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Intranasal guanosine administration presents a wide therapeutic
time window to reduce brain damage induced by permanent
ischemia in rats
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Abstract In addition to its intracellular roles, the nucleoside
guanosine (GUO) also has extracellular effects that identify it
as a putative neuromodulator signaling molecule in the central
nervous system. Indeed, GUO can modulate glutamatergic
neurotransmission, and it can promote neuroprotective effects
in animal models involving glutamate neurotoxicity, which is
the case in brain ischemia. In the present study, we aimed to
investigate a new in vivo GUO administration route (intranasal,
IN) to determine putative improvement of GUO neuroprotec-
tive effects against an experimental model of permanent focal

cerebral ischemia. Initially, we demonstrated that IN [3H] GUO
administration reached the brain in a dose-dependent and satu-
rable pattern in as few as 5 min, presenting a higher cerebro-
spinal GUO level compared with systemic administration. IN
GUO treatment started immediately or even 3 h after ischemia
onset prevented behavior impairment. The behavior recovery
was not correlated to decreased brain infarct volume, but it was
correlated to reduced mitochondrial dysfunction in the penum-
bra area. Therefore, we showed that the IN route is an efficient
way to promptly deliver GUO to the CNS and that IN GUO
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treatment prevented behavioral and brain impairment caused
by ischemia in a therapeutically wide time window.

Keywords Guanosine . Intranasal . Purines . Ischemia .

Neuroprotection

Introduction

Guanine-based purines (GBPs), specifically the nucleoside gua-
nosine (GUO) and the nucleotides guanosine-5′-mono-, di-, and
triphosphate (GMP, GDP, and GTP, respectively), are endoge-
nous molecules and members of the purinergic system, which
are known to participate in several intracellular processes. In the
central nervous system (CNS), in addition to their intracellular
roles, GBPs present extracellular effects that suggest they are
putative neuromodulator signaling molecules [1]. Indeed,
GBPs can modulate neurotransmitter systems, particularly glu-
tamatergic neurotransmission. Specifically, the nucleoside GUO
has been shown to stimulate astrocytic glutamate (GLU) uptake
[2, 3] and to inhibit GLU vesicular storage [4], thus modulating
glutamatergic synaptic transmission. As GLU is the main excit-
atory neurotransmitter in the CNS, and excessiveGLU signaling
(excitotoxicity) is involved with several brain diseases [5, 6], the
neuroprotective potential of GUO against excitotoxicity has
been investigated. Accordingly, the exogenous administration
of GUO has shown neuroprotective effects on CNS injury in
several animal models linked to excitotoxicity events, including
models of dementia [7], seizures [8, 9], neuropathic pain [10],
stroke [11–15], and hepatic encephalopathy [16].

Although modulatory and neuroprotective potentials of
GUOwere strongly demonstrated, GUOmechanism of action
is not fully understood. A putative binding site for GUO was
already described in rat brain membranes [17], but in opposite,
several evidences point to an adenosine (ADO) receptors con-
tribution for GUO effects. Indeed, some, but not all of the
observed neuroprotective effects of GUO, were blocked by
ADO receptor antagonists, suggesting multiple mechanisms
of action for GUO [18–22]. Certainly, GUO effects seem to be
directly mediated by action on the brain, as intracerebroven-
tricular or intracortical GUO infusion in experimental models
of excitotoxicity have demonstrated neuroprotection [8, 13].
Nevertheless, most of the neuroprotective effects exerted by
GUO were observed after its systemic (intraperitoneal [IP] or
oral) administration [7, 9–16]. In this regard, systemic admin-
istration routes present important limitations for protocols
with endogenous drugs that aim to reach the brain but can
be metabolized in the systemic pathway, which is the case
for GUO. GUO can be enzymatically degraded to guanine
both extra- and intracellularly and subsequently reduced to
xanthine (XAN) and uric acid (UA). Moreover, the intercon-
version among guanine- and adenine-based purines, such as
ADO and its derivatives inosine (INO) and hypoxanthine

(HYPO), plays an important role in maintaining purine ho-
meostasis [23, 24]. Therefore, a long systemic pathway could
decrease the amount of GUO that reaches the brain by
metabolization and/or uptake, consequently decreasing the ef-
fectiveness of the administered dose [25, 26].

An intranasal (IN) route of administration appears to be a
relevant alternative for delivering compounds to the CNS.
Several works have demonstrated transport of macromolecules
across the nasal epithelia, sometimes faster and higher than the
conventional intravascular pathway [27–31]. Currently, it is
thought that substances that are able to cross the nasal epithelial
barrier can reach the brain through components associated with
the olfactory and trigeminal nerves after IN administration.
Subsequently, they are rapidly distributed throughout the brain
by convective perivascular space flow. Hence, the IN route of
administration may be a particularly attractive drug delivery
method to manage cerebrovascular diseases, such as stroke
[27, 28]. Accordingly, therapeutic proteins and other molecules
were delivered to ischemic brains, suggesting that IN adminis-
tration is clearly a promising route for stroke therapy [29–31].
Thus, IN GUO administration could offer a potential means of
improved delivery to the brain.

Recently, we have shown neuroprotective effects of IP treat-
ment with GUO early after permanent focal cerebral ischemia
[11, 12], which caused a significant and long-lasting recovery
of the impaired behavioral function and decreased the exten-
sion of brain infarct volume. These effects were related to mod-
ulation of the glutamatergic system, cellular redox environ-
ment, and inflammatory cytokine balance in the penumbra area
(periphery of lesion), the main presumptive site of endogenous
restorative processes and, thus, of the therapeutic target site.
Like the conventional drugs to manage stroke, IP GUO was
shown to be effective when administered immediately after the
induction of experimental brain ischemia [11, 12].

Taken together, in the present work, we aimed to investi-
gate the neuroprotective potential of IN GUO following brain
ischemia as an alternative strategy to avoid GUO
metabolization and compromised blood circulation as a con-
sequence of ischemia. Thus, we induced a permanent focal
cerebral ischemia in rats searching for a therapeutic time win-
dow for IN GUO treatment. Preliminarily, we evaluated phar-
macokinetic parameters of IN GUO administration and com-
pared them with an IP route using radiolabeled [3H] GUO
administration and purine levels determination in brain struc-
tures, blood plasma, and cerebrospinal fluid (CSF).

Materials and methods

Chemicals

GUO, acetonitrile (ACN), trifluoroacetic acid (TFA), and
methyl triphenyl tetrazolium chloride (TTC) were purchased
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from Sigma (St. Louis, MO, USA). Methacrylate resin was
from Leica®, and methylene blue was obtained fromMerck®.
[3H] GUO (specific activity 15 Ci/mmol) was obtained from
American Radiolabeled Chemicals (St. Louis, MO, USA).
The anesthetic ketamine hydrochloride and xylazine were ob-
tained from Syntec Brazil (Cotia, SP, Brazil). All other
chemicals were of analytical grade and obtained from standard
suppliers.

Animals

One hundred fifty adult male Wistar rats (60–90 days old)
were obtained from the animal facility house of the
Department of Biochemistry, ICBS, UFRGS. The animals
were kept under a 12-h light/dark cycle (light on at 7:00 am)
at a temperature of 22±1° C. They were housed in plastic
cages (five per cage) with water and commercial food avail-
able ad libitum. The animals were anesthetized by IP admin-
istration of both ketamine hydrochloride (50 mg/kg) and
methyl xylazine (10 mg/kg). The IP injection volume was
1 ml/kg. Animals were sacrificed by decapitation using a guil-
lotine. All experiments were performed following the rules of
the Ethics Committee on Animal Use - CEUA-UFRGS. The
protocols were approved by the CEUA-UFRGS, Project No.:
22319.

Preparation and administration of IN [3H] GUO solution

A mother solution of unlabeled GUO (120 mg/ml) was pre-
pared on the day of each experiment, and it was used to pre-
pare all the different concentrations of GUO used in the study.
Unlabeled GUO at each concentration specified was mixed
with a fixed amount of radiolabeled [3H] GUO (0.5 mCi/ml,
specific activity 15 Ci/mmol). The mixture of unlabeled GUO
with tracer amounts of [3H] GUO was named as [3H] GUO
solution.

Six rats per each condition analyzed were anesthetized, and
the [3H] GUO solution was administered to both nostrils of
each animal at the bottom of the nasal septumwith a pipette tip
with a long edge. The administered volume of [3H] GUO
solution was applied slowly, and the interval between each
nostril administration was approximately 2min. After the time
interval specified for each group protocol, blood samples were
transcardially collected and the animals were decapitated and
the brain structures (i.e., olfactory bulb, parietal cortex, hippo-
campus, and cerebellum) were dissected and processed.

Rats that received no interference, such as anesthesia, sur-
gery, and/or treatment, were considered control animals that
were designated as Bnaïve^ group in each analyses. At the end
of the experiments, all naïve animals were grouped into a
single population to consider inter-experimental variability
(eight rats in total). Thus, the control group was identical for
all comparisons in this work.

Evaluation of pharmacokinetic parameters of IN [3H]
GUO solution administration

We investigated dose curve and time distribution of IN [3H]
GUO into the rat brain and blood plasma. The dose curve of
IN [3H] GUO solution was evaluated by applying 0.05 ml per
nostril of different concentrations of [3H] GUO solution (2.5,
7.5, 15, 30, and 60 mg/ml) and assessing the radioactivity
content and purine levels in brain structures and blood plasma
15 min after administration. Based on the unlabeled GUO
concentration and the radioactivity detected for each solution
administered, we estimated the dose curve for [3H] GUO ex-
posure of each brain structures and blood plasma. To achieve
the IN [3H] GUO time curve, we applied 30 mg/ml IN [3H]
GUO solution, 0.05 ml per nostril, and evaluated the radioac-
tivity content and purine levels after 5, 15, 60, 120, and
180 min.

Comparison between IN and IP [3H] GUO administration

The [3H] GUO solution (30 mg/ml) was injected IN (IN GUO,
0.05 ml per nostril) or IP (IP GUO 0.1 ml). After 5 min, the
radioactivity and purine levels of the brain structures, CSF,
and plasma samples were determined.

Brain structure processing

The olfactory bulb, parietal cortex, hippocampus, and cerebel-
lum were dissected from the brain, weighed, and the right
hemisphere structures were used for quantification of radioac-
tivity (by liquid scintillation counter Hidex 300 SL), and the
left hemisphere structures were used for determination of pu-
rines by high performance liquid chromatography (HPLC)
measurements. The following procedure was performed for
both hemispheres according to [25] with minor modifications;
the structures were homogenized in 0.6 ml of 7% TFA, except
the bulb, which was homogenized in 0.3 ml of 7 % TFA for
deproteinization. Next, the homogenates were centrifuged at
10,000×g at 4 °C for 10 min, and the supernatants were col-
lected. Aliquots of 0.2 and 0.4 ml from the olfactory bulb and
other structures, respectively, were used to measure the radio-
activity content. To analyze purines by the HPLC method, an
aliquot of 0.1 ml was neutralized with 0.075 ml of 1.5 M
potassium bicarbonate (KHCO3). After, the samples were fil-
tered through cellulose 0.22 μm pore size membrane and fi-
nally stored at −70 °C.

CSF and plasma sampling

CSF samples (approximately 0.1 ml) were removed by direct
puncture of the cisterna magna with an insulin needle in a
stereotactic apparatus. Each sample was centrifuged at 10,
000×g at 4 °C for 10 min to obtain a cell-free supernatant.
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This supernatant was filtered through a cellulose 0.22μmpore
size membrane, and the samples were individually stored at
−70 °C.

Blood was withdrawn (approximately 2 ml) by cardiac
puncture and added to collection tubes containing sodium
citrate as an anticoagulant. The samples were centrifuged at
5000×g for 10 min and the supernatant (plasma) was collect-
ed. An aliquot of 0.4 ml was added to 0.6 ml of 7 % TFA to
deproteinization. After, the samples were centrifuged at 10,
000×g at 4 °C for 10 min and the supernatant was collected.
A supernatant aliquot (0.4 ml) was collected for radioactivity
analysis. Another aliquot (0.1 ml) was submitted to the same
process of neutralization and storage as brain structures and it
was used for purines analysis.

HPLC

Determination of the purines concentration in CSF, blood
plasma, and brain structures was performed using the meth-
odology of HPLC described previously [7]. The injected sam-
ple volume was 0.02 ml. The following purines were ana-
lyzed: ADO, INO, HYP, GUO, XAN, and UA.

Evaluation of the neuroprotective potential of IN GUO
treatment in the cerebral ischemia model

To investigate the neuroprotective potential of IN GUO treat-
ment, we used a permanent focal cerebral ischemia model in
rats and evaluated parameters of behavioral functionality (cyl-
inder test), histological damage (infarct volume by TTC
stained), and mitochondrial dysfunction at the penumbra area
(MitoTrackerTM analyses).

Before any surgical manipulation, we performed cylinder
test (described below) in all animals to exclude potential
asymmetric rats. Following this preliminary test, the animals
were randomly separated into two main groups: ischemia sa-
line (IS; craniotomy with induced ischemia followed by saline
solution administration) and GUO ischemia (IG; craniotomy
with induction of ischemia followed by GUO treatment). Of
note, we previously showed that animals submitted only to
surgical procedures (craniotomy) without thermocoagulation
of pial vessels (SHAM) showed no behavioral impairment or
brain histological damage [11, 12]. The IG group was
subdivided according to the administration schedule: IG 0 h
(immediately, 1, 3, and 6 h after surgery), IG 1 h (1, 3, and 6 h
after surgery), or IG 3 h (3, 5, and 8 h after surgery). Saline or
30 mg/ml GUO solutions were IN administered (0.05 ml per
nostril). The saline group received four administrations of sa-
line solution (NaCl 0.9 %) immediately, 1, 3, and 6 h after
surgery. For saline and/or GUO administration 3 to 8 h after
the surgery, animals were anesthetized again with half of the
initial anesthetic dose. The concentration of GUO solution for
neuroprotective experiments was chosen based on the

pharmacokinetics profile of IN administration. The adminis-
tration schedule was initially chosen based on previous studies
by our research group [11, 12]. After induction of ischemia,
further analyses were performed by investigators blind to the
treatments.

Induction of permanent focal ischemia

Ischemic injury was induced by thermocoagulation of pial
blood vessels in the motor and sensorimotor cortices by ap-
proaching a hot probe to the meninges [11, 12]. This proce-
dure resulted in the degeneration of the six cortical layers just
below the affected blood vessels [32]. Briefly, the animals
were anesthetized and placed in a stereotaxic apparatus. The
skull was surgically exposed and a craniotomy was per-
formed, exposing the left fronto-parietal cortex (+3–6 mm
and AP + LL 2–0 mm bregma). After the procedure, the skin
was sutured and the body temperature was maintained at
37 °C using a heating pad until recovery from anesthesia.

Measurement of sensorimotor activity

This procedure was based on the spontaneous exploratory
behavior of rodents. It consisted of placing the animal into a
glass cylinder (20 cm in diameter and 30 cm high) and
counting the first 20 forelimb contacts with the cylinder walls.
Occurrences of contact with exclusive use of the ipsilateral
limb (to the injury) or contralateral limb or the use of both
limbs were recorded separately. The animals were submitted
to a pre-test prior to surgery and a post-test 48 h after surgery.
The score of symmetry for each animal was calculated each
day by the formula previously described [11, 12, 32].

Measurement of the volume of the brain infarcted area

After the cylinder procedure, the animals were euthanized and
the brains were quickly removed from the skulls and sectioned
in a coronal plane at 2 mm thickness using a rat brain matrix
(Insight LTDA, Ribeirão Preto, SP, Brazil). The slices were
immersed for 30 min in 2 % TTC at 37 °C followed by over-
night fixation in 4 % paraformaldehyde. The infarct volume
was calculated by the formula: volume=measurement of in-
farct area× slice thickness (2 mm). The brain slices were ana-
lyzed by the software Image J. The results are expressed in
mm3.

Dysfunctional mitochondria measurement

Tissue samples (30 mg) from the side of the lesion of parietal
cortex, located between the lesion and the cerebral longitudi-
nal fissure (a piece measuring approximately 8 mm×6.2 mm)
was dissected after rat transcardial perfusion with saline in
accordance with recent studies by our group [11, 12]. This
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region was chosen because it has characteristics similar to the
penumbra area [11, 12, 32]; therefore, it was designated as the
penumbra area. The samples were dissociated in 0.1 M
phosphate-buffered solution (PBS), pH 7.4, containing
0.1 mg/ml of collagenase IV. After the dissociation, the sam-
ples were decanted for 15 min and an aliquot of supernatant
was collected and incubated with MitoTrackerTM Green FM
and Red FM dyes (100 nM each). MitotrackerTM green pro-
vides an estimation of mitochondrial quantity and mass, and
red provides a measure of the mitochondrial potential. Taken
together, these data (higher mitochondrial mass and lower
potential) indicate mitochondria dysfunction [33]. The emis-
sion of fluorescence was measured by a band pass green (FL-
1; 530 nm/30) and red (FL-3; 670 nm long pass) using
CellQuest Pro software (Becton Dickinson, Franklin Lakes,
NJ, USA) and data from 10,000 events were acquired. All
flow cytometric analyses were performed using Flow Jo soft-
ware 7.6.3 (Treestar, Ashland, OR).

Statistics

An unpaired Student’s t test was used to compare radioactivity
measurements between IN and IP [3H] GUO groups. Purine
levels evaluated by HPLC in brain structures, blood samples,
and CSF were analyzed by a one-way ANOVA followed by
Bonferroni’s post-test. KruskalWallis test followed by Dunn’s
post-test was used to analyze the neuroprotective effects of
different administration schedules of IN GUO treatment on
sensorimotor activity and on brain infarct volume, comparing
each different treatment protocol with IS. Dysfunctional mito-
chondrial cell data were analyzed by one-way ANOVA
followed by a Bonferroni’s post-test. Post-test statistical pow-
ers were calculated after each analysis of neuroprotective ef-
fects and are shown in the Supplementary Material.
Correlations were analyzed by a Pearson’s correlation analy-
sis. Differences were considered significant at p ≤ 0.05
probability.

Results

Pharmacokinetic analysis following IN [3H] GUO solution
administration

Radioactivity detection

Radioactivity was detected in all investigated brain structures
(i.e., olfactory bulb, parietal cortex, hippocampus, and cere-
bellum) with the olfactory bulb presenting higher radioactivity
levels (Fig. 1). The dose curve indicated that IN [3H] GUO
exposure was increased in brain structures by increasing the
GUO amount administered (Fig. 1a), pointing to a dose-
dependent profile. Saturation was achieved with the dose of

30 mg/ml IN [3H] GUO solution. Regarding the time curve,
no significant difference was observed in radioactivity content
from 5 to 180 min after IN [3H] GUO solution administration
(Fig. 1b).

Similar to brain structures, the dose curve indicated a dose-
dependent profile of [3H] GUO after IN [3H] GUO solution
administration in blood plasma (Fig. 2a). In contrast to brain
structures, no saturation level was reached even in the higher
doses administered (Fig. 2a), and higher radioactivity levels
were observed over time (Fig. 2b).

HPLC measurements

No significant difference in GUO levels analyzed by HPLC
was observed in any brain structure between naïve rats and
rats that received IN [3H] GUO solution of each different
tested conditions (concentration and time curves;
Supplementary Tables 1 and 2). Only XAN and UA profiles
showed statistically significant differences at specific condi-
tions; a significant increase in XAN level in the olfactory bulb,
15 min after 7.5 mg/ml of IN [H3] GUO solution
(Supplementary Table 1), and an increase in UA level in the
parietal cortex, 60 min following 30 mg/ml of IN [H3] GUO
solution administration (Supplementary Table 2).

We observed that only ADO plasma levels were sig-
nificantly increased 15 min after animals received 15 to

Fig. 1 Brain structures. a Dose curve of IN [3H] GUO administration.
Radioactivity detected 15 min after administration of 0.05 ml per nostril.
b Time curve. Radioactivity detected after administration of 30 mg/ml of
IN [3H] GUO solution, 0.05 ml per nostril. Each point represents the
mean ± SE. N= 6 animals per group
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60 mg/ml of IN [3H] GUO solution (Supplementary
Table 3A). This selectivity of the increase in ADO
levels was confirmed in the time curve (Supplementary
Table 3B). A significant decrease in XAN levels was
observed from 60 to 180 min following 30 mg/ml of
IN [3H] GUO solution (Supplementary Table 3B). Blood
plasma GUO and HYP levels were not possible to be
detected due to its value not reaching the HPLC inferior
detection limits (data not shown). This inability seems
to be related specifically to the use of TFA 7 % in
purines extraction protocol, as GUO plasma levels could
be observed using different extraction compounds [7,
16, 25, 26]. Notably, we chose TFA 7 % based on a
pilot experiment which we tested different chemicals to
homogenize brain tissue and blood samples to obtain
the highest radioactivity extraction derived from [3H]
GUO (TCA 10 %, TFA 7 %, ACN, methanol,
perchloric acid; data not shown).

Comparison between IN and IP [3H] GUO solution
administration

Five minutes after administration of 30 mg/ml IP (0.1 ml) and
IN (0.05 ml per nostril) [3H] GUO solution, the radioactivity
was detected in brain structures (Fig. 3a). The radioactivity
levels detected in the olfactory bulb were higher compared
to other brain structures after IN but not IP administration.
The radioactivity levels in the parietal cortex, hippocampus,
and cerebellum were significantly higher after IP than IN
administration.

HPLC analyses confirmed no significant change in endog-
enous purine levels in brain structures after IN [3H] GUO
solution administration, while IP [3H] GUO solution admin-
istration caused a small number of significant increases, i.e.,
UA in the olfactory bulb, INO in the hippocampus, and GUO
and INO in the cerebellum (Supplementary Table 4).

CSF was collected from six animals of each naïve, IN, and
IP GUO groups; however, only four, three, and three CSF
samples were obtained without blood contamination, respec-
tively. The radioactivity levels in the CSF were not signifi-
cantly different between the two administrations (Fig. 3b),
while in blood plasma it was significantly higher after IP than
IN administration. In both protocols, the radioactivity levels in

Fig. 2 Blood plasma. a Dose curve of IN [3H] GUO administration.
Radioactivity detected 15 min after administration of 0.05 ml per
nostril. b Time curve. Radioactivity detected after administration of
30 mg/ml of IN [3H] GUO solution, 0.05 ml per nostril. Each point
represents the mean± SE. N= 6 animals per group. *P< 0.05 compared
to the naïve group

Fig. 3 Comparison of injection routes for [3H] GUO solution
administration. The radioactivity in: a different brain structures and b
the CSF and blood plasma, five minutes after IN (0.05 ml per nostril) or
IP (0.1 ml) 30mg/ml [3H] GUO administration. Data are expressed as the
mean ± SE. N = 6 (brain structures and plasma) or 3–4 (CSF) animals per
group. *P< 0.05 compared to IN groups
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blood plasma were significantly higher than in the CSF.
Significantly higher ADO levels were observed in blood plas-
ma 5 min after IP, but not IN [3H] GUO solution injection
compared to naïve rats. The concentrations of other analyzed
purines showed no significant differences between the groups
in blood plasma (Table 1). In contrast, IN [3H] GUO solution
administration significantly increased the levels of GUO,
XAN, UA, INO, and HYP in the CSF, especially GUO,
INO, and HYP levels that were 2.5, 2.1, and 4.5 times com-
pared to naïve animals. The concentrations of other analyzed
purines in the CSF showed no significant differences between
the groups (Table 1).

Evaluation of the neuroprotective potential of IN GUO
administration

All animals presented a symmetry rate of approximately 90 %
in the cylinder test before surgery (data not shown). Ischemic
insult reduced the symmetry to approximately 25 %. IN GUO
treatments improved the symmetry rate (Fig. 4,
Supplementary Table 5).

Brain TTC staining indicated that permanent focal ische-
mia induced a lesion in the cerebral cortex of the left

hemispher measured at 48 h after surgery (Fig. 5). IN GUO
administration decreased the infarct volume only when the
treatment started immediately after ischemia induction (IG 0
h; Fig. 5a-b, Supplementary Table 6). No statistical correlation
between the symmetry score and the infarct volumewas found
(Pearson’s R2 =0.016, P=0.41; Fig. 5c).

We further evaluated functional mitochondrial integrity in
cortical penumbra area of animals that received INGUO treat-
ment starting 3 h after ischemia onset since this experimental
group presents a more interesting therapeutic time window
compared to the others. The volume and morphological com-
plexity analyses together with the Mitotracker™ incorpora-
tion (mass and potential mitochondrial measurement) through
flow cytometry indicated that permanent focal ischemia in-
duced injury to neural cells in the penumbra area of the pari-
etal cortex of the ipsilateral, but not of the contralateral hemi-
sphere. Notably, IN GUO treatment starting 3 h after ischemic
insult (IG 3 h) significantly reduced mitochondrial dysfunc-
tion when compared to the IS group (Fig. 6a, Supplementary
Table 7). We observed a statistical correlation between func-
tional behavior recovery and mitochondrial dysfunction in the
penumbra area (Pearson’s R2=0.39, P=0.006; Fig. 6b).

Histological analysis of the nasal septum was performed to
verify the integrity of the mucosa after IN GUO treatment (IG
0 h group). No histological alteration was observed
(Supplementary Figure 1).

Discussion

In the present work, we conducted pharmacokinetic evalua-
tion of GUO IN administration to determine when, how, and
where GUO could reach the brain. We observed a dose-

Table 1 Levels of endogenous purine and metabolites in the CSF or
blood plasma, measured in naïve animals and in animals at 5 min after IN
(0.05 ml per nostril) or IP (0.1 ml) [3H] GUO administration. Levels of
endogenous purines and metabolites in blood plasma (A) and CSF (B):
comparison between IN and IP [3H] GUO administration

Nucleoside and
metabolites

Näive IN [3H] GUO IP [3H] GUO

A. Blood plasma

GUO n.d. n.d. n.d.

XAN 0.90 ± 0.17 0.82 ± 0.11 0.70 ± 0.11

UA 10.46 ± 0.78 11.49 ± 2.79 11.15 ± 2.48

ADO 0.56 ± 0.15 1.05 ± 0.25 1.55 ± 0.26*

INO 3.60 ± 0.26 3.43 ± 0.61 3.12 ± 0.46

HYP n.d. n.d. n.d.

B. CSF

GUO 0.10 ± 0.02 0.25 ± 0.04* 0.20 ± 0.04

XAN 2.41 ± 0.07 3.28 ± 0.26* 2.04 ± 0.09

UA 2.39 ± 0.08 3.24 ± 0.21** 1.91 ± 0.03*

ADO 0.18 ± 0.02 0.14 ± 0.03 0.17 ± 0.02

INO 0.67 ± 0.09 1.43 ± 0.26* 0.44 ± 0.04

HYP 2.31 ± 0.33 10.38 ± 2.01* 3.06 ± 0.46

GUO guanosine, XAN xanthine, UA uric acid, ADO adenosine, INO
inosine, HYP hypoxanthine. N= 6 (plasma) or 3–4 (CSF) animals per
group.*P< 0.05 compared to respective control group, #P< 0.05 com-
pared both to respective control and IP groups. Values are expressed as
mean ± SE in nmol/ml

*P< 0.05 compared to the naïve group, **P< 0.05 compared to the naïve
and IP [3H]GUO groups

Fig. 4 Performance in the cylinder test 48 h after ischemia. Symmetry
score of rats receiving IN treatment of saline (IS,N= 21) or GUO through
a protocol starting immediately (IG 0 h, N= 16), 1 h (GUO 1 h, N = 9) or
3 h (GUO 3 h, N= 19) after ischemia induction. The symmetry score
index and the schedule of administration for each treatment are
described in material and methods. #P< 0.0001 compared to IS, IG 0 h,
IG 1 h, IG 3 h groups; *P< 0.05 compared to IS group; **P < 0.001
compared to IS group. Data are expressed as the mean ± SE
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dependent and saturable pattern of GUO exposure in brain
structures. Although, to our knowledge, this was the first time
that IN GUO administration was investigated, the delivery of
nucleoside analogs to the CNS has been demonstrated by
several works through IN administration in rodents [34, 35].
Indeed, nucleoside transporters were found in the nasal epi-
thelia, pointing out that the uptake of GUO by their specific
transporters can facilitate its delivery to the brain [36]. The
pathway by which GUO applied to the nostril reaches the
CNS seems to be reached as fast as only 5 min post-injection.
This result is in accordance with other studies, which demon-
strated that different drugs could reach maximal CNS concen-
trations immediately after administration [37, 38]. No signif-
icant difference was observed in GUO endogenous levels in

the brain structures following IN [3H] GUO solution admin-
istration in any condition tested in this work. These results
could be expected as GUO exposure on each brain structure
was lower than the variability of total endogenous purines
among naïve animals.

In blood plasma, IN [3H] GUO administration increased
ADO levels 15 min after injection of 15–60 mg/ml IN GUO.
Previously, we reported that chronic oral GUO treatment was
also able to increase ADO plasma levels [7]. Some works in
the literature have focused attention on the interplay of extra-
cellular ADO and GUO levels. An experimentally based hy-
pothesis is that GUO caused an increase in extracellular ADO
levels by competing with nucleoside transporter [19, 20]. In
fact, some of GUO’s neuroprotective effects, but not all, are
ADO receptor dependent [18–22, 39].

Interestingly, radioactivity amounts were higher in brain
structures following IP than IN [3H] GUO solution adminis-
tration. As expected, significantly, more radioactivity amount
was detected in the blood plasma after IP compared with IN
[3H] GUO administration; however, the same levels of radio-
activity were detected in CSF. Taken together, these data sup-
port the hypotheses that GUO reaches CSF after IN adminis-
tration by a pathway, at least partially, not involving systemic
circulation and that brain structures take up purines directly
from blood after IP administration. CSF purines analysis indi-
cated that GUO levels were significantly increased after IN
[3H] GUO administration. Moreover, GUO direct metabolites,
i.e., XAN and UA, as well as INO and HYP, which concen-
trations can be influenced by GUO, are also significantly in-
creased after IN [3H] GUO administration, demonstrating a
fast delivery pathway to the CNS. CSF GUO levels increased
after IP [3H] GUO administration but did not reach a statisti-
cally significant difference. Except for ADO, no purine levels
showed a significant difference compared to endogenous
levels in CSF after IP [3H] GUO administration. The increase
of CSF ADO levels may be associated with the increased
blood plasma ADO levels after IP [3H] GUO injection.
Together, these data reinforced the idea that the CSF may be
a major source of distribution to the brain following IN ad-
ministration while the purine levels after IP administration
reflect blood levels. This hypothesis is reinforced by works
of Jiang’s group [19, 20] that showed, using a mixture of
unlabeled and labeled [3H] GUO (40 times more [3H] GUO
than was used here), that GUO is promptly and markedly
metabolic breakdown after systemic administration reflecting
in an increase of GUO metabolites in the brain [25, 26].

As we demonstrated that an IN route can be an efficient
method for the delivery of GUO to the CNS, we further eval-
uated the IN GUO treatment neuroprotective potential in a
brain ischemia model. Stroke, which mainly causes ischemic
events, is the third cause of death worldwide and the main
cause of chronic, severe adult disability. The current therapy
can restore cerebral blood flow within a narrow time window

Fig. 5 Parameters of brain infarct measured 48 h after cerebral ischemia.
a Volume of brain infarct of rats receiving treatment with saline (IS,
N = 14) or GUO starting immediately (GUO 0 h, N = 16), 1 h (GUO
1 h, N= 9) or 3 h (GUO 3 h, N= 12) following ischemia induction. b
Representative images of brain TTC staining of experimental groups. c
Correlation (IS and GUO 0H groups) between cortex infarct volume and
forelimb function (symmetry score) measured 48 h after ischemia,
Pearson’s R2 = 0.016, P= 0.41. *P< 0.05 compared to IS group
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to prevent damage to the Bpenumbra^ area, which surrounds
the infarct core [40]. In order to increase the therapeutic time
window, neuroprotection is an alternative or adjunct approach
to thrombolysis, targeting the cerebral parenchyma in the
acute ischemic phase [41].

The neuroprotective effects of the nucleoside GUO have
been demonstrated after systemic administration in ischemia
models by our and other groups [11–15].We recently showed,
using the same permanent focal cerebral ischemia model used
in the present work, that systemic GUO treatment started im-
mediately after ischemia induction improved functional re-
covery of behavioral impairment, simultaneously preventing
brain oxidative stress, modulating glutamatergic parameters,
attenuating changes in the inflammatory system, thus decreas-
ing neuronal degeneration in the penumbra area [11, 12].
Additionally, other groups demonstrated that GUO treatment
starting before a transient focal cerebral ischemia induction
(middle cerebral arteria occlusion model [MCAO]) decreased
brain infarct volume and improved neurological deficits, act-
ing directly in the CNS [13, 15].

The main goal of the present work was to explore the neu-
roprotective potential of GUO through an alternative admin-
istration route, i.e., the IN pathway. In addition to being a non-

invasive method, the advantage of the IN route is to be a direct
pathway for endogenous drugs to be delivered to the CNS,
decreasing the influence of systemic metabolism and the
blood brain barrier, as we observed for GUO in our pharma-
cokinetics data. Moreover, the IN route presents alternative
pathways to deliver drugs to the CNS that does not involve
blood vessels, which are compromised in stroke [27, 28].
Remarkably, IN GUO treatment that was initiated immediate-
ly after ischemia onset prevented behavior impairment and
decreased brain infarct volume with a dose almost seven times
lower than the effective dose for IP administration [11, 12].
This effective result of IN compared to systemic administra-
tion was also observed for other neuroprotective drugs against
ischemia damage [29, 30] .

Although the exact GUO mechanism of action is still not
fully clear, GUO seems to counteract different steps following
the ischemia cascade events [11, 12]. Thus, we tested different
therapeutic schedules of treatment, increasing the time of the
first dose administered after ischemia induction. We observed
that IN GUO treatment starting 1 or 3 h after ischemia induc-
tion were efficient in preventing functional behavior impair-
ment induced by ischemia but had no effect on brain infarct
volume, evaluated by the TTC technique. Interestingly, no

Fig. 6 Dysfunctional mitochondria in the penumbra zone (contralateral
and ipsilateral sides) measured 48 h after ischemia induction: a
percentage of dysfunctional mitochondria in the penumbra area from
rats of SHAM (N = 5 animals), IS (N = 7 animals), and IG 3 h (N = 7

animals). The description of each experimental group is detailed in
material and methods. c Correlation between infarct volume and
forelimb function (symmetry score; Pearson’s R2 = 0.39, P= 0.006)
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statistical correlation between these two parameters was ob-
served. In this way, it is important to consider that TTC meth-
odology relies on the degree of dehydrogenase enzymes and
cofactors functionality, but the tissue that stains positively is
not necessarily health. Together, these results suggest that
GUO may be acting in a different damaged region. The area
between the pale-ischemic core and the red-colored healthy
tissue represents the penumbra zone where brain tissue is
damaged but not yet dead, thus comprising the transition zone
between the core and the repairable zone that is the anatomical
target of protective intervention [42, 43]. In agreement with
the idea of neuroprotection action in the penumbra zone, we
observed that IN GUO treatment starting 3 h after the insult
statistically decreased the number of events containing dys-
functional mitochondria in the penumbra area. To reinforce
this idea, we detected a statistical correlation between the mi-
tochondrial status in the penumbra area and the behavioral
performance. Our data are in agreement with our previous
work, which reported a correlation between oxidative stress
parameters in the penumbra area (but not infarct volume) and
functional recovery of animals submitted to ischemia treated
with systemic GUO [12]. However, the wide time window for
therapy with GUO seems to be an outstanding outcome par-
ticular to the IN route, as systemic GUO injection was effi-
cient only when administered before or immediately after is-
chemia onset [11–15].

In summary, we showed in the present work that the IN
route is an efficient route to promptly deliver the neuroprotec-
tive nucleoside GUO to the CNS.Moreover, we demonstrated
that IN GUO prevented behavioral injury in a much lower
dose and a wider therapeutic time window compared to sys-
temic administration, an effect related to improvement in tis-
sue viability in the penumbra area. As the search for an effec-
tive neuroprotective treatment that can be started later after
ischemia onset is currently one of the most challenging goals
to treat stroke, we believe that our present data support that IN
GUOmay be a promise strategy to treat stroke. We expect that
our present results will stimulate other groups to explore the
neuroprotective potential of IN GUO treatment.
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