Research Article: New Research

Development

Developmental Role of Adenosine Kinase in the
Cerebellum
Hoda Gebril,1 Amir Wahba,1 Xiaofeng Zhou,2
and Detlev Boison1

Tho Lai,1 Enmar Alharfoush,1

Emanuel DiCicco-Bloom,2

https://doi.org/10.1523/ENEURO.0011-21.2021
1

Department of Neurosurgery, Robert Wood Johnson Medical School, Rutgers University, Piscataway, NJ 08854 and
Department of Neuroscience and Cell Biology/Pediatrics, Rutgers Robert Wood Johnson Medical School, Rutgers
University, Piscataway, NJ 08854

2

Abstract
Adenosine acts as a neuromodulator and metabolic regulator of the brain through receptor dependent and independent mechanisms. In the brain, adenosine is tightly controlled through its metabolic enzyme adenosine
kinase (ADK), which exists in a cytoplasmic (ADK-S) and nuclear (ADK-L) isoform. We recently discovered that
ADK-L contributes to adult hippocampal neurogenesis regulation. Although the cerebellum (CB) is a highly
plastic brain area with a delayed developmental trajectory, little is known about the role of ADK. Here, we investigated the developmental profile of ADK expression in C57BL/6 mice CB and assessed its role in developmental and proliferative processes. We found high levels of ADK-L during cerebellar development, which was
maintained into adulthood. This pattern contrasts with that of the cerebrum, in which ADK-L expression is
gradually downregulated postnatally and largely restricted to astrocytes in adulthood. Supporting a functional
role in cell proliferation, we found that the ADK inhibitor 5-iodotubericine (5-ITU) reduced DNA synthesis of
granular neuron precursors in a concentration-dependent manner in vitro. In the developing CB, immunohistochemical studies indicated ADK-L is expressed in immature Purkinje cells and granular neuron precursors,
whereas in adulthood, ADK is absent from Purkinje cells, but widely expressed in mature granule neurons and
their molecular layer (ML) processes. Furthermore, ADK-L is expressed in developing and mature Bergmann
glia in the Purkinje cell layer, and in astrocytes in major cerebellar cortical layers. Together, our data demonstrate an association between neuronal ADK expression and developmental processes of the CB, which supports a functional role of ADK-L in the plasticity of the CB.
Key words: adenosine; adenosine kinase; cerebellum; development; cell proliferation; granule neuron precursors

Significance Statement
The role through which adenosine metabolism functions in the developing and adult cerebellum (CB) is
poorly understood. Here, we investigated the expression and possible function of adenosine kinase (ADK)
during CB development. We report that ADK-L expression is associated with cerebellar development and
linked to neural progenitor cell proliferation in vitro. In contrast to cerebrum, the adult CB maintained high
levels of both isoforms of ADK (L and S).

Introduction
The purine ribonucleoside adenosine affects brain function through adenosine receptor dependent as well as

through epigenetic mechanisms (Boison, 2009, 2013).
Dysregulation of adenosine is not only implicated in a
wide range of brain pathologies including epilepsy, and
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neurodegeneration, but also in developmental pathologies (Boison, 2008; Boison et al., 2012; Masino et al.,
2013; Boison and Aronica, 2015). In the brain, adenosine
levels are largely under the control of adenosine kinase
(ADK), the key metabolic enzyme for adenosine, which exists in a short cytoplasmic isoform ADK-S and a long nuclear isoform ADK-L (Boison, 2013; Boison and Yegutkin,
2019). Several lines of evidence show a tight association
of dynamic ADK expression changes with developmental
processes of the cerebrum. During prenatal and postnatal
brain development there is a coordinated shift of ADK expression from nuclear ADK-L to cytoplasmic ADK-S and
from neurons to astrocytes (Studer et al., 2006; Kiese et
al., 2016; Gebril et al., 2020). In the adult cerebrum ADK-L
expression is maintained only in astrocytes and in neurons of neurogenic areas, such as in neurons of the olfactory bulb and in dentate granular neurons of the
hippocampal formation (Gouder et al., 2004; Studer et al.,
2006). We recently provided evidence that ADK plays a
hitherto unrecognized role in the regulation of hippocampal neurogenesis after a traumatic brain injury (Gebril et
al., 2020). Together those findings support a role of ADK,
and in particular of ADK-L that has epigenetic functions
(Boison, 2013; Boison and Yegutkin, 2019), in developmental processes of the brain. Whereas the role of ADK in
the forebrain has been widely studied (Boison, 2013),
there is a paucity of knowledge about the role of ADK in
the cerebellum (CB). The CB is a unique part of the brain
not only involved in the control of motor function, but also
plays a role in learning, cognition, and emotional functions. Cerebellar dysfunction results in several neurologic
pathologies ranging from cerebellar ataxia to psychiatric
conditions such as cerebellar cognitive affective syndrome (Schmahmann, 2004; Wagner et al., 2017;
Nalivaeva et al., 2018). The CB differs in several important
aspects from the cerebrum:
(1) Development. The CB continues to develop after
birth and undergoes several cytoarchitectural changes
until adulthood (ten Donkelaar et al., 2003; Rossman and
DiCicco-Bloom, 2008; DiCicco-Bloom and Obiorah,
2017). It therefore offers a window of opportunity to study
developmental processes in a part of the postnatal and
adolescent brain. During a protracted developmental trajectory, the CB undergoes dramatic changes and morphogenesis that requires coordination of several
mechanisms, including mitosis, apoptosis, cell fate determination, migration, synaptogenesis, and differentiation.
In mammals, the embryonic and early postnatal CB
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maintains an external granular layer (EGL) of proliferative
granular neuronal precursors (GNPs; Rossman and
DiCicco-Bloom, 2008). As the CB develops, this layer of
proliferative cells migrates radially inward to form an internal granular layer (IGL) of fully differentiated granular neurons where they integrate into cerebellar circuitry. These
coordinated changes during GNPs development are
guided by cellular cues from adjacent neurons located in
the Purkinje layer (PL; DiCicco-Bloom and Obiorah,
2017). Because of the protracted development of the CB
which extended postnatally, we hypothesized that ADK-L
expression patterns during cerebellar development would
support a link to developmental processes.
(2) Cell-type specificity of adenosine regulation. Whereas
the cerebrum has a high abundance of astrocytes with the
astrocyte to neuron ratio varying between 4:1 and 10:1,
the CB is neuron rich with an inverted astrocyte to neuron ratio of 1:4 (Azevedo et al., 2009; DiCicco-Bloom and
Obiorah, 2017). The adenosine tone in the cerebrum is
largely controlled by metabolism through astrocytic
ADK-S (Etherington et al., 2009). However, although the
astrocyte to neuron ratio in the CB is low, ADK is also the
primary determinant of the adenosine tone in the CB
(Wall et al., 2007). Therefore, we asked whether ADK was
indeed expressed in the major neuronal populations of
the CB.
In the developing CB, mechanisms of adenosine release and clearance are poorly understood (Atterbury and
Wall, 2009). Because ADK plays a role in development,
plasticity, and cell proliferation (Boison, 2013; Boison and
Yegutkin, 2019), the goal of this study was to provide a
thorough understanding of ADK expression during cerebellar development in mice.

Materials and Methods
Animals
All animal procedures were conducted in an Association
for Assessment and Accreditation of Laboratory Animal Care
(AALAC)-accredited facility in accordance with approved institutional animal care and use committee (IACUC) protocols
and the principles outlined in the National Institutes of Health
Guide for the Care and Use of Laboratory Animals. All mice
were on the C57BL/6 background and were socially housed
under standardized conditions of light, temperature and humidity, environmental enrichment and had access to food
and water ad libitum. Sex of prenatal, embryonic, and postnatal mice was not specified while all adult mice used for this
study were males.
Western blottings
Brains were extracted at different embryonic (E) and
postnatal (P) developmental stages (E5, E10, E15, E20,
P0, P1, P2, P3, P5, P7, P9, P14, P15, P20, P21, and adult)
from C57BL/6J mice (total n = 47). Total CB was immediately dissected and frozen in liquid nitrogen vapor, then
stored at 80°C. Brain samples were homogenized in RIPA
buffer containing protease inhibitors (Sigma-Aldrich).
Protein content was assessed using a Thermo Fisher
Scientific BCA Protein assay kit. For electrophoresis, 20 mg
eNeuro.org
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of aqueous protein extracts were loaded and separated on
10% SDS-PAGE gels and transferred to polyvinylidene difluoride (PVDF) membranes (Bio-Rad). The blots were
probed overnight at 4°C in Tris-buffered saline (TBS; 20
mM Tris, 150 mM NaCl, and 0.1% Tween, pH 7.5) containing 3% non-fat dry milk, and polyclonal rabbit anti-ADK
(Bethyl Labs, A304-280A, 1:4500). The membranes were
washed in TBS, and then incubated in TBS containing
5% non-fat dry milk, 1% BSA and goat anti-rabbit secondary antibody (Thermo Fisher Scientific, G-21 234,
1:10,000). Immunoreactivity (IR) was scanned and digitized using Invitrogen iBrightCL1500 Imaging System.
Bands of ADK-L and ADK-S were quantitatified using
ImageJ V. 1.52 software and expressed as optical densities of b -tubulin-normalized bands. All values are presented as mean 6 SEM (n = 3–10 mice per age group).
One-way ANOVA with Tukey’s multiple comparison post
hoc test (*p  0.05, **p  0.01, ***p  0.001, ****p  0.0001
for significance).
Immunohistochemistry
Mice at the age of P0, P2, P5, P9, P15, P21 (P0–P21) as
well as adult mice were anesthetized and transcardially
perfused with ice cold 4% paraformaldehyde. Brains
were postfixed for 24 h in 4% PFA. Following postfixation,
brains were transferred to 30% sucrose with 0.1% sodium azide in 1  PBS for 2 d at 4°C and stored at –80°C.
Brains were then cut sagittally into 30-mm sections on a
freezing, sliding stage cryostat (Leica CM3050S). Until further processing, all adult brain sections were stored in
cryoprotectant. Immunohistochemistry of mouse brain
was performed on free-floating sections. For postnatal tissues P0–P21, sagittal 30-mm sections were directly
mounted on slides then frozen until further processing.
For immunofluorescence staining, antigen retrieval was
performed using sodium citrate buffer pH 6 at 90°C for 3
min, then sections were washed in 1 TBS and 0.05%
Triton X-100 (TBS-T) three to four times. Then, sections
were incubated at 4°C overnight in donkey blocking buffer
(DBB) containing corresponding primary antibodies. The
primary antibodies used were, polyclonal goat anti-calbindin (Cal; Abcam ab156812, 1:250), polyclonal rabbit
anti-ADK (Bethyl Labs, A304-280A, 1:1000), monoclonal
mouse anti-glial fibrillary acidic protein (GFAP; Thermo
Fisher Scientific, 14-9892-82, 1:1000) and monoclonal rat
anti-Ki67 (Thermo Fisher Scientific, 14-5698-82, 1:200).
Sections were washed in 1 TBS-T, incubated for 1 h at
room temperature in a solution containing the corresponding secondary antibodies. Secondary antibodies included donkey Alexa Fluor 488 (Invitrogen, A21208,
1:2000), donkey Alexa Fluor 555 (Thermo Fisher
Scientific, A-21432, 1:1000), and donkey Alexa Fluor 633
(Invitrogen A21082, 1:250). Sections were washed three
times for 5 min in 1 TBS, then mounted on slides and allowed to dry in the dark. Once dried, sections were coverslipped with DAPI mounting medium and stored in the
dark at 4°C.
For 3,39-diaminobenzidine (DAB) staining, antigen retrieval was performed using sodium citrate buffer pH 6 at
95°C for 3 min, then brain sections were washed five
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times for 5 min in PBS-T, then quenched in 0.3% H2O2 for
30 min. Sections were then washed three times in PBS-T
at room temperature, then blocked for 1 h in goat blocking
buffer (GBB). Sections were then incubated overnight at
4°C in GBB containing the primary antibody, polyclonal
rabbit anti-ADK (Bethyl Labs, A304-280A, 1:1000).
Sections were washed three times with TBS and then incubated in GBB containing biotinylated goat anti-rabbit
IgG (1:5000) secondary antibody. After three washes in
PBS-T, sections were incubated in avidin-biotin horseradish peroxidase complex solution, then in DAB substrate
solution (Vector Laboratories, SK-4105) for up to 10 min
until the reaction product visualized. For the slidemounted premature tissue, the time for the reaction is longer than that of free-floating mature tissue. To standardize
the experimental condition, tissues (either postnatal or
adult) were exposed to the same sectioning, immunohistochemistry, and imaging conditions. Standardization
was maintained between groups/tissues exposed to the
same sectioning and treatment conditions.
Sections were washed three times for 5 min in PBS-T
then mounted on slides and allowed to dry. Sections were
dehydrated in alcohol, cleared in xylene, and mounted
with mounting medium (Fisher Scientific, SP15-100
UN1294).
Image acquisition and cell counting
Diaminobenzidine and fluorescence images were acquired using a Leica microscope fitted with a
StereoInvestigator system (Microbrightfield) comprising
color and monochrome digital cameras. For image analysis, we selected four 30-mm sections for each stain from
each mouse, spaced every 150 mm, and spanning the
same mid-lateral location between animals (n = 3–4 animals per group). An unbiased exclusion of poor quality
images was made before analysis. Cell counting was performed by an individual blinded to the age of the animals
using ImageJ software (ImageJ, National Institutes of
Health; http://imagej.nih.gov/ij/). Double labeled cells in
the EGL (Ki67/ADK) and PL (Cal/ADK) were counted at
40 at different focal planes in Z stacked images in n = 3/
group. Cell counts were quantified in at least two to three
sections per animal as cell number per mm2. Binarization
of Cal, Ki67-stained, and ADK-stained images was performed using the ImageJ software Auto Threshold command. The optimal threshold values for each stain were
achieved by manually adjusting the range of pixel intensity
on a set of images (Crews et al., 2006). To maintain consistentcy throughout all sections, the determined range of
pixel intensities was then applied for the rest of images.
Using the “cell counter” command, the total number of
cells in the region of intererest was determined.
Cell culture and proliferation assay
P7–P9 mice were rapidly decapitated to isolate cerebellar GNPs as previously described (Rossman et al., 2014;
Nicot et al., 2002). Briefly, following removal of the skull
and meninges, and horizontal transection of the dorsal
cortex from the deep cerebellar tissues and nuclei,
eNeuro.org
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cerebella from four to six pups were incubated in trypsinDNase solution (1% trypsin, 0.1% DNase, Worthington)
for 3 min. After removing enzyme, the tissues were dissociated in DNase solution (0.05% in DMEM) by trituration in
a series of fire-polished Pasteur pipettes of decreasing diameter. The dissociated cells were then pelleted by centrifugation and filtered (30-um nylon mesh; Tekton) to
remove clumps. Cells were then resuspended and centrifuged at 3200 rpm on a Percoll (Sigma) 35:60% step gradient. We collected cells at the 35:60% interface and
washed them in phosphate buffer. Then cells were plated
at 5  106 density onto poly-D-lysine coated (0.1 mg/ml),
24 multiwells in medium consisting of Neurobasal, 2% B27
supplement, 0.1% BSA, 50 U/ml penicillin, and 50 mg/ml
streptomycin. Cultures were maintained in a humidified 5%
CO2/air incubator at 37°C for 24 h. For thymidine incorporation studies, cells were cultured in DMSO vehicle alone or
with the ADK inhibitor, 5-iodotubericine (5-ITU), over the 0–3
mM concentration range. To estimate cell proliferation, we
measured DNA synthesis by using [3H]-thymidine incorporation as a marker. GNPs were plated at 100,000 cells per
well in 24-well plates and incubated for 24 h. A final concentration of 1 mCi/ml [3H]thymidine (GE Healthcare) was
added to 24-well plates 4 h before cell harvesting.
Following aspiration of radiotracer-containing medium,
cells were lifted with trypsin-EDTA solution and collected
onto filterpaper using a semiautomatic cell harvester
(Skatron). Incorporation of radioactive tracer was measured in the presence of luminating solution Eco-Lite (MP
Biomedicals) by scintillation spectrophotometry.
Statistical analysis
The data were analyzed using Graphpad Prism software, version 8.4.3. All data, unless specified, were
presented as mean 6 SEM using one-way ANOVA followed by Tukey’s multiple comparison post hoc test
(*p  0.05, **p  0.01, ***p  0.001, ****p  0.0001 for
significance).

Results
ADK expression in the CB
In the adult cerebrum both forms of ADK are predominantly expressed in astrocytes (Gouder et al., 2004;
Studer et al., 2006; Kiese et al., 2016) and contribute to
the regulation of the tissue tone of adenosine (Etherington
et al., 2009). In addition to its predominant astrocytic expression in the cerebrum, ADK-L is expressed in a limited
number of neurons in neurogenic proliferative areas including olfactory bulb and dentate gyrus indicating a role
in brain development and plasticity (Gouder et al., 2004;
Studer et al., 2006; Boison, 2012; Gebril et al., 2020).
Indeed, during the development of the cerebrum there is a
coordinated shift in the expression of ADK from neurons
to astrocytes (Studer et al., 2006). The CB is one of the
last structures in the human brain to mature (Susan et al.,
2008). In contrast to the cerebrum, the CB is also characterized by a high neuron to astrocyte ratio of 4:1 (Azevedo
et al., 2009). We therefore hypothesized that the CB, a
brain area in which ADK expression has not been studied
May/June 2021, 8(3) ENEURO.0011-21.2021

4 of 14

before, might be characterized by a unique expression
profile of both isoforms of ADK. We first assessed ADK IR
in midsagittal brain sections from adult mice (Fig. 1). In
line with our previous findings (Gouder et al., 2004; Studer
et al., 2006; Gebril et al., 2020), we found ubiquitous expression of ADK throughout the cerebrum with relatively
uniform staining all over the soma and dendrites, as well
as glia (Fig. 1A). The only areas with higher levels of ADK
IR were the olfactory bulb and dentate granular neurons in
the hippocampus. In contrast, the levels of ADK IR in the
CB were more intense. While ADK expression was
found throughout the cerebellar cortex, the IGL, as well
as neurons of the deep cerebellar nuclei (DCNs),
showed intense expression of ADK. Interestingly, ADK
IR was also visible in the molecular layer (ML), which
contains parallel fibers of IGL neurons and interneurons, as well as glia.
ADK expression changes during brain development
Given the major expression differences in ADK between
the cerebrum and the CB, we next assessed the profile of
ADK expression during brain development by quantitative
Western blot analysis (Fig. 2). In line with a developmental
role of ADK-L, we found a dominance of ADK-L as compared with ADK-S (Fig. 2A,C) in early postnatal cerebrum.
During postnatal development of the cerebrum, the ADKL/ADK-S ratio continued to decline, leading to a dominance of ADK-S expression in adulthood (Fig. 2A,C).
Whereas ADK-L expression is downregulated during postnatal development of the cerebrum (P0–P1 vs P3–P9, P15–
P21, and adult, p , 0.0001), in CB its expression continued
to be maintained at high levels across developmental stages
and even in the mature CB (P0–P1 vs P3–P9, P15–P21, and
adult CB, p = 0.97, p = 0.41, and p = 0.24, respectively; Fig.
2B,C). Because the expression levels of ADK-S gradually
increased during postnatal development of the CB
starting from P3 and continuing into adulthood, there
was a gradual drop in the ADK-L/ADK-S ratio (Fig. 2C).
Overall, this analysis demonstrates that, in contrast to
the cerebrum, the dominance of ADK-L, is maintained
throughout adulthood in the CB (Fig. 2D), suggesting
that the CB maintains a distinct expression profile of
ADK, raising questions about its functional role(s).
Adenosine kinase expression is associated with
development of the cerebellar cortex
The Western blot analysis (Fig. 2) revealed an association of ADK-L with the development of the CB.
Recent findings that ADK-L is associated with neurogenic areas in the developing and adult cerebrum
(Gebril et al., 2020) were the foundation to hypothesize
that ADK-L is also associated with neurogenic areas in
the developing CB. To address this hypothesis, we examined and compared the pattern of ADK expression
and distribution during the development of the cerebrum and CB. Because neurogenesis of the cerebrum
occurs predominantly during prenatal development
and declines thereafter (König and Marty, 1981;
Noctor et al., 2002; Shen et al., 2006; Rakic, 2007),
eNeuro.org
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Figure 1. ADK IR in adult mouse brain. ADK IR as shown by peroxidase immunohistochemistry in adult mouse brain (A–C).
ADK IR is strongly prominent in two main areas in the cerebral cortex (CTX): olfactory bulb (OB) and dentate gyrus (DG). A, B,
In contrast to the relatively uniform staining in the CTX, ADK IR appears higher in the CB, especially in the IGL, PL, scattered
cells in white matter (WM), and in deep cerebellar nuclei (DCN). The rest of the brain, including CTX and the molecular layer
(ML) of cerebellar cortex is characterized by ubiquitous expression of ADK signal. Scale bars: 100 mm (A, B) and 5000 mm (C).

ADK IR was assessed during the perinatal period between E16 and P21 (Fig. 3). At E16, the ventricular
zone (VZ), sub-VZ (SVZ), and cortical plate (CP) were
strongly positive for ADK. According to previous work
(Gouder et al., 2004; Studer et al., 2006); ADK-S expression appears as diffuse staining throughout the
brain tissue, whereas ADK-L signal appears as dark
punctate staining of nuclei. Therefore, the darkly
stained nuclei of progenitor cells at the early developmental stages would then be consistent with expression of the nuclear isoform, ADK-L. The intense signal
of ADK IR gradually declined progressively from P2
and P5, but was maintained in Layers III/IV of the neocortex (Fig. 3B,C,F,G). By P9, ADK IR continued to disappear even in Layer III of the cortex (data not shown).
At P21, intense nuclear ADK IR was extensively reduced, which coincides with the maturation of pyramidal neurons in the cerebral cortex (Zhang, 2004; Shen
et al., 2006; Fig. 3D,H–J). In contrast, in the CB,
May/June 2021, 8(3) ENEURO.0011-21.2021

neurogenesis continues postnatally (Carletti and
Rossi, 2008); therefore, the expression of ADK in the
neurogenic zones was studied in midsagittal sections
at developmental stages between P0 and P21 (Fig. 4).
At P0, ADK IR was widespread in the CB, including the
EGL, PL, and the emerging IGL (Fig. 4A). At P2, ADK IR
was robust in distinct layers of the cerebellar cortex including EGL, PL, and IGL, whereas fewer ADK-positive
cells were detected in the ML (Fig. 4B). The qualitative
signal intensity of ADK-positive cells appeared to be
less in the EGL at P5 and P9, which coincides with the
active migration of cells from the EGL into the IGL
(Carletti and Rossi, 2008; DiCicco-Bloom and Obiorah,
2017; Fig. 4C,D). There appeared to be similar reduction in ADK signal intensity in the PL and ML at P5 and
P9 as compared with P2, though absolute quantification was not performed. Interestingly, the expression
pattern of ADK from P0 up to P9 appeared as dark
punctate staining in the nuclei of the cells in all layers
eNeuro.org
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Figure 2. Characterization of the expression profile of ADK-L and ADK-S proteins in the developing and adult brain. A,
Expression profile of ADK-L and ADK-S proteins in the embryonic brain as well as the developing cerebrum. Western blot
analysis shows ADK expression changes during prenatal and postnatal development of the cerebrum in the mouse.
Representative blots show ADK (L and S) isoform expression at different embryonic (E) and postnatal (P) stages with ADK-L
shown as the upper band and ADK-S as the lower band. In embryonic brain, the nuclear long form ADK-L dominates and
shifts toward ADK-S dominance in the adult cerebrum. Control includes recombinant protein ADK-S (Rec). B, Western blot
analysis of the expression profile of ADK-L and ADK-S proteins in the developing and adult CB. The postnatal as well as
adult CB exhibited strong expression of ADK-L while ADK-S expression increased progressively from P3 into adulthood. C,
Quantitative analysis of Western blot analyses using ImageJ V. 1.52 software and expressed as the ratio of optical densities
of ADK-L/ADK-S bands. All values are presented as mean 6 SEM (n = 3–10). One-way ANOVA with Tukey’s multiple comparison post hoc test (ns, no significance, and ****p , 0.0001 for significance). D, Line graph of normalized optical density of
ADK-L bands at different developmental time points of cerebrum and CB.

and therefore supports the dominance of ADK-L over
ADK-S at this developmental stage, which is in line
with our Western blot analysis (Fig. 2). At P21, as the
EGL disappeared, the pattern of ADK staining has
shifted to the outermost layer of the cerebellar cortex, the mature ML that contains axons of the IGL neurons (Fig. 4E). The
dark punctate staining consistent with ADK-L was scattered
in ML, PL, and IGL, whereas the diffuse staining of ADK-S
was extensively observed in ML and IGL of P9 and P21. This
pattern is in line with the Western blotting (Fig. 2B) results,
which confirmed the strong expression of both isoforms L
and S at these developmental stages. We tentatively conclude
that the expression of ADK-L is associated with neurogenic
areas in the cerebrum and the CB. This finding suggests a
role of ADK in the growth and development of both brain
May/June 2021, 8(3) ENEURO.0011-21.2021

regions. In contrast to the cerebrum however, ADK-L expression is maintained in mature neurons of the IGL, which suggests a specific role of ADK-L in the mature CB.
ADK-L is associated with the development of
cerebellar granule neurons
Because ADK-L is expressed during the period of neurogenesis in the developing CB, we hypothesized that
ADK-L plays roles in GNPs proliferation and postnatal development of diverse cell types. To explore the proliferative cell compartment, a co-localization analysis using
antibodies directed against ADK and the proliferation
marker Ki67 was performed on midsagittal sections of
mouse CB from P0 to P9 (Fig. 5A–M). At P0, cells doubleeNeuro.org
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Figure 3. ADK IR in prenatal and postnatal mouse cerebrum. ADK IR in the mouse cerebrum at different developmental stages;
E16, and postnatal days (P2, P5, and P21) as shown by peroxidase staining. A, E, At E16, nuclear expression of ADK presented as
dark punctate staining in cells of the ventricular zone (VZ), sub-ventricular zone (SVZ), cortical plate (CP) in the neocortex. B, F, At
P2, most of nuclear ADK IR is observed in Layers II/III/IV of the neocortex. C, G, At P5, nuclear ADK IR is only observed in Layers
III/IV. D–H, At P21, nuclear ADK IR reduced while diffuse IR consistent with cytoplasmic ADK-S is widespread. I, NeuN (green) IR illustrating cortical layers as shown by immunofluorescence at developmental stages P2, P5, P21. J, Single-cell image of ADK (red)positive, GAFP (green) astrocytes in P21 cerebrum. Scale bars: 200 mm (A–D) 100 mm (H, I), 50 mm (E–G), and 15 mm (J).

labeled for ADK and Ki67 were widespread in the entire
developing CB with robust expression found in the outermost EGL. As the EGL expands because of active cell divisions (Carletti and Rossi, 2008), a thick layer of ADKpositive and Ki67-positive cells appeared at P2 and P5. At
P5, the number of Ki67/ADK double labeled cells was significantly increased (p = 0.02) as compared with P0. From
P5 to P9, the thickness of the EGL initially increased, followed by gradual reduction by P9, which temporally coincides with the radial migration of GNPs into the IGL, while
the number of Ki67/ADK double labeled cells was significantly reduced as compared with P0 (p = 0.02) and
P2 and P5 (p = 0.009 and p = 0.002, respectively).
May/June 2021, 8(3) ENEURO.0011-21.2021

Interestingly, a new population of ADK/Ki67-positive cells
in the white matter appeared on P5, presumably comprised of progenitor cells of cerebellar interneurons or
glial cells (Zhang and Goldman, 1996). This population of
ADK/Ki67-positive progenitor cells gradually decreased
at P9 then disappeared by P21 (data not shown). By P21,
all GNPs in the EGL are expected to differentiate, fully migrate, and reside in the IGL (Carletti and Rossi, 2008).
Here, we found that both Ki67-positive and ADK-positive
cells disappeared from the outermost layer whereas ADK
expression was maintained in the IGL. These findings
suggest a role of ADK-L in the maintenance of cell proliferation during CB development.
eNeuro.org
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Figure 4. ADK IR in postnatal mouse CB. ADK IR in mouse CB at different developmental stages (P0, P2, P5, P9, and P21) as shown by peroxidase staining. A, At P0, ADK IR is widespread in the external granular layer (EGL), Purkinje layer (PL), and internal granular layer (IGL). B, At
P2, ADK IR is present in the distinct layers of the cerebellar cortex EGL, PL, IGL, whereas fewer ADK-positive cells are observed in the molecular layer (ML). C, D, At P5 and P9, ADK IR declines in EGL, PL, and ML. The expression pattern of ADK IR appeared as dark punctate staining
in the cells of all layers, which suggests the dominance of ADK-L at these developmental stages as seen in high magnification images in the
right panel. E, At P21, no ADK is detected in the outermost layer of the cerebellar cortex. The dark punctate staining consistent with ADK-L is
scattered in ML, PL, and IGL, whereas the diffuse staining of ADK-S is extensively observed in ML and IGL. Scale bars: 100 mm (left panel) and
50 mm (right panel).

ADK-L contributes to the regulation of GNPs
proliferation
To support our contention that ADK-L is involved in
GNPs development and specifically in cell proliferation,
we investigated the effect of inhibition of ADK-L on DNA
synthesis, a precursor to cell division, of isolated GNPs.
May/June 2021, 8(3) ENEURO.0011-21.2021

For these studies, we employed primary cultures of GNPs
isolated from P7–P9 mouse pups, a period when we have
found that growth factors, such as FGF, SHH, IGF1, and
PACAP, regulate cell cycle progression and the production of new neurons (Rossman et al., 2014; Nicot et al.,
2002; Tao et al., 1996) when EGL precursor are most
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Figure 5. Effect of ADK on DNA synthesis in the developing CB. A, ADK (red) and Ki67 (green) IR in the mouse CB at different developmental stages (P0, P2, P5, and P9) as revealed by double immunofluorescence. A–C, At P0, ADK/Ki67 double-labeled cells are widespread in
the entire developing cerebellar cortex with robust expression at the outermost EGL. D–F, At P2, the layers of cerebellar cortex become visible where ADK/Ki67-positive cells are observed in the external granular layer (EGL), the developing Purkinje layer (PL), and the internal granular layer (IGL). G–L, At P5 and P9, ADK/Ki67-labeled cells initially increase then decrease in the EGL, which period coincides with the radial
migration of cerebellar granular neurons. G, In the internal white matter (WM) region at P5, a population of ADK/Ki67-positive cells was observed, which declined in P9 (H). Scale bars: 100 mm (A–C, G–L), 200 mm (D–F), 25 mm (D, G, insets). M, The number of Ki67/ADK double
labeled cells in the EGL at P0, P2, P5, and P9 per mm2 (n = 3/group). One-way ANOVA with Tukey’s multiple comparisons post hoc test
(*p , 0.05 for P5 vs P0, #p , 0.05 for P9 vs P0, and ***p , 0.001 for significance). N, Western blot analysis of immature granular neuronal
precursors (GNPs). Representative blot of protein extracts from control (Ctl) glioblastoma U373 cells and immature GNPs shows that the
precursors express ADK-L exclusively whereas control cells express both isoforms. O, Inhibition of ADK with antagonist 5-iodotubercidin
(5-ITU) reduces DNA synthesis of GNPs. Concentration-dependent reduction of cell proliferation in response to different concentrations (0.3,
0.6, 1 mM) of the ADK inhibitor 5-ITU as compared with vehicle (DMSO  0.002%)-treated cells. All values are presented as mean 6 SEM
(n = 6–9). One-way ANOVA with Tukey’s multiple comparisons post hoc test (*p , 0.05, ***p , 0.001, and ****p , 0.0001, for significance).

abundant. Using Western blot analysis, GNPs were found
to express the nuclear ADK-L isoform exclusively (Fig.
5N), supporting the contention that EGL precursors (Ki67ADK double-labeled cells; Fig. 5A–J) express ADK-L. To
assess DNA synthesis, isolated GNPs were incubated in
control vehicle containing medium or media containing
different concentrations (0.3, 0.6, 1 mM) of the ADK inhibitor 5-ITU, and then assessed for 3H-thymidine incorporation at 24 h (Fig. 5O). Strikingly, GNPs exhibited a
concentration-dependent
reduction
in
thymidine
May/June 2021, 8(3) ENEURO.0011-21.2021

incorporation in response to 5-ITU treatment especially at
high concentrations of 5-ITU [0.3 mM (p = 0.047), 0.6 mM (p ,
0.0001), and 1 mM (p , 0.0001)]. Importantly, the reduction in
DNA synthesis suggested that fewer cells entered the S
phase, as there was no reduction of cell survival except at the
highest concentration (3 mM). It is worth mentioning that the
concentration-dependent study represents concentrations of
ITU that are far below the reported effective concentration
(EC50 = 7.8 mM; Zhang et al., 2013). The reduction in DNA synthesis following inhibition of ADK-L suggests that adenosine
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plays a functional role in proliferation of GNPs during cerebellar development.
ADK-L is involved in the development and
maintenance of Purkinje cells
Since ADK was detected in the progenitor layers of the
cerebellar cortex at early developmental stages, we investigated the involvement of ADK in the development of Purkinje
cells. To address this, we examined the IR of cells that are
positive for both ADK and Cal, a Purkinje cell marker, in midsagittal sections at selected developmental stages (P5, P9,
and P21). At P5 and P9 (Fig. 6A), most Purkinje cells exhibited
ADK signal in the nucleus. The expression of ADK in Purkinje
cell nuclei at P21, however, was significantly reduced as
compared with P5 (p = 0.038) and P9 (p = 0.017; Fig. 6B).
Instead, the ADK-L-positive cells in the PL layer at P21 were
located in clusters between each Purkinje cell in the PL (Fig.
6A–C). Those ADK-positive cells are presumably Bergmann
glial cells which are characterized by cell bodies located in
the PL layer around the somata of Purkinje cells.
Bergmann glial cells express ADK-L
In young adult mice, most of the ADK-positive cells in
the PL were found in clusters between Purkinje cells suggesting they might be glia. Therefore, we next sought to
determine whether ADK-positive cells in the PL were astrocytes by co-localizing ADK and GFAP (Fig. 6D). At early
developmental stages (P0, P2), GFAP was rarely detected
(data not shown), whereas at P5, GFAP was highly expressed in extended cell processes in the PL and the developing white matter (Fig. 6D). GFAP-positive cells
appeared to be ADK-positive, where ADK cell nuclei were
surrounded by GFAP labeled cell somas (Fig. 6E,F). This
pattern suggests that ADK-L might play a role in the development and maintenance of Bergmann glial cells and
astrocytes in the inner white matter. Interestingly, these
Bergmann glia cells maintained strong expression of ADK
in P21 and in adulthood. Moreover, glial cells in the white
matter and the IGL also strongly expressed ADK at P21
and in adulthood, suggesting a role of ADK-L in the development and maintenance of astrocytes in these regions.
Developing and mature cerebellar neurons maintain
ADK expression
In contrast to the cerebral cortex, the adult CB maintains considerable levels of ADK (Fig. 2), while the majority
of cells are neurons (Azevedo et al., 2009). Therefore, we
asked whether the developing and fully differentiated neurons of the CB express ADK, and compared the cerebral
cortex and CB on midsagittal brain sections at selected
developmental stages using antibodies to ADK and mature neuronal marker, NeuN. Cortical neurons in Layers
III/IV of mice from P0 to P5 strongly expressed ADK-L as
suggested by nuclear co-localization of ADK and NeuN
(Fig. 7A,B). By adulthood, apparently NeuN-positive cortical neurons became ADK-L-negative, while ADK expression was limited to NeuN-negative cells (Fig. 7A). The
latter cells were identified as astrocytes in previous studies (Studer et al., 2006) and supported by double labeling
May/June 2021, 8(3) ENEURO.0011-21.2021
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in Figure 3J. The same NeuN/ADK co-localization study
was performed in the CB. At P0, cerebellar neurons of the
innermost layer of EGL were ADK-L-positive, based on
GNP exclusive expression of ADK-L (Fig. 5N), and exhibit
nuclear NeuN co-localized with ADK. At P2, the ADK/
NeuN co-localization in the innermost layer of EGL was
maintained (Fig. 7C,D). At P2 and P5, as the newly born
cerebellar neurons continue to differentiate and migrate
(Carletti and Rossi, 2008), EGL neurons remain ADK-positive. In contrast in the PL, cells that are NeuN-negative exhibit strong ADK signal (Fig. 7C,D). Those cells are
presumably developing Purkinje cells or glial cells. It is worth
noting that ADK/NeuN-positive neurons were detected in the
ML (Fig. 7C,D) reflecting neuronal migration from EGL into
the IGL, or locally resident GABAergic basket and stellate
neurons (Brown et al., 2019). At P5, the developing white
matter, which lacks NeuN-positive neurons, exhibits widespread expression of ADK presumably a combination of interneuron progenitors and newborn glial cells. By adulthood,
ADK/NeuN-positive neurons were limited to the IGL where
some of these neurons are presumably interneurons according to their morphology and location (Fig. 7E,F). The vast majority of IGL neurons are ADK/NeuN-positive (Fig. 7G),
although only a subset express intense nuclear signal, whereas the majority of NeuN staining cells exhibit more diffuse,
lower intensity ADK-S signal. Those mature cerebellar granule neurons of IGL are suggested to express both forms of
ADK (L and S) because of the co-localization pattern of the
nuclear NeuN with ADK, whereas the parallel fibers maintain
the cytoplasmic diffused appearance of ADK-S.

Discussion
In this study, we explored a role for ADK in the developing and adult CB. First, we show that in contrast to the
cerebrum, high expression levels of both ADK isoforms (L
and S) are maintained in the adult CB. The expression
profile of ADK-L is high throughout all cerebellar developmental stages, whereas ADK-S expression gradually increases with age. Second, we demonstrated that ADK-L
is associated with proliferative progenitors in the developing CB and maintained in developing Purkinje cells. Third,
ADK-L is associated with developing and mature
Bergmann glial cells and astrocytes in the cerebellar cortex. Finally, ADK-L is highly expressed in mature neurons
of the EGL and PL at different developmental stages while
mature granule neurons in the IGL maintain strong expression of both forms of ADK in the adult CB.
ADK plays a conserved role in brain development
In line with previous findings suggesting a functional
role of ADK during both human and murine brain development (Studer et al., 2006; Gebril et al., 2020), we find similarities in the ADK expression profile during the
development of both CB and cerebrum. The coordinated
developmental changes of the ADK expression profile in
the cerebrum (Fig. 2) is in line with the reported developmental downregulation of neuronal ADK-L transcripts and
upregulation of astrocytic ADK-S transcripts during the
first postnatal weeks (Kiese et al., 2016). Higher levels of
ADK expression during energy demanding developmental
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Figure 6. Association of ADK with the development and maintenance of cerebellar cortex cells. A, B, ADK (red) and Cal (green) IR in the
developing cerebellum (CB) at different developmental stages (P5, P9, and P21) as shown by immunofluorescence. A–C, Purkinje cells
that are ADK (red)/Cal (green)-positive are observed in the Purkinje layer (PL) where the punctate stain of nuclear ADK-L is prominent at
P5 and P9. By P21, ADK-L IR is less prominent in Purkinje cells and only maintained in a few cells, whereas the rest of ADK-L cells are
found in clusters between Purkinje cells in the PL. White arrows in A point at ADK-L cells between Purkinje cells in P21. B, The number
of Cal/ADK double labeled cells in the PL at P5, P9, and P21 per mm2 (n = 3–4/group). D, IR of ADK (red)/GFAP (green) in astrocytes of
the cerebellar cortex at different developmental stages (P5, P21, and adult) as shown by immunofluorescence. E, Bergmann glial cells in
the PL show punctate staining of nuclear ADK-L at all developmental stages (P5, P21, and adult). GFAP-positive astrocytes that are
ADK-L-positive are prominent in the white matter at all developmental stages while astrocytes in the inner granular layer are observed at
P21 and in adulthood. F, Magnified field of glial cells and ADK-positive cells in white matter of P5 and PL of P21. White arrows showed
ADK-L-positive Bergman glial cells between Purkinje neurons. Scale bars: 50 mm (A, C, E), 200 mm (D), and 15 mm (inset in A, and F).
One-way ANOVA with Tukey’s multiple comparisons post hoc test (*p , 0.05 for P5 vs P21, and #p , 0.05 for P9 vs P21 for
significance).
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Figure 7. ADK expression is maintained in developing and mature cerebellar granule neurons. A, Cortical neurons positive for ADK/
NeuN observed in Layers III/IV of the neocortex in P0–P5, where the nuclear ADK-L stain is prominent. By P21, all NeuN cortical neurons
are ADK-L-negative, while ADK expression is found in NeuN-negative cells. B, Magnified fields of cortical Layer III in P0 and P5 illustrating cells positive to ADK/NeuN. C–F, Cerebellar neurons positive for ADK/NeuN observed in mice from P0 to adult. Neurons in the external granular layer (EGL) and Purkinje layer (PL) are ADK-L-positive from P0 to P5 as seen in C–E, insets. D, ADK/NeuN-positive neurons
in the innermost layer of EGL, PL, and internal granular layer (IGL) of P2. Between P2 and P5, ADK-positive neurons are detected in neurons of the PL, while positive ADK staining is maintained in cells of the EGL. F, By adulthood, ADK-positive neurons are restricted only to
the mature granule neurons in the IGL and their parallel fibers in the ML. Scale bars: 100 mm (A), 15 mm (B), 200 mm (C, E), 50 mm (D, F,
and insets of C, E). G, Ratio of NeuN/ADK-positive cells to total NeuN-positive cells in the adult IGL (n = 3/group).

processes may provide (1) a salvage pathway to use
adenosine to generate ATP for RNA synthesis; and (2) epigenetic control of neurogenic genes necessary for neuronal proliferation and plasticity. A developmental role of
ADK-L is also supported by developmental defects associated with inborn human ADK deficiency, which leads to
growth defects, intellectual disability, and hepatic encephalopathy (Bjursell et al., 2011; Staufner et al., 2016;
Silva et al., 2020). Likewise, the genetic deletion of ADK in
mice or plants leads to striking similarities in
May/June 2021, 8(3) ENEURO.0011-21.2021

transmethylation defects and stunted growth (Boison et
al., 2002; Moffatt et al., 2002). These data as well as our
recent data supporting a role of ADK-L in neurogenesis
(Gebril et al., 2020) suggest that ADK-L plays a role in the
development of the CB and cerebrum. Indeed, intricate
similarities in the coordinated changes of the ADK expression profile shared during the development of cerebrum
and CB support the idea that ADK-L plays a conserved
role in cell plasticity and brain development (Studer et al.,
2006; Gebril et al., 2020).
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ADK plays a role in cell proliferation and
morphogenesis
The developing brain is characterized by dynamic
and coordinated changes, including cell proliferation, differentiation, and migration. The expression of ADK-L is
associated with the most plastic neurogenic areas in the
developing as well as the adult brain (Studer et al., 2006;
Gebril et al., 2020). Here, we report that in contrast to the
cerebrum, ADK-L is maintained at high levels in neurons
of the adult CB and is associated with cerebellar development. During postnatal development of the CB, most of
the cells in the cerebellar cortex exit the cell cycle, while
undergoing morphologic changes and migration toward
the IGL. In this study, we found strong expression levels
of ADK-L in proliferative cerebellar granular neurons of
the EGL (Fig. 5) and in Purkinje cells (Fig. 6). This pattern
suggests a functional role of ADK-L in maintaining cell
plasticity, morphogenesis, and proliferative status as the
expression of ADK-L coincides with cell proliferation and
morphogenesis at early developmental stages. The developmental role of ADK-L is further supported by the concentration-dependent reduction of cell proliferation in
response to pharmacological inhibition of ADK in immature GNPs primary cultures (Fig. 5). This result is in line
with the recent findings that the genetic deletion of ADK-L
in neurogenic areas, as well as the pharmacological inhibition of ADK, modifies baseline cell proliferation status in
the neurogenic dentate gyrus (Gebril et al., 2020).
Role of ADK-L in adult CB
The finding that ADK-L is gradually decreased as
Purkinje cells mature (Fig. 7) is in line with the notion that
Purkinje cells contain high levels of adenosine and adenosine receptors (Goodman et al., 1983; Braas et al., 1986;
Namba et al., 2010). Whereas in cerebellar granule neurons, except their excitatory axons and neurons of deep
nuclei, adenosine receptors are undetectable (Goodman
et al., 1983; Kocsis et al., 1984; Namba et al., 2010). This
supports our findings that ADK expression is high in both
developing and mature cerebellar granule neurons.
It is well established that developing Purkinje cells are
essential for the proliferation and differentiation of afferent
neurons, especially cerebellar granule neurons, while they
become dependent on signals from mature cerebellar
granule neurons (Behesti and Marino, 2009). Our data
suggest the involvement of ADK-L in this reciprocal signaling and circuitry in the CB, because ADK-L is associated with cells that provide signaling cues and guidance,
such as developing Purkinje cells and mature cerebellar
granule neurons. Given that the neuron to astrocyte ratio
is high in the CB (Azevedo et al., 2009), neuronal adenosine metabolism might not only be essential for cell signaling but also to establish metabolic homeostasis and to
support the high energy demand for cerebellar neurons.
This implies a metabolic role of ADK in the mature CB.
In this study, we provide evidence that ADK plays a
conserved role during brain development given the similarities of ADK expression profiles in the developing CB
and cerebrum. Here, we elucidated the spatio-temporal
and cell-type specific ADK expression profile in the
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developing CB. Based on our findings we suggest two
critical functions of ADK in the developing CB, first ADK
may work as a salvage pathway enzyme to power anabolic reactions important for cell development. Second,
ADK may work as an epigenetic regulator of neurogenic
genes important for neuronal proliferation and plasticity.
In contrast to the cerebrum, the neuron to astrocyte ratio
is high in the CB; therefore, metabolic support provided to
cortical neurons by ADK expression in cerebral astrocytes
may be alternatively provided by resident neurons in the
CB in the absence of astrocytes. Therefore, the maintenance of high ADK expression levels in neurons of the
adult CB may replace roles of ADK normally linked to astrocytes of the adult cerebrum and may provide needed
support for maintenance of adenosine metabolism in the
absence of astrocytes, and at the same time support
high-energy demand and cell signaling.
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