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Abstract

Neuroinflammation triggered by the expression of damaged-associated molecular patterns released from dying cells plays a
critical role in the pathogenesis of ischemic stroke. However, the benefits from the control of neuroinflammation in the clinical
outcome have not been established. In this study, the effectiveness of intranasal, a highly efficient route to reach the central
nervous system, and intraperitoneal dexamethasone administration in the treatment of neuroinflammation was evaluated in a 60-
min middle cerebral artery occlusion (MCAO) model in C57BL/6 male mice. We performed a side-by-side comparison using
intranasal versus intraperitoneal dexamethasone, a timecourse including immediate (0 h) or 4 or 12 h poststroke intranasal
administration, as well as 4 intranasal doses of dexamethasone beginning 12 h after the MCAO versus a single dose at 12 h to
identify the most effective conditions to treat neuroinflammation in MCAO mice. The best results were obtained 12 h after
MCAO and when mice received a single dose of dexamethasone (0.25 mg/kg) intranasally. This treatment significantly reduced
mortality, neurological deficits, infarct volume size, blood—brain barrier permeability in the somatosensory cortex, inflammatory
cell infiltration, and glial activation. Our results demonstrate that a single low dose of intranasal dexamethasone has neuropro-
tective therapeutic effects in the MCAO model, showing a better clinical outcome than the intraperitoneal administration. Based
on these results, we propose a new therapeutic approach for the treatment of the damage process that accompanies ischemic
stroke.
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Introduction 80% of stroke cases are ischemic [1]. Of these, 5 million
patients die, whereas survivors remain affected with different
degrees of disabilities depending on the area and the extent of

damage to the brain [2, 3].

The World Health Organization estimates that strokes affect
15 million people worldwide every year and that more than
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Brain tissue injury after an ischemic stroke results in the
expression of damage-associated molecular patterns, which
release inflammatory cytokines and activate the microglia that
migrate to the damaged area to remove cellular debris and
restore tissue homeostasis [4]. The sustained neuroinflamma-
tion (NI) exacerbates the neuronal injury, favors edema, and
disrupts the blood—brain barrier (BBB), leading to clinical
deterioration, and eventually death [5].

Currently, restoring blood flow to ischemic tissues by using
the tissue plasminogen activator (itPA) remains the only avail-
able pharmacologic therapy to improve the outcome of ische-
mic stroke. This treatment is costly and only modestly effec-
tive [6].

One alternative is to focus the treatment on controlling NI
Synthetic glucocorticoids (GC) stand out as the most potent
anti-inflammatory therapeutic agents commonly used in the
treatment for an array of inflammatory disorders [7]. More
specifically, dexamethasone (DX) is known as one of the most
potent prescribed GC, which also boasts minor side effects at
low doses for brief periods. In addition, DX restores the over-
all structure and improves the tightness of the BBB [8].
However, their beneficial or detrimental effects in strokes re-
main uncertain. Indeed, GC administered before patients’ hos-
pital admission has been associated with increased mortality,
suggesting the protective role of acute NI in stroke [9]. The
use of dexamethasone in stroke patients has been evaluated in
different studies. In a review including a set of 8 studies com-
paring corticosteroids versus placebo or a control group in
people with acute ischemic stroke, a great imprecision was
observed [10]. The treatment could increase the odds of death
by as much as 34% or reduce it by as much as 43%. The time
window in which the treatment was applied as well as the
magnitude of the damage induced by the stroke could underlie
these differences. Indeed, corticosteroids could be beneficial
in high-risk patients with large infarcts and much vasogenic
edema [11], and ineffective or harmful among those with
smaller infarcts and less vasogenic edema. Furthermore, these
studies included patients within 48 h after the infarction, a
time range long enough to be associated with an acute
nondamage or harmful subacute inflammatory response.
Another variable that can critically affect the efficacy of the
treatment is the glucocorticoid dose and the administration
regimen used. High and sustained doses can be counterpro-
ductive in old patients that frequently have other comorbidi-
ties. This was the case of a large randomized controlled trial
that included over 10,000 patients treated with a high dose of
corticosteroids for 14 days. Corticosteroid treatment was as-
sociated with a higher number of deaths from all causes and
no reduction in the disability of survivors [12]. In summary,
the time in which the treatment is applied, the dose and regi-
men used, and the degree of harm of the affected patients are
fundamental variables for corticosteroid success. Finally, it is
important to consider the route of administration. In all studies
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carried out to date, corticosteroids are administered intrave-
nously, intramuscularly, or orally, all routes that required high
doses to reach a therapeutic concentration in the central ner-
vous system (CNS) with the negative side effects that this
implies [7]. Compelling evidence suggests that this can be
overcome by using the intranasal (IN) route of administration
for DX treatment, which we observed to be more efficient than
the intravenous option in the treatment of NI [13, 14].

The present study aimed to evaluate the effectiveness of the
intranasal administration of DX in morbidity and mortality
induced by middle cerebral artery occlusion (MCAO).

Materials and Methods
Mice

C57BL/6 male mice of 8 to 10 weeks of age were purchased
from Charles River Laboratories (Wilmington, MA) and bred
at the Instituto de Investigaciones Biomédicas. Mice were
grown at 22 +3 °C with a 12/12-h light-dark cycle and free
access to water and food. Animal handling and experimental
procedures followed the Guidelines for Care and Use of
Laboratory Animals published by the USA National
Institutes of Health and the Guidelines of the Mexican Law
for Animal Protection (Norma Oficial Mexicana NOM-062-
Z00-1999). All experimental procedures were approved by
the Committee for the Use and Care of Laboratory Animals of
the Instituto de Investigaciones Biomédicas, Universidad
Nacional Auténoma de México (approval number ID: 231).

Middle Cerebral Artery Occlusion

Brain ischemia was induced using the intraluminal MCAO
model [15, 16]. Initially, mice were anesthetized with 5%
isoflurane in oxygen for 3 min. During surgery, anesthesia
was maintained with 1.5 to 2.5% isoflurane in oxygen. A
midline ventral neck incision was made, and the left common
carotid artery and its proximal branches were isolated. A
silicone-coated 6-0 nylon suture (Doccol Corp, Redlands,
CA) was introduced via the arteriotomy in the external carotid
artery and slowly advanced through the left internal carotid
artery to reach the origin of the middle cerebral artery. The
nylon suture was removed after a 60-min occlusion, and the
external carotid artery was ligated permanently. Sham-
operated animals underwent the same surgical procedure, with
the exception that the filament was not advanced beyond the
middle cerebral artery. After surgery, all mice received intra-
peritoneal (IP) buprenorphine as analgesia (0.03 mg/kg).
Animals that died of anesthetic, procedural problems during
surgeries, or without neurological deficit after operation were
excluded from the study.
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Experimental Groups and Drug Administration

Mice were randomly assigned to the experimental groups and
quantified by investigators blinded to treatment. The first 3
experiments were performed to identify the most promising
conditions to treat MCAO mice, e.g., a side-by-side compar-
ison using IN-DX versus IP-DX, a timecourse including im-
mediate (0 h) and 4 and 12 h poststroke and 1 versus 4 IN
daily doses of DX beginning 12 h after MCAO.

Based on the results of the above experiments, MCAO
mice were randomly divided into 2 groups: MCAO + 1 IN
dose of DX (0.25 mg/kg) in 20 pl saline 12 h after artery
occlusion or MCAO + IN-saline in 20 ul at the same
timepoint. Sham-operated mice did not receive any DX or
saline after surgery. Mice were caged in polysulfone boxes
with food and water ad libitum before and during the experi-
ments. The body weight, mortality, and neurological deficits
were evaluated daily 7 days after surgery. The surviving ani-
mals were euthanized with a lethal intraperitoneal injection of
90 to 100 mg/kg ketamine and 10 mg/kg xylazine. Similar
groups of mice were sacrificed at 24 h to evaluate the effect
of IN-DX in a subacute phase of the ischemic stroke or eval-
uated weekly up to 42 days after MCAO.

Neurological Test

Neurological deficit was assessed daily for 7 days, or weekly
up to 42 days after MCAO using a modified 7-point
neuroscore scale [17]. The neurological severity score was
graded as follows:

* 0, no observable deficit

* 1, failure to extend the contralateral forepaw

e 2, mild circling behavior when picked up by the tail, <
50% attempts to rotate to the contralateral side

» 3, mild consistent circling, > 50% attempts to rotate to the
contralateral side

* 4, consistent and strong circling, the mouse holds a rota-
tion position for more than 1 to 2 s, with its nose almost
reaching its tail

+ 5, severe rotation with falling in a direction contralateral to
the infarct, loss of walking or righting reflex, and

e 6, depressed level of consciousness, comatose, or
moribund

Cerebral Infarct Volume Evaluation

Seven days after MCAO, 4 mice randomly selected from the
DX- or saline-treated groups and 3 sham mice were anesthe-
tized with a lethal IP injection of 90 to 100 mg/kg ketamine
and 10 mg/kg xylazine, and perfused transcardially with phys-
iological saline solution (0.9%). Brains were extracted and cut

into 4 coronal sections (2 mm thick each) using a mouse brain
slicer (Stoelting, Wood Dale, IL) and stained with a 2% solu-
tion of 2,3,5-triphenyl tetrazolium chloride (TTC) (Sigma, St.
Louis, MO) in phosphate-buffered saline at 37 °C for 30 min.
Images of brain sections were obtained using a digital camera
(Nikon Digital Sight DS-Ril, Nikon, Tokyo, Japan). The in-
farct volume was quantified by the ImageJ digital analysis
software using the Freehand selection tool (National
Institutes of Health, Bethesda, MD). The infarct volumes
corrected by edema were calculated (percentage of corrected
infarct volume = (normal hemisphere volume — noninfarct
volume of infarct side)/normal hemispheric volume) x 100
[18].

Blood-Brain Barrier Permeability Quantification

Randomly selected mice from the corresponding group were
euthanized with a lethal IP injection of 90 to 100 mg/kg keta-
mine and 10 mg/kg xylazine. Briefly, 0.2 mL/100 g body
weight of Evans blue was administrated in the left heart ven-
tricle and circulated for 10 min [19]. After that, the animals
were perfused with saline solution (0.9%), followed by 4%
paraformaldehyde. Brains were postfixed overnight by im-
mersion in 4% paraformaldehyde at 4 °C. Two-millimeter
coronal sections were obtained, and slices were photographed
without magnification with a digital camera (Nikon D3200).
Evans blue extravasation was analyzed by measuring the
mean optical density of the somatosensory cortex and striatum
using ImagelJ software. The quantification of the optical den-
sity using the calibrated optical density step tablet and the
Rodbard function provided by ImageJ software, has been used
before to study the BBB integrity [19, 20], and is based on
previously validated studies in which the empirical relation-
ship between the amount of Evans blue per unit area and the
optical density was obtained [21].

Tissue Processing for Histopathological Analysis

At 24 h and 7 days, 3 mice of each group were anesthetized
and perfused with physiological saline followed by 4% para-
formaldehyde solution previously cooled to 4 °C. The brains
were removed and postfixed in 4% formaldehyde solution for
24 h at 4 °C. After being dehydrated and embedded with
paraffin, 10- and 20-um coronal sections were taken for
hematoxylin—eosin (H&E) and Nissl staining, respectively.
The paraffin sections were deparaffined in xylene and
rehydrated in gradient ethanol from 100 to 96% and stained
with H&E to characterize tissue damage. 20 pum coronal sec-
tions were stained with Nissl staining to estimate neuronal
density. Slides were examined and micrographs were taken
in a digital camera attached to a light microscope (Olympus
Microscope BX51 W1). Neuronal density was estimated from
the striatum and the somatosensory cortex of ipsilateral and
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contralateral sides in 4 adjacent histological sections of each
region (800 um total distance). The number of viable cells was
manually quantified with the Multi-point tool of the Imagel]
software based on pathological changes. Well-rounded neu-
rons with normal-looking nuclei were counted in areas of
0.2 mm? in the 4 20-um-thick coronal sections and were mul-
tiplied by 40, which corresponds to the number of slices that
comprise 800 um of depth. The value obtained is equivalent to
the number of living cells in 0.16 mm®. The above estimation
of the number or density of neurons was performed according
to a previously described method [22].

Immunofluorescence Analysis

Immunohistological studies were performed by immunofluo-
rescence following the protocol previously described [13].
More details are available in the Supplementary Materials
and Methods.

Statistical Analysis

A 2-way ANOVA followed by Bonferroni’s multiple compar-
isons test was performed to determine significant differences
between groups. Neuronal density was analyzed by Kruskal—
Wallis, followed by Dunn’s multiple-comparisons test. A 1-
way ANOVA, followed by Tukey’s multiple-comparisons
test, was performed to determine significant differences for
the blood-brain permeability and peaks from the area under
the curve for the neuroscore scale. Mortality was analyzed
performing a Mantel-Cox log—rank test. A 2-tailed unpaired
t test analyzed the infarct volume. Tests were carried out using
GraphPad Prism® 7.0 (GraphPad Software, San Diego, CA).
Statistical significance for all tests was considered when p-
values were lower than 0.05. Data supporting the results are
available to readers upon request to the corresponding author.

Results

One Single Dose of Dexamethasone Administered
Intranasally 12 h after Stroke Improves Survival and
Neurological Performance in MCAO Mice

The first three experiments were performed to assess the ef-
fectiveness of the intranasal route, the number of doses, the
most appropriate administration time of DX treatment in
MCAO mice on the survival, neurological deficit, and body
weight. In the first experiment, we examined the comparative
effectiveness in dose (IN vs IP); in the second, the number of
doses (1 vs 4); and in the third, the effect of an intranasal dose
of DX administered 12 h after occlusion versus 4 doses ad-
ministered over 4 days beginning at 12 h after MCAO to
improve survival, neurological deficit (neuroscore), and the

@ Springer

body weight (an indicator of mice health) during the first
7 days after the stroke. As shown in Fig. 1A, no significant
difference in percentage of survival was observed in the IN-
DX group when compared to the IP-DX group (p =0.0706).
However, a statistically significant weight recovery at days 4,
5,and 7 (p =0.0154, p=0.0153, and p = 0.0138 respectively)
and lower neurological deficits (p < 0.0001) were observed in
those IN-DX versus IP-DX-treated mice. Statistical analysis
also revealed significant differences in neurological deficits
between DX and saline groups (Fig. 1A, p <0.05). We next
evaluated the effectiveness of a single dose compared to 4
doses of DX using these same metrics. We found that 4 doses
administered every 24 h beginning 12 h after MCAO signifi-
cantly increased mortality (p = 0.0033) and neurological defi-
cits (p<0.0001) and reduced the bodyweight compared to
those that received only 1 dose (Fig. 1B). Next, we investigat-
ed whether timing of DX administration affected outcome
measures, and we found that the treatment administered im-
mediately (zero) or 4 h after MCAO did not modify the out-
come of the stroke (Fig. 1C). Considering that the best results
were obtained using 1 dose of IN-DX 12 h after MCAO,
another series of experiments were performed to study long-
term weight and survival, medium-term infarct volume, BBB
measurements, and histological assessments (Fig. 2A). The
follow-up work found a higher percentage of survival in
DX-treated (69%) versus saline-treated mice (36%) 42 days
after MCAO (Fig. 2B, p =0.011). As expected, all mice lost
body mass during the 3 days postsurgery. Sham animals
gained body mass at a significantly faster rate compared to
MCAO mice, but DX-treated MCAO mice more effectively
recovered weight compared to those that were saline-treated
(Fig. 2C). There was no sign of neurological deficit observed
in sham-operated mice. DX-treated MCAO mice showed low-
er neurological deficits compared to saline-treated mice (Fig.
2D, p <0.0001).

Dexamethasone Treatment Reduces Brain Damage
Induced by Ischemic Stroke

To correlate if the clinical improvement with DX-treated mice
was related to a decrease in brain damage, we evaluated brain
infarct volume and BBB permeability changes 7 days after
MCAQO. In the brains of sham mice, ischemic areas were not
observed. The brains of MCAO mice showed extensive areas
of ischemic damage in the somatosensory cortex and the stri-
atum, areas of the brain that are supplied by the middle cere-
bral artery (Fig. 3A). As observed in Fig. 3, intranasal dexa-
methasone treatment reduced the total volume of infarction
(Fig. 3B, p=0.0198). This reduction is caused mainly by the
effect observed in the striatum (Fig. 3D, p = 0.0049) and not in
the cortex (Fig. 3C, p=0.2326).

As far as the BBB, assessed by Evans blue extravasation
(Fig. 3E), the permeability was increased in the
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Fig. 1 One single dose of dexamethasone (DX) intranasally administered
12 h after stroke improves survival and neurological performance in
MCAO mice. Intranasal (IN) versus intraperitoneal (IP) DX routes of
administration were compared at 12 h after MCAO. Each mouse was
treated with 0.25 mg/kg of DX by the IN or IP route or received 20 pl
IN saline solution (A). A single dose of 0.25 mg/kg of DX administered
12 h after MCAO was compared with 4 repeated administrations every
24 h starting at 12 h (B), and with single administrations at 0 and 4 h after
the insult (C) (n = 10 per group). The percentage of survival, body weight,
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and the area under the curve (AUC) for neuroscore were determined daily
for 7 days after MCAO. Data represent the mean = SEM. Survival was
analyzed by the Mantel-Cox log—rank test; the percentage of body weight
loss was analyzed by 2-way ANOVA, followed by Bonferroni’s multiple-
comparisons test. The AUC was calculated averaging neuroscore scale for
7 days and peaks were compared by 1-way ANOVA, followed by
Tukey’s multiple-comparisons test. Different letters (a and b) indicate
significant differences between groups (p < 0.05)
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Fig.2 Dexamethasone (DX) treatment decreased mortality and improved
the neuroscore and weight at 7 days and promotes long-term recovery
after MCAO. Experimental design line (A). Twelve hours after MCAO,
each mouse was treated with 0.25 mg/kg DX or 20 pl saline solution by
the intranasal route. The percentage of survival (B), body weight (C), and
area under the curve (AUC) for neuroscore (D) were determined daily for
7 days after MCAO. From mice that survived 7 days after the MCAO, a
group of animals (n = 10 per group) were evaluated for an extra period of
42 days (6 weeks) (A, B, and C). Data represent the mean + SEM.
Survival was analyzed by the Mantel-Cox log—rank test; the percentage
of body weight loss was analyzed by 2-way ANOVA, followed by
Bonferroni’s multiple-comparisons test. The AUC was calculated aver-
aging the neuroscore scale for 7 days, and peaks were compared by 1-way
ANOVA, followed by Tukey’s multiple-comparisons test. Different let-
ters (a, b, and c) indicate significant differences in the survival, body
weight, and neuroscore between sham, treated, and nontreated mice
(p <0.05)

somatosensory cortex and the striatum of the saline-treated
group (Fig. 3F, G p =0.0006, p =0.0040, respectively). In
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comparison with the saline-treated group, the IN-DX admin-
istration significantly reduced the BBB permeability in the
somatosensory cortex (Fig. 3F, p =0.0136), but no significant
differences were found in the striatum (Fig. 3G). Additionally,
in the DX-treated group, Evans blue extravasation was not
significant in the somatosensory cortex and striatum areas
when compared with the sham group (Fig. 3F, G).

In addition, we carried out a histopathological analysis of
the brain damage induced by MCAO and the therapeutic ef-
fects of IN-DX at 24 h and 7 days after MCAO with H&E-
stained paraffin sections (Fig. 4). A group of sham mice and 2
groups of mice subjected to MCAO were included. One group
received an IN saline solution and the other 0.25 mg/kg of IN-
DX. Sham mice presented no abnormalities of the somatosen-
sory cortex and the striatum and the microscopic appearance
of neurons, glial cells, gemistocytes, and astrocytes was unre-
markable at 24 h and 7 d. (Fig. 4). In the somatosensory cortex
and striatum of 24 h MCAO mice that were treated with IN
saline, diffuse edema and increased cellularity were apparent
(Fig. 4). The majority of neurons presented ischemic changes
with eosinophilic cytoplasm and pyknotic and fragmented nu-
clei (Fig. 4, arrows). At 7 days, the interstitial edema was more
intense, and areas of tissue disruption were observed in the
cortex (Fig. 4, asterisk). Additionally, at this time, the nuclei
of many cells were pyknotic and fragmented. Occasional in-
flammatory cells, such as macrophages and polymorphonu-
clear leukocytes, were observed in the ischemic brain. The IN-
DX treatment markedly prevented the changes described
above in both cortex and striatum more clearly on day 7 after
MCADO (Fig. 4). The interstitial edema was no longer present,
although neurons with pyknotic nuclei (Fig. 4, arrows) were
still observed in the cortex and striatum. Glial cells with abun-
dant vacuolated cytoplasm were also observed (Fig. 4,
arrowheads).

Considering that neuronal death is observed during a
stroke, the density of neurons in the cortex and the striatum
at 24 h after MCAO was quantified (Fig. 5). There were no
changes in neuronal density in the hemisphere contralateral to
the arterial occlusion (Fig. 5B, C). In the ipsilateral hemi-
sphere of the saline-treated mice, a significant reduction in
neuronal density was observed in the somatosensory cortex
and striatum compared to the sham group (Fig. 5B, C p =
0.022, p =0.034, respectively). In contrast, in the DX-treated
mice, the neuronal density in the somatosensory cortex and
striatum was similar to those of the saline and sham mice (Fig.
5B, C). After 7 days, neuronal density was quantified and
histologic differences between groups were observed (Fig.
S1). In the cortex and striatum of MCAO mice treated with
saline, neuron depletion was observed, and the remaining neu-
rons showed degenerative changes, including pyknotic nuclei.
These changes were much less evident in mice treated with
DX (Fig. S1).
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Fig. 3 Intranasal dexamethasone (DX) reduced blood-brain barrier per-
meability and infarct volume 7 days after the MCAO. Coronal brain
sections of the sham-, saline-, and DX-treated groups are shown (A).
Images correspond to the 4 saline- and DX-treated mice presented in
vertical columns separated by pointed lines. The total infarction volume
(B), and infarct volume in the cortex (C) and striatum (D) were quantified
using the Image J software. Representative coronal brain slices of Evans
blue extravasation evaluated in the cortex and striatum (marked with
dotted lines) of the sham, saline, and DX groups are shown (E).

Dexamethasone Treatment Diminishes the Glial
Response 7 Days after MCAO

During a stroke, microglia/macrophages and astrocytes are
activated [4]. To test if IN-DX administration reduced the
activation of these cells, we quantified Iba-1 (whose overex-
pression allows differentiation between microglial cells en-
gaged in routine surveillance and those which are activated
in response to injury) and GFAP (a marker of activated astro-
cytes) after artery occlusion. DX treatment did not change the
astrocytes or microglia response at 24 h significantly (Fig. S2).
Nevertheless, at 7 days post-MCAO, a more pronounced Iba-

Sh:am Saiine Dx

Sham Saline  Dx

Quantification of Evans blue is shown as relative units of optical density
in the cortex (F) and striatum (G) from sham-, saline-, or DX-treated
mice. Each point represents the data of an individual mouse (n =4 per
group). Data represent the mean + SEM. Data were analyzed by a 2-tailed
unpaired ¢ test (infarct volume) and 1-way ANOVA, followed by Tukey’s
multiple-comparisons test (BBB permeability). Different letters (a, b, and
¢) indicate significant differences in the infarct volume and BBD perme-
ability between treated and nontreated mice (p <0.05)

1 and GFAP expression was observed compared to 24 h
(Fig. 6 and S2). Both MCAO saline- and DX-treated groups
presented a significantly higher microglia and astrocyte re-
sponse in both affected areas (Fig. 6, p <0.0001). The saline
group displayed more reactive astrocytes and ameboid cells in
both affected structures when compared with the DX group
(Fig. 6A); also, the intensity of the astrocyte response seemed
to be higher in the striatum than in the cortex. The DX group
showed more ramified microglia in the somatosensory cortex
and striatum when compared to the saline group (Fig. 6A).
Furthermore, the DX-treated group presented significantly
fewer microglia cells (Fig. 6B, cortex p =0.0033, striatum
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Fig. 4 Intranasal dexamethasone reduces markedly the ischemic brain
tissue damage in an MCAO model. Representative images of a brain
section (ipsilateral hemisphere) stained with hematoxylin and eosin
(H&E) of the sham-, saline-, or DX-treated groups are shown. Coronal
sections of whole brains of sham mice and mice subjected to MCAO for
24 h and 7 days are observed. One control group was treated by the
intranasal route with saline solution, and the other group received
0.25 mg/kg intranasal dexamethasone. For histologic examination, low
(x 60)-magnification H&E-stained micrographs of the somatosensory
cortex and striatum were examined for each animal (n =3 per group).
High-magnification images are shown in white boxes. Scale bar, 50 pm

p=0.0001) and astrocytes (Fig. 6C, cortex and striatum
p<0.0001) than the saline-treated group. Interestingly, in a
parallel immunofluorescence study, we found that IN-DX
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accumulated in the meninges of healthy mice in both hemi-
spheres, but the GC was directed towards the area affected by
cerebral infarction in MCAO mice; notably, it was absent in
the contralateral hemisphere (Fig. S3).

Discussion

In this study, we explore the use of DX, a potent anti-
inflammatory synthetic GC [13], IN versus IP administered and
at different times and doses in the murine MCAO model. As Fig.
1A shows, a better outcome of the stroke was observed in those
IN-DX-treated mice, which could reflect that the intranasal ad-
ministration route provides a more direct delivery of the drug
than the systemic route, allowing it to reach higher central and
lower systemic concentrations than the oral or parenteral routes
[23, 24] and greater efficiency in transport glucocorticoids direct-
ly through the olfactory and the trigeminus nerves [14, 25]
overpassing the BBB. A worse performance was observed in
those mice that received 4 versus 1 dose of DX, which may be
the result of neural damage due to an overexposure of GC [26].
No significant effects were observed when DX was employed
immediately or 4 h after MCAO, which may indicate that sup-
pression of inflammation during the repair phase is significant
and that suppression of acute inflammation does not affect out-
come. This is important because NI participates with active in-
trinsic repair responses [27]. Available evidence suggests that
early NI can restore CNS homeostasis in stroke [28-30]. Thus,
the use of GC to alleviate NI should be considered in the sub-
acute phase of the stroke, as it has been reported by Fu and
colleagues [31] and carried out in this study. In accordance, a
single low dose of IN-DX administered 12 h after stroke signif-
icantly reduced mortality and morbidity 42 days after MCAO.
The highest mortality rate in non-IN DX groups was observed
during the first 7 days after MCAO. Indeed, this high mortality is
similar to that reported by other authors in which the same model
was used [32, 33]. Other long-term experiments show that the
largest number of animals also dies during the first week after
MCAO, and that mortality is lower thereafter in the following
weeks, as in our work [34, 35]. The treatment also decreased the
infarct volume significantly. A unique dose of 0.25 mg/kg was
employed since it is known that low doses of GC are more
beneficial, preserving the physiological metabolism of the neu-
rons and the HPA axis [26]. This is the proposed dose for the
treatment of the acute respiratory distress syndrome (ARDS)
[36], to reduce postsurgical pain in children [37] and to improve
the pulmonary outcome in intubated very low birth weight in-
fants [38]. Lower doses are used to treat acute asthma exacerba-
tions in children [39] and much higher for systemic lupus [40].
IN-DX administered at 0.25 mg/kg has higher effectiveness than
intravenous to control NI [13]. Moreover, we demonstrated that
the IN administration gives a much higher brain or cerebrovas-
cular load of the drug than intravenous [14]. The dose of
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Fig. 5 Increased neuronal density in the somatosensory cortex and the
striatum after intranasal dexamethasone (DX) treatment in the MCAO
model. Representative image of a brain section stained with Nissl to
illustrate where neuronal quantifications were analyzed (A).
Representative images of Nissl staining of the somatosensory cortex
and striatum from the sham-, saline-, and DX-treated mice after 24 h of
performing MCAO (B). Quantification of the neuronal density of 4 adja-
cent histological sections of 20 pm (800 pm total distance) stained with

0.25 mg/kg is extensively employed intravenously to control NI
in different pathologies in humans [36]. Thus, this dose has been
also employed in this study.

Disruption of the BBB plays an important role in the de-
velopment of neurological dysfunction in ischemic stroke,
triggering edema, and it can be secondary to the activation
of microglia and astrocytes by promoting tissue damage into
the ischemic brain [41]. Postischemic breakdown of the BBB
can last for hours and is a central event of postischemic in-
flammation [42]. DX treatment may improve the BBB integ-
rity by preventing the infiltration of peripheral inflammatory
cells, probably by maintaining tight junctions between endo-
thelial cells [43]. DX has a known effect on cells of the im-
mune system [44], and is also known to decrease endothelial
permeability [45]. The decreases in the BBB leakiness may be
the consequence of the reduction of the infarct volume or the
direct effect of DX on the integrity of the endothelial barrier.
Both mechanisms could be involved which are not distin-
guished in this study.

The effect of a single low dose of DX was remarkable.
Histologically, it preserved the brain tissue and decreased
the neuronal damage in the somatosensory cortex and

Ipsilateral Contralateral

Contralateral

avteige OV

Nissl in the cortex and striatum from the ipsilateral (Ips) and contralateral
(Cont) hemisphere of the sham, saline, or DX animals (C). Each point
represents the data of an individual mouse (n =3 per group). Data repre-
sent the mean + SEM. Data were analyzed by a Kruskal-Wallis, followed
by Dunn’s multiple-comparisons test. Different letters (a, b, and c) indi-
cate significant differences in the neuronal density between groups (p <
0.05). Scale bar, 50 um

striatum. It also markedly reduced the activation of astrocytes
and microglia, the main inflammatory cells in the CNS.
Indeed, activation of astrocytes and microglia, the major in-
flammatory cell types in the CNS, was reduced 7 days after
stroke in DX-treated mice, possibly by the recognition of nu-
clear receptors through the mechanisms that have been exten-
sively reported [4]. GC such as DX have been reported to
exert significant effects on macrophage function and differen-
tiation [46—48], promoting M2 macrophages which may play
a critical role in tissue recovery after cerebral vascular event
[49]. In this sense, it would be very useful to study markers of
immune cell polarization in the brains to assess its relevance in
the recovery of treated mice. The high effectiveness of the
treatment could also be associated with an increased uptake
of DX into ischemic brain areas revealed by immunohisto-
chemistry. A similar distribution has been observed after in-
travenous injection of DX in experimental edema using more
massive ischemic procedures such as the occlusion of the right
carotid artery and cold injury of the right temporal lobe [50].
The accumulation of DX in the ischemic brain tissue could be
an essential factor in the better neurological outcome of treat-
ed mice.
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Fig. 6 Analysis of brain GFAP (green) and Iba-1 (red) expression in
treated and nontreated mice 7 days after the MCAO. Nuclei were stained
with DAPI (blue). Representative mouse brain sections of the sham-,
saline-, and dexamethasone (DX)-treated mice (A). Left images show a
low-magnification reconstruction of the ipsilateral hemisphere. The mean
fluorescence intensity (MFI) of Iba-1 (B) and GFAP (C) were quantified
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using the Image J software. Each point represents the data from 1 of 3
photographs analyzed in both the cortex and striatum (7 =3 animals per
group). Data represent the mean + SEM. Data were analyzed with 2-way
ANOVA followed by Bonferroni’s test. Different letters (a, b, and c)
indicate significant differences in the MFI between groups (p <0.05).
Scale bar, 200 pm
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Conclusion

A single IN low dose of DX in mice with ischemic damage
due to MCAO has beneficial effects attenuating the inflam-
matory responses, improving neurological performance, and
significantly reducing mortality. Altogether, our results pro-
vide experimental evidence that supports a novel, noninvasive
approach for the treatment of patients with ischemic stroke.
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