
REGULAR ARTICLE

Expression of ectonucleotidases in the prosencephalon
of melatonin-proficient C3H and melatonin-deficient C57Bl mice:
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Abstract Extracellular purines (ATP, ADP, AMP and adeno-
sine) are important signaling molecules in the CNS. Levels of
extracellular purines are regulated by enzymes located at the
cell surface referred to as ectonucleotidases. Time-dependent
changes in their expression could profoundly influence the
availability of extracellular purines and thereby purinergic
signaling. Using radioactive in situ hybridization, we analyzed
the mRNA distribution of the enzymes NTPDase1, -2 and -3
and ecto-5′-nucleotidase in the prosencephalon of two mouse
strains: melatonin-proficient C3H and melatonin-deficient
C57Bl. The mRNAs of these enzymes were localized to spe-
cific brain regions, such as hippocampus, striatum, medial
habenula and ventromedial hypothalamus. NTPDase3 expres-
sion was more widely distributed than previously thought. All
ectonucleotidases investigated revealed a prominent time-
dependent expression pattern. In C3H, the mRNA expression
of all four enzymes gradually increased during the day and
peaked during the night. In contrast, in C57Bl, ecto-5′-nucle-
otidase expression peaked at the beginning of the day and
gradually decreased to trough levels at night. Recording of
locomotor activity revealed higher daytime activity of C57Bl
than of C3H. Our results indicate that the expression of

ectonucleotidases varies according to time and genotype and
suggest that melatonin exerts modulatory effects associated
with different regulations of purinergic signaling in the brain.
These findings provide an important basis for further exami-
nation of the complexity of the purinergic system in the brain.
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Abbreviations
AD Anterodorsal thalamic nucleus
Arc Arcuate nucleus
AV Anteroventral thalamic nucleus
CA Cornu ammonis
CeC and CeL Capsular and lateral central amygdala
CeM Medial central amygdala
Cg Cingulate cortex
CP Choroid plexus
CT Circadian time
DG Dentate gyrus
Dk Nucleus of Darkschewitsch
DM Dorsomedial hypothalamic nucleus
eN Ecto-5′-nucleotidase
FC Fasciola cinerea
GP Globus pallidus
IG Indusium griseum
IPAC Interstitial nucleus of the posterior

limb of the anterior commissure
ISH In situ hybridization
KO Knock out
LHb Lateral habenula
LV Lateral ventricle
MeP Posterior medial amygdala
MHb Medial habenula

* Horst-Werner Korf
Korf@em.uni-frankfurt.de

1 Institute of Anatomy II, Dr. Senckenbergisches
Chronomedizinisches Institut (SCI), Goethe University, Theodor-
Stern-Kai 7, 60590 Frankfurt am Main, Germany

2 Institute of Cell Biology and Neuroscience, Molecular and Cellular
Neurobiology, Goethe University, Max-von-Laue-Str. 13,
60438 Frankfurt am Main, Germany

3 Department of Medicine, Beth Israel Deaconess Medical Center,
Harvard Medical School, 3 Blackfan Circle, Boston, MA 02215,
USA

Cell Tissue Res (2015) 362:163–176
DOI 10.1007/s00441-015-2179-7



NTPDase Nucleoside triphosphate
diphosphohydrolase

Pir Piriform cortex
PMD Premammillary nucleus dorsal
PMV Premammillary nucleus ventral
Po Posterior thalamic nuclear group
PT Hypophysial pars tuberalis
PVA Anterior paraventricular

thalamic nucleus
PVN Hypothalamic paraventricular

nucleus
Rt Reticular thalamic nucleus
SCN Suprachiasmatic nucleus
SFO Subfornical organ
sm Stria medullaris
SN Substantia nigra
SON Supraoptic nucleus
STh Subthalamic nucleus
SVZ Subventricular zone
TS Triangular septal nucleus
3V Third ventricle
VMH Ventromedial hypothalamic nucleus
VP Ventral posterior thalamic nucleus
VPPC Ventral posterior parvicellular

thalamic nucleus
WT Wild-type
ZI Zona incerta

Introduction

Extracellular purines [adenosine 5′-triphosphate (ATP), aden-
osine 5′-diphosphate (ADP), adenosine 5′-monophosphate
(AMP), and adenosine] are important signaling molecules in-
volved in many physiological processes of the nervous sys-
tem, such as neurotransmission and -modulation, neural de-
velopment and protection, neuron–glia reciprocal signaling
and responses of the innate immune system (Burnstock
2006, 2009; Abbracchio et al. 2009; Burnstock and
Verkhratsky 2012; Mutafova-Yambolieva and Durnin 2014).
In particular, the nucleoside adenosine has received consider-
able attention during the past decades. Adenosine has been
shown to directly affect the regulation of sleep, vasodilation
and neuroprotection (Dunwiddie and Masino 2001; Haskó
and Cronstein 2004), nociception (Zylka 2011), innate immu-
nity and inflammation (Haskó and Cronstein 2004).

The regulation of extracellular purine levels is primarily
accomplished by enzymes located at the cell surface, referred
to as ectonucleotidases. Ectonucleotidases belong to several
enzyme families, including the nucleoside triphosphate
diphosphohydrolase family (E-NTPDases; EC 3.6.1.5),
ectonucleotide pyrophosphatase/phosphodiesterase family
(E-NPPs; EC 3.6.1.9, EC 3.1.4.1), alkaline phosphatases

(EC 3.1.3.1), and ecto-5′-nucleotidase (EC 3.1.3.5)
(Zimmermann 2000; Robson et al. 2006; Zimmermann et al.
2012). At physiological extracellular pH, the ectonucleoside
triphosphate diphosphohydrolases 1, 2 and 3 (NTPDase1/2/3)
that hydrolyze ATP and ADP to AMP, and ecto-5′nucleotidase
(eN) that converts AMP to adenosine, are considered to be the
dominant ectonucleotidases in the brain. NTPDase8 is absent
from brain but highly expressed in liver, kidney, and intestine
(Langer et al. 2008; Kukulski et al. 2011).

Although various enzyme histochemical and immunohis-
tochemical data are available to date, our knowledge about the
exact localization of these ectonucleotidases in the brain is still
incomplete. Enzyme histochemistry has been most commonly
used to analyze the distribution of these enzymes.
Immunohistochemical data are scarce due to the limited avail-
ability of specific antibodies.

To investigate the spatial distribution of cells expressing
NTPDase1-3 and eN in the mouse prosencephalon, we ap-
plied radioactive in situ hybridization using a triplet of specific
oligoprobes. Since time-dependent changes in the expression
of the enzymes could have profound effects on the availability
of extracellular purines and the temporal regulation of extra-
cellular purine-regulated physiological processes, we exam-
ined whether the expression of these enzymes revealed day/
night changes. We compared C3H mice, which produce mel-
atonin—an important output signal associated with the circa-
dian system—and C57Bl mice, which are melatonin-defi-
cient. These mice have been widely used to decipher mecha-
nisms of the circadian system and melatonin-dependent pro-
cesses (von Gall et al. 1998, 2000; Korf et al. 2003; Korf and
von Gall 2006; Yasuo et al. 2009; Pfeffer et al. 2012; Goto
et al. 2013; Wicht et al. 2014).

Our results provide novel information regarding the
mRNA localization of these enzymes and reveal conspicuous
time-dependent changes in their expression. Furthermore, we
demonstrate significant differences between the two mouse
strains, which suggest that melatonin exerts a modulatory ef-
fect on the expression of ectonucleotidases and purinergic
signaling in the mouse brain.

Materials and methods

Animals

All animal experiments were conducted in accordance with
accepted standards of human animal care and were consistent
with federal guidelines and Directive 2010/63/EU of the
European Union. Adult C3H/HeN and C57BL/6N mice were
obtained from Charles River (Sulzfeld, Germany). NTPDase2
knockout mice and the corresponding wild-type (WT) have
been described previously (Vandenbeuch et al. 2013; Gampe
et al. 2014). Their genotypes were confirmed by PCR.
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Experiments were performed with 11- to 17-week-old male
mice. Animals experienced a photoperiod of 12 h light (L) and
12 h dark (D) (light phase: 230 μW/cm2; dark phase: dim red
light <5 μW/cm2). Food and water were available ad libitum.
For in situ hybridization (ISH), 1 day before tissue sampling
animals were transferred to constant darkness (DD) for one
complete day/night cycle. Circadian time (CT) 00 was defined
as lights on in the previous light–dark schedule. Mice were
anesthetized with isofluran and then decapitated at four differ-
ent time points in the darkness (CT00, CT06, CT12 and
CT18; four animals per strain and time point). Eyes were
removed before light was switched on and the brains were
dissected and immediately frozen in isopentane on dry ice.
Tissue was kept at −80 °C until serial coronal 20-μm-thick
cryostat sections were prepared using a cryotome (Leica,
Wetzlar, Germany).

Genotyping

Genomic DNAwas isolated from tail biopsies using the PEQL
AB Direct PCR® Lysis Reagent Tail (Erlangen, Germany)
according to the manufacturer’s instructions. A PCR reaction
was performed using the following primer pairs:WT: forward:
5′-GTTAGG GGG TGT CTG TCT GG-3′, reverse: 5′-AAA
TGC TGCCTGGAAATGG-3′; NTPDase2 KO: forward: 5′-
CCG TAA AGC ACG AGG AAGC-3′, reverse: 5′-CTG
GAC GAA GAG CAT CAGG-3′. The PCR conditions used
were: 95 °C (30 s), 60 °C (30 s) and 72 °C (90 s) × 35 cycles.

Radioactive in situ hybridization

For each enzyme, three antisense 45-mer oligonucleotide
probes or their corresponding sense probes were pooled. The
following antisense probes were used: eN antisense1: (AS1)
5′-GAG TGG AGC CAT CCA GGT AGA CGA TCG TTC
TCC CGA GTT CCT GGG-3′, AS2: 5′-GTC CCT CCA
AAG GGC AGC ACA GCA GCC AGG TTC TCC CAG
GTG ATG-3′, AS3: 5′-AGA AGC AGC CAC TTG GGT
ACC TTA GCG GCC GCG GGA CGC ATG GCT-3′;
NTPDase1 AS1: 5′-GGC TTG TTG ACA CTG CAG CCA
GGA CCT CGT CTG CCG ATT GTT CGC-3′, AS2: 5′-
GCC TGC TGT GGC TCC CAG GTA GAC AGG AGT
CTG GTG ATG CTT GGA-3′, AS3: 5′- GCT GGT CTA
GAC TGT CCC GGG TAA GCA GGA AAG GGT GAC
TCC GGC-3′; NTPDase2 AS1: 5′- CCA ACT TTC CAG
CCA TGG GAG CAC GCG GGA GAA CAC AGC AGG
GAC-3′, AS2: 5′- TCT GTG TCA CTG CCT CCA GCA
CCT TGG CTG TGG CCT CTG GGC TGG-3′, AS3: 5′-
GAC AGA GGG CAG CGT TGC TGG TCC CTG ACA
GGC TGA CAG TGG CAC-3′; NTPDase3 AS1: 5′-CAC
AGA AGC CAC CTT CTC CCT GCA CAG TCG TGG
GTC ACC AGT TCC-3′, AS2: 5′-GCT GAG CAT GTA
GCC AAG GGA CCA GGC GAT GCT GCT GTT CCC

CAC-3′, AS3: 5′-AGT CCC CAC TGG GTG GAT GAG
GGA CTC CCA GGA GGT GCT CTG GCA-3′. Each probe
was labeled with [33P] dATP (PerkinElmer, Waltham, MA,
USA) using terminal deoxynucleotidyl transferase
(Invitrogen, Karlsruhe, Germany) according to the manufac-
turer’s instructions. The sections were fixed on the slides with
4 % PFA/PBS for 10 min and washed with PBS for 5 min and
with 50 mM glycine/PBS for 20 min. Blocking of non-
specific binding was achieved by incubation with 0.1 M
triethanolamine and 0.25 % acetic anhydride for 10 min.
Slides were then washed with 2× sodium chloride sodium
citrate (SSC) solution containing 0.1 % sarkosyl for 10 min,
followed by a 5-min wash with 0.1× SSC/0.1 % sarkosyl and
subsequently immersed in 70 and 100 % ethanol for 5 min
each. For hybridization, 65 μl hybridization buffer [50 % de-
ionized formamide, 0.03M Tris HCL (pH 8), 0.2 mg/ml yeast
tRNA, 1× Denhardt’s solution, 0.6 M NaCl, 0.25 % sodium
dodecyl sulfate, 0.25 M ethylenediaminetetraacetic acid (pH
8) and 1× dextran sulfate] containing the designated pooled
probes (concentration: 6×105 cpm per 100 μl) were applied to
each slide. The slides were incubated in a humid chamber at
42 °C overnight. On the following day, high-stringency
washes were performed including 30 min in 2× SSC/0.1 %
sarkosyl followed by 2×40min with 0.1× SSC/0.1 % sarkosyl
at 55 °C. The sections were rinsed in 70 and 100% ethanol, air
dried, and exposed to a Kodak BioMax MR X-ray film
(Sigma, Eching, Germany) for 40 days.

Gene expression was measured as the relative optical
density (OD) of the autoradiographic signal using Adobe
Photoshop software (Adobe Systems, San Jose, CA,
USA). Three to four sections containing the region of
interest were analyzed and averaged to yield a single val-
ue for each mouse. For measurements of the signal from
whole brain, all sections were analyzed and averaged.
Since no area in the brain was completely unlabeled and
the expression of the enzymes varied between time points
in all the brain areas, the measured autoradiographic sig-
nals were corrected for non-specific background signal,
calculated from the background of the entire film. Size,
shape and location of the different brain regions were
confirmed using sections counterstained with 0.1 % he-
matoxylin (Applichem, Darmstadt, Germany) and 0.5 %
eosin G (Roth, Karlsruhe, Germany). The signal from the
striatum was measured in the most caudal region. The
signal from the dentate gyrus (DG) was measured in its
most rostral region. The signal from the medial habenula
(MHb) was measured in all the sections containing this
nucleus. The mouse brain atlas of Franklin and Paxinos
(2008) served as reference. The data are expressed as
means ± SD from at least three animals per time point
and genotype. Sense probes of NTPDase1, -2 and -3
generated no specific signal. The sense probes of eN
generated a signal in the hippocampus which, however,

Cell Tissue Res (2015) 362:163–176 165



was much weaker than the signal generated by the an-
tisense probes.

RT-PCR

For reverse transcriptase-PCR (RT-PCR), C3H mice were
killed at CT18. The brainswere dissected and cut into 1-mm-
thick slicesplacedonan ice-coldplate. Specific brain regions
(see BResults^) were punched out and immediately frozen in
dryice.Inaddition,atissuesamplewasobtainedfromtheliver.
Total RNA was then isolated using the RNeasy mini kit
(Qiagen, Hilden, Germany) according to the manufacturer’s
protocol. Frozen tissue samples were homogenized in RLT
lysate buffer containing beta-mercaptoethanol (Sigma,
Eching, Germany) with a rotor stator and then centrifuged at
full speed. Supernatantswere treatedwith 70%ethanol to fa-
cilitate binding of total RNA to the RNeasy elution column.
Contaminants were washed out using the RW1 and RPE
buffers provided. RNAwas eluted in RNase-free water and
measuredwith theNanoDrop spectrophotometer (PEQLAB,
Erlangen, Germany). Reverse transcription of RNAwas car-
ried out using the iScript cDNA synthesis kit (Bio-Rad,
Munich, Germany) according to the manufacturer’s instruc-
tions. The cDNA quality and concentration were controlled
with theNanoDropspectrophotometer.PCRprimers specific
for NTPDase3 were designed using the Primer-BLAST tool
fromNCBI and tested for specificitywith additional BLAST
searches. The following primer pair was used in a PCR
reaction for the generation of a 453-bp product; forward:
5′-GAG ACA GCA GCT CGT GAA GT-3′, reverse: 5′-
CAA GGT GAA GGC GGT ACT GT-3′. The PCR condi-
tions used were: 95 °C (30 s), 60.2 °C (60 s) and 72 °C
(90 s) × 35 cycles. Products were analyzed on 2 % agarose
gels. Absence of contamination was confirmed by running
a negative control containing water instead of cDNA.

Data analysis of locomotor activity rhythms

All animals experienced a 12 h light (L):12 h dark (D) cycle
for at least 1 week before experiments. Spontaneous locomo-
tor activity was continuously recordedwith an infrared record-
ing system (Mouse-E-Motion, Hamburg, Germany) in 10-min
intervals for at least 10 consecutive days under LD conditions
(Pfeffer et al. 2012). Actograms and activity profiles with
acrophases were generated using Clocklab software
(Actimetrics, Wilmette, IL, USA) as previously described
(Pfeffer et al. 2012).

Statistical analysis

All data were statistically analyzed using the BIAS pro-
gram package (Ackermann 1991). Time-dependent vari-
ances were compared using the Kruskal–Wallis test

followed by Conover–Iman (Bonferroni–Holm correc-
tion) multiple comparison test to assess differences be-
tween the time points examined. For analysis of loco-
motor activity rhythms, an unpaired t test was employed
after confirming that variances were not significantly
different. Differences were considered significant at
p<0.05.

Results

Localization of ectonucleotidase mRNA expression
in the prosencephalon

By means of radioactive in situ hybridization, the mRNA
expression of ecto-5′-nucleotidase and NTPDase1, -2 and -3
was allocated to different regions in the C3H and C57Bl
mouse prosencephalon (Figs. 1, 2, 3; Table 1).

Ecto-5′-nucleotidase, the dominant AMPase in the
mouse brain, was highly expressed in the hippocampus
(Figs. 1a, b, 2b). Strong expression was observed in the
C3H mice in the hippocampal fasciola cinerea (Fig. 1a)
and in the adjacent indusium griseum (Fig. 1b). In
C57Bl mice, the fasciola cinerea was morphologically
thinner and consequently the signal was much weaker.
Notably, the indusium griseum was not stained at all in
the C57Bl mice (Fig. 2b). Also, the striatum and me-
ninges revealed strong signals (Figs. 1a, b, 2a, b). The
mRNA expression was even stronger in the interstitial
nucleus of the posterior limb of the anterior commissure
(IPAC) and in the lateral and capsular areas of the cen-
tral amygdala (CeL and CeC), but weaker in the medial
central amygdala (CeM) (Figs. 1b, 2a). A weak, but
distinct eN mRNA expression was observed in the me-
dial posterior amygdala (MeP) and in the rostral part of
the ventromedial hypothalamus (VMH). Interestingly,
ecto-5′-nucleotidase (eN) expression was present in the
choroid plexus (CP) of C57Bl mice, but was absent
from the CP of C3H mice (Figs. 2a, 1a). Conversely,
eN was expressed in the subfornical organ (SFO) of
C3H mice but was lacking in the SFO of the C57Bl
mice.

NTPDase1 mRNAwas highly expressed in striatum, blood
vessels (including the posterior and anterior cerebral arteries),
hypophysial pars tuberalis (PT), the ependymal cell layer of
the third ventricle (3V) (Figs. 1d, e, 2d, e), and the
anteroventral thalamic nuclei (AV). A weaker expression of
NTPDase1 was apparent in the SFO, paraventricular nucleus
(PVN) and in the supraoptic nucleus (SON). Similar to the eN
expression, moderate NTPDase1 expression was detected in
the CP of C57Bl mice, but not in the CP of C3H mice
(Figs. 2d, 1e). In contrast, NTPDase1 mRNA was expressed
in the ventral posterior parvicellular nucleus of the thalamus
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(VPPC) in C3H mice but not in C57Bl mice. No clear
NTPDase1 signal was obtained in the hippocampus
(Figs. 1d, e, 2d).

NTPDase2 mRNA was detected in the triangular septal
nuclei (TS), SFO, hippocampal dentate gyrus (DG),
subventricular zone (SVZ) of the lateral ventricles, and
ependymal cell layer of the 3V (Fig. 3a, b, d, e, g). A less
intense signal was observed in theMHb (Fig. 3a),MeP, globus
pallidus (GP), and in the cingulate cortex (Cg). A diffuse
signal was obtained in the medial thalamus (both ventro-
and dorsomedial thalamic nucleus). Interestingly, the signal

from the SFO was markedly stronger in C57Bl mice than in
the SFO of C3H mice (Fig. 3e, b). In the NTPDase2 knockout
mouse, all mRNA signals were abrogated (Fig. 3h).

Notably, NTPDase3 was strongly and widely
expressed in the mouse prosencephalon (Figs. 1g, h,
2g, h). Strong expression was observed in striatum,
VMH, arcuate nucleus (Arc), anterodorsal thalamic nu-
cleus (AD), MHb, MeP, piriform cortex (Pir), Cg, ante-
rior paraventricular thalamic nucleus (PVA), zona incerta
(ZI), subthalamic nucleus (STh), substantia nigra (SN),
premammillary nucleus (PMD + PMV), and in the

Fig. 1 Distribution of the mRNA of the enzymes eN, NTPDase1 and
NTPDase3 in coronal sections of the C3H mouse prosencephalon as
revealed by radioactive in situ hybridization a, b, d, e, g, h
Representative autoradiographs showing signals obtained with antisense
probes for eN (a, b), NTPDase1 (d, e) andNTPDase3 (g, h). c, f, iControl
for specificity with sense probes for eN (c), NTPDase1 (f) and NTPDase3
(i). a An intense signal for eN mRNA was apparent in striatum (S),
hippocampus (HI) including the fasciola cinerea (FC) and meninges. b
The lateral and capsular areas of the central amygdala and the interstitial
nucleus of the posterior limb of the anterior commissure (Ce/IPAC) were
more intensely labeled than the striatum, hippocampus and meninges.
The indusium griseum (IG) was also strongly labeled. d, e Clear

NTPDase1 mRNA expression specific to blood vessels (►), striatum
(S) and the hypophysial pars tuberalis (PT). The ependymal cell layer
of the third ventricle displayed a weaker signal (»). g Strong NTPDase3
mRNA expression in striatum (S), hippocampus (HI), medial habenula
(^), cingulate cortex (Cg), piriform cortex (Pir) and zona incerta (*). A
weaker signal was obtained in the lateral habenula (ɨ). h In addition to the
strong expression in striatum, hippocampus, medial habenula, cingulate
and piriform cortex, a strong signal was located in the ventromedial
hypothalamus (●), arcuate nucleus (Arc) and medial posterior amygdala
(◊). The sense probes (c, f, i) generated no signal with the exception of a
faint labeling of eN mRNA in the hippocampus (c). Scale bar 1 mm
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nucleus of Darkschewitsch (Dk). The mRNA signal was
also strong in the hippocampus, including the FC.
Interestingly, the staining in the hippocampal CA1 area
was weaker than in CA2 and CA3; however, these dif-
ferences were not evident in the most rostral region
(Figs. 1g, h, 2g, h). A less intense signal was detected
in the dorsomedial hypothalamus (DM), PVN, VPPC,
ventral posterior thalamic nucleus (VP) and posterior
thalamic nuclear group (Po), lateral habenula (LHb)
(Figs. 1g, 2g), reticular thalamus (Rt) and in the SFO.
As for eN and NTPDase1, NTPDase3 mRNA was

strongly expressed in the CP of C57Bl mice, but not
in the CP of C3H mice. Overall, the signal for
NTPDase3 appeared to be stronger than that for the
other enzymes.

RT-PCR

Since the ISH revealed an unexpectedly wide NTPDase3
distribution in the mouse brain, RT-PCR was performed to
corroborate the ISH data. Also this method revealed wide-
spread expression of NTPDase3 in the brain. NTPDase3

Fig. 2 Distribution of the mRNA of the enzymes eN, NTPDase1 and
NTPDase3 in coronal sections of the C57Bl mouse prosencephalon as
revealed by radioactive in situ hybridization a, b, d, e, g, h
Representative autoradiographs showing signals obtained with antisense
probes for eN (a, b), NTPDase1 (d, e) andNTPDase3 (g, h). c, f, iControl
for specificity with sense probes for eN (c), NTPDase1 (f) and NTPDase3
(i). a Strong eN mRNA expression was located in the striatum (S),
choroid plexus (CP) and meninges while an even more intense signal
was observed in the lateral and capsular areas of the central amygdala
and the interstitial nucleus of the posterior limb of the anterior
commissure (Ce/IPAC). b Intense signal in striatum, hippocampus and

meninges. d, e Strong NTPDase1 mRNA expression in blood vessels
(►), striatum (S) and the hypophysial pars tuberalis (PT). g NTPDase3
mRNA was strongly labeled in striatum (S), hippocampus (HI), medial
habenula (^), cingulate cortex (Cg), piriform cortex (Pir) zona incerta (*)
and in the premammillary nucleus (PM). Aweaker signal was generated
in the lateral habenula (ɨ). h Strong signal in striatum (S), hippocampus
(HI), medial habenula (^), cingulate (Cg) and piriform cortex (Pir),
ventromedial hypothalamus (●), arcuate nucleus (Arc) and medial
posterior amygdala (◊). No labeling was observed in the sense probes
(c, f, i) with the exception of a faint signal for eN mRNA in the
hippocampus (c). Scale bar 1 mm
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mRNA was absent from the hypohysial pars nervosa (PN)
and the liver. The water control probe produced no signal
(Fig. 4). Taken together, these data show that individual
ectonucleotidases reveal differential and region-specific
expression patterns in mouse brain and that the expression
can vary between melatonin-proficient C3H and
melatonin-deficient C57Bl mice.

Time-dependent changes in ectonucleotidase mRNA
expression in the prosencephalon

To analyze time-dependent changes in the expression of
ectonucleotidase mRNA, ISH data obtained from mice
sacrificed at four different time points of the day (CT00,

CT06, CT12 and CT18) were analyzed (Figs. 5, 6). To
avoid masking artifacts, animals were transferred to con-
stant darkness 1 day before tissue sampling and circadian
time (CT) 00 was defined as Blights on^ in the previous
light–dark schedule. In the mouse strain C3H, clear time-
dependent differences in the expression (relative OD mea-
surements) of all four enzymes were observed (Figs. 5a,
b, 6a, b). The mRNA expression was low at the beginning
of the subjective day (CT00), rose during the day and
reached a peak in the middle of the subjective night
(CT18). This expression pattern was equally obtained for
whole brains (entire section surface) and individual brain
regions with elevated expression levels. Interestingly,
levels of NTPDase3 mRNA increased drastically from

Fig. 3 Distribution of NTPDase2 mRNA in coronal sections of C3H and
C57Bl mouse prosencephalon as revealed by radioactive in situ
hybridization a, b, d, e, g, h Representative autoradiographs showing
signals obtained with antisense probes for NTPDase2 in the C3H mouse
(a, b), C57Bl mouse (d, e), NTPDase2 knockout (KO) mouse (h), and in
the corresponding wild-type (WT) (g). c, f, i Control for specificity with
sense probes for NTPDase2 in the C3H (c), C57Bl (f) and KO mouse (i).

a, b, d, e, g Specific hybridization signals were located in the dentate
gyrus (DG), ependymal layer of the third ventricle (») and the
subventricular zone of the lateral ventricles (*). The subfornical organ
(SFO) displayed a particularly strong signal. In the medial habenula (^)
the signal was weak and diffuse. h The signal was completely absent in
the knockout mouse. c, f, i No signal was obtained with the sense probes.
Scale bar 1 mm
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CT12 to CT18 (Fig. 6b). This elevationwasmore pronounced
than the increases between the earlier time points. For eN and

NTPDase2, the increase in mRNA expression was more prom-
inent in whole brain than in individual regions depicting high

Table 1 Relative quantification of signal intensities obtained from radioactive ISH in C3H and C57Bl mice

Region eN NTPDase1 NTPDase2 NTPDase3

Meninges ++

Blood vessels +++

Subventricular zone of lateral ventricles ++

Triangular septal nucleus ++

Subfornical organ +
Only in C3H

+ +++
Stronger in C57Bl

++

Anterior paraventricular thalamic nucleus +++

Stria medullaris ++
Only at night

Anteroventral thalamic nucleus +++

Anterodorsal thalamic nucleus +++

Medial habenula + +++

Lateral habenula ++

Ependymal cell layer of third ventricle +++ ++

Reticular thalamus ++

Hypothalamic paraventricular nucleus + ++

Supraoptic nucleus +

Hippocampal CA1 +++ ++

Hippocampal CA3 +++ +++

Hippocampal dentate gyrus +++ ++ +++

Fasciola cinerea +++
Stronger in C3H

++

Indusium griseum +++
Only in C3H

Striatum +++ +++ +++

Interstitial nucleus of the posterior limb of the anterior commissure ++++

Lateral and capsular central amygdala ++++

Choroid plexus ++
Only in C57Bl

++
Only in C57Bl

+++
Only in C57Bl

Ventromedial hypothalamic nucleus ++
Only in rostral area

+
Diffuse

+++

Dorsomedial hypothalamic nucleus +
Diffuse

++

Arcuate nucleus +++

Hypophysial pars tuberalis +++

Ventral posterior parvicellular thalamic nucleus +
Only in C3H

++

Ventral posterior thalamic nucleus and posterior thalamic nuclear group ++

Posterior medial amygdala + + +++

Piriform cortex +++

Cingulate cortex + +++

Zona incerta +++

Subthalamic nucleus +++

Substantia nigra +++

Premammillary nucleus +++

Nucleus of Darkschewitsch +++

Note that the intensities relate to any given enzyme and are not directly comparable between the different enzymes. Signal intensities are rated very strong
(++++), strong (+++), moderate (++), and weak (+). Unless mentioned otherwise, intensities refer to both mouse strains
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mRNA expression (Figs. 5a, 6a). These data demonstrate that all
ectonucleotidases reveal a prominent circadian pattern of
expression.

Strain-dependent temporal patterns of ectonucleotidase
mRNA expression in the prosencephalon

In order to examine the possible influence of melatonin on
the circadian pattern of ectonucleotidase mRNA

expression, melatonin-proficient C3H mice were compared
with melatonin-deficient C57Bl mice. The pattern of
mRNA expression of eN and NTPDase1 clearly differed
between the two mouse strains (Fig. 5a–d). The temporal
expression pattern of eN in C57Bl mice was exactly op-
posite to that in C3H mice: eN expression was highest at
CT00 (beginning of the subjective day) and declined
throughout the day to a trough at CT18 (mid subjective
night) (Fig. 5a, c). The NTPDase1 mRNA expression in
the C57Bl mice gradually decreased during day, reached a
trough at CT12 (beginning of the subjective night) and
showed a sharp increase at CT18 (Fig. 5d). The temporal
dynamics in NTPDase2 and NTPDase3 expression were
similar in both the C3H and C57Bl mice; however, in
C57Bl, the NTPDase2 expression did not significantly dif-
fer between the time points (Fig. 6a–d).

Strain-dependent differences in diurnal mouse locomotor
activity

We further compared the locomotor activity rhythms of the
two mouse strains in a standard photoperiod. The two mouse

Fig. 5 Time- and strain-dependent differences in the expression patterns
of eN and NTPDase1 mRNA in the mouse prosencephalon a eN
expression in C3H mice, b NTPDase1 expression in C3H mice, c eN
expression in C57Bl mice, d NTPDase1 expression in C57Bl mice. a, b
In the C3H mouse strain, both enzymes revealed a clear time-dependent
increase in expression starting at the beginning of the subjective day
(CT00) and peaking in the middle of the subjective night (CT18) in all
brain regions tested, including whole brain. c, d The time-dependent
expression patterns of eN and NTPDase1 differed between the two

mouse strains. In opposition to the gradual rise in expression throughout the
day in the C3H mice, a gradual decrease during daytime occurred in both
eN and NTPDase1 in C57Bl mice; however, eN expression peaked at the
beginning of the day while NTPDase1 reached the maximum at CT18.
Gene expression was measured as relative OD of the autoradiographic
signal obtained from mice sacrificed at four different time points
throughout the day (CT00, CT06, CT12 and CT18). Values are
expressed as means ± SD (n≥3 per time point and strain). *P<0.05;
**P<0.01; ***P<0.001; Kruskal–Wallis test

Fig. 4 Expression of NTPDase3 mRNA in various regions of the mouse
brain as shown by RT-PCR. PD pars distalis,MHbmedial habenula, Cor
cortex, Thal thalamus, S striatum, IP interpeduncular nucleus, HI
hippocampus, SCN suprachiasmatic nucleus, Med medulla oblongata.
No signal was obtained in pars nervosa (PN), liver and water control
(WC). Products were analyzed on two separate 2 % agarose gels
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strains differed with respect to their daily activity profiles. The
melatonin-deficient C57Bl mice were more active during day
time (the inactive phase) than the melatonin-proficient C3H
mice. This was evident both from the inspection of the
actograms (Fig. 7a, b) and from the plots of the averages of
their day time activity (Fig. 7c).

Discussion

In this study, we have investigated the expression of
ectonucleotidases, major regulators of extracellular purine
levels in the brain, in melatonin-proficient C3H and
melatonin-deficient C57Bl mice by means of radioactive in
situ hybridization (ISH). Our results provide novel data on the
spatial distribution and time-dependent changes in
ectonucleotidase expression in the prosencephalon. Notably,
NTPDase3 appeared to be more widely expressed than previ-
ously appreciated. In C3H mice, mRNA levels of all
ectonucleotidases investigated were high during the active
phase. Furthermore, striking differences in eN and
NTPDase1 expression were observed between melatonin-
proficient and melatonin-deficient mice, implying a role for

melatonin in the control of the expression of these
ectonucleotidases and consequently in the control of adeno-
sine production in the brain.

Ectonucleotidase localization in the mouse
prosencephalon

Consistent with previous enzyme histochemical and immuno-
logical data (Zimmermann et al. 1993; Cunha et al. 2000;
Bjelobaba et al. 2007; Langer et al. 2008), our ISH studies
revealed a strong ecto-5′-nucleotidase (eN) mRNA expression
in the hippocampus including the fasciola cinerea (FC).
Notably, the FC was much thicker in C3H than in C57Bl mice
and thus the FC signal was much stronger in C3H.
Furthermore, we detected strong expression in the indusium
griseum (IG) of C3H but not of C57Bl. eN mRNA was also
strongly expressed in the striatum. Since immunostaining and
catalytic activity of eN was demonstrated in the globus
pallidus (GP) (Langer et al. 2008; Augusto et al. 2013; Ena
et al. 2013; Kulesskaya et al. 2013), it is reasonable to assume
that the eN-expressing neurons in the striatum project to the
GP. A remarkably strong expression (stronger than in the stri-
atum or hippocampus) was observed in the IPAC as well as in

Fig. 6 Time- and strain-dependent differences in the expression patterns
of NTPDase2 and NTPDase3 mRNA in the mouse prosencephalon a
NTPDase2 expression in C3H mice, b NTPDase3 expression in C3H
mice, c NTPDase2 expression in C57Bl mice, d NTPDase3 expression
in C57Bl mice. a, b In the C3H mouse strain, both enzymes exhibited in
all brain regions tested a clear time-dependent expression pattern with an
increase during the day to reach a peak in the middle of the subjective
night (CT18). c In C57Bl mice, a similar pattern was observed for

NTPDase2 mRNA levels; however, the time-dependent changes were
not significantly different. d In C57Bl mice, time-dependent patterns of
NTPDase3 mRNA expression were similar to those in C3H in all brain
regions tested. Gene expression was measured as relative OD of the
autoradiographic signal obtained from mice sacrificed at four different
time points throughout the day (CT00, CT06, CT12 and CT18). Values
are expressed as means ± SD (n≥3 per time point and strain). *P<0.05;
**P<0.01; ***P<0.001; Kruskal–Wallis test
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the CeL and CeC, suggesting a role for adenosine as a
neuromodulator in these areas. The clear signal we detected
in the meninges was consistent with a previous report
(Kulesskaya et al. 2013). In the choroid plexus (CP) previous-
ly described as eN-positive (Mills et al. 2008; Petrovic-
Djergovic et al. 2012; Kulesskaya et al. 2013), we obtained
an ISH signal only from C57Bl but not from C3H mice.
Contrarily, eN mRNA was present in the subfornical organ
(SFO) of C3H but not of C57Bl mice. Thus, eN expression
reveals strain-related differences in specific brain regions
which could be attributed to the presence or absence of mel-
atonin, implying an involvement of melatonin in the control of
ectonucleotidase expression and thereby in the purinergic sig-
naling pathway. This hypothesis needs to be corroborated in
mice with targeted deletion of the melatonin receptors.

In murine brain, NTPDase1 is considered as the major
ectonucleotidase associated withmicroglia and the endothelial
and smooth muscle cells of the vasculature (Braun et al. 2000;

Langer et al. 2008). Accordingly, a strong ISH signal was
observed in the blood vessels. This strong NTPDase1 expres-
sion further supports its thromboregulatory role via the regu-
lation of ADP levels, a major platelet aggregation and
thrombosis-inducing agent (Deaglio and Robson 2011). A
clear mRNA signal was detected in the striatum consistent
with the demonstration of NTPDase1 catalytic activity
(Langer et al. 2008). New evidence for NTPDase1 expression
was found in the thalamic AV, the ependymal cell layer of the
3V, the SFO, PVN, and SON and in the VPPC region.
Interestingly, the latter was only labeled in C3H but not in
C57Bl mice. In contrast, NTPDase1 was only expressed in
the CP of C57Bl but not of C3H mice.

NTPDase2, a marker for progenitor cells in the adult mouse
brain (Gampe et al. 2014), was observed in the subventricular
zone of the lateral ventricles, the dentate gyrus and the medial
habenula (Braun et al. 2003; Shukla et al. 2005; Gampe et al.
2012). Our ISH data were consistent with these results.
However, we also demonstrated weak NTPDase2 expression
in TS, MeP, GP, and Cg, while an extremely strong signal was
observed from the SFO, a sensory circumventricular organ
involved in the cardiovascular and metabolic regulation
(Mimee et al. 2013). Interestingly, this signal was stronger in
the C57Bl mice than in the C3H mice. Importantly, the
NTPDase2 signal was completely abrogated in the knockout
mouse. These data provide further evidence for the specificity
of our ISH data already demonstrated by means of the sense
probes.

To date, information on NTPDase3 expression in the brain
is limited (Vorhoff et al. 2005; Belcher et al. 2006; Vongtau
et al. 2011). NTPDase3-immunoreactive nerve fibers were
observed throughout the brain, but specifically immuno-
stained perikarya were scattered in two brain regions only,
adjacent to the lateral hypothalamic area and in the
perifornical nucleus (Belcher et al. 2006). In contrast, our
ISH studies revealed a wide distribution of NTPDase3
mRNA in the mouse prosencephalon with strong signals in
multiple brain regions, such as striatum, hippocampus,
VMH, Arc, thalamic AD, MeP, Pir, Cg, PVA, ZI, STh,
PMD and PMV, SN and in the Dk. Moderate NTPDase3
expression was observed in the PVN, hypothalamic DM,
VPPC, VP and Po, Rt and SFO. Finally, as shown for eN
and NTPDase1, NTPDase3 mRNA was expressed only in
the CP of C57Bl mice, but not in the CP of C3H mice. To
control for the unexpected ISH data, we additionally per-
formed RT-PCR. This method revealed an equally wide-
spread expression of NTPDase3 in all those regions of the
prosencephalon which displayed positive ISH signals. The
strong NTPDase3 expression in so many brain regions
conforms to the wide distribution of NTPDase3-
immunoreactive nerve fibers throughout the brain
(Belcher et al. 2006) and emphasizes its significance in
nucleotide signaling in the brain.

Fig. 7 Comparison of the locomotor activity rhythms of C3H and C57Bl
mice in a standard photoperiod a Double-plotted actogram of the
spontaneous locomotor activity in LD of a representative C3H mouse.
b Double plotted actogram of the spontaneous locomotor activity in LD
of a representative C57Bl mouse. c The relative activity during the light
phase of C3H and C57Bl mice. Values are expressed as means ± SEM
(n=6 per strain). ***P<0.001; unpaired t test
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Time-dependent changes and strain-dependent
differences in ectonucleotidase expression patterns

The expression of all four ectonucleotidases examined gradu-
ally increased during the subjective day and peaked during the
dark (active) phase in C3H mice. These results are consistent
with previous data describing elevated ectonucleotidase activ-
ity in rat blood serum (Detanico et al. 2010) and increased eN
activity in rat cerebral cortex (Mackiewicz et al. 2003) during
the dark phase. High ectonucleotidase expression at night may
be essential for purine regulation during activity and in partic-
ular for the production and accumulation of adenosine.
However, this hypothesis needs to be corroborated by analy-
ses of protein levels and enzyme activity (see below).

The comparison between melatonin-proficient C3H and
melatonin-deficient C57Bl mice revealed striking differences
in the expression of eN. While in C3H mice, mRNA levels
increased gradually during the day and peaked at night, in
C57Bl mice, eN mRNA levels peaked in the morning and
gradually decreased thereafter. Via the hydrolysis of AMP
the enzyme eN plays a central role in the production of the
neuromodulator adenosine, which supposedly has a key role
in the regulation of sleep homeostasis. Extracellular adenosine
levels increase throughout the brain during wakefulness and
thereby increase sleepiness. During sleep, however, adenosine
levels decrease (Virus et al. 1983; Radulovacki et al. 1984;
Radulovacki 1985; Ticho and Radulovacki 1991; Porkka-
Heiskanen et al. 2000). It has already been shown that the
enzyme eN is very responsive to different treatments, such
as thyroid hormones (Wink et al. 2003), docosahexaenoic acid
(Thom et al. 2013), TGFβ (Chatterjee et al. 2014) and the
monastrol-derived compound LaSOM 63 (Figueiró et al.
2014). The differences observed here between the
melatonin-proficient and the melatonin-deficient mice may
suggest that melatonin also influences eN expression and
thereby adenosine production. Along with the strain-
dependent differences in eN expression, we demonstrated dif-
ferences in locomotor activity during daytime (i.e., the inac-
tive phase): melatonin-deficient C57Bl mice showed signifi-
cantly increased activity during the inactive phase as com-
pared to melatonin-proficient C3H mice. It is tempting to
speculate that, due to the temporal shift in eN mRNA expres-
sion and consequently in adenosine production, the sleep ho-
meostasis of C57Bl mice is somewhat disturbed.

Interestingly, a drastic decrease from peak (CT18) to
trough (CT00) in the mRNA levels of all four
ectonucleotidases occurred in C3H mice. This decrease
might result from a negative feedback loop in the tran-
scription mechanism of these enzymes. Furthermore, the
sharp increase in NTPDase3 expression upon onset of
darkness (activity) might point to a significant role of
this enzyme in the control of the arousal and feeding
behavior, as suggested by Belcher et al. (2006).

The ectonucleotidase expression solely in the CP of C57Bl
but not of C3H mice implies a specific role for purinergic
signaling pathways that had developed in the melatonin-
deficient C57Bl mice in this brain region.

In summary, this study provides a detailed description of
the spatial distribution and temporal dynamics of the expres-
sion of four major ectonucleotidases in the mouse prosenceph-
alon. Notably, expression of NTPDase3 was found to be more
widely expressed than previously assumed, underlining its
significance in nucleotide signaling in the brain. The
comparison of C3H and C57Bl mouse strains uncovered
conspicuous strain-dependent differences in eN and
NTPDase1 expression and suggested an interplay be-
tween melatonin and purinergic signaling. The present
study provides an important basis for further examina-
tion of the complexity of the purinergic system in the
brain. It now needs to be tested whether and how the
changes described here in mRNA expression levels are
translated into changes in protein levels and enzyme
activity. Further analyses should focus on strain- and
time-dependent variations in the expression of other el-
ements of the purinergic system, such as P2 receptors,
adenosine receptors, adenosine deaminase and adenosine
kinase.
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