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Abstract: The blood–brain barrier (BBB) is essential for protection and plays a crucial role in chronic
neurological disorders like small-vessel disease and Alzheimer’s disease. Its complexity poses
significant challenges for effective diagnostics and treatments, highlighting the need for novel animal
models and comprehensive BBB dysfunction studies. This study investigates chronic BBB dysfunction
induction using osmotic disruption via mannitol in healthy adult male Sprague Dawley rats over
12 weeks. Group 1 received 1 bolus/week (2.0 g/kg), Group 2 received 3 boluses/week (1.5 g/kg),
and Group 3 received 3 boluses/week (2.5 g/kg). BBB dysfunction was assessed using gadolinium
(Gd) infusion and MRI to evaluate location, severity, evolution, and persistence. MR spectroscopy
(MRS) examined the brain metabolism changes due to intravenous mannitol, with T2-weighted MRI
assessing brain lesions. Biomarkers of neuroinflammation were analyzed in the highest mannitol
dose group. Our data show chronic BBB dysfunction primarily in the cortex, hippocampus, and
striatum, but not in the corpus callosum of rats under periodic mannitol dosing in groups 1 and 2.
MRS identified a distinctive metabolite signature, including changes in alanine, choline, and N-acetyl
aspartate in the striatum of Group 1. No significant differences were found in the serum levels of all
pro- and anti-inflammatory cytokines analyzed in the high-dose Group 3. This study underscores the
feasibility and implications of using osmotic disruption to model chronic BBB dysfunction, offering
insights for future neuroprotection and therapeutic strategies research.

Keywords: blood–brain barrier (BBB); brain disorders; gadolinium leakage; mannitol; magnetic
resonance imaging (MRI)

1. Introduction

The brain endothelium serves as both a biological and mechanical barrier between
the brain and vascular compartments and is crucial in linking risk factors to neurological
diseases such as lacunar stroke, Alzheimer’s disease, and multiple sclerosis. The vascular
endothelium plays an essential role in regulating vascular homeostasis through mechanisms
like vasodilation, the inhibition of platelet adhesion and aggregation, anticoagulant and
profibrinolytic effects, anti-inflammatory actions, and the inhibition of leukocyte adhesion
and migration. In the brain, these mechanisms are mediated by proteins associated with
endothelial cells, whose expression or inhibition varies with age and functional state. The
integrity or permeability of the blood–brain barrier (BBB), reflecting the normal function
of the brain endothelium, can be indirectly assessed through imaging methods and blood
biomarkers that indicate cerebral endothelium damage and potential neurological disease.
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Maintaining BBB integrity is vital for pathophysiological studies, early diagnosis, and the
development of preventive treatments for stroke and vascular cognitive impairment [1–3].

There are different in vivo models that mimic the processes associated with the origin
and progression of BBB dysfunction [4,5]. However, although animal models of chronic
BBB dysfunction are invaluable for research, they are limited and have significant disadvan-
tages. Genetic models, such as mice with mutations in amyloid precursor protein (APP),
presenilin-1 (PS1), or PDGF-B genes, replicate Alzheimer’s disease pathology and pericyte
deficiency, leading to sustained BBB disruption [6,7]. Chemical induction models, including
Streptozotocin-induced diabetes and lipopolysaccharide (LPS) exposure, mimic conditions
like diabetic encephalopathy and chronic inflammation, respectively [8,9]. Models in-
volving kainic acid, pilocarpine, or experimental autoimmune/allergic encephalomyelitis
(EAE) induce seizures or autoimmune responses against myelin, resulting in chronic BBB
dysfunction akin to epilepsy or multiple sclerosis [10,11]. Mechanical models like controlled
cortical impact (CCI) or middle cerebral artery occlusion simulate traumatic brain injury (TBI)
or ischemic stroke, respectively, causing long-term BBB dysfunction [12,13]. Viral models using
HIV-1 transgenic rats replicate HIV-associated neurocognitive disorders, while aging models in
naturally aged rodents study age-related BBB changes and neurodegenerative conditions [14].

These models collectively provide valuable insights into BBB dysfunction’s patho-
physiology for the following: (i) understanding the location, progression, and long-term
effects of BBB impairment; (ii) studying comorbidities, as chronic BBB dysfunction often oc-
curs alongside other pathologies such as inflammation, neurodegeneration, and metabolic
disorders; (iii) exploring new diagnostic strategies, including identifying biomarkers for
early diagnosis, monitoring disease progression, and evaluating treatment responses; and
(iv) developing treatments for related neurological conditions. On the other hand, the main
intrinsic limitations of these models involve the use of high doses of neurotoxins, which
cause extensive neuronal damage beyond BBB dysfunction, complicating the study of spe-
cific BBB-related changes. Methods like systemic injections can affect multiple organs, not
just the brain, confounding the interpretation of BBB-specific effects. Moreover, regarding
models focusing on the development of specific pathologies such as Alzheimer’s disease or
epilepsy, while these models are invaluable for understanding the disease process, they are
not suitable for other BBB studies that are not directly related to the disease [1–3]. Based on
the available reports, new animal models and detailed studies on the status and progression
of BBB dysfunction are still needed.

Temporary disruption of the BBB has been widely reported to be a prevalent approach
for delivering drugs into the CNS from the circulatory system [15–18]. The developed
BBB disruption methods mainly include osmotic disruption, ultrasound disruption, and
magnetic disruption. Osmotic stress models in animals, such as mannitol administration,
increase cerebral blood volume and mediate the decrease in junction tightness in the BBB.
Consequently, the entry of diverse solutes into the brain is facilitated. On the other hand,
systemic intravenous (i.v.) administration of mannitol is widely used clinically to reduce
cerebral edema [19–21]. However, an intra-arterial (i.a.) injection at a sufficiently high
concentration (close to the solubility limit of around 1.4 M) causes brain microvascular
endothelial cells to shrink, which is sufficient to induce transient BBB opening.

While a transient BBB opening can be readily achieved with a mannitol bolus, the mech-
anism of action is not fully understood, and the chronic effects of repetitive infusion on the
BBB and brain metabolism remain unclear. The aim of this study is to determine whether
the periodic intravenous administration of mannitol over 12 weeks in healthy rats can induce
chronic BBB dysfunction. To achieve this, different mannitol dosing regimens were evaluated:
1 bolus/week (2.0 g/kg i.v., 25% solution), 3 boluses/week (1.5 g/kg i.v., 25% solution), and
3 boluses/week (2.5 g/kg i.v., 25% solution). Here, we report a sensitive contrast-enhanced
magnetic resonance imaging (MRI)-based method that non-invasively detects BBB dysfunction
in vivo. Quantification of BBB permeability was performed and the Gd-leakage was calculated
for the whole brain, as well as separately for the cortex, hippocampus, striatum, and corpus
callosum. Additionally, we investigate whether these mannitol infusions are associated with
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alterations in brain metabolism linked to chronic BBB dysfunction using MR spectroscopy.
Finally, we studied the association of BBB dysfunction with chronic neuroinflammation, the
presence of brain lesions, and increased extravasation of Evans blue (EB) dye.

2. Results
2.1. General Animal Appearance and Weight Loss

All animals were visually inspected daily and weighed weekly immediately prior to
mannitol administration. Additionally, a pinch test to measure the potential dehydration of
the rats was performed daily. No animal showed dehydration signs through the follow-up
period. Four weeks after the start of the administrations, a significant weight decrease was
observed in Group 3 compared to groups 1 and 2, and this trend continued over time (at
12 weeks: 469.7 ± 43.4 g vs. 575.8 ± 17.4 g vs. 583.8 ± 32.4 g). It should be taken into
consideration that high concentration of mannitol could induce lees body fat accumulation,
inducing a lower weight gain in Group 3 (3 bolus/week 2.5 g/kg) [22]. However, the
animals did not exhibit classical signs of disease behaviors, such as decreased locomotion,
stooped posture, and anorexia (Figure 1a).
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Figure 1. (a) Temporal changes in the animals’ weight. (b) Corpus callosum and striatum volumes
between groups 1 and 3 at 12 weeks. (c) Changes in Evans blue extravasation in the entire brain
and both hemispheres of rats at the end of the study (n = 3 per group). Extravasation of Evans blue
was expressed as ng/mg brain tissue. The data are shown as mean ± SEM. The red line indicates
normal levels. (d) Relative levels of pro-inflammatory cytokines (TNF-α, IL-1β, IL-6, and IL-2)
anti-inflammatory cytokines (IL-10) in the mannitol-induced BBB dysfunction. Basal levels represent
the measurements taken at week 0, where each analyte value was normalized by dividing it by its
corresponding baseline. Values from the subsequent weeks were also normalized to each animal’s
baseline. The data are described as the mean ± SEM. * p < 0.05.

2.2. Presence of Brain Lesions

The results show that repetitive mannitol dosing induces dose-dependent chronic changes
in BBB permeability. However, at 12 weeks, no brain lesions or anatomical differences associated
with the doses of mannitol administered were found, as evaluated with T2-weighted MRI.
Quantitative measurements of the volumes of two studied regions, the corpus callosum and the
striatum, revealed no significant differences between the groups (Figure 1b).
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2.3. BBB Leakage Evaluation

No significant gadolinium (Gd) enhancement was detected in the brain before starting
mannitol injections, except for the ventricles/circumventricular organs, which have an incom-
plete BBB (see Figure 2). A visual analysis revealed that Gd-leakage increased in the weeks
following the start of mannitol administrations, mainly in ventral brain regions (superficial gray
layer of the superior colliculus, hippocampus, and cortex). We observed varying BBB leakage
patterns throughout the study period, with notable leakages occurring predominantly in the
cortex, hippocampus, and striatum. At 12 weeks, Gd leakage appears to be less evident in the
3 bolus/week (2.5 g/kg i.v., 25% solution) group compared to the other groups.
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Figure 2. (a) Schematic representing the experimental protocol used for measuring the effects of
repetitive mannitol i.v. injection on BBB dysfunction. In order to assess BBB permeability, magnetic
resonance imaging with Gd contrast enhancement was performed at 0 (basal), 1, 3, and 12 weeks
following the beginning of the study. Blood samples were collected at least 24 h after the last bolus
at the same time to study inflammatory cytokines. MR spectroscopy was performed at identical time
points in both groups 1 and 2, concluding with Evans blue staining. (b) Representative axial images of
Gd-leakage in the brain at baseline (0 weeks), as well as at 6 and 12 weeks following the beginning of
the study. Gd-leakage was calculated as the relative signal enhancement induced by Gd accumulation:
the pre-contrast T1-weighted signal intensity was subtracted from the post-contrast signal intensity and
divided by the pre-contrast signal intensity, as previously described [23,24]. The greater the number
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indicated by the color bar in the lower right corner, the closer the color on the image approaches
white, indicating greater leakage. No significant Gd enhancement was detected in the brain before
mannitol injections, except for the ventricles/circumventricular organs, which have an incomplete
BBB. At 6 and 12 weeks, Gd-leakage was still detectable mainly in the hippocampus, striatum, and
cortex. Arrows indicate higher extravasation values.

When assessing the whole brain, Groups 1 and 2 already showed a 10–26% significative
increase in Gd leakage at three weeks compared to the values before the injections started.
Group 2 exhibited the highest sustained Gd leakage values, with a 26% increase, while
Group 3 showed no quantitative increase in Gd extravasation. Indeed, the time course of Gd
leakage is sustained over the 12 weeks for Groups 1 and 2, similar to the findings in Group
3, suggesting chronic BBB leakage in the first two groups. Gd leakage became evident in
Groups 1 and 2 when analyzing different brain regions separately, with Gd extravasation
found in the cortex, hippocampus, and striatum, but not in the corpus callosum. The
highest Gd extravasation values were found in the hippocampus and striatum at weeks
3 and 12, showing a 35–60% significant increase at the mannitol dose used in Group 2.
Furthermore, when comparing the three groups at each time point, the most significant
differences are observed in Group 2 across all evaluated regions and times (Figure 3).
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2.4. MRI Spectroscopy

To further investigate the BBB chronic dysfunction induced with mannitol dosing, we
performed real-time MR spectroscopy (n = 3 animals per group). In this study, alanine (Ala),
creatine (Cr), g-aminobutyric acid (GABA), glutamate (Glu), glutamine (Gln), glycine (Gly),
N-acetylaspartate (NAA), phosphocholine (PCh or Ch), and taurine (Tau) were quantified
from two brain regions (cortex and striatum) in each of the two first groups. Metabolites
were analyzed for differences between groups, as well as between subjects before and after
the mannitol dosing period. Briefly, metabolites were identified (water resonates at 4.7 ppm),
and peaks were normalized to the lipid peak areas for each single spectrum. Basal levels
represent the measurements taken at week 0 (before treatment), while the mannitol dosing
periods correspond to the average metabolite levels observed in the subsequent weeks.

For analyses between the two groups (1 bolus/week at 2.0 g/kg vs. 3 bolus/week at
1.5 g/kg), there were significant differences for Gly and Cr levels in the striatum. Although
no significant differences were found in the cortex, it is notable that the evaluated metabo-
lites show higher values in the 3 bolus per week group (except for Ala and Gly) (Figure 4).
Significant relationships were observed between baseline levels and the mannitol dosing
periods in the striatum for the metabolites Ala, Cho, and NAA in the group receiving 1
bolus per week at 2.0 g/kg. A decrease of at least 50% compared to the beginning of the
study was observed for all three metabolites. On the other hand, no significant differences
were found in the cortex (Figure 5).
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(Gln), glycine (Gly), N-acetylaspartate (NAA), phosphocholine (PCh or Ch), and taurine (Tau). Basal
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Finally, there were no metabolite-significant relationships between the basal and mannitol
dosing periods in the cortex or striatum in the group of 3 bolus/week at 1.5 g/kg. However,
it is noteworthy that except for Gln in the cortex and Cr in the striatum, the metabolites show
elevated levels once the study with mannitol injections has started (Figure S1).

2.5. Evans Blue

The permeability of the BBB was also evaluated and confirmed by the extravasation of
Evans blue dye in each of the two first groups (n = 3 per group). Consistent with previous
reports, Evans blue (2% w/v i.v. bolus) rendered the rat’s eyes, ears, nose, and paws dark blue.
Changes in Evans blue extravasation in the entire brain and both hemispheres of rats at the
end of the study agree with the MRI results and show elevated values compared to healthy
rats [25,26]. On average, the increase in extravasation of Evans blue is 58% for Group 1 and 18%
for Group 2. Although there are no significant differences between the two groups, the highest
values were found in the 1 bolus/week (2.0 g/kg i.v., 25% solution) group (Figure 1c).

2.6. Analysis of Pro- and Anti-Inflammatory Cytokines

To investigate the pro-inflammatory reaction in rats subjected to repetitive manni-
tol administration, we measured the serum levels of pro-inflammatory cytokines such
as TNF-α, IL-1β, IL-6, and IL-2 in the high-dose group (3 bolus/week at 2.5 g/kg i.v.,
25% solution). Although no significant differences were found, the concentration of all
pro-inflammatory cytokines were higher in the mannitol-induced rats than at baseline.
As shown in Figure 2d, IL-6 levels increased by 200–400% compared to baseline values.
Additionally, all pro-inflammatory cytokines peaked at 9 weeks.

Subsequently, we evaluated IL-10 concentration, which is an important anti-inflammatory
cytokine in the mannitol-induced rats. The serum levels of IL-10 in rats undergoing mannitol
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administration for 12 consecutive weeks showed no significant differences compared to baseline.
Although an increase in IL-10 can be observed at week 9, the levels measured throughout the
follow-up remained similar to the baseline levels.

3. Discussion

In the present study, we investigated the location, severity, evolution, and persistence
of BBB dysfunction and associated neuroinflammation following periodic mannitol dosing,
as well as its potential contribution to brain damage. BBB leakage was quantified using the
step-down infusion of Gd in combination with T1-weighted MRI (post–pre approach) and
MR spectroscopy [12,23,24]. This step-down infusion protocol has been used previously in
animal models of TBI and epileptogenesis in rats; however, it has never been applied to
chronic BBB dysfunction models. It results in a rapid increase in the blood concentration of
the contrast agent, which is then maintained at a constant level throughout the infusion.

We found that BBB leakage could be detected and quantified through periodic i.v.
administration of mannitol over 12 weeks, confirmed by post-mortem examination using
Evans blue. Notably, we observed non-uniform BBB leakage throughout the study period,
with the most significant leakage occurring in the cortex, hippocampus, and striatum. The
heterogeneous of BBB leakage—occurring in specific brain regions and varying within those
regions—could be relevant for future therapies aimed at restoring the BBB. This variability
must be considered when evaluating the role of the BBB in the development of different
neurological diseases models. The increase in Gd-extravasation in animals receiving
3 boluses per week at 1.5 g/kg is higher than in those following other administration
patterns. Additionally, the group receiving the highest dose of mannitol, 3 boluses per
week (2.5 g/kg i.v.), exhibited the lowest Gd leakage values. The chronic effects of repetitive
infusion on the BBB and brain metabolism remain unclear; however, studies on temporary
BBB disruption have reported that excessive mannitol can cause widespread osmotic stress,
leading to extensive neuronal damage beyond the intended BBB disruption. This non-
specific damage complicates the attempts to isolate the effects of BBB opening and study
specific mechanisms or outcomes, decreasing the reliability of experimental results and
potentially altering the findings [15–18].

Of the metabolites assessed using MR spectroscopy, we observed that Gly and Cr levels
in the striatum were higher in the group receiving 3 boluses per week at 1.5 g/kg compared
to the group receiving 1 bolus per week at 2.0 g/kg. Conversely, Ala, Cho, and NAA
levels decreased in the striatum after administering 1 bolus per week at 2.0 g/kg. Brain
metabolites are often studied using techniques like MR spectroscopy to assess their levels in
different neurological conditions where BBB dysfunction may be implicated [27–29]. Their
levels can provide insights into the metabolic and functional status of the brain and its
interactions with the BBB. However, the changes detected in the metabolites could also
be involved the glymphatic system [30], which could not be determined in the present
study. Ala plays a role in neurotransmitter metabolism and energy production in the brain.
Its precise role in BBB function is not extensively studied, but alterations in its levels can
reflect changes in the brain metabolism and neurotransmission [31]. Cho is crucial for the
synthesis of acetylcholine, a neurotransmitter involved in various brain functions. Cho
levels are indicative of membrane turnover and integrity, which are essential aspects of the
BBB’s structure and function [32]. NAA is primarily found in neurons and is considered to
be a marker of neuronal health and viability. Changes in NAA levels can indicate neuronal
dysfunction or damage, which indirectly reflects on BBB integrity since a healthy BBB is
crucial for neuronal homeostasis [33].

Unlike some current models of chronic BBB dysfunction that use high doses of neu-
rotoxins causing extensive neuronal damage [6–14], our approach allows for the study of
specific BBB-related changes without the added complexity of acute widespread neuronal
injury. During this study, no brain lesions or anatomical differences were observed in associ-
ation with the doses of mannitol used. On the other hand, the levels of all pro-inflammatory
cytokines evaluated in the mannitol-induced rats were higher than at baseline, although no
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significant differences were observed. Pro-inflammatory cytokines such as TNF-α, IL-1β,
IL-6, and IL-2 play several key roles in the brain, as follows: (i) They are crucial in initiating
and regulating inflammation in response to infection, injury, or disease. (ii) These cytokines
facilitate communication between the immune system and the nervous system, influencing
brain function and behavior. (iii) They can affect the release and activity of neurotrans-
mitters, impacting mood, cognition, and overall brain function. (iv) Pro-inflammatory
cytokines can influence synaptic strength and plasticity, thereby affecting learning and
memory processes. On the other hand, the expression of IL-10 in the brain serves several
important functions: (i) IL-10 is a potent anti-inflammatory cytokine that helps suppress
and regulate inflammatory responses in the brain, thereby protecting neural tissue from
damage caused by excessive inflammation. (ii) It plays a crucial role in maintaining im-
mune homeostasis by inhibiting the synthesis of pro-inflammatory cytokines and reducing
the activation of microglia and astrocytes, the primary immune cells in the brain. (iii) IL-10
contributes to the repair processes in the brain by promoting the survival and regeneration
of neurons and glial cells following injury or neurodegenerative processes [34–36].

A large number of studies have reported on the clinical and preclinical applications of
the hyperosmotic agent mannitol. The systemic intravenous administration of mannitol is
widely used clinically to reduce cerebral edema due to its osmotic properties [16,20,21]. It
is typically administered intravenously in concentrations ranging from 5% to 25%, either as
an intermittent bolus or continuous infusion, depending on the clinical situation. Dilution
with other fluids allows for the adjustment of concentration based on specific patient
needs. Close monitoring of the infusion rate is essential to prevent rapid fluid shifts, which
can lead to complications such as pulmonary edema. When using higher concentrations
(e.g., 20–25%), central venous catheterization is preferred to avoid irritation or damage to
peripheral veins due to mannitol’s hypertonic nature.

Mannitol is a sugar alcohol that is not metabolized in the body, and, when administered
intravenously, it increases the osmolarity of the blood. This osmotic effect draws water
out of brain tissue cells, reducing swelling and pressure inside the skull. Thus, mannitol
is effective in managing conditions such as traumatic brain injury, stroke, and certain
neurological surgeries where cerebral edema can be a critical issue. In animal models
of osmotic stress, such as with mannitol administration, there is an increase in cerebral
blood volume and facilitation of tight junction opening in the BBB. Transient BBB opening
is therefore a strategy used to facilitate the delivery of treatments into the brain for the
effective management of CNS diseases.

Despite these studies, there have been no reported in vivo studies investigating the
duration of osmotic BBB opening, or there is not a well-established chronic animal model
specifically designed to induce BBB dysfunction using mannitol. Recently, time-lapse imag-
ing has been employed to visualize hyperosmotic BBB opening in a tissue-engineered micro-
vessel model using human stem-cell-derived brain microvascular endothelial cells [20].
The main findings of this study indicate that (i) the BBB opening is generally reversible
within 2 h, and (ii) mannitol treatment induces stress in derived human brain microvascular
endothelial cells, leading to disruptions in barrier function two days later, particularly with
larger doses. These findings may elucidate the mechanisms underlying the chronic BBB
dysfunction observed in our study.

Future investigations are necessary to (i) evaluate the mechanisms associated with this
chronic BBB dysfunction, (ii) determine whether the increase in longitudinal assessment over
12 weeks is linked to progression in BBB dysfunction or the occurrence of brain lesions, (iii) assess
the correlation between BBB dysfunction and potential cognitive impairment through behavioral
testing, and (iv) correlate BBB dysfunction onset and progression with biomarkers.

Reproducible, simple, and accurate models of chronic BBB dysfunction, such as the
one proposed in this work, are crucial for advancing our understanding of BBB dynamics
in neurological disorders. They also hold promise for future therapeutic developments,
including biomarkers and agents aimed at blocking BBB leakage.
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4. Materials and Methods
4.1. Experimental Animals

All experimental animal procedures were conducted under procedure number:
15011/2021/003 approved by the Animal Care Committee, according to European Union
Rules (Council Directive 2010/63/UE) and the Spanish regulation (RD 53/2013). Eigh-
teen Sprague Dawley (SD) rats with a weight between 100 and 150 g were used for
in vivo studies and randomly divided. Online software (Experimental Design Assistant;
https://eda.nc3rs.org.uk/eda/login/auth, accessed on 20 January 2024) was used for the
sample size calculation and the animal randomization. Animals were kept in a controlled
environment at 22 ± 1 ◦C and 60 ± 5% humidity with 12:12 h light: darkness cycles and
were fed ad libitum with standard diet pellets and tap water. As directed by the animal
facility veterinarian, the rats were monitored daily for any signs of dehydration that may
affect the animal’s wellbeing, including appearance, attitude, and response to a pinch
test. All surgical procedures and MRI studies were conducted under sevoflurane (Abbott
Laboratories, IL, USA) anesthesia (3–4%) using a carrier 65:35 gas mixture of N2O:O2.

4.2. Mannitol-Induced and Evaluation Chronic Disruption of Blood–Brain Barrier Integrity

To investigate whether successive intravenous (i.v.) tail injections of mannitol can
create a model of chronic endothelial dysfunction, and considering temporary studies
of BBB opening [15–18], the following experimental groups (n = 6 animals/group) with
a study duration of 12 weeks were studied: (i) Group 1: 1 bolus/week (2.0 g/kg i.v.,
25% solution); (ii) Group 2: 3 boluses/week (1.5 g/kg i.v., 25% solution); (iii) Group 3:
3 boluses/week (2.5 g/kg i.v., 25% solution). A longitudinal assessment of BBB leakage
was conducted in the study groups using T1-weighted MRI every 3 weeks for 12 weeks.
MRI studies were conducted at least 24 h after the respective mannitol injections. The
potential association between i.v. mannitol and changes in brain metabolism related to
chronic BBB dysfunction was examined using MR 1-H spectroscopy [27,28]. At the end of
the study, potential brain lesions were assessed using a T2-weighted MRI in the final week
of follow-up, which could appear as hypointense (dark) or hyperintense (bright) signals.
The detection of lesions could indicate that mannitol administration protocols may cause
brain damage, complicating the evaluation of BBB dysfunction. A histological confirmation
of MRI-based BBB permeability findings was performed using Evans blue. Additionally,
different neuroinflammation biomarkers were analyzed in the highest mannitol dose group
(Group 3) every 3 weeks for 12 weeks (Figure 2).

4.3. Magnetic Resonance Imaging (MRI)

All studies were conducted on a Bruker Biospec 9.4 T MR scanner (horizontal bore
magnet with 12 cm wide Bruker BioSpin, Bruker, Ettlingen, Germany) equipped with
actively shielded gradients (440 mT m−1). Animals were imaged with a combination of a
linear birdcage resonator (7 cm in diameter) for signal transmission and a 2 × 2 surface coil
array for signal detection, positioned over the head of the animal, which was fixed with
a teeth bar, earplugs, and adhesive tape. Transmission and reception coils were actively
decoupled from each other.

MRI T1-maps: Rats were repeatedly scanned at five time points: before starting
the series of injections (0), and at 3, 6, 9, and 12 weeks after the first mannitol injec-
tion. BBB permeability was determined using a step-down infusion protocol with a
T1-shortening contrast agent (Gd, DOTAGRAF 0.5 mmol/mL, Bayer Hispania, Barcelona,
Spain). Briefly, T1-weighted MR images (Rapid Acquisition with Relaxation Enhancement
sequence (RARE)) with an echo time (ET) = 12.9 ms, rare factor (RF) = 3, 6 T1 experiments
(480, 650, 940, 1500, 2400, and 9000 ms), 1 average, spectral bandwidth (SW) = 75 KHz,
18 consecutive slices of 0.7 mm, 16 × 16 mm2 field of view (FOV) with saturation bands to
suppress signal outside this FOV, a matrix size of 128 × 128 (isotropic in-plane resolution of
125 µm/pixel × 125 µm/pixel), and implemented without a fat-suppression option. Images
were acquired before and 45 min after the beginning of a 20 min step-down infusion with
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0.2 M Gd (diluted in 0.9% NaCl; Gadovist®, Schering, Kenilworth, NJ, USA). Gd-injection
was carried out via the tail vein, using a syringe pump (Model PhD2000, Harvard Appara-
tus, South Natick, MA, USA) programmed to reach the highest possible stable Gd blood
concentration during 20 min. Contrast-induced signal changes were calculated from the
scans taken before and after tracer infusion [12,23,24].

MRI T2-maps: The presence of brain lesions and the quantification of brain regions
were determined from T2 maps, which were calculated from T2-weighted images acquired
at 12 weeks using a multi-slice multi-echo (MSME) sequence: ET = 9 ms, RT = 3 s, 16 echoes
with 9 ms echo spacing, flip angle = 180◦, NA = 2, SW = 75 KHz, 14 slices of 1 mm,
19.2 × 19.2 mm2 FOV (with saturation bands to suppress signals outside this FOV), a
matrix size of 192 × 192 (isotropic in-plane resolution of 100 µm/pixel × 100 µm/pixel),
and implemented without the fat-suppression option.

MR spectroscopy: Three animals from each of Groups 1 and 2 were studied, with
MR spectra obtained at baseline (before starting the injection series) and at 3, 6, 9, and
12 weeks. Spectroscopic analysis of different metabolites (alanine (Ala), creatine (Cr) with
two peaks (at δ = 3.0 and 3.9 ppm, corresponding to blue and red hydrogens, respec-
tively), g-aminobutyric acid (GABA), glutamate (Glu), glutamine (Gln), glycine (Gly),
N-acetylaspartate (NAA), phosphocholine (PCh or Ch), and taurine (Tau)) in the cortex
and striatum was performed as previously described [37]. Local shimming was per-
formed by manual adjustment of first- and second-order shim coil currents using a proton-
stimulated-echo acquisition mode (STEAM)-waterline sequence. The field homogeneity in
a 3 × 3 × 3 mm3 voxel typically resulted in signal line widths of 10–20 Hz for the water
signal. In vivo 1H magnetic resonance spectra of both hemispheres of the rat brain were
acquired by using a STEAM-1H sequence with an echo time (ET) = 3 ms, mixing time
(TM) = 10 ms, repetition time (RT) = 1500 ms, flip angle (FA) = 90◦, number of averages
(NA) = 128, cubic voxel 3 × 3 × 3 mm3 and acquisition time = 3:15 min. Water signal was
suppressed by variable-power RF pulses with optimized relaxation delays.

4.4. MRI Data Analysis

Images were processed using ImageJ (Rasband WS, National Institutes of Health,
Bethesda, MD, USA, http://rsb.info.nih.gov/ij/, accessed on 20 May 2024) on an indepen-
dent computer workstation by a researcher blinded to the animal protocols.

For each animal, a Gd leakage map was created (Figure 2) by digitally subtracting
the pre-contrast T1-weighted signal intensity from the post-contrast signal intensity and
dividing by the pre-contrast signal intensity, as previously described [12,23,24]. Voxels
above a threshold of 0.2 were manually delineated by a researcher blinded to the group
assignments and projected onto the Gd leakage map, following the method described by
van Vliet et al. [25,26]. For each ROI, the mean signal enhancement was calculated from the
Gd-leakage map. The regions quantified included the whole brain, as well as the cortex,
hippocampus, striatum, and corpus callosum separately according to a rat brain atlas.

At the end of the study at week 12, potential brain damage was assessed using T2 maps
calculated from T2-weighted images, along with possible volume variations due to the
different doses used.

Brain spectra of the cortex and striatum were processed using MestReNova software
(MestReNova 11.0, Mestrelab Research, Santiago de Compostela, Spain). For the quantita-
tive analysis, Ala, Cr, GABA, Glu, Gln, Gly, NAA, PCh, and Tau, were normalized to the
lipid peak areas for each single spectrum [37].

4.5. Evans Blue

Study of the Evans blue extravasation was performed based on the protocol described by
Goldim et al. [25,26]. Briefly, Evans blue (3 mL/kg; 2% w/v) was injected i.v. in tail vein under
anesthesia. One hour later, rats were sacrificed and transcardially perfused with an ice-cold
solution of PBS. The brain was dissected out, weighed, and stored at −80 ◦C until analysis.

http://rsb.info.nih.gov/ij/
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Brain samples were put in the stove at 55 ◦C in N,N-dimethylformamide during 48 h
to extract the Evans blue retained in the brain parenchyma after extravasation, and then
centrifuged at 9000× g for 20 min. The absorbance of the supernatant was measured in
plate reader at 630 nm.

4.6. Blood Samples and Analysis of Pro- and Anti-Inflammatory Cytokines

Blood samples were collected in test tubes (BD Microtainer SST Tubes. Ref: 365968,
Franklin Lakes, NJ, USA) every 3 weeks before the MRI study, let them coagulate for 40 min
and centrifuged at 1700× g (Ref. 5804, Eppendorf, Hamburg, Germany) for 7 min. The
serum was removed and immediately frozen and stored at −80 ◦C.

The serum levels of pro-inflammatory cytokines (TNF-α, IL-1β, IL-6, and IL-2) and the
anti-inflammatory cytokine (IL-10) in the high-dose group (3 bolus/week at 2.5 g/kg i.v.,
25% solution), were measured using Milliplex MAP Rat Cytokine/Chemokine Magnetic
Bead Panel kit according to the manufacturer’s instructions (Ref. RECYTMAG-65K, EMD
Millipore, Darmstadt, Germany). Briefly, the assay utilizes 25 µL of sample to capture an
analyte on color-coded magnetic beads coated with analyte-specific capture antibodies.
Biotinylated detection antibodies are then added, followed by incubation with streptavidin–
phycoerythrin. All measurements were conducted on a Bio-Plex 200 system (Bio-Rad),
using Bio-plex manager 6.2 build 175 (Bio-Rad) software 3.0.

4.7. Statistical Analysis

All data were collected in a database created in Excel (Microsoft Office Excel 2016;
Microsoft Corporation, Redmond, WA, USA) and were subsequently analyzed using SPSS
software (IBM® SPSS® Statistics for Windows v20, SPSS Inc. Armonk, NY, USA). Data are
reported as the mean and standard error of the mean (mean ± SEM). Statistical analysis of
Gd-leakage maps data was performed using the Kruskal–Wallis test followed by a post
hoc Mann–Whitney test. Spectroscopy and Evans blue dye data were analyzed using the
Mann–Whitney test. Brain volume and body weight were analyzed using one-way ANOVA
followed by Tukey’s honest significant test. Group differences were considered significant
if p < 0.05 in all analyses. Regarding pro- and anti-inflammatory cytokines, basal levels
represent the measurements taken at week 0, where each analyte value was normalized
by dividing it by its corresponding baseline. Values from the subsequent weeks were
also normalized to each animal’s baseline. Graphs were made using GraphPad Software
(GraphPad Prism V.8.0.1, Boston, MA, USA).

5. Conclusions

Our data show chronic BBB dysfunction mainly in the cortex, hippocampus, and
striatum, but not in the corpus callosum of rats under periodic mannitol dosing of 1 bo-
lus/week (2.0 g/kg i.v., 25% solution) and 3 boluses/week (1.5 g/kg i.v., 25% solution)
during 12 weeks. MR spectroscopy reported that significant relationships were observed
between baseline levels and the mannitol dosing period in the striatum for the metabolites
Ala, Cho, and NAA in the group receiving 1 bolus/week (2.0 g/kg i.v., 25% solution).
Extravasation of Evans blue dye is consistent with MR results and indicates elevated values
compared to healthy rats. No significant differences were found in the serum levels of all
of the pro- and anti-inflammatory cytokines analyzed in the high-dose group receiving
3 boluses/week (2.5 g/kg i.v., 25% solution). Therefore, these results support the hypothesis
that periodic i.v. administration of mannitol can induce chronic BBB dysfunction, making it
a valuable tool for experimental or clinical studies aimed at elucidating the role of BBB in
various disorders.
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