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Traumatic brain injury (TBI) is a major public health concern and remains a leading cause of disability and socio-economic bur-

den. To date, there is no proven therapy that promotes brain repair following an injury to the brain. In this study, we explored the

role of an isoform of adenosine kinase expressed in the cell nucleus (ADK-L) as a potential regulator of neural stem cell prolifer-

ation in the brain. The rationale for this hypothesis is based on coordinated expression changes of ADK-L during foetal and post-

natal murine and human brain development indicating a role in the regulation of cell proliferation and plasticity in the brain. We

first tested whether the genetic disruption of ADK-L would increase neural stem cell proliferation after TBI. Three days after TBI,

modelled by a controlled cortical impact, transgenic mice, which lack ADK-L (ADKDneuron) in the dentate gyrus (DG) showed a sig-

nificant increase in neural stem cell proliferation as evidenced by significant increases in doublecortin and Ki67-positive cells,

whereas animals with transgenic overexpression of ADK-L in dorsal forebrain neurons (ADK-Ltg) showed an opposite effect of

attenuated neural stem cell proliferation. Next, we translated those findings into a pharmacological approach to augment neural

stem cell proliferation in the injured brain. Wild-type C57BL/6 mice were treated with the small molecule adenosine kinase inhibi-

tor 5-iodotubercidin for 3 days after the induction of TBI. We demonstrate significantly enhanced neural stem cell proliferation in

the DG of 5-iodotubercidin-treated mice compared to vehicle-treated injured animals. To rule out the possibility that blockade of

ADK-L has any effects in non-injured animals, we quantified baseline neural stem cell proliferation in ADKDneuron mice, which was

not altered, whereas baseline neural stem cell proliferation in ADK-Ltg mice was enhanced. Together these findings demonstrate a

novel function of ADK-L involved in the regulation of neural stem cell proliferation after TBI.
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Abbreviations: ADK-L¼ adenosine kinase long; ADK-S¼ adenosine kinase short; BDNF¼ brain-derived neurotrophic factor;

CCI¼ control cortical impactor; CP¼ cortical plate; DG¼ dentate gyrus; DCX¼doublecortin; FGF-1¼ fibroblast growth factor;

5-ITU¼5-iodotubercidin; GFAP¼ glial fibrillary acidic protein; GW¼ gestational week; IR¼ immunoreactivity; ROI¼ region of

interest; SEM¼ standard error of mean; SVZ¼ subventricular zone; TBI¼ traumatic brain injury; VZ¼ ventricular zone;

WT¼wild type

Introduction
Traumatic brain injury (TBI) is one of the leading causes

of disability. Human rehabilitation studies suggest that the

injured brain maintains a limited capacity for self-repair in

line with studies showing that the adult brain is capable of

generating new neurons, especially after brain injury

(Altman and Das, 1965; Neuberger et al., 2017).

Understanding endogenous repair mechanisms holds prom-

ise for the development of novel regeneration-promoting

therapies. Experimental models show that TBI is a potent

trigger of neural stem cell proliferation (Dash et al., 2001;

Gao et al., 2009); however, the mechanisms that contribute

to post-injury neurogenesis are incompletely understood.

Adult neurogenesis is a highly regulated process where

the molecular machinery is under the control of various in-

ternal and external cues (Goncalves et al., 2016; Hsieh and

Zhao, 2016). One of the contributing mechanisms is based

on epigenetic modifications of genes crucial in controlling

proliferation, differentiation and maturation of neural stem

cells in the dentate gyrus (DG). Several lines of evidence

demonstrate the involvement of epigenetic modifications in

the regulation of genes encoding neurotrophic factors such

as brain-derived neurotrophic factors (BDNF) and fibroblast

growth factor-1 (FGF-1), which in turn affect self-renewal,

plasticity, proliferation and differentiation of neural stem

cells in the DG (Aid et al., 2007; Ma et al., 2009).

Interestingly, further epigenetic modifications of the BDNF

gene are associated with changes in the neurogenic niche

after brain injury (Griesbach et al., 2002; Gao et al., 2006;

Miao et al., 2015). To date, the mechanisms orchestrating

those epigenetic modifications are yet to be understood.

Adenosine kinase (ADK; EC 2.7.1.20) is the key regula-

tor of intra- and extracellular adenosine levels in the brain

(Boison, 2013). The enzyme exists in two isoforms, a short

version (ADK-S; 38.7 kDa) expressed in the cytoplasm and

a long version (ADK-L; 40.5 kDa) expressed in the nu-

cleus. Both are derived from the same gene through alter-

native splicing and promoter use (Cui et al., 2009).

Whereas ADK-S controls extracellular levels of adenosine

and hence adenosine receptor activation, which is import-

ant for the control of seizures (Huber et al., 2002; Li

et al., 2009), ADK-L controls epigenetic functions, in par-

ticular DNA methylation (Boison, 2013). In this latter epi-

genetic role, adenosine controls the rate of DNA

methylation via interference with the transmethylation

pathway. DNA methylation changes in turn is one of the

candidate mechanisms regulating brain development, mat-

uration, plasticity, and cell proliferation (Costello et al.,

2003; Hirabayashi et al., 2013). Therefore, adenosine is a

candidate mechanism for the regulation of genes impli-

cated in cell proliferation in the brain.

During brain development, ADK undergoes coordinated

expression changes from neurons to astrocytes (Studer

et al., 2006), whereby in the adult brain ADK expression

is limited to plastic cells with proliferative potential, such

as astrocytes (Fedele et al., 2004). In adult mice, ADK-L

expression is maintained in nuclei of granular neurons of

the DG, a neurogenic zone, suggesting an important role

of ADK-L in cell proliferation in the brain. We therefore

assessed whether ADK-L affects neural stem cell prolifer-

ation after TBI. We first assessed ADK-L expression with-

in the context of developmental and proliferative

processes in the human brain making use of foetal brain
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specimens. We next demonstrated that the lack of ADK-

L in dentate granular neurons of mice specifically

enhanced neural stem cell proliferation after a TBI, but

not in normal subjects, whereas an increase in ADK-L

had the opposite effect. We finally validated those find-

ings with a pharmacological approach to enhance neural

stem cell proliferation after TBI. Together, our findings

define ADK-L as a novel contributor to the regulation of

acute neural stem cell proliferation after TBI.

Materials and methods

Human material

Foetal brain tissue was obtained from the repository of

the Department of Neuropathology of the University

Hospital Amsterdam. Informed consent was obtained for

the use of brain tissue and for access to medical records

for research purposes. Tissue was obtained and used in a

manner compliant with the Declaration of Helsinki. The

expression of ADK was evaluated at the following ages: 9,

13, 17, 20, 23, 25, 29, 31, 36 and 40 gestational weeks

(GWs) obtained from spontaneous or medically induced

abortions with appropriate maternal written consent for

brain autopsy. All autopsies were performed within 12 h

after death. Human tissue was fixed in 10% buffered for-

malin and embedded in paraffin. Paraffin-embedded tissue

was sectioned at 6mm, mounted on pre-coated glass slides

(StarFrost, Waldemar Knittel Glasbearbeitungs GmbH,

Braunschweig, Germany) and used for immunohistochemi-

cal staining as described below.

Antibody characterization

For the detection of human ADK, a polyclonal rabbit anti-

body was used as described in Studer et al. (2006), and

according to Boison and Aronica (2015). We also used a

commercial antibody (Bethyl Labs, A304-280A, 1:1000),

which gave identical results. This latter antibody was pre-

viously validated in mice with an engineered deletion of

ADK in the brain (Sandau et al., 2016). The antibody spe-

cificity in human tissue was further tested by Western blot

analysis of the total homogenates of human control brain

revealing a band of approximately 40 kDa (not shown),

and compared with lack of ADK staining in Western Blots

or on tissue from ADK knockout samples (Boison et al.,

2002; Fedele et al., 2004; Gouder et al., 2004).

Immunohistochemistry of human
tissue

For single-labeling, paraffin-embedded sections were depar-

affinized, re-hydrated and incubated for 20 min in 0.3%

H2O2 diluted in methanol to quench the endogenous per-

oxidase activity. Antigen retrieval was performed by incu-

bation for 10 min at 121�C in citrate buffer (0.01 M, pH

6.0). Sections were washed with phosphate-buffered saline

(PBS), and incubated for 30 min in 10% normal goat

serum (Harlan Sera-Lab, Loughborough, Leicestershire,

UK). After the primary antibodies incubated overnight at

44�C, the sections were washed in PBS and the ready-for-

use Powervision peroxidase system was used (Immunologic,

Duiven, The Netherlands) and 3,3’-diaminobenzidine (DAB;

Sigma) as chromogen to visualize the antibodies. Sections

were counterstained with haematoxylin, dehydrated and

coverslipped. Sections incubated without the primary Ab or

with pre-immune sera were essentially blank.

Transgenic mice

In vivo studies were conducted in an AAALAC accredited

facility in accordance with approved Legacy IACUC pro-

tocols and under adherence to the ARRIVE guidelines.

All mice were generated and propagated on an identical

C57BL/6 background and were social-housed under

standardized conditions of light, temperature and humid-

ity, environmental enrichment and had access to food

and water ad libitum. For this study, we used male mice

aged 2–4 months. Experimental mice were generated by

breeding Adk-flox mice (Adkfl/fl) (Caplan et al., 2017)

with CamKIIa-Cre mice (Schweizer et al., 2003) to gener-

ate CamKIIa-Creþ/�:Adkfl/fl mice. Breeding of the experi-

mental animals followed a CamKIIa-Creþ/�:Adkfl/fl x

Adkfl/fl mating protocol, which generated ADKDneuron and

normal Adkfl/fl mice in a 1:1 ratio as littermates. ADK-

Ltg mice were produced using a transgene vector, in

which the cDNA coding for the long isoform of ADK

(Adk-L) was driven by the same CamKIIa-promoter

described above. ADK-Ltg mice were maintained as a het-

erozygous line with ADK-Ltg and wild-type (WT) mice

produced as littermates. Control mice used in this study

included littermates from both lines (Adkfl/fl and Adkþ/þ).

Controlled cortical impact

Both WT and transgenic mice were exposed to moderate-

to-severe controlled cortical impact (CCI) injury in ac-

cordance with procedures previously reported (Romine

et al., 2014). Briefly, mice (total n¼ 28, weight

23 6 0.68 g) were anaesthetized using 3% isoflurane, then

the heads were shaved and the animals were fixed in a

stereotaxic frame (Kopf, Tujunga, CA). The animals were

placed on a heating pad to maintain body temperature.

A 3 mm craniotomy was performed over the right motor

cortex (�1.2 mm caudal and 0.71 mm lateral from

bregma) using a portable dental drill. Bone dust was

removed and then the bone flab was carefully removed

without damaging the dura. The injury was then gener-

ated using a 2 mm stainless steel piston attached to a

CCI device (Leica Biosystems, model# 39463920) at 4 m/

s velocity, 1.2 mm and 0.9 mm depth, and using an im-

pact duration of 300 ms. After the injury, the skin was

sutured using 2-0 coated vicryl sutures (Ethicon, Mokena,

Adenosine kinase and neural stem cell proliferation BRAIN COMMUNICATIONS 2020: Page 3 of 15 | 3



IL, USA). Sham control mice (total n¼ 24) were exposed

to a midline skin incision and re-sutured without per-

forming a craniotomy as it is considered a form of mild

injury (Cole et al., 2011; Lagraoui et al., 2012).

ADK inhibitor administration

The ADK inhibitor, 5-iodotubericine (5-ITU, Sigma-

Aldrich), was administered intraperitoneally at 1.6 mg/kg

in 20% DMSO to C57BL/6 mice (total n¼ 12, six/group)

after exposure to moderate TBI. Each animal received

five 5-ITU injections, twice daily (at Days 1 and 2 after

TBI) and once on Day 3 after TBI (2 h before perfusion).

Control mice received intraperitoneal injections of 20%

DMSO at the same time points.

Western blots

Gestational tissues were collected at different developmen-

tal stages (E5, E10, E15, E20) from pregnant C57BL/6J

mice (total n¼ 16). Pregnant mice were rapidly sacrificed

by cervical dislocation, followed by dissecting out individ-

ual foetuses from both uteri. Foetal brain was immediately

extracted, frozen in liquid nitrogen vapour and stored at

�80�C. The age of gestational tissues was assessed as pre-

viously described (Bolon , 2015). For postnatal (P4, P8)

and adult tissues (total n¼ 22), brains were extracted after

rapid cervical dislocation of the mice. The total cerebrum

was immediately dissected and frozen in liquid nitrogen

vapour, then stored at �80�C. Brain samples were homo-

genized in radioimmunoprecepitation assay buffer ( RIPA)

containing protease inhibitors (Sigma-Aldrich, St. Louis,

MO, USA). Protein content was assessed using a Thermo

Fisher BCA Protein assay kit. For electrophoresis, 20lg of

aqueous protein extracts were loaded and separated on

10% sodium dodecyl sulfate polyacrylamide gel electro-

phoresis ( SDS-PAGE) gels and transferred to polyvinyli-

dene fluoride ( PVDF) membranes (Bio-Rad). The blots

were probed overnight at 4�C in Tris buffered saline (

TBS) (20 mM Tris, 150 mM NaCl, 0.1% Tween, pH 7.5)

containing 3% non-fat dry milk, and polyclonal rabbit

anti-ADK (Bethyl Labs, A304-280A, 1:4500). The mem-

branes 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-

21234, 1:10 000). Immunoreactivity was scanned using a

Bio-Rad Touch imager and digitized using Bio-Rad Image

Lab software. The ratio of ADK-L over ADK-S expression

was determined by quantitative analysis of the western

blot bands using Image J 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 (n¼ 4–8 mice

per age group). One-way ANOVA with Tukey’s Multiple

Comparison post hoc test (*¼P� 0.05,**¼P� 0.01,

***¼P� 0.001, ****¼P� 0.0001 for significance).

Immunohistochemistry of mouse
brain

Animals were anaesthetized and transcardially perfused with

30 ml 1� cold phosphate buffered saline (pH 7.4), followed

by 30 ml ice-cold 4% paraformaldehyde (PFA). Brains were

post-fixed for 24 h in 4% PFA. Following post-fixation,

brains were transferred to 30% sucrose with 0.1% sodium

azide in 1� PBS for 2 days at 4�C and stored at –80�C.

Brains were then cut coronally or sagittaly into 30mm sec-

tions on a freezing, sliding stage cryostat (Leica CM3050S).

Until further processing, all sections were stored in cryopro-

tectant. Immunohistochemistry of mouse brain was per-

formed on free-floating sections. For immunofluorescence,

sections were washed in 1� TBS (Tris-Buffered Saline) and

0.05% Triton X-100 (TBS-T) three to four times. Sections

were then incubated at 4�C overnight in Donkey blocking

buffer containing corresponding primary antibodies. The pri-

mary antibodies used were monoclonal mouse anti- Glial fi-

brillary acidic protein (GFAP) (Millipore, MAB360, 1:1000),

polyclonal goat anti-doublecortin (DCX) (santa Sruze

Biotech, SC8066, 1:1000), polyclonal rabbit anti-ADK

(Bethyl Labs, A304-280A , 1:1000) and monoclonal rat

FITC conjugated anti-Ki67 (Thermo Fisher, 11-5698-

82,1:200). Sections were washed in 1� TBS-T, incubated for

1 h at room temperature in a solution containing the corre-

sponding secondary antibodies. Secondary antibodies

included Donkey Alexa Fluor 488 (Thermo Fisher, A-21202,

1:1000), Donkey Alexa 555 (Thermo Fisher, A-21432,

1:1000) and Donkey Alexa Fluor 647 (Abcam, ab150075).

Sections were then washed three times for 5 min in 1� TBS

then mounted on slides and allowed to dry in the dark.

Once dried, sections were cover-slipped with DAPI mounting

medium and stored in the dark at 4�C.

For the 3,30-diaminobenzidine (DAB) staining, frozen sec-

tions were washed five 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 one hour in goat blocking buffer (GBB).

Sections were then incubated overnight at 4�C in GBB con-

taining 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 anti-

body. 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 visual-

ized. 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

The 3,30-diaminobenzidine images in Figs 1 and 2 were

acquired on a Lica light micropscope (Leica DM 4B).
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Fluorescence images were acquired on a Leica TCS SPE

confocal laser scanning microscope (LAS X 3.1.2.16221)

using 20� and 63� (for single-cell images) objectives (a

10mm confocal Z-stack was acquired at 1mm steps, 600 Hz

speed, pinhole 1 AU, gain 599.4, resolution 1024� 1024).

Fluorescence images in Figs 3, 4, 5, 6 and 7 are presenting

single channel as well as composites (4th lane in Figs 3A

and 6A and in Fig. 4D). For image analysis we selected

four 30mm sections from each stain from each mouse,

spaced every 90mm and spanning an identical caudo-rostral

location (spanning from 1.31 mm to 2.27 mm posterior to

bregma) between animals (n¼ 4–7 animals per genotype).

Different stains (e.g. DCX/GFAP and DCX/Ki67) were al-

ways done on adjacent brain sections. Total DCX cell

counts were added from respective double immunofluores-

cence stainings. An unbiased exclusion of images of poor

quality was made prior to the analysis by a person who

was blinded to the animal groups. Automated cell counting

was performed by an individual blinded to the genotypes

and phenotypes. The borders of the deep internal layer

(subgranular layer) of the DG and hilus were highlighted as

region of interest (ROI). For DCX counting, cells in subgra-

nular and granular interface were defined as previously pub-

lished (Hattiangady et al., 2008; Long et al., 2017)

Binarization of DCX-, Ki67-, ADK-, and GFAP-stained

images was performed using the ImageJ software Auto

Threshold command (ImageJ, US National Institutes of

Health, Bethesda, MD, USA; http://imagej.nih.gov/ij/). For

each stain, the optimal threshold values were achieved by

manually adjusting the range of pixel intensity on an initial

set of images (Crews et al., 2006). The determined range of

pixel intensities was then applied for the rest of the set of

images, remaining consistent throughout all sections. The

ImageJ watershed algorithm was applied to DCX-, ADK-,

and GFAP-stained images to cut between adjacent cells.

Using the ‘particle analysis’ command, the total number of

Figure 1 ADK immunoreactivity in developing human and

mouse brains. (A–I) ADK immunoreactivity (IR) in human

specimens at different ages (9, 13, 17, 25 and 36 GWs). (A–B)

9 GW. (A) ADK IR is observed in the VZ, SVZ and the CP. High

magnification photographs show ADK-positive cells in the VZ (B

and insert in B). (C–E) 13 GW, showing ADK nuclear expression

in SVZ/VZ and CP. (D): high magnification photograph of VZ; e:

high magnification photograph of CP. (F–G) 17 GW with ADK IR in

the SVZ/VZ (F), but decreased expression in the CP (G). (H)

25 GW with still detectable ADK expression in the SVZ/VZ; insert

in H shows high magnification of positive cells within the SVZ. (I)

36 GW: the SVZ contains ADK-positive cells (high magnification in

insert). VZ: ventricular zone; SVZ: subventricular zone; SP/IZ:

subplate/intermediate zone; CP: cortical plate. Scale bars are

100 mm in A, C and I; 25 mm in B; 40 mm in D–H and 7.5 mm in

inserts in B, H and I. (J) Expression profile of ADK-L and ADK-S

proteins in developing mouse brain. Western Blot analysis of ADK

expression changes during pre- and postnatal brain development in

the mouse. Representative blots show ADK (L and S) isoform

expression at different embryonic (E) and postnatal (P) stages with

ADK-L appearing as the upper band and ADK-S as the lower band.

Protein extracts were prepared from total cerebrum at all ages.

The long nuclear form of ADK-L dominates during embryonic brain

development and shifts towards an ADK-S dominance in the adult

brain during postnatal brain development. Controls include liver

(organ with the highest concentration of ADK) and recombinant

ADK-S (Rec). The original full-sized uncropped blots are shown in

Supplementary Figures 1 and 2. (K) Quantitative analysis of the

Western blot bands using Image J 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 (n¼ 4–8). One-way ANOVA with

Tukey’s multiple comparison post hoc test (**¼ P< 0.01,

***¼ P< 0.001, ****¼ P< 0.0001 for significance).
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cells in the ROI was automatically quantified. In the interest

of avoiding unwanted noise and/or background pixels, a

range of particle characteristics for automatic quantification

was determined from binary image data for each stain. Cell

counts were quantified as cell number per mm2 and normal-

ized to that of the corresponding WT control.

Statistical analyses

Statistical analyses were performed using GraphPad

Prism7.04. Data are expressed as mean 6 SEM. Statistical sig-

nificance was set as P< 0.05. Two-tailed unpaired Student t-

tests were used for experiments with two groups and one vari-

able. One-way ANOVA with Tukey’s post hoc test was used

for experiments with three groups and one variable.

Data availability

All data and resources will be made available upon

request.

Results

ADK expression during foetal

human brain development

Because ADK expression in the adult brain is limited to

cell types, which maintain plasticity and proliferative cap-

acity, such as astrocytes and a limited number of neurons

in neurogenic zones (Studer et al., 2006; Boison, 2013;

Kiese et al., 2016), we hypothesized that ADK expression

is more widespread during gestational brain development.

We therefore studied ADK expression in a set of foetal

brain specimens obtained from spontaneous or medically

induced abortions (Fig. 1A–I). During GW9, we found

widespread ADK immunoreactivity in the ventricular zone,

subventricular zone and cortical plate. At GW13, we

found strong expression of ADK maintained in cell nuclei

of those brain regions. At GW17, ADK immunoreactivity

was maintained in the ventricular and subventricular zone;

however, we found decreased expression in the cortical

plate. At GW25, ADK expression was reduced, but still

detectable in the ventricular and subventricular zone. At

GW36, ADK-positive cells were limited to the subventricu-

lar zone. This developmental profile shows a gradual de-

cline in neuronal ADK expression during the progression

of foetal brain development, while the expression of ADK

was maintained longest in nuclei of cells from the subven-

tricular zone, suggesting an association of ADK-L with

neurogenic zones in the developing human brain.

ADK expression during foetal and

postnatal mouse brain development

To determine whether developmental changes of ADK ex-

pression during human brain development are replicated

during the development of the mouse, we performed a

Western blot analysis (Fig. 1J) to distinguish the two iso-

forms of ADK by size in the brain of mouse at different

developmental stages. During embryonic mouse brain de-

velopment, we found a dominance of ADK-L over ADK-

S expression with the ADK-L/ADK-S ratio gradually

declining over time. Postnatally, we found a shift in the

expression ratio to transition into the adult expression

pattern of ADK-S dominance over ADK-L (Fig. 1K). We

conclude that ADK-L expression is associated with brain

growth and development.

Figure 2 Characterization of ADK expression profile in

brains of naı̈ve Adk-Ltg, AdkDneuron, and control animals.

(A) ADK immunoreactivity (IR) as shown by peroxidase-DAB

immunohistochemistry in coronal sections of adult male Adk-Ltg

and AdkDneuron mice is compared with WT-littermate controls from

AdkDneuron � Adk-flox matings. According to prior studies WT

animals show typical widespread ADK IR throughout the entire

brain. Note prominent ADK-IR in the dentate granular cell layer.

AdkDneuron mice look almost identical compared to WT, however

with a distinct lack of ADK-IR in the dentate granular layer, which

appears as white blades. In contrast, Adk-Ltg mice show prominent

expression of ADK-L in cortical neurons, including neurons of the

dentate gyrus as well as the pyramidal cell layer, which normally

does not express ADK. (B–D) Higher magnifications reveal a

typical pattern of ADK expression with widespread astrocytic

ADK-S in the cytoplasm appearing as brown background and ADK-

L appearing as black punctate demarcating nuclei of astrocytes and

neurons from the dentate granular layer. Sections from AdkDneuron

mice look almost identical, however with a distinct lack of ADK-IR

in dentate granular neurons. Sections from Adk-Ltg mice show

strong ectopic immunoreactivity of ADK-L in neurons of the

dentate granular zone and the pyramidal cell layer, Scale bar is 1 mm

in A, 500 mm in B, 100 mm in C and 50 mm in D.
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Figure 3 ADK-L modulates TBI-induced expression of neurogenic markers. (A) Immunofluorescence of DCX, GFAP, and ADK in the

DG ipsilateral to the injury of AdkDneuron and Adk-Ltg mice compared to their respective littermate WT controls at 3 days post injury.

(B–J) Quantitative analysis of neurogenic and ADK-positive cell populations in the DG and hilus (ipsilateral to the CCI) of both transgenic lines

(Adk-Ltg, AdkDneuron) per mm2 normalized to their respective littermate WT control and presented as percentage of fold change. (B) Relative

number of DCX-positive cells normalized to WT. (C) Relative number of GFAP-positive cells normalized to WT. (D) Relative number of cells

double-labelled for DCX and GFAP normalized to WT. e Relative number of ADK-positive cells in AdkDneuron mice normalized to WT.

(F) Relative number of cells double-labelled for ADK and DCX in AdkDneuron mice normalized to WT. (J) Relative number of cells double-

labelled with ADK and GFAP in AdkDneuron mice normalized to WT. Scale bar is 200 mm in A. All values are presented as mean 6 SEM (n¼ 5–9

mice per genotype). Two-tailed unpaired Student t-tests were used in B-J. * P� 0.05, ** P� 0.01, ** *¼ P� 0.001, NS ¼ no significance.
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Transgenic manipulation of ADK-L

To investigate the functional implications of ADK-L ex-

pression for brain development and plasticity, we engi-

neered a set of transgenic mice that either lack or

overexpress ADK-L in neurons of the forebrain. To ac-

complish this, we used an identical CamKIIa-promoter

to drive the expression of Cre-recombinase in condition-

al Adk-flox mice or to ectopically overexpress ADK-L

in adult neurons of the forebrain resulting in

ADKDneuron and ADK-Ltg mice, respectively. Engineered

changes of ADK expression in the forebrain were quali-

tatively evaluated through analysis of ADK immunor-

eactivity on brain sections (Fig. 2). According to our

prior work (Gouder et al., 2004; Studer et al., 2006),

WT mice (Fig. 2, centre) showed global astrocytic

ADK-S expression, which appears as diffuse staining

throughout the entire brain, with ADK-L appearing as

dark punctate staining in nuclei. We found moderate

Figure 4 ADK-L modulates TBI-induced cell proliferation. (A) Immunofluorescence of the cell proliferation marker Ki67 in Adk-Ltg and

AdkDneuron mice compared with respective WT littermate controls at 3 days post injury; a magnified image of proliferative cells is shown in the

close-ups. (B) Relative number of Ki67-positive cells normalized to WT. (C) Relative number of cells double labelled for Ki67 and DCX

normalized to WT. (D) Confocal images with orthogonal projections illustrating the identity of ADK-positive cells in AdkDneuron mice (DCX-

positive cells co-express ADK (top) and GFAP-positive cells co-express ADK (bottom)). Scale bar is 200 mm in A and 50mm in D. All values are

presented as mean 6 SEM (n¼ 5–9 mice per genotype). Two-tailed unpaired Student t-tests were used in B and C. * P� 0.05, ** P� 0.01,

** *¼ P� 0.001, NS ¼ no significance.
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expression levels of ADK-L in nuclei of DG neurons.

Because DG neurons are the only neurons that express

ADK in the adult cortex and hippocampus, the

CamKIIa-Cre-driven deletion of the Adk-gene in

ADKDneuron mice resulted in an almost identical staining

pattern (astrocytic ADK expression was not affected)

except the lack of ADK-L in DG neurons (Fig. 2, left).

In contrast, ADK-Ltg mice showed robust ectopic ex-

pression of ADK-L in nuclei of neurons throughout the

forebrain (Fig. 2, right).

Genetic disruption of ADK-L
enhances TBI-induced neural stem
cell proliferation

TBI is an important trigger of endogenous neural stem

cell proliferation in the hippocampus (Dong et al., 2015;

Bang et al., 2016; Neuberger et al., 2017). Because ADK-

L expression is associated with plastic and proliferative

areas of the brain, we assessed whether ADK-L plays a

role in the regulation of post-injury neural stem cell pro-

liferation. Animals of all genotypes were subjected to

moderate-to-severe TBI using a CCI (total n¼ 28).

Because CCI-induced neural stem cell proliferation peaks

at 3 days after injury (Dash et al., 2001), we evaluated

TBI-induced endogenous neural stem cell proliferation in

DG by quantifying the expression of doublecortin (DCX),

glial fibrillary acidic protein (GFAP) and Ki67 at this

time point by immunohistochemistry and cell counting

(Figs. 3A and 4A). We quantified DCX, GFAP and Ki67-

positive cells in the neurogenic area of the DG in adult

naı̈ve ADKDneuron positive for DCX (P< 0.01) (Fig. 3B),

GFAP (P< 0.009) (Fig. 3C), and Ki67 (P< 0.0001)

(Fig. 4B). Because neurogenesis in the adult hippocampus

occurs in the subgranular zone, we specifically quantified

ADK-L expressing cells in this area of the DG (Fig. 3E–

J). Of note, the genetic manipulation under the control of

CamKIIa-promoter induces the ADK-L gene disruption

only in adult neurons and is not expected to affect the

genetic profile of neural stem cells in the SGZ. As

expected, ADKDneuron mice lacked ADK expression in DG

neurons; however, the number of ADK-L-positive cells in

the adjacent SGZ was increased compared to WT (n¼ 6–

9; P< 0.012). Importantly, in ADKDneuron mice the

expression of ADK-L in the subgranular zone was co-

localized with DCX (Fig. 4F). The number of cells dou-

ble-labelled with ADK and DCX was increased more

than 3-fold (P< 0.0001) compared to WT (n¼ 4–7). We

further validated these findings by assessing TBI-induced

neural stem cell proliferation in transgenic animals over-

expressing ADK-L in dorsal forebrain neurons (ADK-Ltg).

As expected, ADK-Ltg mice (n¼ 6–7) showed an opposite

phenotype with slight decreases in the expression of DCX

(P¼ 0.013) (Fig. 3B), Ki67 (P¼ 0.04) (Fig. 4B) and

GFAP (P¼ 0.02) (Fig. 3C). Together, these results suggest

a role of ADK-L in the modulation of endogenous neural

stem cell proliferation after TBI and provide a rationale

for the therapeutic use of ADK inhibitors to boost en-

dogenous neural stem cell proliferation after a TBI.

Pharmacological blockade of ADK
enhances neural stem cell
proliferation after TBI

To further validate ADK-L effects on TBI-induced neural

stem cell proliferation and to confirm our results from

the ADKDneuron mice, a total of five injections of the po-

tent ADK inhibitor 5-ITU (1.6 mg/kg i.p.), or vehicle,

were administered every 12 h following a TBI in adult

male WT C57BL/6 mice (n¼ 4–6/group) (Fig. 5A). This

dose has previously been shown to induce potent disease-

modifying effects in an epilepsy model in mice (Sandau

et al., 2019). Three days after the TBI, we quantified

DCX- and Ki67-positive cells in 5-ITU injected animals

and compared them with vehicle-treated animals

(Fig. 5B). In line with our findings from the ADKDneuron

mice, we found significant increases in DCX- and Ki67-

positive cells (P¼ 0.002 and P¼ 0.03, respectively) in the

5-ITU treated group compared to control (Fig. 5C and

D). These results validate our experiments from the trans-

genic animals and demonstrate that the pharmacological

inhibition of ADK is an approach to enhance neural stem

cell proliferation and cell proliferation after TBI.

ADK-L disruption affects baseline
neural stem cell proliferation

To rule out possible adverse effects of ADK-L blockade

in non-injured animals, we next assessed the effects of

ADK-L blockade on endogenous baseline neural stem cell

proliferation under physiological condition in non-injured

transgenic animals. We quantified DCX, GFAP and Ki67-

positive cells in the neurogenic area of the DG in adult

naı̈ve ADKDneuron and ADK-Ltg mice in comparison to

WT controls (n¼ 4–6/each line) (Figs 6 and 7).

Compared to WT we found no significant impact on the

number of DCX-positive cells (P¼ 0.08) in the

ADKDneuron mice whereas both DCX (Fig. 6B) and Ki67-

(Fig. 7B) positive cells were increased 2-fold in the DG of

ADK-Ltg mice (P< 0.0001 and P< 0.04, respectively)

(Fig. 7B). Those results demonstrate that ADK-L disrup-

tion has selective effects on neural stem cell proliferation

in the injured and non-injured brain.

Traumatic brain injury impacts
ADK effect on adult neural stem
cell proliferation

To investigate the effect of TBI, we compared cell counts

of DCX, ADK, GFAP and Ki67 cell populations in both

transgenic lines and each was normalized to its corre-

sponding WT (Fig. 7D–J). Interestingly, as compared to
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naı̈ve group, there is significant increase in DCX

(P¼ 0.003), ADK (P¼ 0.02), GFAP (P¼ 0.005) and Ki67

(P< 0.0001) in injured ADKDneuron mice (Fig. 7D–G). In

line with these findings, we found significant reduction in

DCX (P< 0.0001), GFAP (P¼ 0.0009) and Ki67

(P< 0.0014) in injured ADK-Ltg mice (Fig. 7H–J). These

results confirm an association of TBI with ADK effect on

the activity of DG cells population.

Discussion
Here we identified a novel role of ADK in the regulation

of neural stem cell proliferation and cellular plasticity,

which is of relevance for brain development and

responses to injury. First, using human and murine foetal

and postnatal brain, we show an association of the nu-

clear expression of ADK in neurons with neurogenic

brain areas and developmental stages characterized by

cell proliferation. Secondly, using genetic manipulation of

ADK-L in the nuclei of neurons we show that ADK-L

modulates neural stem cell proliferation after TBI.

Thirdly, we demonstrated that the pharmacological inhib-

ition of ADK enhanced neural stem cell proliferation in

the injured brain.

Role of ADK in brain development

In line with previous findings suggesting a dual function-

ality of ADK (Studer et al., 2006), we find matching and

coordinated changes in the ADK expression profile

during both human and murine brain development. Our

data are in line with gene expression profile changes in

the mouse showing a rapid drop in neuronal ADK-L

transcripts and a rise in astroglial ADK-S transcripts dur-

ing the first 2 weeks of postnatal brain development

(Kiese et al., 2016). Those findings and our current data

(Fig. 1) support the view that ADK-L, expressed in the

nuclei of neurons and immature precursor cells plays a

critical role in embryonic and early postnatal brain devel-

opment. A developmental role for ADK is supported by

human mutations in the Adk gene (Bjursell et al., 2011;

Staufner et al., 2016). Affected individuals present with

global developmental delay, cognitive impairment and

seizures commencing between the first and third year of

life (Bjursell et al., 2011; Staufner et al., 2016). In line

with the human subjects, Nestin-Cre: Adk-flox mice show

a brain-wide deletion of Adk beginning around embryon-

ic Day 11 (Sandau et al., 2016), show neuronal plasticity

changes resulting in stress-induced epileptic seizures, and

deficits in social memory and contextual learning, where-

as the postnatal disruption of ADK expression in most

areas of the brain did not result in those behavioral defi-

cits and seizures (Osborne et al., 2018). Those findings

suggest that developmental ADK-L expression changes

described here might play a critical role in brain develop-

ment. Of note, neuropsychiatric conditions, such as aut-

ism and schizophrenia, with a developmental aetiology

might result from an imbalance in adenosine homeostasis

(Boison et al., 2012; Shen et al., 2012; Masino et al.,

2013; Chen et al., 2014).

Figure 5 Pharmacological inhibition of ADK-L enhances TBI-induced neural stem cell proliferation. (A) WT C57BL/6 mice

were treated with five intraperitoneal injections of either 5-iodotubercidin (5-ITU) or vehicle (20% DMSO) 24 h after the TBI.

(B) Immunofluorescence of DCX and Ki67 in the DG ipsilateral to the injury of 5-ITU- and vehicle-treated control mice. A magnified field of

proliferative and neurogenic areas of ITU-treated mice is presented in the third row. (C) Relative number of DCX-positive cells normalized to

control. (D) Relative number of Ki67-positive cells normalized to control. Scale bar is 250mm in first and second rows, 50 mm in the third row.

All values are presented as mean 6 SEM (n¼ 3–6 mice per genotype). Two-tailed unpaired Student t-tests were used in C and D. * P� 0.05,

** P� 0.01.
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Figure 6 Baseline neurogenic cell population in naı̈ve AdkDneuron, Adk-Ltg and WTanimals. (A) Immunofluorescence of GFAP,

DCX, and ADK in the DG of Adk-Ltg, AdkDneuron and littermate WT controls for each of the transgenic lines. Scale bar is 200 mm.

(B–J) Quantitative analysis of neurogenic and ADK-positive cell populations in DG and hilus of both transgenic lines (Adk-Ltg, AdkDneuron) and

AdkDneuron mice, respectively. Cell counts per mm2 in the transgenic animals were normalized to their respective littermate WT control and

presented as percentage of fold change. (B) Relative number of DCX-positive cells normalized to WT. (C) Relative number of GFAP-positive

cells normalized to WT. (D) Relative number of cells double-labelled with DCX and GFAP normalized to WT. (E). Relative number of ADK-

positive cells in AdkDneuron mice normalized to WT. (F) Relative number of cells double-labelled with ADK and DCX in AdkDneuron mice

normalized to WT. (J) Relative number of cells double-labelled with ADK and GFAP in AdkDneuron mice normalized to WT. Scale bar is 200 mm.

All values are presented as mean 6 SEM (n¼ 4–6 mice per genotype). Two-tailed unpaired Student t-tests were used in B-J. * P� 0.05,

** *¼ P� 0.001, ns ¼ no significance.
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Figure 7 Baseline cell proliferation in naı̈ve AdkDneuron, Adk-Ltg and WTanimals. (A) Immunoreactivity of the cell proliferation

marker Ki67 in naı̈ve Adk-Ltg, AdkDneuron, and littermate WT controls. Scale bar is 200 mm. (B–C) Quantitative analysis of all proliferative and

DCX-positive proliferative cell populations in DG and hilus of both transgenic lines (Adk-Ltg, AdkDneuron). (B) Relative number of Ki67-positive

cells normalized to WT. (C) Relative number of Ki67- and DCX-positive cells normalized to WT. (D–J) Quantitative analysis of DG cell

populations in injured versus uninjured transgenic mice lines. (D, E, F and G) Relative number of DCX, ADK, GFAP and Ki67-positive cells,

respectively, in AdkDneuron mice normalized to WT. (H, I and J) Relative number of DCX, GFAP and Ki67-positive cells, respectively, in Adktg

mice normalized to WT. Scale bar is 200 mm. All values are presented as mean 6 SEM (n¼ 4–6 mice per genotype). Two-tailed unpaired Student

t-tests were used in B & C. * P� 0.05, ** P� 0.01, ** *¼ P� 0.001, ****¼ P< 0.001, ns ¼ no significance.
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Role of ADK in adult neural stem
cell proliferation

In adulthood, neural stem cell proliferation is maintained

only in a few areas of the brain including the subgranular

zone of the DG (Parent, 2007; Toda et al., 2019).

Interestingly, and in contrast to mature neurons throughout

the rest of the brain, ADK-L expression is maintained in

DG neurons (Fig. 2). Injuries to the brain, in particular pro-

longed epileptic seizures, stroke, or TBI, are potent triggers

of adult neural stem cell proliferation in the DG (McGeer

et al., 2003; Dudek and Sutula, 2007; Kernie and Parent,

2010; Burda et al., 2016). To assess a functional role of

ADK-L for injury-induced neural stem cell proliferation, we

used a set of transgenic mice with reciprocal changes in hip-

pocampal ADK-L expression: ADK-Ltg mice with ectopic

expression of ADK-L in adult neurons of the forebrain,

including a marked overexpression of ADK-L in DG neu-

rons; and ADKDneuron mice, with a deletion of ADK-L in

DG neurons (and lack of ADK-L in all other forebrain neu-

rons). Here we show that the genetic modulation of ADK-L

expression has a robust effect on TBI-induced neural stem

cell proliferation. In contrast to our findings on baseline

neural stem cell proliferation in non-injured animals (Fig. 6),

we found that 3 days after TBI, neural stem cell prolifer-

ation in the DG was robustly stimulated in ADKDneuron

mice. Importantly, neural stem cell proliferations and cell

proliferation in ADKDneuron mice was associated with

increased expression of ADK-L in the subgranular zone and

hilus (Figs 3 and 4D). Most of the ADK-positive cells were

also GFAP-positive and the rest were DCX-positive cells

(Fig. 3D). We propose that the lack of ADK-L in DG neu-

rons might lead to compensatory increases in ADK-L ex-

pression in neurogenic zones, implicating a direct role of

ADK-L for neural stem cell proliferation.

Under physiological conditions, we found an associ-

ation of ADK-L expression with the proliferative status

of neurogenic cell populations in the DG (Fig. 6). This

was shown by the quantitative assessment of Ki67-posi-

tive cells, which revealed more cell proliferation in

ADK-L overexpressing transgenic mice, whereas the gen-

etic deletion of ADK-L from DG neurons did significantly

impact proliferation. In line with increased baseline neur-

al stem cell proliferation in ADK-Ltg mice, we found a

significant increase in DCX-positive cells and GFAP/

DCX-positive cells. Again, mice with a genetic deletion of

ADK-L in the DG showed the opposite effect.

Possible mechanisms

Epigenetic mechanisms, including methylation of DNA in

the central nervous system, play a role in activity-induced

proliferation of neural precursor cells. In particular, the

activity-induced gene Gadd45b was shown to play a role

in neural stem cell proliferation via determining the

methylation status of two seizure-induced genes, Fgf1 and

Bdnf (Barreto et al., 2007; Ma et al., 2009). These

findings suggest that epigenetic modifications are

employed for long-lasting modulation of plasticity after

neuronal activity or injury. We recently identified regula-

tion of DNA methylation as a novel function of adeno-

sine (Williams-Karnesky et al., 2013) which provides

inhibitory feedback control on the flux of S-adenosylme-

thionine dependent transmethylation reactions, which in-

clude DNA methylation (Boison et al., 2002). In line

with this mechanism, we have demonstrated directly that

increases in ADK-L expression drive increased DNA

methylation (Williams-Karnesky et al., 2013). Because

changes in DNA methylation play a role in neural stem

cell proliferation, and because the nuclear isoform ADK-

L has a specific role to control DNA methylation status,

we propose that ADK-L regulates neural stem cell prolif-

eration through an epigenetic mechanism.

Therapeutic perspectives

In line with the genetic deletion of ADK, the pharmacological

blockade of ADK resulted in increased neural stem cell prolif-

eration 3 days after TBI (Fig. 5). These findings suggest that

pharmacological inhibition of ADK is a viable strategy to

modulate neural stem cell proliferation after TBI. One caveat

of therapeutic approaches that promote neural stem cell prolif-

eration after brain injuries is the risk for the development of

seizures, especially in TBI survivors (Annegers and Coan,

2000). In contrast, the ADK inhibitor 5-ITU has recently been

shown to exert antiepileptogenic disease-modifying properties

(Sandau et al., 2019), suggesting that 5-ITU is capable of

increasing neural stem cell proliferation after a brain injury

without the risk of promoting the development of epilepsy.

In summary, the present work describes the discovery of a

novel role of ADK-L as regulator of neural stem cell prolifer-

ation after injury in the adult brain and provides the ration-

ale for further studies aimed at understanding the

underlying epigenetic mechanisms, at assessing potential sex

differences and at assessing long-term functional outcomes.
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Communications online.
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