
Copyright © 2021 Gebril et al.
This is an open-access article distributed under the terms of the Creative Commons Attribution
4.0 International license, which permits unrestricted use, distribution and reproduction in any
medium provided that the original work is properly attributed.

Research Article: New Research | Development

Developmental role of adenosine kinase in the
cerebellum

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

Cite as: eNeuro 2021; 10.1523/ENEURO.0011-21.2021

Received: 8 January 2021
Revised: 8 March 2021
Accepted: 9 March 2021

This Early Release article has been peer-reviewed and accepted, but has not been through
the composition and copyediting processes. The final version may differ slightly in style or
formatting and will contain links to any extended data.

Alerts: Sign up at www.eneuro.org/alerts to receive customized email alerts when the fully
formatted version of this article is published.



 

 1 

 1 
Manuscript title page 2 

 3 
 4 
1. Manuscript Title (50 word maximum) 5 

 Developmental role of adenosine kinase in the cerebellum 6 

2. Abbreviated Title (42 character maximum) 7 

Role of adenosine kinase in the cerebellum 8 

 9 

3. List all Author Names and Affiliations in order as they would appear in the published article 10 

Hoda Gebril: Department of Neurosurgery, Robert Wood Johnson Medical School, Rutgers University, 11 

Piscataway, NJ 08854, USA  12 

Amir Wahba: Department of Neurosurgery, Robert Wood Johnson Medical School, Rutgers University, 13 

Piscataway, NJ 08854, USA 14 

Xiaofeng Zhou: Department of Neuroscience and Cell Biology/Pediatrics, Rutgers Robert Wood Johnson Medical 15 

School, Rutgers University, Piscataway, NJ 08854, USA 16 

Tho Lai: Department of Neurosurgery, Robert Wood Johnson Medical School, Rutgers University, 17 

Piscataway, NJ 08854, USA 18 

Enmar Alharfoush: Department of Neurosurgery, Robert Wood Johnson Medical School, Rutgers University, 19 

Piscataway, NJ 08854, USA 20 

Emanuel DiCicco Bloom: Department of Neuroscience and Cell Biology/Pediatrics, Rutgers Robert Wood Johnson 21 

Medical School, Rutgers University, Piscataway, NJ 08854, USA 22 

Detlev Boison: Department of Neurosurgery, Robert Wood Johnson Medical School, Rutgers University, 23 

Piscataway, NJ 08854, USA. email: detlev.boison@rutgers.edu 24 

4. Author Contributions  25 

H.G. designed and performed research, collected and analyzed the data, prepared the figures and wrote the manuscript. 26 

A.W. performed research and data analysis. X.Z. performed GNPs primary cell culture and proliferation assay. T.L. 27 

contributed unpublished reagents/ analytic tools. E.A. contributed unpublished reagents/ analytic tools. E.D. provided 28 

cells and embryonic tissues and helped with final manuscript preparation. D.B. conceptualized and supervised the 29 

study and co-wrote the manuscript. 30 

 31 

 32 



 

 2 

5. Correspondence should be addressed to (include email address) 33 

Detlev Boison: Department of Neurosurgery, Robert Wood Johnson Medical School, Rutgers University, 34 

Piscataway, NJ 08854, USA. email: detlev.boison@rutgers.edu 35 

 36 

6. Number of Figures 37 

7 38 

7. Number of Tables     39 

None 40 

8. Number of Multimedia 41 

None 42 

9. Number of words for Abstract   43 

250 44 

10. Number of words for Significance Statement 45 

66 46 

11. Number of words for Introduction 47 

692 48 

12. Number of words for Discussion   49 

1051 50 

13. Acknowledgements  51 

We wish to thank Denise Fedele for expert care and management of our mouse colony.  52 

 53 

14. Conflict of Interest    54 

The authors declare that they have no competing interests. DB is co-founder of PrevEp LLC. 55 

 56 

15. Funding sources 57 

We acknowledge generous support from Dale & Beverly Rice, and grants from the National Institutes of Health, NIH 58 

(DB: NS065957, NS103740) and Citizens United for Research in Epilepsy (DB, CURE Catalyst Award). 59 

 60 

 61 

  62 
 63 



 

 1 

Abstract: 1 

Adenosine acts as a neuromodulator and metabolic regulator of the brain through receptor 2 

dependent and independent mechanisms. In the brain, adenosine is tightly controlled 3 

through its metabolic enzyme adenosine kinase, which exists in a cytoplasmic (ADK-S) and 4 

nuclear (ADK-L) isoform. We recently discovered that ADK-L contributes to adult 5 

hippocampal neurogenesis regulation. Although the cerebellum is a highly plastic brain 6 

area with a delayed developmental trajectory, little is known about the role of ADK. Here 7 

we investigated the developmental profile of ADK expression in C57BL/6 mice cerebellum 8 

and assessed its role in developmental and proliferative processes. We found high levels of 9 

ADK-L during cerebellar development, which was maintained into adulthood. This pattern 10 

contrasts with that of the cerebrum, in which ADK-L expression is gradually 11 

downregulated postnatally and largely restricted to astrocytes in adulthood. Supporting a 12 

functional role in cell proliferation, we found that the ADK inhibitor 5-iodotubercidin 13 

reduced DNA synthesis of granular neuron precursors in a concentration-dependent 14 

manner in vitro. In the developing cerebellum, immunohistochemical studies indicated 15 

ADK-L is expressed in immature Purkinje cells and granular neuron precursors, whereas 16 

in adulthood, ADK is absent from Purkinje cells, but widely expressed in mature granule 17 

neurons and their molecular layer processes. Furthermore, ADK-L is expressed in 18 

developing and mature Bergmann glia in the Purkinje cell layer, and in astrocytes in major 19 

cerebellar cortical layers. Together, our data demonstrate an association between neuronal 20 

ADK expression and developmental processes of the cerebellum, which supports a 21 

functional role of ADK-L in the plasticity of the cerebellum. 22 

 23 

Keywords: adenosine, adenosine kinase, cerebellum, development, cell proliferation, 24 

granule neuron precursors 25 
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Significance statement 29 

The role through which adenosine metabolism functions in the developing and adult cerebellum 30 

is poorly understood. Here we investigated the expression and possible function of ADK during 31 

cerebellum development. We report that ADK-L expression is associated with cerebellar 32 

development and linked to neural progenitor cell proliferation in vitro. In contrast to cerebrum, 33 

the adult cerebellum maintained high levels of both isoforms of ADK (L and S). 34 

Introduction  35 

The purine ribonucleoside adenosine affects brain function through adenosine receptor 36 

dependent as well as through epigenetic mechanisms (Boison, 2009, 2013). Dysregulation of 37 

adenosine is not only implicated in a wide range of brain pathologies including epilepsy, and 38 

neurodegeneration, but also in developmental pathologies (Boison, 2008; Boison et al., 2012; 39 

Masino et al., 2013; Boison and Aronica, 2015). In the brain, adenosine levels are largely under 40 

the control of adenosine kinase (ADK), the key metabolic enzyme for adenosine, which exists in 41 

a short cytoplasmic isoform ADK-S and a long nuclear isoform ADK-L (Boison, 2013; Boison 42 

and Yegutkin, 2019). Several lines of evidence show a tight association of dynamic ADK 43 

expression changes with developmental processes of the cerebrum. During pre- and postnatal 44 

brain development there is a coordinated shift of ADK expression from nuclear ADK-L to 45 

cytoplasmic ADK-S and from neurons to astrocytes (Studer et al., 2006; Kiese et al., 2016; 46 

Gebril et al., 2020). In the adult cerebrum ADK-L expression is maintained only in astrocytes 47 

and in neurons of neurogenic areas, such as in neurons of the olfactory bulb and in dentate 48 

granular neurons of the hippocampal formation (Gouder et al., 2004; Studer et al., 2006). We 49 

recently provided evidence that ADK plays a hitherto unrecognized role in the regulation of 50 

hippocampal neurogenesis after a traumatic brain injury (Gebril et al., 2020). Together those 51 

findings support a role of ADK, and in particular of ADK-L that has epigenetic functions 52 

(Boison, 2013; Boison and Yegutkin, 2019), in developmental processes of the brain. Whereas 53 

the role of ADK in the forebrain has been widely studied (Boison, 2013), there is a paucity of 54 

knowledge about the role of ADK in the cerebellum.  The cerebellum is a unique part of the 55 

brain not only involved in the control of motor function, but also plays a role in learning, 56 

cognition, and emotional functions. Cerebellar dysfunction results in several neurological 57 

pathologies ranging from cerebellar ataxia to psychiatric conditions such as cerebellar cognitive 58 
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affective syndrome (Schmahmann, 2004; Wagner et al., 2017; Nalivaeva et al., 2018). The 59 

cerebellum differs in several important aspects from the cerebrum:  60 

(i) Development: The cerebellum continues to develop after birth and undergoes several 61 

cytoarchitectural changes until adulthood (ten Donkelaar et al., 2003; Rossman and DiCicco-62 

Bloom, 2008; DiCicco-Bloom and Obiorah, 2017). It therefore offers a window of opportunity to 63 

study developmental processes in a part of the postnatal and adolescent brain. During a 64 

protracted developmental trajectory, the cerebellum undergoes dramatic changes and 65 

morphogenesis that requires coordination of several mechanisms, including mitosis, apoptosis, 66 

cell fate determination, migration, synaptogenesis, and differentiation. In mammals, the 67 

embryonic and early postnatal cerebellum maintains an external granular layer (EGL) of 68 

proliferative granular neuronal precursors (GNPs)  (Rossman and DiCicco-Bloom, 2008).  As the 69 

cerebellum develops, this layer of proliferative cells migrates radially inward to form an internal 70 

granular layer (IGL) of fully differentiated granular neurons where they integrate into cerebellar 71 

circuitry. These coordinated changes during GNPs development are guided by cellular cues from 72 

adjacent neurons located in the Purkinje layer (PL)(DiCicco-Bloom and Obiorah, 2017). Because 73 

of the protracted development of the cerebellum which extended postnatally, we hypothesized 74 

that ADK-L expression patterns during cerebellar development would support a link to 75 

developmental processes.  76 

(ii) Cell-type specificity of adenosine regulation: Whereas the cerebrum has a high abundance of 77 

astrocytes with the astrocyte to neuron ratio varying between 4:1 to 10:1, the cerebellum is 78 

neuron rich with an inverted astrocyte to neuron ratio of 1:4 (Azevedo et al., 2009; DiCicco-79 

Bloom and Obiorah, 2017). The adenosine tone in the cerebrum is largely controlled by 80 

metabolism through astrocytic ADK-S (Etherington et al., 2009b). However, although the 81 

astrocyte to neuron ratio in the cerebellum is low, ADK is also the primary determinant of the 82 

adenosine tone in the cerebellum (Wall et al., 2007). Therefore, we asked whether ADK was 83 

indeed expressed in the major neuronal populations of the cerebellum.  84 

In the developing cerebellum, mechanisms of adenosine release and clearance are poorly 85 

understood (Atterbury and Wall, 2009). Because ADK plays a role in development, plasticity, 86 

and cell proliferation (Boison, 2013; Boison and Yegutkin, 2019), the goal of this study was to 87 

provide a thorough understanding of ADK expression during cerebellar development in mice.  88 

 89 
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Methods and materials: 90 

Animals 91 

All animal procedures were conducted in an AAALAC accredited facility in accordance with 92 

approved IACUC protocols and the principles outlined in the NIH Guide for the Care and Use of 93 

Laboratory Animals. All mice were on the C57BL/6 background and were socially housed under 94 

standardized conditions of light, temperature and humidity, environmental enrichment, and had 95 

access to food and water ad libitum. Sex of prenatal, embryonic, and postnatal mice was not 96 

specified while all adult mice used for this study were males. 97 

Western blots 98 

Brains were extracted at different embryonic (E) and postnatal (P) developmental stages (E5, 99 

E10, E15, E20, P0, P1, P2, P3, P5, P7, P9, P14, P15, P20, P21, and adult) from C57BL/6J mice 100 

(total n=47). Total cerebellum was immediately dissected and frozen in liquid nitrogen vapor, 101 

then stored at -80 ºC. Brain samples were homogenized in RIPA buffer containing protease 102 

inhibitors (Sigma-Aldrich). Protein content was assessed using a Thermo Fisher BCA Protein 103 

assay kit. For electrophoresis, 20 μg of aqueous protein extracts were loaded and separated on 10 104 

% SDS-PAGE gels and transferred to PVDF membranes (Bio-Rad). The blots were probed 105 

overnight at 4°C in TBS (20 mM Tris, 150 mM NaCl, 0.1% Tween, pH 7.5) containing 3% non-106 

fat dry milk, and polyclonal rabbit anti-ADK (Bethyl Labs, A304-280A, 1:4500). The 107 

membranes were washed in TBS, and then incubated in TBS containing 5% non-fat dry milk, 108 

1% BSA and goat anti-rabbit secondary antibody (Thermo Fisher Scientific, G-21234, 1:10000). 109 

Immunoreactivity was scanned and digitized using Invitrogen iBrightCL1500 Imaging System. 110 

Bands of ADK-L and ADK-S were quantitatified using Image J V. 1.52 software and expressed 111 

as optical densities of β-tubulin-normalized bands. All values are presented as mean ± SEM 112 

(n=3-10 mice per age group). One-way ANOVA with Tukey's Multiple Comparison post-hoc 113 

test, (* = P≤0.05,** = P≤0.01, *** = P≤0.001, **** = P≤0.0001  for significance).  114 

Immunohistochemistry  115 

Mice at the age of postnatal days 0, 2, 5, 9,15, 21, (P0-P21) as well as adult mice were 116 

anesthetized and transcardially perfused with ice cold 4% paraformaldehyde. Brains were post-117 

fixed for 24 hours in 4% PFA. Following post-fixation, brains were transferred to 30% sucrose 118 
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with 0.1% sodium azide in 1 X PBS for two days at 4°C and stored at – 80°C. Brains were then 119 

cut sagittally into 30 μm sections on a freezing, sliding stage cryostat (Leica CM3050S). Until 120 

further processing, all adult brain sections were stored in cryoprotectant. Immunohistochemistry 121 

of mouse brain was performed on free-floating sections. For postnatal tissues P0-P21, sagittal 30 122 

μm sections were directly mounted on slides then frozen until further processing. For 123 

immunofluorescence staining, antigen retrieval was performed using sodium citrate buffer pH 6 124 

at 90 °C for 3 mins, then sections were washed in 1 X TBS (Tris-Buffered Saline) and 0.05% 125 

Triton X-100 (TBS-T) three to four times. Then, sections were incubated at 4 °C overnight in 126 

Donkey blocking buffer (DBB) containing corresponding primary antibodies. The primary 127 

antibodies used were, polyclonal goat anti- calbindin (Cal) (Abcam ab156812, 1:250), polyclonal 128 

rabbit anti-ADK (Bethyl Labs, A304-280A, 1:1000), monoclonal mouse anti Glial fibrillary 129 

acidic protein (GFAP) (Thermo Fisher, 14-9892-82, 1:1000) and monoclonal rat anti-Ki67 130 

(Thermo Fisher, 14-5698-82, 1:200). Sections were washed in 1X TBS-T, incubated for one hour 131 

at room temperature in a solution containing the corresponding secondary antibodies. Secondary 132 

antibodies included Donkey Alexa Fluor 488 (Invitrogen, A21208, 1:2000), Donkey Alexa 555 133 

(Thermo Fisher, A-21432, 1:1000), and Donkey Alexa Fluor 633 (Invitrogen A21082, 1:250). 134 

Sections were washed three times for 5 minutes in 1X TBS, then mounted on slides and allowed 135 

to dry in the dark. Once dried, sections were cover-slipped with DAPI mounting medium and 136 

stored in the dark at 4 °C.   137 

For 3,3′-diaminobenzidine (DAB) staining, antigen retrieval was performed using sodium citrate 138 

buffer pH 6 at 95 °C for 3 mins, then brain sections were washed five times for five minutes in 139 

PBS-T, then quenched in 0.3% H2O2 for 30 minutes. Sections were then washed three times in 140 

PBS-T at room temperature, then blocked for one hour in goat blocking buffer (GBB). Sections 141 

were then incubated overnight at 4°C in GBB containing the primary antibody, polyclonal rabbit 142 

anti-ADK (Bethyl Labs, A304-280A, 1:1000). Sections were washed three times with TBS and 143 

then incubated in GBB containing biotinylated goat anti-rabbit IgG (1:5000) secondary antibody. 144 

After three washes in PBS-T, sections were incubated in avidin-biotin horseradish peroxidase 145 

complex solution, then in DAB substrate solution (Vector Laboratories, SK-4105) for up to 10 146 

minutes until the reaction product visualized. For the slide-mounted premature tissue, the time 147 

for the reaction is longer than that of free-floating mature tissue. To standardize the experimental 148 

condition, tissues (either postnatal or adult) were exposed to the same sectioning, 149 
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immunohistochemistry, and imaging conditions. Standardization was maintained between 150 

groups/tissues exposed to the same sectioning and treatment conditions. 151 

Sections were washed three times for 5 minutes in PBS-T then mounted on slides and allowed to 152 

dry. Sections were dehydrated in alcohol, cleared in xylene, and mounted with mounting medium 153 

(Fisher Scientific, SP15-100 UN1294). 154 

Image acquisition and cell counting 155 

Diaminobenzidine and fluorescence images were acquired using a Leica microscope fitted with a 156 

StereoInvestigator system (Microbrightfield) comprising color and monochrome digital cameras. 157 

For image analysis, we selected four 30 μm sections for each stain from each mouse, spaced 158 

every 150 μm, and spanning the same mid-lateral location between animals (n=3-4 animals per 159 

group). An unbiased exclusion of poor quality images was made prior to analysis. Cell counting 160 

was performed by an individual blinded to the age of the animals using ImageJ software (ImageJ, 161 

U.S. National Institutes of Health, Bethesda, MD, USA; http://imagej.nih.gov/ij/). Double 162 

labeled cells in the EGL (Ki67/ADK) and PL (calbindin/ADK) were counted at 40x at different 163 

focal planes in  Z stacked images in n=3/group. Cell counts were quantified in at least two to 164 

three sections per animal as cell number per mm2. Binarization of calbindin, Ki67-, and ADK-165 

stained images was performed using the ImageJ software Auto Threshold command. The optimal 166 

threshold values for each stain were achieved by manually adjusting the range of pixel intensity 167 

on a set of images (Crews et al., 2006).  To maintain consistentcy throughout all sections, the 168 

determined range of pixel intensities was then applied for the rest of images. Using the “cell 169 

counter” command, the total number of cells in the region of intererest was determined.  170 

Cell Culture and proliferation assay 171 

Postnatal day (P) 7-9 mice were rapidly decapitated to isolate cerebellar GNPs as previously 172 

described (Rossman and DiCicco-Bloom, 2014, Nicot et al, 2002). Briefly, following removal of 173 

the skull and meninges, and horizontal transection of the dorsal cortex from the deep cerebellar 174 

tissues and nuclei, cerebella from 4-6 pups were incubated in trypsin-DNase solution (1% 175 

trypsin, 0.1% DNase, Worthington, Lakewood, NJ) for 3 minutes. After removing enzyme, the 176 

tissues were dissociated in DNase solution (0.05% in DMEM) by trituration in a series of fire-177 

polished Pasteur pipettes of decreasing diameter. The dissociated cells were then pelleted by 178 
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centrifugation and filtered (30-um nylon mesh; Tekton, Tarrytown, NY) to remove clumps. Cells 179 

were then resuspended and centrifuged at 3,200 rpm on a Percoll (Sigma, St. Louis, MO) 180 

35:60% step gradient. We collected cells at the 35:60% interface and washed them in phosphate 181 

buffer. Then cells were plated at 5 X 106 density onto poly-D-lysine coated (0.1mg/ml), 24 182 

multiwells in medium consisting of Neurobasal, 2% B27 supplement, 0.1% BSA, 50 U/ml 183 

penicillin, and 50ug/ml streptomycin. Cultures were maintained in a humidified 5% CO2/air 184 

incubator at 37°C for 24 hours. For thymidine incorporation studies, cells were cultured in 185 

DMSO vehicle alone or with the ADK inhibitor, 5-iodotubericine (5-ITU), over the 0 μM to 3 186 

μM concentration range. To estimate cell proliferation, we measured DNA synthesis by using 187 

[3H]-thymidine incorporation as a marker. GNPs were plated at 100,000 cells per well in 24-well 188 

plates and incubated for 24 h. A final concentration of 1 μCi/ml [3H]thymidine (GE Healthcare) 189 

was added to 24-well plates 4 h before cell harvesting. Following aspiration of radiotracer-190 

containing medium, cells were lifted with trypsin-EDTA solution and collected onto filterpaper 191 

using a semiautomatic cell harvester (Skatron). Incorporation of radioactive tracer was measured 192 

in the presence of luminating solution Eco-Lite (MP Biomedicals) by scintillation 193 

spectrophotometry.  194 

Statistical analysis 195 

The data were analyzed using Graphpad Prism software, version 8.4.3. All data, unless specified, 196 

were presented as mean ± SEM using one-way ANOVA followed by Tukey’s Multiple 197 

Comparison post-hoc test, (* = P≤0.05 ,** = P≤0.01, *** = P≤0.001, **** = P≤0.0001 for 198 

significance). 199 

 200 

Results 201 

ADK expression in the cerebellum  202 

In the adult cerebrum both forms of ADK are predominantly expressed in astrocytes (Gouder et 203 

al., 2004; Studer et al., 2006; Kiese et al., 2016) and contribute to the regulation of the tissue tone 204 

of adenosine (Etherington et al., 2009a). In addition to its predominant astrocytic expression in 205 

the cerebrum, ADK-L is expressed in a limited number of neurons in neurogenic proliferative 206 

areas including olfactory bulb and dentate gyrus indicating a role in brain development and 207 
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plasticity (Gouder et al., 2004; Studer et al., 2006; Boison, 2012; Gebril et al., 2020). Indeed, 208 

during the development of the cerebrum there is a coordinated shift in the expression of ADK 209 

from neurons to astrocytes (Studer et al., 2006). The cerebellum is one of the last structures in 210 

the human brain to mature (Susan et al., 2008). In contrast to the cerebrum, the cerebellum is 211 

also characterized by a high neuron to astrocyte ratio of 4:1 (Azevedo et al., 2009). We therefore 212 

hypothesized that the cerebellum, a brain area in which ADK expression has not been studied 213 

before, might be characterized by a unique expression profile of both isoforms of ADK. We first 214 

assessed ADK immunoreactivity (IR) in midsagittal brain sections from adult mice (Fig 1). In 215 

line with our previous findings (Gouder et al., 2004; Studer et al., 2006; Gebril et al., 2020), we 216 

found ubiquitous expression of ADK throughout the cerebrum with relatively uniform staining 217 

all over the soma and dendrites, as well as glia (Fig 1A & Fig 3 J). The only areas with higher 218 

levels of ADK IR were the olfactory bulb and dentate granular neurons in the hippocampus. In 219 

contrast, the levels of ADK IR in the cerebellum were more intense. While ADK expression was 220 

found throughout the cerebellar cortex, the internal granular layer (IGL), as well as neurons of 221 

the deep cerebellar nuclei (DCN), showed intense expression of ADK. Interestingly, ADK IR 222 

was also visible in the molecular layer (ML), which contains parallel fibers of IGL neurons and 223 

interneurons, as well as glia. 224 

 225 

ADK expression changes during brain development 226 

Given the major expression differences in ADK between the cerebrum and the cerebellum (CB), 227 

we next assessed the profile of ADK expression during brain development by quantitative 228 

Western blot analysis (Fig 2). In line with a developmental role of ADK-L, we found a 229 

dominance of ADK-L as compared to ADK-S (Fig 2A, C) in early postnatal cerebrum. During 230 

postnatal development of the cerebrum, the ADK-L/ADK-S ratio continued to decline, leading to 231 

a dominance of ADK-S expression in adulthood (Fig 2A, C). Whereas ADK-L expression is 232 

downregulated during postnatal development of the cerebrum (P0-P1 vs. P3-P9, P15-P21, and 233 

adult, P< 0.0001), in cerebellum its expression continued to be maintained at high levels across 234 

developmental stages and even in the mature cerebellum (P0-P1 vs. P3-P9, P15-P21, and adult 235 

CB, P= 0.97, P= 0.41, and P = 0.24, respectively) (Fig 2B, C). Because the expression levels of 236 

ADK-S gradually increased during postnatal development of the cerebellum starting from P3 and 237 

continuing into adulthood, there was a gradual drop in the ADK-L/ADK-S ratio (Fig 2C). 238 



 

 9 

Overall, this analysis demonstrates that, in contrast to the cerebrum, the dominance of ADK-L, is 239 

maintained throughout adulthood in the cerebellum (Fig 2D), suggesting that the cerebellum 240 

maintains a distinct expression profile of ADK, raising questions about its functional role(s). 241 

 242 

Adenosine kinase expression is associated with development of the cerebellar cortex  243 

The Western blot analysis (Fig 2) revealed an association of ADK-L with the development of the 244 

cerebellum. Recent findings that ADK-L is associated with neurogenic areas in the developing 245 

and adult cerebrum (Gebril et al., 2020) were the foundation to hypothesize that ADK-L is also 246 

associated with neurogenic areas in the developing cerebellum. To address this hypothesis, we 247 

examined and compared the pattern of ADK expression and distribution during the development 248 

of the cerebrum and cerebellum. Because neurogenesis of the cerebrum occurs predominantly 249 

during prenatal development and declines thereafter (König and Marty, 1981; Noctor et al., 250 

2002; Shen et al., 2006; Rakic, 2007), ADK IR was assessed during the perinatal period between 251 

embryonic day 16 (E16) and postnatal day 21 (P21) (Fig 3). At E16, the ventricular zone (VZ), 252 

subventricular zone (SVZ), and cortical plate (CP) were strongly positive for ADK. According to 253 

previous work (Gouder et al., 2004; Studer et al., 2006), ADK-S expression appears as diffuse 254 

staining throughout the brain tissue, whereas ADK-L signal appears as dark punctate staining of 255 

nuclei. Therefore, the darkly stained nuclei of progenitor cells at the early developmental stages 256 

would then be consistent with expression of the nuclear isoform, ADK-L. The intense signal of 257 

ADK IR gradually declined progressively from P2 and P5, but was maintained in layer III/IV of 258 

the neocortex (Fig 3B-C, F-G). By P9, ADK IR continued to disappear even in layer III of the 259 

cortex (not shown). At P21, intense nuclear ADK IR was extensively reduced, which coincides 260 

with the maturation of pyramidal neurons in the cerebral cortex (Zhang, 2004; Shen et al., 2006) 261 

(Fig 3D, H-J). In contrast, in the cerebellum, neurogenesis continues postnatally (Carletti and 262 

Rossi, 2008); therefore, the expression of ADK in the neurogenic zones was studied in 263 

midsagittal sections at developmental stages between postnatal day 0 (P0) and P21 (Fig 4). At 264 

P0, ADK IR was widespread in the cerebellum, including the external granular layer (EGL), 265 

Purkinje layer (PL), and the emerging internal granular layer (IGL) (Fig 4A). At P2, ADK 266 

immunoreactivity was robust in distinct layers of the cerebellar cortex including EGL, PL and 267 

IGL, whereas fewer ADK positive cells were detected in the molecular layer (ML) (Fig 4B). The 268 

qualitative signal intensity of ADK-positive cells appeared to be less in the EGL at P5 and P9, 269 
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which coincides with the active migration of cells from the EGL into the IGL (Carletti and Rossi, 270 

2008; DiCicco-Bloom and Obiorah, 2017) (Fig 4C-D). There appeared to be similar reduction in 271 

ADK signal intensity in the PL and ML at P5 and P9 as compared to P2, though absolute 272 

quantification was not performed. Interestingly, the expression pattern of ADK from P0 up to P9 273 

appeared as dark punctate staining in the nuclei of the cells in all layers and therefore supports 274 

the dominance of ADK-L over ADK-S at this developmental stage, which is in line with our 275 

Western Blot analysis (Fig 2). At P21, as the EGL disappeared, the pattern of ADK staining has 276 

shifted to the outermost layer of the cerebellar cortex, the mature ML that contains axons of the 277 

IGL neurons (Fig 4E). The dark punctate staining consistent with ADK-L was scattered in ML, 278 

PL, and IGL, whereas the diffuse staining of ADK-S was extensively observed in ML and IGL 279 

of P9 and P21. This pattern is in line with the Western blot (Fig 2B) results, which confirmed the 280 

strong expression of both isoforms L and S at these developmental stages. We tentatively 281 

conclude that the expression of ADK-L is associated with neurogenic areas in the cerebrum and 282 

the cerebellum. This finding suggests a role of ADK in the growth and development of both 283 

brain regions. In contrast to the cerebrum however, ADK-L expression is maintained in mature 284 

neurons of the IGL, which suggests a specific role of ADK-L in the mature cerebellum. 285 

 286 

ADK-L is associated with the development of cerebellar granule neurons 287 

Because ADK-L is expressed during the period of neurogenesis in the developing cerebellum, 288 

we hypothesized that ADK-L plays roles in GNPs proliferation and postnatal development of 289 

diverse cell types. To explore the proliferative cell compartment, a co-localization analysis using 290 

antibodies directed against ADK and the proliferation marker Ki67 was performed on midsagittal 291 

sections of mouse cerebellum from P0 to P9 (Fig 5A-M). At P0, cells double-labeled for ADK 292 

and Ki67 were widespread in the entire developing cerebellum with robust expression found in 293 

the outermost EGL. As the EGL expands due to active cell divisions (Carletti and Rossi, 2008), a 294 

thick layer of ADK and Ki67 positive cells appeared at P2 and P5. At P5, the number of 295 

Ki67/ADK double labeled cells was significantly increased (P= 0.02) as compared to P0. From 296 

P5 to P9, the thickness of the EGL initially increased, followed by gradual reduction by P9, 297 

which temporally coincides with the radial migration of GNPs into the IGL, while the number of 298 

Ki67/ ADK double labeled cells was significantly reduced as compared with P0 (P= 0.02) and P2 299 

and P5 (P= 0.009 and P= 0.002, respectively). Interestingly, a new population of ADK/ Ki67 300 
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positive cells in the white matter appeared on P5, presumably comprised of progenitor cells of 301 

cerebellar interneurons or glial cells (Zhang and Goldman, 1996). This population of ADK/Ki67 302 

positive progenitor cells gradually decreased at P9 then disappeared by P21 (data not shown). By 303 

P21, all GNPs in the EGL are expected to differentiate, fully migrate, and reside in the IGL 304 

(Carletti and Rossi, 2008). Here, we found that both Ki67 and ADK positive cells disappeared 305 

from the outermost layer whereas ADK expression was maintained in the IGL. These findings 306 

suggest a role of ADK-L in the maintenance of cell proliferation during cerebellum development.  307 

ADK-L contributes to the regulation of GNPs proliferation 308 

To support our contention that ADK-L is involved in GNPs development and specifically in cell 309 

proliferation, we investigated the effect of inhibition of ADK-L on DNA synthesis, a precursor to 310 

cell division, of isolated GNPs. For these studies, we employed primary cultures of GNPs 311 

isolated from P7-9 mouse pups, a period when we have found that growth factors, such as FGF, 312 

SHH, IGF1, and PACAP, regulate cell cycle progression and the production of new neurons 313 

(Rossman and DiCicco-Bloom, 2014, Nicot et al, 2002, Tao et al, 1996) when EGL precursor are 314 

most abundant. Using Western blot analysis, GNPs were found to express the nuclear ADK-L 315 

isoform exclusively (Fig 5N), supporting the contention that EGL precursors (Ki67-ADK double 316 

labeled cells, Fig 5A-J) express ADK-L. To assess DNA synthesis, isolated GNPs were 317 

incubated in control vehicle containing medium or media containing different concentrations 318 

(0.3, 0.6, 1 μM) of the ADK inhibitor 5-iodotubericine (5-ITU), and then assessed for 3H-319 

thymidine incorporation at 24 hours (Fig 5O). Strikingly, GNPs exhibited a concentration-320 

dependent reduction in thymidine incorporation in response to 5-ITU treatment especially at high 321 

concentrations of 5-ITU (0.3 μM (P= 0.047), 0.6 μM (P< 0.0001), and 1 μM (P< 0.0001). 322 

Importantly, the reduction in DNA synthesis suggested that fewer cells entered the S phase, as 323 

there was no reduction of cell survival except at the highest concentration (3μM). It is worth 324 

mentioning that the concentration-dependent study represents concentrations of ITU that are far 325 

below the reported effective concentration (EC50 = 7.8 μM) (Zhang et al., 2013). The reduction 326 

in DNA synthesis following inhibition of ADK-L suggests that adenosine plays a functional role 327 

in proliferation of GNPs during cerebellar development. 328 

 329 
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ADK-L is involved in the development and maintenance of Purkinje cells  330 

Since ADK was detected in the progenitor layers of the cerebellar cortex at early developmental 331 

stages, we investigated the involvement of ADK in the development of Purkinje cells. To address 332 

this, we examined the immunoreactivity of cells that are positive for both ADK and calbindin, a 333 

Purkinje cell marker, in midsagittal sections at selected developmental stages (P5, P9, and P21). 334 

At P5 and P9 (Fig 6A), most Purkinje cells exhibited ADK signal in the nucleus. The expression 335 

of ADK in Purkinje cell nuclei at P21, however, was significantly reduced as compared to P5 336 

(P= 0.038) and P9 (P= 0.017) (Fig 6B). Instead, the ADK-L positive cells in the PL layer at P21 337 

were located in clusters between each Purkinje cell in the PL (Fig 6A-C). Those ADK positive 338 

cells are presumably Bergmann glial cells which are characterized by cell bodies located in the 339 

PL layer around the somata of Purkinje cells. 340 

Bergmann glial cells express ADK-L 341 

In young adult mice, most of the ADK positive cells in the PL were found in clusters between 342 

Purkinje cells suggesting they might be glia. Therefore, we next sought to determine whether 343 

ADK positive cells in the PL were astrocytes by co-localizing ADK and GFAP (Fig 6D). At 344 

early developmental stages (P0, P2), GFAP was rarely detected (data not shown), whereas at P5, 345 

GFAP was highly expressed in extended cell processes in the PL and the developing white 346 

matter (Fig 6D).  GFAP positive cells appeared to be ADK positive, where ADK cell nuclei were 347 

surrounded by GFAP labeled cell somas (Fig 6E, F). This pattern suggests that ADK-L might 348 

play a role in the development and maintenance of Bergmann glial cells and astrocytes in the 349 

inner white matter. Interestingly, these Bergmann glia cells maintained strong expression of 350 

ADK in P21 and in adulthood. Moreover, glial cells in the white matter and the IGL also 351 

strongly expressed ADK at P21 and in adulthood, suggesting a role of ADK-L in the 352 

development and maintenance of astrocytes in these regions. 353 

Developing and mature cerebellar neurons maintain ADK expression 354 

In contrast to the cerebral cortex, the adult cerebellum maintains considerable levels of ADK 355 

(see Fig 2), while the majority of cells are neurons (Azevedo et al., 2009).  Therefore, we asked 356 

whether the developing and fully differentiated neurons of the cerebellum express ADK, and 357 

compared the cerebral cortex and cerebellum on midsagittal brain sections at selected 358 
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developmental stages using antibodies to ADK and mature neuronal marker, NeuN. Cortical 359 

neurons in layers III/IV of mice from P0 to P5 strongly expressed ADK-L as suggested by 360 

nuclear co-localization of ADK and NeuN (Fig 7A, B). By adulthood, apparently NeuN positive 361 

cortical neurons became ADK-L negative, while ADK expression was limited to NeuN negative 362 

cells (Fig 7A). The latter cells were identified as astrocytes in previous studies (Studer et al., 363 

2006) and supported by double labeling in Fig 3J. The same NeuN/ADK co-localization study 364 

was performed in the cerebellum. At P0, cerebellar neurons of the innermost layer of EGL were 365 

ADK-L positive, based on GNP exclusive expression of ADK-L (Fig 5N), and exhibit nuclear 366 

NeuN co-localized with ADK. At P2, the ADK/NeuN co-localization in the innermost layer of 367 

EGL was maintained (Fig 7C-D). At P2 and P5, as the newly born cerebellar neurons continue to 368 

differentiate and migrate (Carletti and Rossi, 2008), EGL neurons remain ADK positive. In 369 

contrast in the PL, cells that are NeuN negative exhibit strong ADK signal (Fig 7C, D). Those 370 

cells are presumably developing Purkinje cells or glial cells. It is worth noting that ADK/NeuN 371 

positive neurons were detected in the ML (Fig 7C, D) reflecting neuronal migration from EGL 372 

into the IGL, or locally resident GABAergic basket and stellate neurons (Brown et al., 2019). At 373 

P5, the developing white matter, which lacks NeuN positive neurons, exhibits widespread 374 

expression of ADK presumably a combination of interneuron progenitors and newborn glial 375 

cells. By adulthood, ADK/NeuN positive neurons were limited to the IGL where some of these 376 

neurons are presumably interneurons according to their morphology and location (Fig 7E, F). 377 

The vast majority of IGL neurons are ADK/NeuN positive (Fig 7G), though only a subset 378 

express intense nuclear signal, whereas the majority of NeuN staining cells exhibit more diffuse, 379 

lower intensity ADK-S signal. Those mature cerebellar granule neurons of IGL are suggested to 380 

express both forms of ADK (L and S) because of the co-localization pattern of the nuclear NeuN 381 

with ADK, whereas the parallel fibers maintain the cytoplasmic diffused appearance of ADK-S.  382 

 383 

Discussion  384 

In this study, we explored a role for ADK in the developing and adult cerebellum. First, we show 385 

that in contrast to the cerebrum, high expression levels of both ADK isoforms (L and S) are 386 

maintained in the adult cerebellum. The expression profile of ADK-L is high throughout all 387 

cerebellar developmental stages, whereas ADK-S expression gradually increases with age. 388 
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Second, we demonstrated that ADK-L is associated with proliferative progenitors in the 389 

developing cerebellum and maintained in developing Purkinje cells. Third, ADK-L is associated 390 

with developing and mature Bergmann glial cells and astrocytes in the cerebellar cortex. Finally, 391 

ADK-L is highly expressed in mature neurons of the EGL and PL at different developmental 392 

stages while mature granule neurons in the IGL maintain strong expression of both forms of 393 

ADK in the adult cerebellum.  394 

ADK plays a conserved role in brain development 395 

In line with previous findings suggesting a functional role of ADK during both human and 396 

murine brain development (Studer et al., 2006; Gebril et al., 2020), we find similarities in the 397 

ADK expression profile during the development of both cerebellum and cerebrum. The 398 

coordinated developmental changes of the ADK expression profile in the cerebrum (Fig 2) is in 399 

line with the reported developmental downregulation of neuronal ADK-L transcripts and 400 

upregulation of astrocytic ADK-S transcripts during the first postnatal weeks (Kiese et al., 2016). 401 

Higher levels of ADK expression during energy demanding developmental processes may 402 

provide (i) a salvage pathway to utilize adenosine to generate ATP for RNA synthesis, and (ii) 403 

epigenetic control of neurogenic genes necessary for neuronal proliferation and plasticity. A 404 

developmental role of ADK-L is also supported by developmental defects associated with inborn 405 

human ADK deficiency, which leads to growth defects, intellectual disability, and hepatic 406 

encephalopathy (Bjursell et al., 2011; Staufner et al., 2016; Silva et al., 2020). Likewise, the 407 

genetic deletion of ADK in mice or plants leads to striking similarities in transmethylation 408 

defects and stunted growth (Boison et al., 2002; Moffatt et al., 2002). These data as well as our 409 

recent data supporting a role of ADK-L in neurogenesis (Gebril et al., 2020) suggest that ADK-L 410 

plays a role in the development of the cerebellum and cerebrum. Indeed, intricate similarities in 411 

the coordinated changes of the ADK expression profile shared during the development of 412 

cerebrum and cerebellum support the idea that ADK-L plays a conserved role in cell plasticity 413 

and brain development (Studer et al., 2006; Gebril et al., 2020). 414 

 415 

ADK plays a role in cell proliferation and morphogenesis  416 

The developing brain is characterized by dynamic and coordinated changes, including cell 417 

proliferation, differentiation, and migration. The expression of ADK-L is associated with the 418 

most plastic neurogenic areas in the developing as well as the adult brain (Studer et al., 2006; 419 
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Gebril et al., 2020). Here we report that in contrast to the cerebrum, ADK-L is maintained at 420 

high levels in neurons of the adult cerebellum and is associated with cerebellar development. 421 

During postnatal development of the cerebellum, most of the cells in the cerebellar cortex exit 422 

the cell cycle, while undergoing morphological changes and migration toward the IGL. In this 423 

study, we found strong expression levels of ADK-L in proliferative cerebellar granular neurons 424 

of the EGL (Fig 5) and in Purkinje cells (Fig 6). This pattern suggests a functional role of ADK-425 

L in maintaining cell plasticity, morphogenesis, and proliferative status as the expression of 426 

ADK-L coincides with cell proliferation and morphogenesis at early developmental stages. The 427 

developmental role of ADK-L is further supported by the concentration-dependent reduction of 428 

cell proliferation in response to pharmacological inhibition of ADK in immature GNPs primary 429 

cultures (Fig 5). This result is in line with the recent findings that the genetic deletion of ADK-L 430 

in neurogenic areas, as well as the pharmacological inhibition of ADK, modifies baseline cell 431 

proliferation status in the neurogenic dentate gyrus (Gebril et al., 2020).  432 

 433 

Role of ADK-L in adult cerebellum 434 

The finding that ADK-L is gradually decreased as Purkinje cells mature (Fig 7) is in line with the 435 

notion that Purkinje cells contain high levels of adenosine and adenosine receptors (Goodman et 436 

al., 1983; Braas et al., 1986; Namba et al., 2010a). Whereas in cerebellar granule neurons, except 437 

their excitatory axons and neurons of deep nuclei, adenosine receptors are undetectable 438 

(Goodman et al., 1983; Kocsis et al., 1984; Namba et al., 2010b). This supports our findings that 439 

ADK expression is high in both developing and mature cerebellar granule neurons. 440 

 It is well established that developing Purkinje cells are essential for the proliferation and 441 

differentiation of afferent neurons, especially cerebellar granule neurons, while they become 442 

dependent on signals from mature cerebellar granule neurons (Behesti and Marino, 2009). Our 443 

data suggest the involvement of ADK-L in this reciprocal signaling and circuitry in the 444 

cerebellum, because ADK-L is associated with cells that provide signaling cues and guidance, 445 

such as developing Purkinje cells and mature cerebellar granule neurons. Given that the neuron 446 

to astrocyte ratio is high in the cerebellum (Azevedo et al., 2009), neuronal adenosine 447 

metabolism might not only be essential for cell signaling but also to establish metabolic 448 

homeostasis and to support the high energy demand for cerebellar neurons. This implies a 449 

metabolic role of ADK in the mature cerebellum.  450 
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Conclusions 451 

In this study, we provide evidence that ADK plays a conserved role during brain development 452 

given the similarities of ADK expression profiles in the developing cerebellum and cerebrum. 453 

Here we elucidated the spatio-temporal and cell-type specific ADK expression profile in the 454 

developing cerebellum. Based on our findings we suggest two critical functions of ADK in the 455 

developing cerebellum, first ADK may work as a salvage pathway enzyme to power anabolic 456 

reactions important for cell development. Second, ADK may work as an epigenetic regulator of 457 

neurogenic genes important for neuronal proliferation and plasticity. In contrast to the cerebrum, 458 

the neuron to astrocyte ratio is high in the cerebellum; therefore, metabolic support provided to 459 

cortical neurons by ADK expression in cerebral astrocytes may be alternatively provided by 460 

resident neurons in the cerebellum in the absence of astrocytes. Therefore, the maintenance of 461 

high ADK expression levels in neurons of the adult cerebellum may replace roles of ADK 462 

normally linked to astrocytes of the adult cerebrum and may provide needed support for 463 

maintenance of adenosine metabolism in the absence of astrocytes, and at the same time support 464 

high-energy demand and cell signaling. 465 

 466 
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Figure 1. ADK immunoreactivity in adult mouse brain. ADK immunoreactivity (IR) as 581 

shown by peroxidase immunohistochemistry in adult mouse brain (A-C). ADK IR is strongly 582 

prominent in two main areas in the cerebral cortex (CTX): olfactory bulb (OB) and dentate gyrus 583 

(DG). A-B. In contrast to the relatively uniform staining in the CTX, ADK IR appears higher in 584 

the cerebellum (CB), especially in the internal granular layer (IGL), Purkinje layer (PL), 585 

scattered cells in white matter (WM), and in deep cerebellar nuclei (DCN). The rest of the brain, 586 

including CTX and the molecular layer (ML) of cerebellar cortex is characterized by ubiquitous 587 

expression of ADK signal.Scale bar is 100 μm in A and B, 5000 μm in C. 588 

Figure 2. Characterization of the expression profile of ADK-L and ADK-S proteins in the 589 

developing and adult brain.  A. Expression profile of ADK-L and ADK-S proteins in the 590 

embryonic brain as well as the developing cerebrum. Western blot analysis shows ADK 591 

expression changes during pre- and postnatal development of the cerebrum in the mouse. 592 

Representative blots show ADK (L and S) isoform expression at different embryonic (E) and 593 

postnatal (P) stages with ADK-L shown as the upper band and ADK-S as the lower band. In 594 

embryonic brain, the nuclear long form ADK-L dominates and shifts towards ADK-S dominance 595 

in the adult cerebrum. Control includes recombinant protein ADK-S (Rec). B. Western blot 596 

analysis of the expression profile of ADK-L and ADK-S proteins in the developing and adult 597 

cerebellum. The postnatal as well as adult cerebellum exhibited strong expression of ADK-L 598 

while ADK-S expression increased progressively from P3 into adulthood. C. Quantitative 599 

analysis of Western blots using Image J V. 1.52 software and expressed as the ratio of optical 600 

densities of ADK-L/ ADK-S bands. All values are presented as mean ± SEM (n=3-10). One-way 601 

ANOVA with Tukey's multiple comparison post-hoc test (* = P<0.05, *** = P<0.001, 602 

**** = P<0.0001 for significance). D. Line graph of normalized optical density of ADK-L bands 603 

at different developmental time points of cerebrum and cerebellum. 604 

Figure 3. ADK immunoreactivity in prenatal and postnatal mouse cerebrum. ADK IR in the 605 

mouse cerebrum at different developmental stages; embryonic day E16, and postnatal days (P2, 606 

P5, and P21) as shown by peroxidase staining. A&E. At Embryonic day E16, nuclear expression 607 

of ADK presented as dark punctate staining in cells of the ventricular zone (VZ), subventricular 608 

zone (SVZ), and cortical plate (CP) in the neocortex. B&F. At P2, most of nuclear ADK IR is 609 

observed in layer II/III/IV of the neocortex.  C&G. At P5, nuclear ADK IR is only observed in 610 
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layers III/IV. D-H. At P21, nuclear ADK IR reduced while diffuse IR consistent with 611 

cytoplasmic ADK-S is widespread. I. NeuN (green) immunoreactivity illustrating cortical layers 612 

as shown by immunofluorescence at developmental stages P2, P5, P21. J. Single cell image of 613 

ADK (red) positive, GAFP (green) astrocytes in P21 cerebrum. Scale bars are 200 μm in A-D, 614 

100 μm in H &I and 50 μm in E-G, and 15 μm in J.  615 

Figure 4. ADK immunoreactivity in postnatal mouse cerebellum. ADK IR in mouse 616 

cerebellum at different developmental stages (P0, P2, P5, P9 and P21) as shown by peroxidase 617 

staining. A. At P0, ADK IR is widespread in the external granular layer (EGL), Purkinje layer 618 

(PL), and internal granular layer (IGL). B. At P2, ADK IR is present in the distinct layers of the 619 

cerebellar cortex EGL, PL, IGL, whereas fewer ADK positive cells are observed in the 620 

molecular layer (ML). C-D. At P5 and P9, ADK IR declines in EGL, PL, and ML. The 621 

expression pattern of ADK IR appeared as dark punctate staining in the cells of all layers, which 622 

suggests the dominance of ADK-L at these developmental stages as seen in high magnification 623 

images in the right panel. E. At P21, no ADK is detected in the outermost layer of the cerebellar 624 

cortex. The dark punctate staining consistent with ADK-L is scattered in ML, PL, and IG,L 625 

whereas the diffuse staining of ADK-S is extensively observed in ML, and IGL. Scale bars are 626 

100 μm in left panel and 50 μm in right panel. 627 

Figure 5. Effect of ADK on DNA synthesis in the developing cerebellum. A. ADK (red) and 628 

Ki67 (green) IR in the mouse cerebellum at different developmental stages (P0, P2, P5, and P9) 629 

as revealed by double immunofluorescence. A-C. At P0, ADK/Ki67 double-labeled cells are 630 

widespread in the entire developing cerebellar cortex with robust expression at the outermost 631 

EGL. D-F. At P2, the layers of cerebellar cortex become visible where ADK/Ki67 positive cells 632 

are observed in the EGL, the developing PL, and the IGL. G-L. At P5 and P9, ADK/Ki67 633 

labeled cells initially increase then decrease in the EGL, which period coincides with the radial 634 

migration of cerebellar granular neurons. G. In the internal white matter (WM) region at P5, a 635 

population of ADK/Ki67 positive cells was observed, which declined in P9, H. Scale bars are 636 

100 μM in A-C & G-L, 200 μM in D, E & F, 25 μM in insets in D & G. M. The number of 637 

Ki67/ADK double labeled cells in the EGL at P0, P2, P5, and P9 per mm2  (n=3 /group). N. 638 

Western blot analysis of immature GNPs. Representative blot of protein extracts from control 639 

(Ctl) glioblastoma U373 cells and immature GNPs shows that the precursors express ADK-L 640 
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exclusively whereas control cells express both isoforms. O. Inhibition of ADK with antagonist 5-641 

idotuberciden (5-ITU) reduces DNA synthesis of GNPs.  Concentration-dependent reduction of 642 

cell proliferation in response to different concentrations (0.3, 0.6, 1μM) of the ADK inhibitor 5-643 

ITU as compared to vehicle (DMSO ≤ 0.002%)-treated cells. All values are presented as mean ± 644 

SEM (n=6-9). One-way ANOVA with Tukey’s multiple comparisons post-hoc test (* = P<0.05, 645 

and *** *= P<0.001 for significance).  646 

Figure 6. Association of ADK with the development and maintenance of cerebellar cortex 647 

cells. A-B.  ADK (red) and calbindin (Cal, green) IR in the developing cerebellum at different 648 

developmental stages (P5, P9, and P21) as shown by immunofluorescence. A-C. Purkinje cells 649 

that are ADK (red)/ Cal (green) positive are observed in the PL where the punctate stain of 650 

nuclear ADK-L is prominent at P5 and P9. By P21, ADK-L IR is less prominent in Purkinje cells 651 

and only maintained in a few cells, whereas the rest of ADK-L cells are found in clusters 652 

between Purkinje cells in the PL. White arrows in A point at ADK-L cells between Purkinje cells 653 

in P21. B. The number of calbindin/ADK double labeled cells in the PL at P5, P9, and P21 per 654 

mm2 (n=3-4/ group). D. Immunoreactivity of ADK (red) / GFAP (green) in astrocytes of the 655 

cerebellar cortex at different developmental stages (P5, P21, and Adult) as shown by 656 

immunofluorescence. E. Bergmann glial cells in the PL show punctate staining of nuclear ADK-657 

L at all developmental stages (P5, P21, and adult). GFAP positive astrocytes that are ADK-L 658 

positive are prominent in the white matter at all developmental stages while astrocytes in the 659 

inner granular layer are observed at P21 and in adulthood. F. Magnified field of glial cells and 660 

ADK positive cells in white matter of P5 and PL of P21. White arrows showed ADK-L positive 661 

Bergman glial cells between Purkinje neurons. Scale bars are 50 μM in A, C and E, 200 μM in 662 

B, 200 μM in D, and 15 in μM in F. 663 

Figure 7. ADK expression is maintained in developing and mature cerebellar granule 664 

neurons. A. Cortical neurons positive for ADK/NeuN observed in layers III/IV of the neocortex 665 

in P0 to P5 where the nuclear ADK-L stain is prominent. By P21, all NeuN cortical neurons are 666 

ADK-L negative, while ADK expression is found in NeuN negative cells. B. Magnified fields of 667 

cortical layer III in P0 and P5 illustrating cells positive to ADK/NeuN. C-F. Cerebellar neurons 668 

positive for ADK/NeuN observed in mice from P0 to adult. Neurons in the EGL and PL are 669 

ADK-L positive from P0 to P5 as seen in insets of C-E. D. ADK/NeuN positive neurons in the 670 
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innermost layer of EGL, PL and IGL of P2. Between P2 and P5, ADK positive neurons are 671 

detected in neurons of the PL while positive ADK staining is maintained in cells of the EGL. F. 672 

By adulthood, ADK positive neurons are restricted only to the mature granule neurons in the IGL 673 

and their parallel fibers in the ML. Scale bars are 100 μM in A, 15 μm in B, 200 μM in C and E, 674 

50 μM in D, F, and insets of C and E. G. Ratio of NeuN/ADK positive cells to total NeuN 675 

positive cells in the adult IGL (n=3 /group). 676 
















