda JE, Bernstein AM, 

Brumm AJ, et al. (2017). Ependymal cell contribution 

to scar formation after spinal cord injury is minimal, 

local and dependent on direct ependymal injury. 

Scientific Reports, 7. 

[94] Miyajima H, Itokazu T, Tanabe S, Yamashita T (2021). 

Interleukin-17A regulates ependymal cell proliferation 

and functional recovery after spinal cord injury in 

mice. Cell Death Dis, 12:766. 

[95] Schrander-Stumpel C, Fryns JP (1998). Congenital 

hydrocephalus: nosology and guidelines for clinical 

approach and genetic counselling. Eur J Pediatr, 

157:355-362. 

[96] Welling LC, Welling MS, Teixeira MJ, Figueiredo EG 

(2016). Neuroinflammation after Subarachnoid 

Hemorrhage: a Consolidated Theory? World 

Neurosurg, 85:8-9. 

[97] Oshita A, Kishida S, Kobayashi H, Michiue T, Asahara 

T, Asashima M, et al. (2003). Identification and 

characterization of a novel Dvl-binding protein that 

suppresses Wnt signalling pathway. Genes Cells, 

8:1005-1017. 

[98] Takagishi M, Sawada M, Ohata S, Asai N, Enomoto A, 

Takahashi K, et al. (2017). Daple Coordinates Planar 

Polarized Microtubule Dynamics in Ependymal Cells 

and Contributes to Hydrocephalus. Cell Rep, 20:960-

972. 

[99] Bonnafe E, Touka M, AitLounis A, Baas D, Barras E, 

Ucla C, et al. (2004). The transcription factor RFX3 

directs nodal cilium development and left-right 

asymmetry specification. Mol Cell Biol, 24:4417-

4427. 

[100] Baas D, Meiniel A, Benadiba C, Bonnafe E, Meiniel 

O, Reith W, et al. (2006). A deficiency in RFX3 causes 

hydrocephalus associated with abnormal 

differentiation of ependymal cells. Eur J Neurosci, 

24:1020-1030. 

[101] Gobron S, Creveaux I, Meiniel R, Didier R, Herbet A, 

Bamdad M, et al. (2000). Subcommissural 

organ/Reissner's fiber complex: characterization of 

SCO-spondin, a glycoprotein with potent activity on 

neurite outgrowth. Glia, 32:177-191. 

[102] Vagnozzi AN, Praticò D (2019). Endosomal sorting 

and trafficking, the retromer complex and 

neurodegeneration. Mol Psychiatry, 24:857-868. 

[103] Wu KY, Tang FL, Lee D, Zhao Y, Song H, Zhu XJ, et 

al. (2020). Ependymal Vps35 Promotes Ependymal 

Cell Differentiation and Survival, Suppresses 

Microglial Activation, and Prevents Neonatal 

Hydrocephalus. J Neurosci, 40:3862-3879. 

[104] Mandai K, Rikitake Y, Shimono Y, Takai Y (2013). 

Afadin/AF-6 and canoe: roles in cell adhesion and 

beyond. Prog Mol Biol Transl Sci, 116:433-454. 

[105] Gumbiner BM (1996). Cell adhesion: the molecular 

basis of tissue architecture and morphogenesis. Cell, 

84:345-357. 

[106] Yamamoto H, Maruo T, Majima T, Ishizaki H, Tanaka-

Okamoto M, Miyoshi J, et al. (2013). Genetic deletion 

of afadin causes hydrocephalus by destruction of 

adherens junctions in radial glial and ependymal cells 



 Deng S., et al.  Ependymal cells in the CNS 

Aging and Disease • Volume 14, Number 2, April 2023                                                                              482 

 

in the midbrain. PLoS One, 8:e80356. 

[107] Etienne-Manneville S (2004). Cdc42--the centre of 

polarity. J Cell Sci, 117:1291-1300. 

[108] Peng X, Lin Q, Liu Y, Jin Y, Druso JE, Antonyak MA, 

et al. (2013). Inactivation of Cdc42 in embryonic brain 

results in hydrocephalus with ependymal cell defects 

in mice. Protein Cell, 4:231-242. 

[109] Jiang Z, Zhou J, Qin X, Zheng H, Gao B, Liu X, et al. 

(2020). MT1-MMP deficiency leads to defective 

ependymal cell maturation, impaired ciliogenesis, and 

hydrocephalus. JCI Insight, 5. 

[110] Al-Dosari MS, Al-Owain M, Tulbah M, Kurdi W, Adly 

N, Al-Hemidan A, et al. (2013). Mutation in MPDZ 

causes severe congenital hydrocephalus. J Med Genet, 

50:54-58. 

[111] Feldner A, Adam MG, Tetzlaff F, Moll I, Komljenovic 

D, Sahm F, et al. (2017). Loss of Mpdz impairs 

ependymal cell integrity leading to perinatal-onset 

hydrocephalus in mice. EMBO Mol Med, 9:890-905. 

[112] Wang X, Zhou Y, Wang J, Tseng IC, Huang T, Zhao Y, 

et al. (2016). SNX27 Deletion Causes Hydrocephalus 

by Impairing Ependymal Cell Differentiation and 

Ciliogenesis. J Neurosci, 36:12586-12597. 

[113] Schubert JJ, Veronese M, Marchitelli L, Bodini B, 

Tonietto M, Stankoff B, et al. (2019). Dynamic 

<sup>11</sup>C-PiB PET Shows Cerebrospinal 

Fluid Flow Alterations in Alzheimer Disease and 

Multiple Sclerosis. Journal of Nuclear Medicine, 

60:1452-1460. 

[114] Lisanti CJ, Asbach P, Bradley WG (2005). The 

ependymal “Dot-dash” sign: an MR imaging finding 

of early multiple sclerosis. American journal of 

neuroradiology, 26:2033-2036. 

[115] Liu B, Chen S, Johnson C, Helms J (2014). A 

ciliopathy with hydrocephalus, isolated 

craniosynostosis, hypertelorism, and clefting caused 

by deletion of Kif3a. Reproductive toxicology, 48:88-

97. 

[116] Laabich A, Graff MN, Dunel‐Erb S, Sensenbrenner M, 

Delaunoy JP (1991). A study of in vitro and in vivo 

morphological changes of ependymal cells induced by 

galactocerebrosides. Glia, 4:504-513. 

[117] Healy LM, Stratton JA, Kuhlmann T, Antel J (2022). 

The role of glial cells in multiple sclerosis disease 

progression. Nature Reviews Neurology, 18:237-248. 

[118] Hatrock D, Caporicci-Dinucci N, Stratton JA (2020). 

Ependymal cells and multiple sclerosis: proposing a 

relationship. Neural Regen Res, 15:263-264. 

[119] Muthusamy N, Sommerville LJ, Moeser AJ, Stumpo 

DJ, Sannes P, Adler K, et al. (2015). MARCKS-

dependent mucin clearance and lipid metabolism in 

ependymal cells are required for maintenance of 

forebrain homeostasis during aging. Aging Cell, 

14:764-773. 

[120] Marques F, Sousa JC, Sousa N, Palha JA (2013). 

Blood–brain-barriers in aging and in Alzheimer’s 

disease. Molecular Neurodegeneration, 8:38. 

[121] Decourt B, D GX, #x02019, Souza, Shi J, Ritter A, et 

al. (2022). The Cause of Alzheimer’s Disease: The 

Theory of Multipathology Convergence to Chronic 

Neuronal Stress. Aging Dis, 13:37-60. 

[122] Gião T, Teixeira T, Almeida MR, Cardoso I (2022). 

Choroid Plexus in Alzheimer&rsquo;s 

Disease&mdash;The Current State of Knowledge. 

Biomedicines, 10. 

[123] Wang Y, Huang C, Guo Q, Chu H (2022). Aquaporin-

4 and Cognitive Disorders. Aging Dis, 13:61. 

[124] Pearson A, Ajoy R, Crynen G, Reed JM, Algamal M, 

Mullan M, et al. Molecular abnormalities in autopsied 

brain tissue from the inferior horn of the lateral 

ventricles of nonagenarians and Alzheimer disease 

patients. 

[125] Cawsey T, Duflou J, Weickert CS, Gorrie CA (2015). 

Nestin-Positive Ependymal Cells Are Increased in the 

Human Spinal Cord after Traumatic Central Nervous 

System Injury. J Neurotrauma, 32:1393-1402. 

[126] Kawanishi R, Mizutani T, Yamada H, Minami M, 

Kakimi S, Yamada T, et al. (2003). Ubiquitin-positive 

inclusions in ependymal cells. Acta Neuropathol, 

106:129-136. 

[127] del Mar Fernandez-Arjona M, Leon-Rodriguez A, 

Dolores Lopez-Avalos M, Grondona JM (2021). 

Microglia activated by microbial neuraminidase 

contributes to ependymal cell death. Fluids and 

Barriers of the Cns, 18. 

[128] Granados-Duran P, Lopez-Avalos MD, Grondona JM, 

Gomez-Roldan Mdel C, Cifuentes M, Perez-Martin M, 

et al. (2015). Neuroinflammation induced by 

intracerebroventricular injection of microbial 

neuraminidase. Front Med (Lausanne), 2:14. 

[129] Fernández-Arjona MDM, León-Rodríguez A, López-

Ávalos MD, Grondona JM (2021). Microglia activated 

by microbial neuraminidase contributes to ependymal 

cell death. Fluids Barriers CNS, 18:15. 

[130] Hamilton LK, Truong MKV, Bednarczyk MR, 

Aumont A, Fernandes KJL (2009). Cellular 

organization of the central canal ependymal zone, a 

niche of latent neural stem cells in the adult 

mammalian spinal cord. Neuroscience, 164:1044-

1056. 

[131] Roales-Buján R, Páez P, Guerra M, Rodríguez S, Vío 

K, Ho-Plagaro A, et al. (2012). Astrocytes acquire 

morphological and functional characteristics of 

ependymal cells following disruption of ependyma in 

hydrocephalus. Acta Neuropathologica, 124:531-546. 

[132] Lattke M, Magnutzki A, Walther P, Wirth T, Baumann 

B (2012). Nuclear Factor κB Activation Impairs 

Ependymal Ciliogenesis and Links 

Neuroinflammation to Hydrocephalus Formation. The 

Journal of Neuroscience, 32:11511-11523. 

[133] (2019). Effect of Differently Polarized Macrophages 

on Proliferation and Differentiation of Ependymal 

Cells from Adult Spinal Cord. Journal of Neurotrauma, 

36:2337-2347. 

[134] Mirzadeh Z, Merkle FT, Soriano-Navarro M, Garcia-

Verdugo JM, Alvarez-Buylla A (2008). Neural Stem 

Cells Confer Unique Pinwheel Architecture to the 

Ventricular Surface in Neurogenic Regions of the 

Adult Brain. Cell Stem Cell, 3:265-278. 

[135] Lee ES, Yoon JH, Choi J, Andika FR, Lee T, Jeong Y 



 Deng S., et al.  Ependymal cells in the CNS 

Aging and Disease • Volume 14, Number 2, April 2023                                                                              483 

 

(2019). A mouse model of subcortical vascular 

dementia reflecting degeneration of cerebral white 

matter and microcirculation. J Cereb Blood Flow 

Metab, 39:44-57. 

[136] Moore SA (2016). The Spinal Ependymal Layer in 

Health and Disease. Vet Pathol, 53:746-753. 

[137] Nascimento MA, Sorokin L, Coelho-Sampaio T 

(2018). Fractone Bulbs Derive from Ependymal Cells 

and Their Laminin Composition Influence the Stem 

Cell Niche in the Subventricular Zone. J Neurosci, 

38:3880-3889. 

[138] Del Bigio MR (2010). Neuropathology and structural 

changes in hydrocephalus. Dev Disabil Res Rev, 

16:16-22. 

[139] Fujitani M, Sato R, Yamashita T (2017). Loss of p73 

in ependymal cells during the perinatal period leads to 

aqueductal stenosis. Sci Rep, 7:12007. 

 


