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Abstract Amyloid-beta (Af) peptides are the major neuro-
pathological hallmarks related with Alzheimer’s disease
(AD). AP peptides trigger several biochemical mechanisms
of neurotoxicity, including neuroinflammation and gluta-
matergic neurotransmission impairment. Guanosine is the en-
dogenous guanine-derived nucleoside that modulates the glu-
tamatergic system and the cellular redox status, thus acting as
a neuroprotective agent. Here, we investigated the putative
neuroprotective effect of guanosine in an AD-like mouse
model. Adult mice received a single intracerebroventricular
injection of Af3;_49 (400 pmol/site) or vehicle and then were
treated immediately, 3 h later, and once a day during the sub-
sequent 14 days with guanosine (8 mg/kg, intraperitoneally).
Af31_40 or guanosine did not alter mouse locomotor activity
and anxiety-related behaviors. A3, 4o-treated mice displayed
short-term memory deficit in the object location task that was
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prevented by guanosine. Guanosine prevented the A 3_4¢-in-
duced increase in latency to grooming in the splash test, an
indicative of anhedonia. A 4o increased Na*-independent
glutamate uptake in ex vivo hippocampal slices, and guano-
sine reversed it to control levels. The repeated administration
of guanosine increased hippocampal GDP levels, which was
not observed in the group treated with AP plus guanosine.
A1_40 induced an increase in hippocampal ADP levels.
AP1_40 decreased GFAP expression in the hippocampal
CALl region, an effect not modified by guanosine. No differ-
ences were observed concerning synaptophysin and NeuN
immunolabeling. Together, these results show that guanosine
prevents memory deficit and anhedonic-like behavior induced
by A[3_4o that seem to be linked to glutamate transport un-
balance and alterations on purine and metabolite levels in
mouse hippocampus.

Keywords Alzheimer’s disease - Guanosine - A4 -
Learning and memory - Anhedonia - Glutamate transport

Introduction

Amyloid peptide toxicity is a common feature associated
with Alzheimer’s disease (AD), a condition that affects ap-
proximately 36 million people worldwide—a number that
is expected to raise once life span increases [1-3]. Along
with neuronal death, amyloid-f3 (A3) plaques and neurofi-
brillary tangles are the main neuropathological hallmarks
found in the brain of AD patients. The major components
of AP plaques are amyloid peptides (40—42 amino acids)
derived from amyloid precursor protein misprocessing
[4, 5]. AR peptide-induced neurotoxicity involves different
molecular mechanisms, particularly glutamatergic
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neurotransmission impairment. For instance, A3 peptides
lead to overstimulation of N-methyl-D-aspartate (NMDA)
receptors and the massive entry of calcium in the cell, pro-
moting a toxic effect that culminates in synaptic loss and
later in neuronal death [6, 7].

Central nervous system (CNS) infusion of A3 _4¢ has been
extensively used as a model of AD-like pathology. In mice,
intracerebroventricular (i.c.v.) Af3_4¢ infusion causes behav-
ioral disturbances (as cognitive deficits), and biochemical
changes in the CNS, which include oxidative stress, neuroin-
flammation, glutamatergic excitotoxicity associated with a de-
crease in glutamate transporter activity and expression, and
neuronal death [8—12]. A single i.c.v. infusion of A3 peptides
can also induce cognitive and emotional alterations in mice
[13, 14], thus modeling AD symptomatology [15, 16]. One of
these symptoms may be depression, a psychiatric condition
characterized by an unbalance in various neurotransmitter sys-
tems including the glutamatergic transmission, and drugs that
modulate glutamatergic system present great potential as anti-
depressant agents [17, 18].

Guanosine is an endogenous nucleoside known to act as
intercellular signaling modulator at the CNS, and it can mod-
ulate glutamatergic transmission. Guanosine capacity of
counteracting glutamatergic toxicity was shown in vivo, since
guanosine reduces seizure incidence induced by quinolinic
acid, an NMDA receptor agonist [19-23]. In vitro, guanosine
prevents glutamate uptake impairment caused by an ischemia
model both in hippocampal slices and in cultured astrocytes
[24-26]. Ex vivo guanosine decreased K*-stimulated gluta-
mate release from hippocampal synaptosomal preparation in
naive rats [27] and also prevents glutamatergic excitoxicity in
hippocampal slices by decreasing glutamate release [28].
Altogether, these results indicate that guanosine neuroprotec-
tive effects involve, at least partially, the modulation of gluta-
mate transport. Recently, different research groups have point-
ed to guanosine as a potential therapeutic agent against de-
pression, considering its modulatory action on glutamatergic
transmission (for review, see [29]). For instance, the anti-
depressant-like effect exerted by guanosine in mice subjected
to the tail suspension test was blocked by the activation of
glutamate NMDA receptors [30].

Regarding A3 peptide toxicity, by inhibiting apopto-
sis and reactive oxygen (ROS) production, guanosine
showed neuroprotective effects against Af,s5_35 and
APi_4p toxicities in SH-SYSY neuroblastoma cells [31,
32]. Besides these previous studies showing the neuro-
protective effects of guanosine in in vitro models of Af3
toxicity, there is no study addressing its effect in an
in vivo AD-like model. Therefore, by combining behav-
ioral and neurochemical assays, we investigated the pu-
tative neuroprotective effect of guanosine in adult Swiss
mice submitted to the damage induced by a single i.c.v.
injection of AR;_40.

Material and Methods
Animals

Three-month-old male Swiss mice (weighing 45-50 g) sup-
plied by the animal facility of the Federal University of Santa
Catarina (UFSC, Florianépolis, Brazil) were kept in collective
cages (15 animals per cage) and maintained in a room under
controlled temperature (23 + 1 °C) and 12-h light cycle (lights
on 7:00 a.m.), with free access to food and water. All tests
were carried out during the light phase of the cycle. Efforts
were made to minimize the number of animals used and their
suffering. The procedures used in the present study complied
with the guidelines on animal care of the UFSC Ethics
Committee on the Use of Animals, which follows the
“Principles of Laboratory Animal Care” from NIH.

Drugs and Treatments

AB1_40 (Sigma-Aldrich, Germany) was dissolved in sterile
deionized water to 6 mg/mL, and incubated at 37 °C for 4 days
to aggregate, according to [33]. The solution was diluted to
1 mg/mL in 0.1 M phosphate-buffered saline (PBS), and ali-
quots were maintained at —20 °C until use. An aliquot of the
peptides used in this study was added to copper formvar grids
and contrasted with 2 % phosphotungstic acid for observation
in a transmission electronic microscope (Fig. 1). The aggre-
gated form of AP;_40 (400 pmol/site) or PBS (vehicle) was
administered i.c.v. as previously described [9, 11, 12]. Mice
were anesthetized with isoflurane 0.96 % (0.75 CAM; Abbot
Laboratérios do Brasil Ltda., RJ, Brazil) until loss of postural
reflex and then gently restrained by hand. An incision of
approximately 1 cm was performed over mouse skull
midline, and the i.c.v. injections were made free-hand with
a 27-G needle into a virtual point located 1 mm right and
1 mm posterior to the bregma (coordinates from bregma
anteroposterior = —0.1 mm, mediolateral = 1 mm, and
dorsoventral = —3 mm). A3, 40 or PBS solutions (3 uL) were
injected with an infusion pump (Insight) during 1 min. In
preliminary experiments, the correct injection site was con-
firmed by Evans blue injections. Immediately after i.c.v. in-
jections, 3 h later, and daily during 14 consecutive days, ani-
mals were treated with saline 0.9 % (control group) or guano-
sine (8 mg/kg) via intraperitoneal (i.p.). Figure 1 summarizes
the protocol used in this study.

Behavioral Tests

At the 16th day after the A ;49 or PBS infusion, mice were
tested in the open field. In the next day, short-term spatial
memory was assessed in the novel object location and Y-
maze tasks at day 18. Anhedonic- and depressive-like behav-
iors were analyzed in the sucrose-splash test and tail
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Fig. 1 Timeline of experimental protocol of drug administration,
behavioral tests, and biochemical analysis. In day 1, mice received an
intracerebroventricular infusion of PBS or A 49 (400 pmol/site, 3 uL)
and immediately treated intraperitoneally (i.p.) with saline (0.9 % NaCl)
or guanosine (8 mg/kg in saline solution). Three hours later, mice
received another i.p. injection of saline or guanosine. In the next 14

suspension test at days 19 and 20, respectively. All animals
performed the behavioral tests described here. Behavioral tests
were carried out between 9:00 and 14:00 h, and they were
scored by the same rater in an observation sound-attenuated
room under low-intensity light (12 1x), where the mice had
been habituated for at least 1 h before the beginning of the
tests. Behavior was monitored through a video camera posi-
tioned above the apparatuses, and the videos were later ana-
lyzed with the ANY Maze video tracking system (Stoelting
Co., Wood Dale, IL, USA). The apparatus were cleaned with
10 % ethanol between animals to avoid odor clues.

Open Field

Spontaneous locomotor activity of mice in the open field (a
square arena with 50 cm wide x 50 cm deep % 40 cm high)
was recorded during 15 min (modified from [34]). Traveled
distance corresponds to the first 15 min of exploration. Data
presented on average speed, total time spend in the center,
and number of entries in the center zone of the open field
correspond to analysis made in the first 5 min, as explora-
tion decreases time dependently, and mice were more active
during this period. The apparatuses were cleaned with a
solution of 10 % ethanol between tests in order to avoid
odor animal clues.

Novel Object Location

Short-term spatial memory of mice was assessed using the
object location task as described elsewhere [35]. Mice were
placed in the center of the open field with two identical
objects for 5 min, and object exploration was recorded
using a stopwatch when mice sniffed, whisked, or looked
at the objects from no more than 1 cm away. After 90 min,
one object was moved to a new location, and the time spent
by the animals exploring the objects in new (novel) and old
(familiar) locations was recorded over 5 min. Objects were
thoroughly cleaned with 10 % ethanol after each trial to
minimize the presence of olfactory trails. To analyze the
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consecutive days, mice received one i.p. injection per day of saline or
guanosine. Mouse behavior was analyzed from day 16 to 20, and then,
mouse hippocampi were used for biochemical and immunohistochemical
analyses at 21st day. left panel Photomicrographs of A3 40 aggregates
obtained in a transmission electronic microscopy after contrast with 2 %
phosphotungstic acid (a scale bar 1 wm and b scale bar 100 nm)

cognitive performance, a location index was calculated as
(T novel x 100)/(T novel + T familiar), where T novel is the
time spent exploring the displaced object and 7 familiar is
the time spent exploring the non-displaced object.

Y-Maze

Spontaneous alternation in the Y-maze was used as a measure
of spatial working memory. The Y-maze is composed by three
equally spaced arms (120°, 41 cm long, 15 cm high) with 5-
cm-wide floor. Arms were labeled A, B, or C. Each mouse
was place facing one arm end and allowed to move freely by
all compartments for 5 min, and one arm entry was counted
after the animal entered the arm with all four paws. One al-
ternation is defined as entries in all three arms consecutive-
ly, and results are given as the percentage of correct alter-
nations, calculated as [(real alternations/maximum alterna-
tions) x 100]. Maximum alternation is the number of total
arm entries minus two [36]. The maze was cleaned with
10 % alcohol between sessions.

Sucrose Splash

The splash test was carried out as described by [37], with
minor modifications, and consists of squirting a 10 % sucrose
solution on the dorsal coat of a mouse placed individually in
clear Plexiglas boxes (9 x 7 X 11 cm). After applying sucrose
solution, the latency and time spent grooming were recorded
for a period of 5 min. The apparatuses were cleaned with a
solution of 10 % ethanol between tests in order to hide
animal clues.

Tail Suspension

Immobility time during the tail suspension test was measured
according to the method described by [38]. Briefly, mice both
acoustically and visually isolated were suspended 50 cm
above the floor by adhesive tape placed approximately 2 cm
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from the tip of the tail. Immobility time was recorded during a
6-min period [39].

Preparation of Hippocampal Slices

Mice were decapitated 21 days after the A3, 40 i.c.v. injec-
tion. The brain was removed, and hippocampi were rapidly
dissected in ice-cold Krebs—Ringer bicarbonate buffer
(KRB) of the following composition: 122 mM NacCl,
3 mM KCI, 1.2 mM MgSOy, 1.3 mM CacCl,, 0.4 mM
KH,POy, 25 mM NaHCO;, and 10 mM D-glucose, bubbled
with 95 % O,—5 % CO, up to pH 7.4. Hippocampal slices
(400-pum-thick transverse sections) obtained with a
Mcllwain tissue chopper were incubated for 30 min before
performing glutamate transport assays.

Glutamate Uptake and Release Assays

L-[*H]glutamate uptake into hippocampal slices was evaluat-
ed as previously described [40]. After incubation, hippocam-
pal slices were washed for 15 min at 37 °C in a Hank’s bal-
anced salt solution (HBSS), composition in mM, 1.29 CaCl,,
136.9 NaCl, 5.36 KCl, 0.65 MgSOy, 0.27 Na,HPO,, 1.1
KH,PO,, and 5 HEPES pH 7.4. Uptake was assessed by
adding 0.33 pCi/mL of L-[*H]glutamate with 100 1M of un-
labeled glutamate in a final volume of 300 pL for 7 min.
Incubation was stopped immediately by discarding the incu-
bation medium followed by two ice-cold washes with 1 mL
HBSS. Slices were solubilized with 200 pL 0.1 %
NaOH/0.01 % SDS and stored overnight. High-affinity Na*-
dependent glutamate uptake was considered as the difference
between the measured total uptake and the Na*-independent
uptake, assayed in the presence of choline chloride and with-
out sodium ions. Incubations were performed in triplicates.
Results are expressed as nanomole of glutamate taken up per
minute per milligram of protein.

D-[*H]aspartate release was measured modified from [22].
Previous studies from our laboratory showed similar results by
using D-[*H]aspartate or L-[>’H]glutamate [41]. Slices were
incubated in HBSS (pH 7.4) for 15 min at 37 °C in the pres-
ence of 0.33 uCi/mL D-[*H]aspartate plus 100 1M aspartate
(final concentration) for the uptake period, thus loading the
intracellular pool of D-[*H]aspartate. Slices were then washed
four times with 1 mL cold HBSS. To measure the basal
D-[*H]aspartate release, slices were incubated in HBSS for
3 min at 37 °C. K*-stimulated D-[*H]aspartate release was
assayed as described for basal release, except that the incuba-
tion medium contained 40 mM KCI (NaCl decreased accord-
ingly) to induce slice depolarization. Results are expressed as
a ratio of K*-stimulated/basal D-[*H]aspartate release.
Radioactivity was measured by using a liquid scintillation
counter (Wallac 1409).

Purine-Level Measurement

Hippocampi were dissected and homogenized in 300 pL of
PBS and TCA 10 % and centrifuged at 10.000xg at 4 °C for
10 min. The supernatant was collected and neutralized with
KHCO; 1.5 M (%2 volume). Aliquots of 100 nuL were filtered
in 0.22-pm membrane and frozen at —70 °C until use.

High-performance liquid chromatography (HPLC) was
performed in tissue homogenate aliquots to quantify adenine
and guanine derivatives [42, 43]. Briefly, sample separation
was carried out with a reverse-phase column (LC-18,
250 x 4.6 mm, Supelco) in a Shimadzu Instruments liquid
chromatograph (1-mL loop valve injection). The mobile phase
flowed at a rate of 1.2 mL/min, and column temperature was
24 °C. Buffer composition is A 150 mM potassium chloride in
150 mM phosphate buffer, pH 5.5, and B 15 % acetonitrile in
buffer A. The gradient profile was modified according to the
content of buffer B in the mobile phase, 0 % at 0.00 min, 7 %
at 2.45 min, 50 % at 10 min, 100 % at 12.30 min, and 0 % at
12.40 min. Absorbance was read at 254 nm in a Shimadzu UV
detector and compared with relative standards.

Immunohistochemistry

For the immunohistochemical analyses, animals (four mice
per group) were anesthetized and perfused with iced saline
solution, then 4 % paraformaldehyde [44] in 0.1 M PBS, pH
7.4. Brains were removed and maintained in PFA 4 % solution
overnight and then cryoprotected in a 30 % sucrose solution in
PBS at 4 °C [45]. Coronal sections (40 um) obtained in a
cryostat (Leica, Germany) were collected for immunohisto-
chemistry in a 1-in-6 random series. Sections were incubated
for 30 h at 4 °C with rabbit GFAP antibody (Sigma-Aldrich,
1:500), mouse NeuN antibody (Sigma-Aldrich, 1:500), or
mouse synaptophysin antibody (Sigma-Aldrich, 1:500) in
phosphate-buffered saline Tris-buffered saline/Tween-20
(TBS-T) containing 5 % bovine serum albumin (BSA).
After several washes with PBS, sections were incubated with
Alexa 594-conjugated donkey anti-mouse and Alexa 488-
conjugated goat anti-rabbit antibodies for 2 h at room temper-
ature. To determine fluorescence intensity, images were ob-
tained in a fluorescent microscope (Olympus, Japan) and an-
alyzed using NIH ImageJ 1.36b imaging software (NIH,
Bethesda, MD, USA).

Immunoblotting Analysis

Expression of synaptophysin immunocontent was determined
by Western blot analysis as described in [41], with minor
modifications. Mouse hippocampi solubilized with SDS-
stopping solution (4 % SDS, 2 mM EDTA, 8 % f3-
mercaptoethanol, and 50 mM Tris, pH 6.8) were separated
(50 pg of total protein/track) in 10 % SDS-PAGE and
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transferred to nitrocellulose membranes. Membranes were
blocked with 5 % BSA (1 h) in TBS (Tris 10 mM, NaCl
150 mM, pH 7.5), followed by three-time washing with
TBS-T (0.05 %, pH 7.5) and incubation with primary anti-
body anti-synaptophysin (dilution 1:1000, Sigma-Aldrich) or
[3-actin (dilution 1:1000, Santa Cruz) overnight, at 4 °C. Then,
membranes were incubated with a secondary antibody (anti-
mouse IgG, dilution 1:2500, Santa Cruz) for 1 h at room
temperature. Immunocomplexes visualized with the enhanc-
ing chemiluminescence (ECL) detection system (GE
Healthcare) at ChemiDoc (Bio-Rad) were quantified using
the Scion Image software (Scion Corporation).

Protein Measurement

Protein content was evaluated by the method of [46] for
glutamate uptake and by the method of Peterson [47] for
Western blotting analysis. Bovine serum albumin (Sigma)
was used as standard.

Statistical Analysis

Data were tested for normality by using the Kolmogorov-
Smirnov normality test. For data obtained in the novel object
location, one-sample ¢ test was used to determine whether the
discrimination index was different from chance performance
(50 %). For the rest of data, comparisons among groups were
performed by two-way analysis of variance [48], followed by
Newman-Keuls test if necessary, with P < 0.05 considered to
be statistically significant.

Results

Guanosine Reduces the Cognitive Deficit Induced
by AB1-40

Figure | presents the timeline of experimental protocol for
drug administration, behavioral tests, and biochemical
analysis performed in the present study. Sixteen days after
APi_40 1.c.v. infusion, an initial open field analysis of
mice treated with Af3;_49 and/or guanosine showed no
differences among groups on spontaneous locomotion or
time spent in the central zone of the apparatus (Fig. 2).
Furthermore, results collected in minute-by-minute inter-
vals indicated a habituation response of all groups, as
mouse exploratory behavior decreased over time (Fig. 2a).

Additionally, mouse spatial memory was analyzed in
the object location test and in the Y-maze task. AP _49-
treated mice displayed impaired short-term spatial mem-
ory in the object location test (a decrease in the index
of recognition of the moved object in the object location
test; Fig. 3a). Two-way ANOVA revealed a significant dif-
ference between control group and AR _40 (F(1,29)
4.9329, P < 0.05). Guanosine treatment reduced partially
the decreased discrimination index induced by A 49, as
statistical analysis showed no difference of A 49 plus
guanosine group from control or from Af;_4 plus saline
group.

Mouse spatial memory assessed in the Y-maze revealed no
alterations in correct alternations among all groups in this test
(Fig. 3b).

Fig. 2 Evaluation of mouse a -~ PBS + Saline A ABy4 + Saline b
locomotor activity in the open field -e- PBS + Guanosine —&— A4 + Guanosine
test following AR 49 i.c.v. 0451 [ Saline @ Guanosine
infusion and guanosine treatment. .
Mice received guanosine (8 mg/kg, I
i.p.) or saline (10 uL/mg, i.p.) for 0 E 0104
14 consecutive days after the i.c.v. e § '
infusion of AR 40 (400 pmol/site) 2 2
or PBS (control group). Mice were _% S .05
evaluated at the 16th day in the o g ’
open field test for the following Z
parameters: total distance traveled 0 0.00
(a), average speed (b), total time 0 5 10 15 : PBS AB140
spent at the center zone (c), and Time (min)
entry number at the center zone of
the open field apparatus (d). b—d c d [ Saline @@ Guanosine
represent the data from the first 1004 [ Saline Bl Guanosine 50-
5 min of exposition. Data represent T
means + SEM (N = 9-10). o 80+ - w 40
Statistical analysis shows no =~ 2
difference among groups ‘E % 60 E 30
(two-way ANOVA) g ‘2 5

g g 404 ..g. 20+

E (¢

i 20- 104

0 0
PBS AB140 PBS AB140
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Fig. 3 Evaluation of mouse short-term spatial memory in the object
location task (a) and in the Y-maze (b) after A3 49 i.c.v. infusion and
guanosine treatment. Mice received guanosine (8 mg/kg, i.p.) or saline
(10 uL/mg, i.p.) for 14 consecutive days after the i.c.v. infusion of A3_49
(400 pmol/site) or PBS (control group). Mice were evaluated at the 17th

Guanosine Displays Anti-Anhedonic Effect in Mice After
AB1_40 Infusion

Mouse anhedonic- and depressive-like behaviors were also
investigated after A{3;_4¢ infusion. No significant differences
were observed among groups in the immobility time in the tail
suspension test (Fig. 4a). On the other hand, Af_4o-treated
mice presented an increase in latency for initiating grooming
behavior in the splash test (F(1,30) = 7.3079, P < 0.05;
Fig. 4b). Guanosine treatment in mice that received Af31_4
evoked similar grooming latency as compared to control
group. No significant differences were observed among
groups regarding the total time of grooming (Fig. 4c).

Fig. 4 Evaluation of mouse
immobility in the tail suspension
test (a) and self-cleanness behavior
(b, ¢) after AR_49 i.c.v. infusion
and guanosine treatment. Mice
received guanosine (8 mg/kg, i.p.)
or saline (10 puL/mg, i.p.) for 14
consecutive days after the i.c.v.
infusion of A31_49 (400 pmol/site)
or PBS (control group). a Total

150+

1004

50+

Immobility time (s)

immobility time of mice submitted

5487

b

100- [ Saline @M Guanosine
—~ 80+
X -
= b o
§ 60+
kS
£ 404
2
< 201

0

PBS AB140

and 18th days in the novel object location (a) and Y-maze (b),
respectively. Data represent means + SEM (N = 9-10). *P < 0.05
compared to the hypothetical 50 % (random investigation). Statistical
analysis shows a significant difference compared to PBS + saline group
(*P < 0.05; two-way ANOVA followed by post hoc test Newman-Keuls)

Guanosine Counteracts Af3;_49-Increased
Na*-Independent Glutamate Uptake

After behavioral analyses, we performed ex vivo glutamate
uptake and release assays in mouse hippocampal slices.
Af_40 or guanosine did not alter total glutamate uptake
(Fig. 5a). However, by discriminating the Na*-dependent
and Na'-independent components of glutamate transport, it
was observed that Af3;_40 induced a tendency of decreasing
high-affinity Na*-dependent glutamate uptake, although there
are no statistical differences among groups (Fig. 5b).
Additionally, analysis of the low-affinity Na*-independent
glutamate uptake showed that A{3;_4¢ induced a statistical

3 Saline Bl Guanosine

T

to the tail suspension test. b
Latency for initiating the self-
cleanness behavior in the sucrose
splash test and ¢ total self-
cleanness time in the sucrose
splash test. Data represent

means + SEM (N = 9-10).
Statistical analysis shows a
significant difference compared to
PBS + saline group (*P < 0.05)
and to A3y 49 + saline group

(*P < 0.05; two-way ANOVA
followed by post hoc test
Newman-Keuls)

T

[ Saline
100+

Latency to grooming (s)

@@ Guanosine

*

T

PBS AB140

[ Saline Il Guanosine

1504

T

100

50

Grooming time (s)

PBS

Mra PBS AB140
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Fig. 5 Evaluation of glutamate uptake (a, b) and release (c) after A3 40
i.c.v. infusion and guanosine treatment. Mice received guanosine
(8 mg/kg, i.p.) or saline (10 puL/mg, i.p.) for 14 consecutive days after
the i.c.v. infusion of A3 49 (400 pmol/site) or PBS (control group). After
behavioral analysis, mice were killed and their hippocampi were
dissected for preparing slices. a Total glutamate uptake obtained values.

significant increase in Na*-independent transport
(F(1,42)=0.6692, P < 0.05 compared to PBS + saline group),
and guanosine treatment counteracted this effect induced by

b High-affinity Na*-dependent and low-affinity Na*-independent
glutamate uptake values. ¢ Glutamate release values. Data represent
means £ SEM (N = 6-8). Statistical analysis shows a significant
difference compared to PBS + saline group (*P < 0.05) and to AR 49
+ saline group (*P < 0.05; two-way ANOVA followed by post hoc test
Newman-Keuls)

A1 40 infusion (F(1,42) = 4.10, P < 0.05; Fig. 5b). A1 40
also induced a non-significant tendency of increasing gluta-
mate release (Fig. 5¢).

Table 1 HPLC measurement of

adenine and guanine derivatives Purines PBS + saline PBS + guanosine A 40 + saline A _40 + guanosine

and metabolites in the (n=10) (n=15) (n=15) (n=06)

hippocampus of mice submitted

to AP_4o infusion and guanosine GTP 16.56 + 1.16 1647 £3.19 22.56 £ 2.08 23.09 £ 291

treatment GDP 11.99 + 0.53 18.35 + 1.88* 13.99 £ 0.78 13.29 + 0.64
GMP 13.69 + 1.01 11.17 + 2.04 14.19 + 0.97 14.69 + 0.86
Guanosine 0.74 £ 0.04 0.71 £0.19 0.50 £ 0.10 0.57 £0.07
Xanthine 202.0 = 14.09 250.40 + 27.08 316.70 + 49.45 27420 + 34.22
ATP 22.54 +£291 24.44 + 449 30.19 + 4.68 3047 +2.16
ADP 21.57 +2.20 23.28 +£4.23 32.76 + 2.33% 33.13 £ 1.91*
Adenosine 18.21 +2.26 13.75 £2.72 16.83 + 1.44 17.19 + 0.88
IMP 15.61 = 1.34 16.24 + 4.02 18.36 = 1.55 18.55 + 1.66
Inosine 7.56 +0.93 4.63 +£1.22 8.16 + 0.71 9.32 + 1.06
Hipoxanthine 930 £2.12 642 +1.27 6.00 + 0.52 6.54 +£0.24
Uric acid 15.71 + 0.80 15.13 £ 1.43 13.94 £ 0.35 14.81 + 0.64

Values are expressed in uM, as mean = SEM from five to six hippocampi

*P < 0.05 compared to PBS + saline group (two-way ANOVA followed by post hoc test Newman-Keuls)
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Measurement of Guanine and Adenine Derivative Levels
in the Hippocampus of Mice After A3, 4, Infusion
and Guanosine Treatment

Guanosine distribution in CNS structures and influence
on other purine derivative levels were shown elsewhere,
but no studies so far investigated adenine and guanosine
derivative levels after a chronic treatment protocol in
mice (for review, see [49]). Here, we analyzed guanine
and adenine derivative levels after guanosine chronic
treatment. Data presented in Table 1 show HPLC anal-
ysis of purine concentration in mouse hippocampus
21 days after Af3;_40 infusion. Af3;_40 induced a signif-
icant increase in ADP levels compared to control group
(PBS; F(1,17) 8.28, P = 0.01) and a slight increase in

a PBS + Saline

PBS + Guanosine

CA3

v

CAl

~ £ .

T

ATP levels, effects that were not modified by guanosine
treatment. Guanosine treatment increased GDP levels
compared to PBS group (£(1,17) 11.06, P < 0.05),
and this effect was not observed in the AP;_4 plus
guanosine group.

Guanosine Effects on GFAP, NeuN, and Synaptophysin
Immunocontents

We performed GFAP immunohistochemistry in order to
investigate the occurrence of reactive astrogliosis.
Immunohistochemistry was also used to investigate neu-
ronal and synaptic losses, respectively, by analyzing
NeuN and synaptophysin expressions. Our results sug-
gest that 21 days following i.c.v. Af;_4 infusion

AB, 4 + Saline AP, 4 + Guanosine

CA3 CAl DG

5 100- 1004 1004
e}
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PBS PBS AB1.40 AB1.40 PBS PBS AB140 AB1.40 PBS PBS AB140 AB140

Saline Guanosine Saline Guanosine

Fig. 6 GFAP immunoreactivity evaluation 21 days after A3 49 i.c.v.
infusion and guanosine treatment at hippocampal CA3, CAl, and
dentate gyrus (DG) regions. Mice received guanosine (8 mg/kg, i.p.) or
saline (10 pL/mg, i.p.) for 14 consecutive days after the i.c.v. infusion of
A1 40 (400 pmol/site) or PBS (control group). a Representative
photomicrographs of GFAP immunohistochemistry in hippocampal

Saline Guanosine Saline Guanosine

Saline Guanosine Saline Guanosine

slices performed 21 days after A3 4 i.c.v. infusion. Scale bar 25 pm.
b Graphs represent means + SEM (N = 3—4) of optic density obtained
with ImagelJ analysis software. Statistical analysis suggests a significant
difference compared to PBS + saline group (*P < 0.05; two-way ANOVA
followed by post hoc test Newman-Keuls)
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decreased GFAP immunocontent at hippocampal CAl
region (F(1,7) = 22.715, P < 0.05), and guanosine did
not affect this alteration. No statistical differences were
observed at regions CA3 and dentate gyrus (DG) for
GFAP expression (Fig. 6).

Immunohistochemistry analysis regarding NeuN ex-
pression 21 days after A3, 49 i.c.v. infusion revealed
no differences among treated groups, although we ob-
served a slight decrease in the hippocampal CA1 region
in the Af31_40 group (Fig. 7). Immunohistochemistry and
Western blotting performed to analyze synaptophysin
expression also showed no alterations in synaptic densi-
ty at mouse hippocampus after AP 49 i.c.v. infusion
(Fig. 8).

PBS + Saline PBS + Guanosin

a

CA3

CAl

e

Discussion

Amyloid-{3 peptide toxicity is tightly involved with AD occur-
rence. Several models of AD-like pathology use Af3 peptides in
order to mimic some features of AD, aiming to further under-
stand AD pathophysiology and investigate promising neuro-
protective agents. A study performed in SH-5YSY neuroblas-
toma cells showed that guanosine, an endogenous guanine-
derived nucleoside, has neuroprotective effect against ROS pro-
duction and apoptotic cell death induced by AP (Tarozzi et al.
2011). No further studies have investigated guanosine neuro-
protection in rodent models of AD. Therefore, in the present
study, we investigated guanosine putative neuroprotective ef-
fects against A31_40 i.c.v. infusion in mice.

AB, 4o + Saline AB, 4, + Guanosine
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Fig. 7 NeuN immunoreactivity evaluation 21 days after Af3; 49 i.c.v.
infusion and guanosine treatment at hippocampal CA3, CAl, and
dentate gyrus (DG) regions. Mice received guanosine (8 mg/kg, i.p.) or

saline (10 uL/mg, i.p.) for 14 consecutive days after the i.c.v. infusion of

AP 40 (400 pmol/site) or PBS (control group). a Representative

@ Springer

photomicrographs of NeuN immunohistochemistry in hippocampal
slices performed 21 days after A3 4 i.c.v. infusion. Scale bar 25 pm.
b Graphs represent means + SEM (N = 3—4) of optic density obtained
with Image] analysis software. Statistical analysis suggests no difference
among groups (two-way ANOVA)
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Fig. 8 Synaptic density evaluation 21 days after A3, 4 i.c.v. infusion.
Mice received guanosine (8 mg/kg, i.p.) or saline (10 pL/mg, i.p.) for 14
consecutive days after the i.c.v. infusion of A3 49 (400 pmol/site) or PBS
(control group). a Representative photomicrographs of synaptophysin
immunohistochemistry in CA3, CAl, and dentate gyrus (DG)
hippocampal regions, performed 21 days after Af3; 49 i.c.v. infusion.
Scale bar 25 pm. b Fluorescence quantification of photomicrographs

PBS

AB1_40 AB1.40

Guanosine

from CA3, CAl, and DG. Graphs represent means £ SEM (N = 3-4)
of optic density obtained with ImageJ analysis software. ¢ Representative
immunoblotting of synaptophysin (Syn) and {3-actin content in whole
hippocampal extracts. Graph represents the quantitative analysis
expressed as the ratio of synaptophysin/(-actin. Statistical analysis
suggests no difference among groups (two-way ANOVA)
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Mouse exploratory behavior and locomotor activity were
analyzed in the open field task after A3, 4 i.c.v. infusion and
guanosine chronic treatment, and we reported no differences
among treatments used in this study. Mouse spatial memory
was analyzed in the object location and in the Y-maze task.
A3 _40-treated mice displayed impaired short-term spatial
memory in the object location test, a task dependent on CAl
region of the hippocampus [35]. We also reported here, for the
first time, guanosine effect on reducing the cognitive deficit
induced by AP 49 i.c.v. infusion in mice. Guanosine effect on
preventing cognitive deficits was shown before in a hepatic
encephalopathy model in rats [50]. We observed no differ-
ences among groups in the Y-maze task. Although AD trans-
genic models present an alteration in this task [51], no previ-
ous studies using A _4¢ i.c.v. infusion in mice showed cog-
nitive deficits in the Y maze. The lack of cognitive deficit in
this test could be related to the fact that this task evaluates
working memory more related to the prefrontal cortex func-
tion [52, 53]. Taken together, these results suggest that A3_4
i.c.v. infusion protocol causes impairment in hippocampal-
dependent memories, although additional behavioral analysis
must be performed to confirm this hypothesis.

Because of its viscosity, the sucrose solution dirties the
mouse fur and animals initiate grooming behavior as an index
of self-cleanness and motivational behavior. The absence or
delay in the onset of this behavior is considered to parallel
with some symptoms of depression such as anhedonia [54].
Bettio and colleagues [30, 55] have already demonstrated gua-
nosine anti-depressant-like effects in mice, and guanosine has
been proposed acts as an anti-depressant agent via the modu-
lation of glutamatergic transmission [29]. For instance, gua-
nosine anti-depressant-like effect occurs through interaction

with the glutamatergic system, as pretreatment with NMDA
(the selective NMDA receptor agonist) inhibited guanosine
effect in the tail suspension test [30]. In the present study,
we did not observe a significant effect of guanosine in the tail
suspension test. This observation might be due to the treat-
ment schedule used in our study. Bettio and colleagues [30]
exposed mice to the test 60 min after guanosine administra-
tion, while in the present study, there was a gap of 5 days
between the last treatment with guanosine and the behavioral
evaluation of mice in this task. However, even in this protocol
where an anti-depressant-like effect of guanosine per se was
not observed, it was effective in reducing the anhedonic-like
behavior caused by Af1_40.

After analyzing mouse behavioral alterations, we evaluated
biochemical changes in the hippocampus following A3 4o
and guanosine treatment. Regarding glutamatergic transmis-
sion, the Na*-independent glutamate transport, carried out
mainly by cystine—glutamate exchanger (Xc ) system, has call
attention due to its effect of increasing intracellular cysteine
levels for the anti-oxidant glutathione synthesis [56].
However, in excitotoxic conditions, a reversal activity of these
transporters can be observed, thus increasing intracellular glu-
tamate levels and decreasing cystine and consequently cyste-
ine, the limiting substrate to glutathione synthesis [57]. Our
group has previously reported a decrease in the hippocampal
immunoreactivity of GLAST and GLT-1 (astrocytic Na*-de-
pendent glutamate transporters responsible for the high affin-
ity and major capacity of glutamate uptake activity) [58] and
reduced glutathione levels 16 days after Af31_4 i.c.v. infusion
in mice [11]. More recently, we also demonstrated that there is
an increase in Na*-independent glutamate uptake in the pre-
frontal cortex, 18 days after A3, 4o infusion [9]. Herein, we

Guanosine prevents
coghitive deficit
and anhedonia

Guo .o

pe

Post-synaptic neuron

Pre-synaptic neuron

¥ ABio @ Glutamate M
Guo Guanosine O Cystine Y

Fig. 9 Schematic view of effects promoted by chronic guanosine
treatment following A3 49 i.c.v. infusion in mice. Guanosine treatment
(8 mg/kg, i.p., for 15 days) prevented the cognitive deficit and anhedonic-
like behavior induced in mice by AP 4 (400 pmol, i.c.v.). right panel In
mouse hippocampus, AR 40 increased ATP and ADP levels. AR 40
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altered glutamate transport, mainly by increasing Na*-independent
glutamate uptake. Guanosine treatment recovered glutamatergic
transmission unbalance induced by Af3;_40. This figure was produced
using Servier Medical Art (http://www.servier.com) under creative
common license
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observed an increase in hippocampal Na*-independent gluta-
mate uptake 21 days after A3, 4o infusion, and guanosine
treatment prevented this glutamate uptake alteration.
Interestingly, A3, 40 injection at mouse hippocampus in-
duced an increase in microglial xCT expression, the functional
component of Xc system [59], and Albrecht and colleagues
[60] showed that guanosine increased normal Xc  activity in
HT22 neuroblastoma cells exposed to glutamatergic
excitotoxicity. Identification on whether Af3 toxicity relates
to Xc reversed activity and if guanosine prevents this effect
is under investigation in our laboratory.

Postmortem analysis of AD patient brains revealed that
energetic deficiency is related to mitochondrial dysfunction
[61], and this alteration could be induced by A3 accumulation
at mitochondrial membrane. Figueiredo and colleagues [8]
reported the increase in mitochondrial complexes I, II, and
IV activities caused by Af3, although there was a decrease in
the energetic metabolism. Here, we observed that A3;_4
infusion induced a significant increase in ADP and a
slight increase in ATP levels in the hippocampus. Taken
together, these data suggest a compensatory mechanism
against Af3; 49 damage, aiming the maintenance of brain
energetic metabolism.

We also observed that guanosine treatment for 15 days in-
duced an increase in hippocampal GDP levels. Previous stud-
ies demonstrated that after systemic guanosine treatment, gua-
nosine and guanine levels raise soon after 15 min in rat brains,
accompanied by an increase in the levels of the purine nucle-
oside phosphorilase (PNP), an enzyme of the salvage pathway
that is responsible for guanosine metabolism [62]. In this re-
gard, considering that we did not observe any differences in
guanosine metabolite levels (as uric acid or xanthine), we can
suggest that guanosine might be used directly in the salvage
pathway for GDP synthesis, as GTP levels also slightly in-
crease, although it did not reach significance. It is important to
notice that A3 plus guanosine-treated group did not show the
increase in GDP levels, so an effect of Af3;_4 in the purine
salvage pathway or involved enzymes can be hypothesized,
although more studies are needed to clarify the A3 influence
over the purinergic system.

Several studies showed that i.c.v. Af3;_4 infusion induces
reactive astrogliosis [11, 63], but no study reported GFAP
immunoreactivity 21 days after A3 4. Corroborating our
results, studies performed in 3Tg-DA mice showed a decrease
in GFAP expression in 3-month-old animals [64, 65]. A de-
crease in the GFAP immunoreactivity was reported in depres-
sive patients and in rodent models of depression [66, 67], and
it could be related to the depressive-like behavior (increase in
the latency for grooming) observed in this study. Besides gua-
nosine anti-depressant-like effect, no alterations on GFAP im-
munoreaction were observed after guanosine treatment.

Synaptic loss is also considered a characteristic of DA at
initial stages [68, 69], and it was previously reported 14 days

after A3;_49 infusion [8, 63]. In the present study, we did not
found any differences regarding synaptophysin expression
using both immunohistochemistry and Western blotting tech-
niques performed 21 days after A3 40 infusion. Regarding
neuronal loss, we did found a slight decrease in NeuN expres-
sion in the CA1 region of the hippocampus following AR 49
infusion, although statistical analysis showed no differences
among groups. Therefore, additional studies are necessary to
clarify the time-course alterations evoked by A 3_4¢ infusion.
In fact, it is not possible to delineate a simple linear function
between pure amyloidopathy and synaptic dysfunction asso-
ciated to neuronal depletion. An interesting example relies on
hAPP transgenic models presenting extremely high levels of
cerebral Af3 but little or no neuronal depletion [70].

In conclusion, guanosine treatment prevents the cognitive
deficit and the anhedonic-like behavior induced by A3 49 in
mice, what might be related to guanosine modulation of the
hippocampal glutamatergic transmission altered by A3 40.
We also showed here for the first time the quantification of
guanine and adenine derivative levels after A3,_4( infusion,
suggesting an effect of A3 over the purine salvage pathway,
although A 31_4 effect over purinergic system must be further
investigated. A hypothetical and schematic proposal
encompassing general effects observed in our study is
depicted in Fig. 9.
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