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Abstract Ecto-5′-nucleotidase (eN) is the major extracellular
adenosine-producing ecto-enzyme in mouse brain. Via the
production of adenosine, eN participates in many physiologi-
cal and pathological processes, such as wakefulness, inflam-
mation, nociception and neuroprotection. The mechanisms
regulating the expression of eN are therefore of considerable
neurobiological and clinical interest. Having previously de-
scribed a modulatory effect of melatonin in the regulation of
eN mRNA levels, we decided to analyze the melatonin recep-
tor subtype involved in the regulation of eN mRNA levels by
comparing eN mRNA patterns in melatonin-proficient trans-
genic mice lacking either the melatonin receptor subtype 1
(MT1 KO) or both melatonin receptor subtypes (MT1 and
MT2; MT1/2 KO) with the corresponding melatonin-
proficient wild-type (WT) controls. By means of radioactive
in situ hybridization, eN mRNA levels were found to be di-
minished in both MT1 and MT1/2 KO mice compared with
WT controls suggesting stimulatory impacts of melatonin re-
ceptors on eN mRNA levels. Whereas eN mRNA levels

increased during the day and peaked at night in WT and
MT1 KO mice, eN mRNA levels at night were reduced and
the peak was shifted toward day-time in double MT1/2 KO
mice. These data suggest that the MT2 receptor subtype may
play a role in the temporal regulation of eN mRNA availabil-
ity. Notably, day-time locomotor activity was significantly
higher in MT1/2 KO compared with WT mice. Our results
suggest melatoninergic signaling as an interface between the
purinergic system and the circadian system.
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Introduction

In the mammalian brain, the enzyme ecto-5′-nucleotidase (eN)
is the predominant enzyme producing extracellular adenosine
via hydrolysis of adenosine 5′-monophosphate (AMP) at
physiological extracellular pH and purine concentrations
(Langer et al. 2008; Kulesskaya et al. 2013). This glycosyl
phosphatidylinositol (GPI)-anchored membrane protein
(Zimmermann 1992) is located on the surface of a variety of
cell types and is involved (via adenosine production) in the
regulation of many processes under physiological and patho-
logical conditions, such as hypoxia, ischemia and tumor pro-
gression (Allard et al. 2012; Colgan et al. 2006; Haskó and
Cronstein 2004). Typically, adenosine activates G-protein-
coupled P1 adenosine receptors A2A and A2B or A1 and
A3, which can stimulate or inhibit adenylyl cyclase and, there-
by, increase or decrease intracellular cyclic AMP (cAMP)
levels, respectively (Alam et al. 2015). However, adenosine
receptors might also activate other signaling pathways via
inwardly rectifying K+ channels, phospholipase C (PLC),
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Ca2+ channels and mitogen-activated protein kinases
(Jacobson and Gao 2006; Boison 2008).

Although many factors have been shown to induce or sup-
press eN expression (Narravula et al. 2000; Regateiro et al.
2013; Spychala and Kitajewski 2004; Wang et al. 2012), our
knowledge of the mechanisms regulating eN expression in the
brain is still incomplete. We recently demonstrated time-
dependent changes in eN mRNA levels and strain-dependent
differences in temporal patterns of eN mRNA availability be-
tween melatonin-proficient and melatonin-deficient mice. We
have therefore suggested that melatonin is involved in the
regulation of eN mRNA levels (Homola et al. 2015). In mam-
mals, a rhythmic and exclusively nocturnal secretion of mel-
atonin from the pineal gland transduces photic information to
the entire organism and represents an important hormonal
output signal from the circadian master clock located in the
suprachiasmatic nucleus (SCN; Bartness et al. 1993; Korf and
von Gall 2013).

Melatonin in mammals exerts its effects via two high-
affinity G-protein-coupled receptors denoted as melatonin
receptor subtype 1 (MT1) and melatonin receptor subtype
2 (MT2; von Gall et al. 2002b). These receptors are high-
ly expressed in the hypophysial pars tuberalis and the
SCN but are also present in other brain regions, including
regions showing high eN expression, such as the hippo-
campus and the basal ganglia (Adamah-Biassi et al. 2013;
Lacoste et al. 2015). Via MT1 and MT2, melatonin can
act upon multiple signal transduction cascades (Chen
et al. 2014; von Gall et al. 2002b; Tosini et al. 2014).
One of the best investigated effects of MT receptor acti-
vation is the inhibition of the cAMP-dependent pathway
via protein Gi. However, melatonin might also play a dual
role: as shown for the hypophysial pars tuberalis, melato-
nin not only inhibits but also sensitizes the cAMP-
dependent pathway via heterologous sensitization involv-
ing the A2B adenosine receptor (von Gall et al. 2002a).

Although several studies have provided evidence
that purinergic signals affect the circadian system
(Bhattacharya et al. 2013; Perez-Aso et al. 2013;
Sigworth and Rea 2003), a reciprocal interaction bet-
ween the circadian system and the purinergic system
has thus far received little attention. To test the hypo-
thesis that the circadian and purinergic systems recipro-
cally interact, we analyze whether the melatoninergic
system affects the regulation of eN mRNA levels in
the mouse prosencephalon. To this end, we applied ra-
dioactive in situ hybridization (ISH) by using a triplet
of specific oligoprobes and compared the location and
the time-dependent eN mRNA patterns observed in
melatonin-proficient transgenic mice lacking the MT1
(MT1 KO) or both melatonin receptor subtypes
(MT1/2 KO) with the corresponding melatonin-
proficient wild-type (WT) controls.

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. Mice with a targeted deletion of the MT1
gene (MT1 KO; Liu et al. 1997), mice deficient in both mel-
atonin receptor subtypes (MT1/2 KO; obtained by crossing
MT1 KO with MT2 KO mice) and the corresponding WT
mice were bred onto a melatonin-proficient C3H/HeN genetic
background for at least 10 generations (Pfeffer et al. 2012).
Their genotypes were confirmed by polymerase chain reaction
(PCR). Because of fertility issues, MT2 KO mice were not
used in these experiments. Experiments were performed with
adult male mice (11-14 weeks old). Animals were adapted to a
12 L/12D photoperiod (light phase: 230 μW/cm2; dark phase:
dim red light <5 μW/cm2) with access to food and water ad
libitum for at least two weeks prior to experiments. To avoid
masking artifacts, animals were transferred to constant dark-
ness (DD) for one complete day/night cycle one day before
tissue sampling. Circadian time (CT) 00was defined as Blights
on^ in the previous light–dark cycle. Mice were deeply anes-
thetized with isoflurane and then decapitated under dim red
light (<5 μW/cm2) at four different time points (CT00, CT06,
CT12, CT18; four animals per genotype and time point, with
the exception of MT1 KO at CT18, for which data were ob-
tained from three animals). The eyes were first removed under
dim red light and then the brains were harvested and immedi-
ately frozen in isopentane on dry ice. Serial frozen sections
(20 μm thick) were cut in the coronal plane by using a cryostat
(Leica, Wetzlar, Germany).

Genotyping by PCR analysis

Genotypes were confirmed by PCR analysis of genomic DNA
isolated from tail biopsies. Mixtures of three primers were
used for each reaction allowing the detection of both WT
and the targeted alleles in a single reaction. For DNA ampli-
fication, the following primers were used:MT1: WT forward:
5′- GAG TCC AAG TTG CTG GGC AGT GGA -3′, KO
forward: 5′- CCA GCT CAT TCC TCC ACT CAT GAT
CTA -3′, common reverse for WT and KO: 5′- GAA GTT
TTC TCA GTG TCC CGC AAT GG -3′; MT2: common
forward for WT and KO: 5′- CCA GGC CCC CTG TGA
CTG CCC GGG -3′, WT reverse: 5′- CCT GCC ACT GAG
GAC AGA ACA GGG -3′, KO reverse: 5′- TGC CCC AAA
GGC CTA CCC GCT TCC-3′. Separated reactions were per-
formed for each receptor subtype. Amplification of the MT1
targeted allele was performed by using a program of 94 °C
(45 s), 60 °C (45 s) and 72 °C (120 s)×38 cycles. The pro-
gram used for the amplification of theMT2 targeted allele was
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94 °C (30 s), 60 °C (30 s) and 72 °C (60 s)×40 cycles. The
amplified DNA products were separated on 2 % agarose gels.

Radioactive ISH

The mRNA encoding eN was detected in the mouse prosen-
cephalon bymeans of radioactive ISH as previously described
(Homola et al. 2015). Briefly, three antisense 45-mer oligonu-
cleotide probes or their corresponding sense probes were la-
beled with [33P] dATP (PerkinElmer, Waltham, Mass., USA)
by using terminal deoxynucleotidyl transferase (Invitrogen,
Karlsruhe, Germany) according to the manufacturer’s instruc-
tions and pooled. The following antisense probes were used:
antisense (AS) 1: 5′-GAG TGG AGC CAT CCA GGTAGA
CGATCG TTC TCC CGAGTT CCTGGG-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′. For hybridization, 65 μl hybridization buffer (50 %
deionized formamide, 0.03 M 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 pooled
probes (activity: 6×105 cpm per 100 μl) were applied to sec-
tions fixed onto slides with 4 % paraformaldehyde (PFA) dis-
solved in phosphate-buffered saline (PBS). The slides were
incubated in a humid chamber at 42 °C overnight. On the
following day, high-stringency washes in 2× SSC (standard
sodium citrate)/0.1 % sarkosyl at room temperature and in
0.1× SSC/0.1 % sarkosyl at 55 °C were performed. The sec-
tions 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.

By use of Adobe Photoshop software (Adobe Systems, San
Jose, Calif., USA), the relative optical densities (OD) of the
autoradiographic signals were measured to determine mRNA
levels. The signals from the region of interest in two to three
sections were analyzed and averaged to yield a single value
for each mouse. The autoradiographic signals were corrected
for non-specific background signal calculated from the back-
ground of the entire film. The signals from the striatum were
measured in the most caudal region, whereas the signals from
the dentate gyrus were measured in its most rostral region. The
data are expressed as means±SD. To obtain an average value
over 24 h (24-h value) for each mouse strain, the values from
all four time points investigated were pooled. The control
sense probes did not generate a signal in basal ganglia or
meninges. A weak signal was detected in the hippocampus
but this signal was much less intense than that generated by
the antisense probes. The size, shape and location of the var-
ious brain regions were confirmed by using sections counter-
stained with 0.125 % cresyl fast violet (Chroma/Waldeck,

Muenster, Germany). The mouse brain atlas of Franklin and
Paxinos (2008) served as a reference.

Locomotor activity rhythms

Animals were entrained to a 12L/12D photoperiod for at least
1 week before experiments. An infrared recording system
(Mouse-E-Motion, Hamburg, Germany) was used continu-
ously to record spontaneous locomotor activity at 10-min in-
tervals for at least ten consecutive days under LD conditions
(Pfeffer et al. 2012). Actograms and activity profiles with
acrophases were generated by using Clocklab software
(Actimetrics, Wilmette, Ill., USA) as previously described
(Pfeffer et al. 2012).

Statistical analysis

Statistical analyses were performed by using the BIAS. pro-
gram package (Ackermann 1991). Time-dependent variances
were tested by using the non-parametric Kruskal-Wallis test
followed by the Conover-Iman (Bonferroni-Holm correction)
multiple comparison test (comparing the time points exam-
ined). When n=3 with a strong effect size (MT1 KO, CT18),
the following test was used: Headrick's quasi-exacter p-Wert
for a low number of cases. For analysis of locomotor activity
rhythms, an unpaired t-test was employed to compare the WT
with either of the transgenic mouse genotypes after confirma-
tion was obtained that variances were not significantly differ-
ent. Differences were considered significant at P<0.05.

Results

To examine whether the melatoninergic system might influ-
ence eN mRNA levels, we investigated and tested transgenic
mice deficient in the MT1 melatonin receptor subtype (MT1
KO) or both MT1 and MT2 melatonin receptor subtypes
(MT1/2 KO) and the corresponding WT controls by using
ISH with specific eN oligoprobes. In all three strains investi-
gated, eN mRNAwas found in the striatum, meninges, hippo-
campus including the dentate gyrus, fasciola cinerea and in-
dusium griseum, the lateral and capsular areas of the central
amygdala and the interstitial nucleus of the posterior limb of
the anterior commissure (Fig. 1).

The eN mRNA levels in the striatum and the dentate gyrus
were then analyzed at four different time points during the day
(CT00, CT06, CT12 and CT18). mRNA levels pooled from
all four time points in order to obtain an average value over
24 h (24 h-value) were significantly weaker in MT1 KO and
MT1/2 KO than in WTmice. Notably, no difference was seen
betweenMT1 KO andMT1/2 KOmice (Fig. 2a, b). However,
differences between MT1 KO and MT1/2 KO mice became
apparent when mRNA levels were analyzed separately for
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each of the four different time points to demonstrate the time-
dependent mRNA patterns (Figs. 2c, d, 3).

WT mice (bearing a C3H background) displayed clear
time-dependent changes in eN mRNA levels (Fig. 3), similar
to those previously shown for the C3H mouse strain (Homola
et al. 2015). mRNA levels were lowest at the beginning of the
subjective day (CT00), increased during the day and were
highest in the middle of the subjective night (CT18). This
temporal pattern was changed in the melatonin receptor-
deficient mice (Fig. 3). The MT1 KO mice revealed peak
levels at CT18 similar to WT mice but no significant rise in
mRNA levels was observed from CT00 to CT12. In the MT1/

2 KO mice, mRNA levels rose during the subjective day;
however, instead of a peak at CT18 (middle of the subjective
night), a drop was observed and the peak in mRNA levels was
shifted toward day-time. These time-dependent alterations in
mRNA levels were detected in both the hippocampal dentate
gyrus (Fig. 3a) and the striatum (Fig. 3b).

In an attempt to relate the time-dependent differences in
mRNA levels to physiological output, we compared the spon-
taneous locomotor activity rhythms of the transgenic mice
(MT1 KO and MT1/2 KO) with their WT controls. Notably,
MT1/2 KO mice were significantly more active during day-
time (the inactive phase) than WT mice (Fig. 4). This was

Fig. 1 Distribution of ecto-5′-
nucleotidase (eN) mRNA in
coronal sections of the
prosencephalon of melatonin
receptor-deficient mice and the
corresponding wild-type (WT)
controls a-l Representative
autoradiographs depicting signals
from radioactive in situ
hybridization (ISH) with
antisense probes for eN in the
prosencephalon of animals killed
at CT12 (a-f), namely WT (a, d),
MT1 KO (b, e) and MT1/2 KO
(c, f) and at CT18 (g-l), namely
WT (g, j), MT1 KO (h, k) and
MT1/2 KO (i, l). In all mouse
strains, eNmRNAs were found in
the striatum (S), hippocampus
(HI) including the fasciola cinerea
(FC) and indusium griseum (IG),
the lateral and capsular areas of
the central amygdala, the
interstitial nucleus of the posterior
limb of the anterior commissure
(Ce/IPAC) and the meninges. At
CT12, eN mRNA levels were
lowest in MT1 KO mice and
intermediate in MT1/2 KO
compared with WT. At CT18,
mRNA levels were lowest in
MT1/2 KO and intermediate in
MT1 KO. m–o No signal was
generated with sense probes with
the exception of a weak signal in
the hippocampus. Bar 1 mm
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Fig. 2 Levels of eN mRNA in the striatum and hippocampal dentate
gyrus of melatonin receptor-deficient mice and the corresponding WT
controls. a, b Mean values of eN mRNA levels pooled from all four
time points investigated to obtain an average value over 24 h (24-h
value) in the dentate gyrus (DG; a) and in the striatum (b). The 24-h
values were significantly lower in MT1 KO and MT1/2 KO than in
WT mice but no differences were found between MT1 KO and MT1/2

KO mice. c, d Levels of eN mRNA in the DG (c) and the striatum (d) of
the different genotypes at the four different time points investigated. The
differences in mRNA levels between the genotypes at the different time
points did not reveal a consistent pattern. Values are expressed as means
± SD (n ≥ 3 per time point and genotype). ***P< 0.001, ****P< 0.0001;
Kruskal-Wallis test

Fig. 3 Time-dependent patterns of eN mRNA in the prosencephalon of
melatonin receptor-deficient mice and the corresponding WT controls. a
Temporal patterns of eN mRNA in the hippocampal DG. b Temporal
patterns of eN mRNA in the striatum. a, b In both the DG and the
striatum, a graded time-dependent pattern was observed in WT. The
mRNA levels were lowest at the beginning of the subjective day
(CT00), increased throughout the day and peaked in the middle of the
subjective night (CT18). In MT1 KO mice, mRNA levels peaked at

CT18; however, no clear increase during the day was observed. In
MT1/2 KO mice, mRNA levels decreased between CT12 and CT18
and the peak in mRNA levels shifted to the day-time. The relative optic
density (rel. OD) of the autoradiographic signal was used to determine
mRNA levels at the four different time points of the day. Values are
expressed as means ± SD (n ≥ 3 per time point and genotype).
*P< 0.05, **P< 0.01, ***P< 0.001; Kruskal-Wallis test
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evident from both the actograms (Fig. 4a, a’, a’’) and from the
plots of the averages of day-time activity (Fig. 4b).

Discussion

In a recent study, we demonstrated that the temporal patterns
of ectonucleotidase mRNA availability in the prosencephalon
are distinctly different between melatonin-proficient and
melatonin-deficient mice, suggesting that melatonin

influences eN and NTPDase-family ectonucleotidase mRNA
availability (Homola et al. 2015). To gain insight into the
melatonin receptor subtype mediating this effect, we have
now compared eN mRNA levels in melatonin-proficient WT
mice and in melatonin-proficient mice deficient in the mela-
tonin receptor subtype MT1 (MT1 KO) or in both melatonin
receptor subtypes (MT1/2 KO) at four different time points.

In general, eNmRNA distribution in the brain did not differ
betweenWT,MT1 KO andMT1/2 KOmice. The eN-positive
brain regions included the meninges, striatum, hippocampus
with dentate gyrus, fasciola cinerea and indusium griseum,
lateral and capsular areas of the central amygdala and intersti-
tial nucleus of the posterior limb of the anterior commissure.
However, eN mRNA levels revealed marked strain- and time-
dependent differences as determined in the striatum and den-
tate gyrus. The averaged 24-h values were significantly re-
duced in both the MT1 KO and MT1/2 KO mice indicating
that the melatoninergic system increased eN mRNA levels.
Apparently, the MT1 receptor subtype primarily mediated this
response, since the 24-h values of the eN mRNA levels were
reduced in MT1 and MT1/2 KO mice to a similar extent.
However, interaction between the two receptor subtypes
should also be considered, as such interaction might lead to
a similar effect (a reduction within both types of transgenic
mice). Therefore, further investigations of this mechanism are
necessary in order to determine the relevant receptor subtype/
subtypes involved.

On the other hand, the MT2 receptor subtype seems to play
a role in setting the maximum of the eN mRNA levels to the
night-time. In the absence of this receptor subtype, the elevated
night-time eNmRNA levels observed in WTandMT1 KO are
abrogated and the peak in eN mRNA levels is shifted toward
day-time inMT1/2 KOmice. The latter observation is in agree-
ment with the suggested role of melatonin and MT2 in sleep
regulation (Comai and Gobbi 2014; Fisher and Sugden 2009;
Ochoa-Sanchez et al. 2011). Adenosine is known to accumu-
late during wakefulness and to increase sleep pressure. In the
absence of MT2 and the elevated night-time eN mRNA levels,
this accumulation would be impaired and sleep pressure would
be reduced. This hypothesis is also supported by our behavior-
al experiments: the day-time locomotor activity (during the
resting phase) is increased in the MT1/2 KOmice as compared
with WT mice but not in the MT1 KO mice.

Our study focused on the effects of the melatoninergic
system on eN mRNA levels and future experiments are need-
ed to demonstrate whether the melatoninergic system elicits
similar changes in protein levels and adenosine concentration.
Nevertheless, previous studies have shown a direct relation-
ship between increased eN mRNA levels and adenosine pro-
duction (Narravula et al. 2000). Furthermore, increased night-
time adenosine levels as compared with day-time levels have
been demonstrated in the rat basal forebrain (Murillo-
Rodriguez et al. 2004). Therefore, it may be assume that the

Fig. 4 Locomotor activity rhythms of melatonin receptor-deficient mice
and their corresponding WT controls in a standard photoperiod. a
Double-plotted actograms of spontaneous locomotor activity under 12 h
light:12 h dark conditions of representative WT (a), MT1 KO (a’) and
MT1/2 KO (a’’) mice. Gray areas indicate periods of darkness. b Bar
plots depicting the relative day-time activity of mice of the various
genotypes during the inactive phase. MT1/2 KO mice were
significantly more active during the day-time than were WT mice.
Values are expressed as means ± SEM (n = 6 per genotype). *P< 0.05;
unpaired t-test
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elevated night-time eN mRNA levels shown here lead to
higher extracellular adenosine levels.

The molecular mechanisms by which melatonin promotes
and gates the elevation of eN mRNA levels remain to be
elucidated. Melatonin can act upon many signal transduction
pathways depending on the receptor subtype, on the G-protein
subunits involved and on the tissue and cell type. MT1 can
couple to both pertussis-toxin-sensitive Gi and -insensitive
Gq/11 proteins and thereby inhibit adenylyl cyclase or stimu-
late PLC (isoforms β or η) respectively. MT1 activation can
also stimulate mitogen-activated protein kinase/extracellular
signal-regulated kinase (MEK1/2-ERK1/2) pathways in non-
neuronal cells and modulate ion fluxes via the activation or
inhibition of specific ion channels, such as the inward rectifier
potassium channels Kir3 or the potassium channel BKCa, in a
tissue-dependent manner. MT2 can inhibit cAMP and cGMP
formation, activate protein kinase C and interact with PLC to
regulate the diacylglycerol signaling pathway. Both MT1 and
MT2 can stimulate c-Jun N-terminal kinase (JNK) activity
(for reviews, see Dubocovich et al. 2010; Hardeland et al.
2011; Zawilska et al. 2009). Interestingly, a novel concept of
the MT1-dependent activation of the cAMP pathway via cou-
pling to Gs proteins has emerged (Chen et al. 2014; Shiu et al.
2010). Furthermore, the propensity of MT1 and MT2 to form
homo- and heteromers (Tosini et al. 2014) and their ability to
bind melatonin in an uncoupled state (Legros et al. 2014)
should be kept in mind when considering possible
melatonin-dependent mechanisms. In addition to the various
and convergent signaling pathways attributed toMT1 orMT2,
melatonin-receptor-independent responses have been reported
(Jan et al. 2011; Reiter et al. 2014) and may also play a role in
melatonin-dependent mechanisms.

Based on these observations, melatonin possibly affects eN
mRNA levels via various mechanisms. Three possible scenar-
ios will be discussed in the following. (1) The melatonin-
dependent stimulation of eN mRNA levels might be accom-
plished via a signal transduction cascade involving MT1, Gs

proteins, increases in cAMP levels and activation of a cAMP
response element (CRE), which has previously been demon-
strated in the eN promotor (Hansen et al. 1995). Such a mech-
anism would imply that MT1 receptors are located on eN-
expressing cells. (2) Both the induction and the gating of ele-
vation of eN mRNA levels to the night-time might be medi-
ated by melatonin via a sensitizing effect, whereby melatonin
would potentiate the inducing effect of an additional factor on
eN transcription. Such a role for melatonin has been shown in
the hypophysial pars tuberalis where melatonin sensitizes the
day-time inducing effect of adenosine on mPer1 expression
(von Gall et al. 2002a). Notably, Narravula et al. (2000) ob-
tained evidence that adenosine can induce eN transcription
and, consequently, an increase in surface protein. These au-
thors demonstrated the induction of eN mRNA, eN surface
expression and eN function by adenosine and adenosine

analogues in the vascular endothelium, mediated predomi-
nantly via the A2B receptor and suggested a feedback mech-
anism of direct regulation of eN expression via adenosine. A
mechanism whereby melatonin sensitizes the inducing effect
of adenosine on eN expression would require the presence of
both melatonin and adenosine receptors on eN-expressing
cells. (3) Melatonin may elicit an inhibitory action upon in-
hibitory neurons that are synaptically connected to eN-
expressing neurons, thus causing the disinhibition of eN-
expressing cells. Such a mechanism would imply that the
MT receptor subtypes are located on neurons that are different
from the eN-expressing nerve cells. Limited information
concerning eN cellular distribution is available; however,
Augusto et al. (2013) reported the colocalization of eN and
the adenosine receptor A2A in the basal ganglia. At the
cellular and subsynaptic level, they colocalized eN and A2A
in astrocytes and postsynaptic sites in the striatum. Ena et al.
(2013) found eN in striatopallidal but not in striatonigral neu-
rons. Expression of melatonin receptors in the basal ganglia
has been reported, although some controversy regarding the
exact localization of the different receptor subtypes exists
(Adamah-Biassi et al. 2013; Lacoste et al. 2015; Ochoa-
Sanchez et al. 2011; Uz et al. 2003). Notably, the occurrence
of various complementary or even opposing mechanisms in
the same region is also possible as previously reported
(Doolen et al. 1998; Farez et al. 2015; Wan et al. 1999).
Clearly, additional examination of the molecular basis of the
melatonin-mediated modulation of eN expression is required
in order to fully understand the mechanisms by which mela-
tonin stimulates and gates the elevation of eN mRNA levels.

The impact of the MT2 receptor on the elevation of eN
mRNA levels at night-time and the locomotor activity during
day-time demonstrated in this study might be of relevance to
the suggested role of this receptor in the regulation of sleep
(Comai and Gobbi 2014; Fisher and Sugden 2009; Ochoa-
Sanchez et al. 2011). As is well established, adenosine levels,
accumulated throughout activity in the basal forebrain
(Murillo-Rodriguez et al. 2004), induce the sensation of tired-
ness and promote sleep (Brown et al. 2012). Since eN func-
tions as the major ectonucleotidase hydrolyzing AMP to ex-
tracellular adenosine at physiological pH (Kulesskaya et al.
2013; Lacoste et al. 2015) and since increased eN mRNA
levels can be correlated with elevated adenosine production
(Narravula et al. 2000), eN mRNA levels might mirror extra-
cellular adenosine concentrations in the rodent brain. This
notion is reinforced by the finding that both eN expression
levels and adenosine concentrations are elevated at night-
time (Murillo-Rodriguez et al. 2004). Extremely high levels
of eN mRNA are present in the basal ganglia, specifically in
the striatum, interstitial nucleus of the posterior limb of the
anterior commissure (IPAC) and central amygdala (Homola
et al. 2015). The proximity of these regions to the basal fore-
brain, together with reports of projections connecting these
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regions to areas in the basal forebrain (Shammah-Lagnado et
al. 2001), makes it reasonable to assume that eN in the stria-
tum, IPAC and central amygdala are also involved in the
regulation of adenosine levels in the basal forebrain.
Expression of both melatonin receptors has been reported
for the striatum (Uz et al. 2003). However, a recent study
(Adamah-Biassi et al. 2013) excluded MT1 expression in this
region, implying that MT2 is the only melatonin receptor sub-
type present. Albeit, Lacoste et al. (2015) detected neither
MT1 nor MT2 immunoreactivity in the striatum but rather
MT2 immunostaining in the globus pallidus, consistent with
a previous report showing neuronal labeling of MT2 in the
ventral pallidum and globus pallidus (Ochoa-Sanchez et al.
2011). The presence of melatonin receptors in the basal gan-
glia (Adamah-Biassi et al. 2013; Lacoste et al. 2015; Ochoa-
Sanchez et al. 2011; Uz et al. 2003) and the impact of mela-
tonin on eN mRNA levels presented here imply a functional
interplay between melatonin and adenosine in the mechanism
of sleep regulation.

For nocturnal animals such as mice, the rest phase during
which the animal sleeps is the day-time. The increased day-
time locomotor activity observed in MT1/2 KO mice thus
corresponds to reduced sleeping time. The lack of a difference
between WT and MT1 KO mice implies that sleep homeosta-
sis is affected in the absence of the MT2 receptor. This notion
further corresponds to our previous observation of higher day-
time activity in melatonin-deficient (C57Bl) mice as com-
pared with melatonin-proficient (C3H) mice (Homola et al.
2015) and to observations with polysomnographic recordings
(electroencephalogram/electromyogram) of elevated day-time
wakefulness in MT2 KO mice as compared with WT mice
(Ochoa-Sanchez et al. 2011).

Both melatonin and adenosine play a major role in the
regulat ion of important physiological processes.
Interestingly, the melatonin- and the adenosine-mediated
(patho)physiological functions strongly converge. Many stud-
ies describe the involvement of melatonin, adenosine, or both
in wakefulness and sleep regulation (Brown et al. 2012;
Comai and Gobbi 2014; Huang et al. 2014), nociception
(Srinivasan et al. 2012; Zylka 2011), inflammation and
immunomodulation (Alam et al. 2015; Esposito and
Cuzzocrea 2010; Mauriz et al. 2012) and neuroprotection
(Burnstock 2015;Wang 2009). Furthermore, both compounds
share similarities in their mode of action. Both melatonin and
adenosine receptors are G-protein-coupled receptors mediat-
ing adenylyl cyclase inhibition or stimulation and thus modu-
lation of the cAMP signal transduction pathway.

This overlap between the melatonin and adenosine signal-
ing pathways raises the question as to whether the purinergic
and the circadian systems interact with each other and, if yes,
in what way. Several reports provide strong evidence for an
impact of adenosine on the circadian system. Adenosine re-
ceptors are present in the SCN (Sigworth and Rea 2003).

Adenosine increases melatonin production and augments nor-
epinephrine stimulation in rat pineal explants (Vacas et al.
1989), it regulates the response of the circadian clock to the
phase-adjusting effects of light (Elliott et al. 2001), it modu-
lates retinohypothalamic neurotransmission in the SCN
(Hallworth et al. 2002) and it regulates the intrinsic circadian
clock in immune cells (Perez-Aso et al. 2013).

The data presented in this study further suggest a reciprocal
interaction between the two systems rather than a unidirec-
tional relationship. Understanding the precise molecular basis
of this interaction could greatly benefit therapeutic approaches
for the treatment of the multiple adenosine/melatonin-
responsive diseases.

In summary, we present novel data demonstrating the im-
pact of the melatoninergic system on the mRNA levels of the
predominantly extracellular adenosine-producing enzyme eN
in mouse brain. In the absence of MT1 and of both MT1 and
MT2 receptors, eN mRNA levels are reduced implying a
MT1-mediated effect. The MT2 receptor is involved in the
increase of eN mRNA levels during night-time. Our results
suggest the existence of a reciprocal interaction between the
circadian and the purinergic systems involvingMT1 andMT2
receptors.
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