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Abstract Adenosine is an important neuromodulator in the
central nervous system involved in the regulation of wake-
fulness, sleep, learning and memory, fear and anxiety as
well as motor functions. Extracellular adenosine is synthe-
sized by the cell-surface ectoenzyme ecto-5'-nucleotidase
(CD73) from 5'-adenosine monophosphate. While CD73 is
widely expressed throughout the mammalian brain, its spe-
cific role for behaviour is poorly understood. We examined
spatial working memory, emotional responses, motor coor-
dination and motor learning as well as behavioural habitu-
ation in mice with a targeted deletion of CD73. CD73
knockout (CD73—/—) mice exhibit enhanced spatial work-
ing memory in the Y-maze and enhanced long-term behav-
ioural habituation in the open field. Furthermore, impaired
psychomotor coordination on the accelerating rotarod was
found in CD73—/— mice. No changes in motor learning and/
or anxiety-like behaviour were evident in CD73—/— mice.
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Our data provide evidence for a role of CD73 in the regu-
lation of learning and memory and psychomotor coordina-
tion. Our results might be important for the evaluation of
adenosine neuromodulators as possible treatments to ame-
liorate cognitive and motor deficits associated with neuro-
degenerative diseases.
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Abbreviations

ADP  Adenosine diphosphate
AMP  Adenosine monophosphate
ATP  Adenosine triphosphate

CNS  Central nervous system

GPI  Glycosylphosphatidylinositol
LTD Long-term depression

LTP  Long-term potentiation
Introduction

Adenosine is an important neuromodulator and homeostatic
regulator in the central nervous system (CNS) involved in
different physiological and pathological processes including
wakefulness and sleep regulation [1, 2]. Adenosine is syn-
thesized from adenosine triphosphate (ATP) that is depho-
sporylated to ADP and adenosine monophosphate (AMP)
by the catalytic action of ecto-nucleoside triphosphate
diphosphohydrolase (CD39). Adenosine can be directly re-
leased by neurons and glial cells or synthesized from extra-
cellular AMP [3]. Extracellular adenosine is formed via the
dephosphorylation of AMP by CD73 [1].

CD73 is a GPI-anchored cell-surface enzyme and
belongs to the group of 5'-nucleotidases. While most 5'-
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nucleotidases are located intracellularly, ecto-5'-nucleotid-
ase (also termed as low Km 5'-NT and CD73) faces the
extracellular medium. Ectonucleotidases are widely distrib-
uted in the rodent CNS. CD73 catalytic activity has been
detected in the hippocampus, inner/outer molecular layer of
the dentate gyrus, molecular layer of the cerebellum and the
cerebral cortex [4]. CD73 has been predominantly assigned
to the surface of glial cells. However, neuronal localization
of CD73 has also been reported [4].

Both, ATP and adenosine had been implicated in the mod-
ulation of learning and memory as well as synaptic plasticity
[5, 6]. Extracellular ATP had been involved in long-term
potentiation (LTP) in the hippocampus [7, 8]. Likewise, the
activation of the brain’s adenosine Al and A2a receptors
(A1R and A2aR) by adenosine and its analogues inhibits
LTP and LTD (long-term depression) [6, 9]. Furthermore,
adenosine regulates the release of many neurotransmitters
including glutamate, acetylcholine and dopamine [10-12].

It has been reported that ectonucleotidase activity in the
brain is dynamically regulated during encoding and memory
formation with phase-specific decreases and increases in hip-
pocampal and cortical areas [13—16]. The lack of potent 5
nucleotidase inhibitors (but see [17]), however, prevented so
far the study of the specific role of CD73 in these processes.

Recently, CD73 knockout (CD73KO) mice have been
successfully generated. CD73KO mice still metabolise
ATP to AMP [4, 18], but show a 90 % reduction of ATP
to adenosine metabolism [3], and thus reduced endogenous
adenosine as well as reduced adenosine receptor sensitivity
[18-20]. Given the pivotal role of CD73 as a key regulator
of purinergic signalling controlling the extracellular provi-
sion of adenosine, CD73KO mice provide a unique oppor-
tunity to examine the role of CD73 for wakefulness, sleep,
memory and other behaviours. Here, we assessed possible
changes in spatial working memory, behavioural habitua-
tion, psychomotor coordination and motor learning as well
as anxiety-related behaviour in CD73—/~ mice by using a
broad-spectrum behavioural test battery.

Materials and methods
Animals

Eight CD73 knockout (CD73—/-) and 12 wild-type litter-
mates (CD73+/+) at the age of 6 months were used.
CD73—/— mice were generated by homologous recombina-
tion and activation of the Cre-loxP system. The targeted
disruption of the CD73 gene has been described previously
[18]. Two weeks prior to behavioural testing, the mice were
housed individually in standard macrolone cages (type 2:
2x1x13 cm) with metal covers and sawdust bedding and
free access to water and standard diet (Ssniff Spezialdidten,
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Soest, Germany). Animals were maintained in a closed
ventilated cage system (UniProtect Air Flow Cabinet, Ehret
Company) under controlled temperature and humidity con-
ditions. A reversed light/dark cycle with lights on between
7:00 a.m. and 7:00 p.m. was used. Experiments were con-
ducted during the light phase. All experiments were per-
formed in accordance with the national guidelines on animal
welfare.

Open-field behaviour and behavioural habituation

Locomotor activity, anxiety-related responses and behaviou-
ral habituation were evaluated in the open-field test. The
experimental protocol used was similar to the one previous-
ly described in [21]. The open-field apparatus was con-
structed of a 30-cm® grey metal floor surrounded by walls
of 40 cm height. The floor of the open field was virtually
divided into nine equal-sized squares (10x10 cm). The
whole apparatus was illuminated by ambient fluorescent
ceiling lights and placed in a sound-attenuated chamber.
The open-field test consisted of three trials of 10 min dura-
tion and a 24-h inter-trial delay. After each trial, the open
field was cleaned with a solution of 50 % ethanol and
thoroughly dried with paper towels. The animals’ behaviour
was videotaped and analysed off-line with a semi-automated
tracking device (EthoVision, Noldus, The Netherlands) by
an observer blinded to the genotype of the mice. The behav-
ioural parameters quantified during the 10-min-trials were:
(1) locomotion: distance moved in cm; (2) centre time: time
spent in the central part (1010 cm) of the field; (3) corner
time: time spent in the four corner squares (10x 10 cm); (4)
running speed: mean running speed (in centimetres per
second) in the entire field and the central part (10x10 cm).

Behavioural habituation was determined by calculating a
habituation index for each animal according to the proce-
dure proposed by Bolivar [22]. The habituation index is a
more sensitive measure of inter-trial open-field habituation
that takes baseline differences into account. Hence, as a
measure of activity decrease on the last trial relative to the
first trial, the following habituation indices were calculated:
(1) Habituation locomotion=Locomotion (trial 3) / (Loco-
motion (trial 3)+Locomotion (trial 1)) and (2) Habituation
running speed=Running speed (trial 3) / (Running speed
(trial 3)+Running speed (trial 1)). Habituation indices can
range from 0.1 to 1.0 while a habituation index of 0.5
indicates no change in activity, and indices close to 0 reflect
between-trial habituation.

Spontaneous spatial alternation in the Y-maze
Spontaneous alternation performance in the Y-maze was

assessed according to the procedure by Zlomuzica and col-
leagues [21]. The Y-maze apparatus had an open roof and
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was constructed of black Plexiglas with three arms (7.5 cm
widex 18 cm long x23.5 cm high) radiating from a triangle-
shaped central platform. A coloured rectangular cue was
located at the end of the wall of one arm, while the other
two arms were identical and devoid of intra-arm cues. The
Y-maze was placed in a sound-attenuated experimental
chamber. Each animal received one trial of 5 min duration.
A trial began with placing the animal on the central plat-
form, allowing it to freely explore the three arms. The
apparatus was cleaned before each trial with 50 % ethanol
solution. An arm entry was scored when the mouse entered
an arm with all four paws. The following parameters were
calculated during 5-min trials: (1) total number of entries;
(2) number of triplets: number of consecutive choices of
each of the three arms, without re-entries during the last
three choices and irrespective of the order of the chosen
arms; (3) locomotion: total distance (in centimetres) trav-
elled in the Y-maze; and (4) mean running speed in the Y-
maze (in centimetres per second).

Psychomotor coordination and motor learning

Psychomotor coordination and motor learning were assessed
with an accelerating rotarod (TSE systems; Bad Homburg,
Germany). The rotating rod was made of black rubber, had an
axis diameter of 3.5 cm and was elevated 10 cm off the floor.
A total of six trials were performed on two subsequent days
for each mouse (trials 1-3 on day1 and trials 4-6 on day 2). To
control for possible effects of physical exhaustion, an inter-
trial delay of 25-30 min was interposed between the three
trials of a day. Each trial began with placing the mouse on the
inactive drum, which thereafter was switched to an accelerat-
ing mode (increasing the speed to 40 rpm over a period of
5 min). The duration (in seconds) of active performance until
the mouse fell off the drum was registered for each trial.

Anxiety-related behaviour in the light-dark box

The light-dark box was made of Plexiglas and consisted
of a dark (24 cm widthx33 cm lengthx30 cm height) as
well as a white compartment with identical dimensions.
An opening (10 cm widthx10 cm height) connected the
dark with the white compartment. The white compart-
ment was illuminated by a 60-W lamp providing a white
light illumination of approximately 250 Ix at the centre
of the white compartment. The illumination density in
the dark compartment was approximately 10 Ix. Each
mouse was individually placed in the light compartment.
The following data were assessed: (1) latency to escape
to the dark compartment (in seconds) and (2) total time
spent (in seconds) in the light or dark compartments over
5 min. An entry into a compartment was scored after the
mouse had entered the compartment with all four paws.

After each trial, the apparatus was cleaned with a 50 %
ethanol solution and dried with paper towels.

Statistical analysis

All data are expressed as mean+SEM. Open field and
rotarod data were analysed either by means of a one-way
ANOVA or repeated measures ANOVA. Student’s 7 test for
single groups was used to determine whether habituation
indices were significantly different from a chance level
value of 0.5. All other data were analysed by Student’s T
test for dependent and independent groups. The P values
given are two-tailed and were considered to be significant
when P values lower than 0.05 were obtained.

Results
Open-field test

There were no significant differences for the open-field meas-
ures between CD73+/+ and CD73—/— mice (all P values> .05,
see Table 1, Fig. 1) suggesting no changes in locomotor
activity and/or anxiety-like responses in the open field in
CD73—/— mice. CD73+/+ mice showed a habituation index
for locomotion (0.40+0.01 (mean+sem)) and mean running
speed (0.40+£0.01 (mean+sem)) which was significantly
smaller compared to a habituation index of 0.5 (Habituation
locomotion: P=.001; Habituation running speed: P=.001; Stu-
dent T test for single groups). These data suggest intact behav-
ioural habituation to the open field in CD73+/+ mice.
Likewise, the habituation index for locomotion (0.32+0.02
(mean+sem)) and mean running speed (0.32+0.02 (mean+
sem)) in CD73—/— mice were significantly different from
chance level (Habituation locomotion: P<.0001; Habituation
running speed: P<.0001), suggesting no deficits in behaviou-
ral habituation to the open field. Furthermore, both the habit-
uation index for locomotion (P=.012) and the habituation
index for mean running speed (P=.012, T test for independent
samples) were significantly smaller in CD73—/~ mice com-
pared to CD73+/+ mice, suggesting enhanced behavioural
habituation in the open field in CD73—/~ mice.

Spatial working memory performance in the Y-maze

The CD73—/— mice showed an increased number of triplets
compared to CD73+/+ mice in the spatial alternation task (7'
(18)=—-2.20, P<.05; T test for independent samples;
Fig. 2a). The increased number of triplets was presumably
not due to increased exploratory locomotion in the Y-maze
since there was no difference in the number of entries
between CD73—/— and CD73+/+ mice (P=.20; T test for
independent samples; Fig. 2b) and no genotype difference in
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Table 1 Locomotor activity and

anxiety-like responses in the Open field parameters

Day CD73+/+ CD73-/-

open field in CD73—/— mice.

All data are expressed as mean Distance moved in cm D1 1623. 03 (+ 69.79) 1851.94 (+ 106.63)
(+sem) D2 1144.49 (+ 110.20) 1126.73 (+ 95.43)
D3 1092.34 (+ 63.43) 916.16 (+ 108.25)
Mean running speed (cm/s) in the entire field D1 5.41 (£0.23) 6.17 (£ 0.35)
D2 3.81 (£ 0.36) 3.75 (£ 0.31)
D3 3.64 (£ 0.21) 3.05 (£ 0.36)
Time spent in the corners (s) DI 157.6 (£ 10.27) 161.62 (= 8.11)

D2 147.13 (£ 13.64) 184.02 (= 15.06)
D3 169.2 (= 11.88) 197.87 (£ 16.27)
Time spent in the centre (s) D1 43.26 (£ 8.59) 37.27 (£ 6.02)
D2 41.43 (£ 9.44) 20.45 (£ 4.63)
D3 27.4 (+8.33) 13.6 (£ 5.89)
Mean running speed (cm/s) in the centre D1 6.27 (£ 0.55) 7.52 (£ 1.04)
D2 4.66 (+1.03) 6.04 (+1.02)
D3 7.61 (£ 1.48) 2.56 (£ 0.41)

locomotion (7(18)=—0.77, P=.44; T test for independent
samples, Fig. 2¢) or mean running speed (P>.05, Fig. 2d).
These results suggest that spatial working memory perfor-
mance is enhanced in CD73—/— mice.

Psychomotor coordination and motor learning

In both genotypes, the duration of active performance on the
accelerating rotarod increased over the trials (Main effect of
trials: £(5,90)=24.51, P>.0001; repeated measures
ANOVA) suggesting that, irrespective of genotype, the mice
improved their coordination and balancing performance
across the trials. No significant genotype xtrial interaction
for the active performance time on the rotarod was evident
(F(5,90)=1.98, P>.05). However, a significant genotype
difference was found (main effect of genotype: F(1,18)=
13.08, P=.002, Fig. 3), indicating impaired motor coordina-
tion and balancing functions in CD73—/— mice.

Anxiety-related behaviour in the light-dark box

One CD73—/-— mouse was excluded from data analysis due to
insufficient exploratory behaviour in the light—dark box.
Hence, the following analyses in the light-dark box were
based on seven CD73—/— and 12 CD73+/+ mice. Both,
CD73—/= and CD73+/+ mice, spent significantly more time
in the dark compartment than in the white compartment
(CD73—/= mice: T(6)=—12.18, P<.001; CD73+/+ mice: T
(11)=-5.82, P<.001, Student’s T test for dependent measures;
Table 2), suggesting that the white compartment induced
anxiety-related responses in mice. There was no significant
genotype difference for the time spent in the dark (7(17)=
—0.67, P>.05; T test for independent samples) or white
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compartment (P>.05) between CD73—/— and CD73+/+
mice. Furthermore, the latency to escape to the white com-
partment was comparable in both genotypes (7(17)=1.02,
P=31). These data suggest no significant changes in
anxiety-related behaviour in the light-dark box in CD73—/~
mice relative to CD73+/+ mice.

Discussion

In this study, we - for the first time - provide evidence for
specific behavioural alterations in mice with a targeted
deletion of the CD73 gene. CD73—/— mice exhibited im-
proved short-term spatial working memory performance in
the Y-maze task and enhanced long-term open-field habitu-
ation relative to control mice. Conversely, a selective im-
pairment in psychomotor coordination performance in the
rotarod task was found in CD73—/— mice.

It has been shown that CD73—/— mice exhibit reduced
adenosine formation and adenosine receptor activity
[18-20]. The hippocampus exhibits high levels of G-
protein coupled AI1R and A2R [23]. Lesion and inactivation
studies identified the hippocampus as an essential structure
for the formation of spatial working memory [24]. The A1R
has been implicated in putative cellular correlates of learn-
ing and memory formation such as LTP [25, 26] and LTD
[6]. A2aR receptors are located at the mossy fibre-CA3
pyramidal cell and at the CA3-CA1 synapses which might
also be relevant for synaptic plasticity [27, 28]. Pharmaco-
logical blockade of AIR ameliorates scopolamine-induced
spatial memory deficits [29] and facilitates memory for
inhibitory avoidance in rats [30]. A2R antagonism has been
shown to block memory deficits induced by beta-amyloid
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Fig. 1 Behavioural habituation in the open field in CD73KO mice. a
Bars represent mean (+sem) habituation index for locomotion. b Bars
represent mean (+sem) habituation index for mean running speed.
Dashed line represents a habituation index of 0.5 (which means no
behavioural habituation across the days, see “Materials and methods”
section). The asterisk indicates p<0.01, significantly different from a
habituation index of 0.5; double asterisks indicate p<0.05, Student T
test for independent samples

peptides [31]. Similarly, A2aR KO mice showed enhanced
working memory in the water maze and the radial maze
tasks [32] and the genetic deletion of A2aR in the forebrain
or striatum improved spatial working memory [33]. The
selective enhancement of spatial working memory in
A2aR deficient mice is in line with the improved spatial
working memory performance of CD73—/— mice described
in the present report. In rats, decreased ATP hydrolyzation
was measured during the formation of a memory for an
aversive event [13, 14]. AIR and A2R related agents [34]
as well as inhibitors of nucleoside metabolism [35] have
been proposed as possible procognitive treatments for neu-
rodegenerative disorders including Alzheimer’s disease.

While these findings suggest that the memory facilitation
in CD73—/- mice might be correlated with decreased ex-
tracellular adenosine levels, opposed findings do also exist.
For instance, increases in ATP levels and AMP hydrolysis
were observed during the habituation to an open field in rats
[15], which is in contrast to the present finding of enhanced
behavioural habituation in the open field in CD73—/— mice.
In order to know whether extracellular adenosine levels are
indeed correlated with behavioural habituation in the open-
field test, it would be necessary to combine the open-field
test with in vivo microdialysis measurements of adenosine
levels in the hippocampus and striatum of CD73—/— mice.
However, it should also taken into account that, given the
important role of ectonucleotidase during brain develop-
ment and synapse maturation [36], possible compensational
changes in the brains purinergic system of CD73 deficient
mice might account for the discrepant results.

In addition to changes in memory performance, we also
observed impaired rotarod performance in CD73—/— mice.
High levels of AIR and A2aR have been detected in the
cortico-striato-cerebellar pathway, which is important for
the learning of psychomotor skills [37, 38]. AIR and
A2aR can form heteromeric complexes with dopamine D2
and metabotropic glutamate mGlu5 receptors [39]. Ethanol-
induced motor incoordination on the rotarod in rats can be
attenuated via A1R-dependent mechanisms [40]. Likewise,
striatal A1R and A2R activation induces rotational behav-
iour in response to dopaminergic stimulation [41].
Adenosine neuromodulation, particularly via A2aR in stria-
topallidal neurons, has been shown to reduce postsynaptic
effects of dopamine depletion and ameliorate motor deficits
in animal models of Parkinson’s disease (PD) [42, 43]. The
activation of A2a/D2 and/or A2a/mGluRS5 receptor hetero-
meres, which in turn affect D2 and mGIluRS receptor sig-
nalling, might account for the ameliorating effects of A2R
antagonism on psychomotor symptoms in animal models of
PD [39, 42, 43]. These and other studies support evidence
for an important role of adenosine system in the control of
striatal and cerebellar dependent psychomotor functions.
CD73—/— mice display a >90 % reduction of adenosine
synthesis, a reduced spike-dependent adenosine release
and an inhibition of synaptic transmission by ATP in the
cerebellum [3]. The latter finding is of special importance,
since extracellular ATP acts as a fast transmitter in motor
learning and psychomotor coordination [44].

The stimulation of presynaptic A1R decreases glutamate,
acetylcholine, noradrenaline, 5-HT and dopamine release,
while the stimulation of A2aR increases the release of
glutamate and acetylcholine and decreases the release of
GABA [45]. It is (in addition to the possible mechanisms
suggested above) also possible that the behavioural effects
of CD73 deficiency described here are due to modulation of
neurotransmission in brain regions important for cognitive
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CD73-/-

moved in centimetres), d Bars represent mean (£sem) running speed
(in centimetres per second). The asterisk indicates p<0.05; Student T
test for independent samples

processes and motor function. As a perspective for follow-
up studies, the contribution of specific adenosine receptors
to the behavioural phenotypes of CD73—/— mice could be
dissected using selective adenosine receptor related agents.

Table 2 Anxiety-related behaviour in the light-dark box did not differ
between CD73—/— and CD73+/+ mice

Time spent in
the dark chamber

Time spent in
the light chamber

Latency to enter
the dark chamber

71.2+6.4*
82.1+11.6*

CD73—/— 13.5£3.5
CD73+/+ 26.0+8.9

228.7+6.4
217.8+11.6

Mean (+sem) time spent (in seconds) in the two chambers and the
latency to enter the dark chamber (in seconds) for CD73—/— (n=7) and
CD73+/4+ (n=12) mice

 Time spent in the light vs. the dark chamber, p<0.05, one-tailed T test
for paired data
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