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Abstract

Background We aimed to evaluate the pulmonary and cerebral effects of low-tidal volume ventilation in pressure-
support (PSV) and pressure-controlled (PCV) modes at two PEEP levels in acute ischemic stroke (AIS).

Methods In this randomized experimental study, AlS was induced by thermocoagulation in 30 healthy male Wistar
rats. After 24 h, AIS animals were randomly assigned to PSV or PCV with V;=6 mL/kg and PEEP =2 cmH,O (PSV-
PEEP2 and PCV-PEEP2) or PEEP=5 cmH,O (PSV-PEEP5 and PCV-PEEPS) for 2 h. Lung mechanics, arterial blood gases,
and echocardiography were evaluated before and after the experiment. Lungs and brain tissue were removed for his-
tologic and molecular biology analysis. The primary endpoint was diffuse alveolar damage (DAD) score; secondary
endpoints included brain histology and brain and lung molecular biology markers.

Results In lungs, DAD was lower with PSV-PEEP5 than PCV-PEEP5 (p < 0.001); interleukin (IL)-13 was lower with PSV-
PEEP2 than PCV-PEEP2 (p=0.016) and PSV-PEEP5 than PCV-PEEP5 (p=0.046); zonula occludens-1 (ZO-1) was lower
in PCV-PEEP5 than PCV-PEEP2 (p=0.042). In brain, necrosis, hemorrhage, neuropil edema, and CD45 + microglia were
lower in PSV than PCV animals at PEEP=2 cmH,0 (p=0.036, p=0.025, p=0.018, p=0.011, respectively) and PEEP =5
c¢mH,0 (p=0.003, p=0.003, p=0.007, p=0.003, respectively); IL-1 was lower while ZO-1 was higher in PSV-PEEP2
than PCV-PEEP2 (p=0.009, p=0.007, respectively), suggesting blood-brain barrier integrity. Claudin-5 was higher

in PSV-PEEP2 than PSV-PEEP5 (p=0.036).

Conclusion In experimental AlS, PSV compared with PCV reduced lung and brain injury. Lung ZO-1 reduced in PCV
with PEEP =2 versus PEEP =5 cmH,0, while brain claudin-5 increased in PSV with PEEP =2 versus PEEP =5 cmH,0.
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Background

Patients with acute ischemic stroke (AIS) are frequently
admitted to the intensive care unit [1-4]. Patients with
AIS are at risk for pulmonary complications such as
pneumonia and neurogenic edema, and may require
respiratory support to protect the airways and optimize
arterial blood gas exchange [1-3, 5]. However, there is a
lack of consensus on how to set the ventilatory param-
eters under mechanical ventilation.

Pressure-controlled ventilation (PCV) and pressure-
support ventilation (PSV) have been used worldwide in
patients with neurologic disease [6]. During PCV, seda-
tion is often increased, and inspiratory effort reduced,
which may lead to hemodynamic impairment as well
as lung and respiratory muscle dysfunction [7]. During
PSV, less sedation is needed with better hemodynam-
ics [8]. During assisted spontaneous ventilation, such as
PSV, pleural pressure decreases, leading to tensile stress
[9], whereas during PCV, a positive increase in pleural
pressure is observed, resulting in compressive stress [10].
Pleural pressure during assisted spontaneous breathing
effectively decreases intracardiac pressures [11], thus
increasing venous return and contributing to heart-lung
interaction. In addition, for the same tidal volume (V),
PSV reduces both atelectasis and heterogeneity when
compared to PCV [12]. The changes in hemodynamics,
whether by increasing blood flow or promoting venous
congestion, may have positive or negative consequences
on the brain and lungs, organs that are sensitive to blood
flow. In addition, there is no consensus about the use of
positive end-expiratory pressure (PEEP) in AIS. PEEP
may not induce detrimental effects on intracranial pres-
sure when set appropriately according to respiratory
mechanics and lung imaging [13, 14].

The present study sought to evaluate the effects of
mechanical ventilation with low V; (6 mL/kg) under
PSV and PCV at two different levels of PEEP (2 and 5
c¢cmH,0) on lung and brain damage in experimental AIS.
We hypothesized that PSV, compared with PCV, might
improve diffuse alveolar damage (DAD) rather than
induce further brain injury, regardless of the PEEP level.

Methods

Study approval

This prospective, randomized experimental study was
approved by the Institutional Ethical Animal Care and
Use Committee (CEUA CCS-017/19) of the Federal Uni-
versity of Rio de Janeiro (UFR]) Health Sciences Center,
Rio de Janeiro, Brazil. The principles of laboratory ani-
mal care proposed by the National Society for Medical
Research (now the National Association for Biomedical
Research) and the U.S. National Academy of Sciences
Guide for the Care and Use of Laboratory Animals were
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followed throughout. Reporting followed the ARRIVE
guidelines [15].

Animal preparation

Animals were maintained at a fixed temperature (23 °C)
and 12-12 h light—dark cycle. Free access to water and
food was provided. After appropriate acclimation, 30
healthy Wistar rats (all male; weight 370+12 g) were
anesthetized by intraperitoneal (i.p.) injection of xyla-
zine (2.5 mg/kg) and ketamine (75 mg/kg) and secured
in a stereotactic frame. Ischemic stroke was then induced
by thermocoagulation of pial blood vessels overlying the
somatosensory, motor, and primary sensorimotor corti-
ces, as previously described [16, 17]. In order to guaran-
tee the same stroke severity pattern, the procedure was
always performed by the same investigator (A.L.S.).

Experimental protocol

Twenty-four hours after stroke induction, midazolam
(1-2 mg/kg, i.p.) and ketamine (100 mg/kg, i.p.) were
administered. A 24G catheter (Jelco®, BD, Franklin
Lakes, NJ, USA) was placed in the tail vein, and total
intravenous anesthesia was induced and maintained with
midazolam (2 mg/kg/h) and ketamine (50 mg/kg/h). A
continuous infusion of Ringer’s lactate (10 ml/kg/h; B.
Braun, Crissier, Switzerland) was maintained throughout
the experiment [18, 19]. Experiments were initiated once
motor responses to stimuli, such as noise (handclap),
whisker stimulation, and tail clamping, were absent. Ani-
mals were breathing spontaneously with no respiratory
effort or gasping. The plane of anesthesia was monitored
by MAP, heart rate, and RR during the experiment.

Animal temperature was kept at 37.5 °C+1 °C with a
heating bed (EFF 421, Insight, Ribeirdo Preto, Brazil).
After local anesthesia (lidocaine 1.0%), tracheostomy was
performed and a polyethylene cannula was introduced
into the trachea. The right internal carotid artery was
catheterized (18G; Arrow International, Reading, PA,
USA) for blood gas analysis and MAP monitoring (Net-
worked Multiparameter Veterinary Monitor LifeWin-
dow 6000 V; Digicare Animal Health, Boynton Beach,
FL, USA). Animals were attached to an airway pressure
transducer (UT-PDP-70; SCIREQ, Montreal, Canada)
and a two-sidearm pneumotachograph [20] was con-
nected to a differential pressure transducer (UT-PDP-02;
SCIREQ), for measurement of the airflow (V").

Once the animals were hemodynamically stable
(MAP>100 mmHg), mechanical ventilation was started
(Servo-i; Getinge AB, Goteborg, Sweden) via PSV for
5 min. During this 5-min period, delta pressure was
constantly adjusted to reach a V=6 mL/kg, end-expir-
atory pressure of zero, and fraction of inspired oxygen
(FiO2) of 0.25 for all animals. Thus, all animals had the
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same starting point prior to randomization into different
groups. Animal preparation was performed by an expe-
rienced researcher (A.L.S.), which also contributed to
similar preparatory times.

At BASELINE, arterial blood (300 pL) was drawn for
blood gas analysis. MAP, body temperature, and res-
piratory parameters were also gathered. Transthoracic
echocardiography was performed (Fig. 1A). Five minutes
after BASELINE, the animals were randomly assigned
by the sealed-envelope method to the following ventila-
tory strategies (n=6 animals/ventilatory strategy): PCV
under PEEP of 2 ¢cmH,O (PCV-PEEP2); PCV under
PEEP of 5 cmH,O (PCV-PEEP5); PSV under PEEP of 2
c¢cmH,O (PSV-PEEP2); and PSV under PEEP of 5 cmH,0O
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(PSV-PEEP5). During PCV, pancuronium bromide
(2 mg/kg; Cristalia, Itapira, SP, Brazil) was intravenously
administered. V was maintained aiming 6 mL/kg by
constantly adjusting the delta pressure as mentioned
earlier, for the PSV and PCV strategies. Six animals sub-
jected to ischemic stroke but not ventilated (STROKE)
were used for molecular biology analysis (Fig. 1B).

Data on blood gas analysis, functional data analysis,
and echocardiography were collected 2 min after rand-
omization, at INITIAL, and after 2 h of mechanical ven-
tilation (FINAL). At FINAL, heparin (1,000 IU) was then
administered into the tail vein, followed 2 min later by
i.v. injection of sodium thiopental (100 mg/kg, Cristalia),
after which a laparotomy was performed to access the

A PCV-PEEP2
Randomizati PSV-PEEP2
andomization PCV-PEEP5
Ischemic stroke by PSV-PEEPS
thermocoagulation
120 min
24h — 5min
] Vy: 6 miiKg [
FiO,: 0.25
BASELINE - Lung & Brain
PSV Histology
Vy: 6 mliKg Molecular Biology
ZEEP
FiO»: 0.25 INITIAL FINAL
FDA FDA FDA
BGA BGA BGA
B
30 male Wistar Rats
(370+12g)
]
Ischemic stroke by
thermocoagulation
STROKE (n=6)
| ]
Pressure Controlled Pressure Support
Ventilation Ventilation
(PCV) (PSV)
PEEP 2 cmH,0 l PEEP 5 cmH,0 PEEP 2 cmH,0 l PEEP 5 cmH,0
(n=6) (n=6) (n=6) (n=6)

Fig. 1 ATimeline representation of the experimental protocol. Respiratory system mechanics, arterial blood gases, and echocardiography were
evaluated at the INITIAL and FINAL time points. B Schematic flowchart of the study design. BGA, blood gas analysis; ECHO, echocardiography;
FDA, functional data acquisition; FiO,, fraction of inspired oxygen; PCV, pressure-controlled ventilation; PEEP, positive end-expiratory pressure; PSY,

pressure-support ventilation; Vs, tidal volume
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aorta for terminal exsanguination. The full process lasted
around 5 min; the procedure and duration were the same
in all animals. The brain and lungs were removed (the lat-
ter at an airway pressure equivalent to PEEP) for histo-
logic and molecular biology analyses.

Respiratory data acquisition and processing

Airflow and airway pressure were recorded continu-
ously by running software written in LabVIEW (National
Instruments; Austin, TX, USA). All signals were filtered
(200 Hz), amplified by a 4-channel conditioner (SC-24,
SCIREQ), and sampled at 200 Hz with a 12-bit analog-
to-digital converter (National Instruments). V; was
obtained by integration of inspiratory airflow. The RR
was estimated from Pes swings. Airway peak pressure
(Ppeak,zg), plateau pressure (Pplat,ys), and driving pres-
sure (AP,zs) were obtained after 3 s of inspiratory pause,
when the airflow was zero [12]. P,; was computed and
represented the esophageal pressure obtained 100 ms
after initiation of inspiratory effort. The respiratory data
were assessed by two researchers (A.L.S. and C.M.B.)
blinded to group allocation by a routine written in MAT-
LAB (version R2007a; MathWorks Inc, Natick, MA,
USA).

Echocardiography and left carotid Doppler

This assessment was performed by an expert (N.N.R.)
blinded to group allocation, using a 7.5-MHz probe
(UGEO HM70A, 8-13 MHz transducer; Samsung). The
following parameters were analyzed by transthoracic
echocardiography: heart rate, right ventricular systolic
volume, left ventricular systolic volume, cardiac output,
and left carotid peak systolic velocity. Measurements
were obtained from transthoracic parasternal and short-
axis views, as recommended [21, 22].

Histology

Lung

The left lung was fixed in 4% buffered formalin and
paraffin-embedded for microtomy into 3 pm-thick sec-
tions, which were stained with hematoxylin and eosin.
To obtain a panoramic view of the lung parenchyma, they
were completely scanned (3DHISTECH, Budapest, Hun-
gary). Photomicrographs atx25,x100, and X400 mag-
nification were obtained from 10 non-overlapping fields
of view per section in the digitalized images. DAD was
quantified by one expert pathologist (V.L.C.) who was
blinded to group allocation. Six features—atelectasis,
overdistension, interstitial edema, hemorrhage, throm-
bosis, and inflammation—were graded on scales of 0 to
4 in terms of severity (0, no effect; 4, maximum severity)
and extent (0, not visualized; 4, (complete involvement).
Final scores, ranging from O to 16, were then calculated
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as the product of the severity and extent of each feature.
The cumulative DAD score thus ranged from 0 to 96 [16,
23].

Brain

Brains were fixed in 4% paraformaldehyde for 24 h and
paraffin-embedded for microtomy into section 3 pm
thick. The histoarchitecture of the hypothalamus was
evaluated by hematoxylin and eosin staining, followed
by immunostaining for CDIllb+and CD45+ cells.
CD11b+cells comprised mononuclear phagocytes,
which were divided further into two populations:
CD11b+cells characterized by microglia that reside in
the dentate gyrus of the hippocampus parenchyma, and
CD45 +cells that reside in the choroid plexus (internal
pyramidal cells). These represented mainly myeloid-
derived macrophages that reside at the interfaces of the
brain and periphery [24].

Quantification was done using a weighted scoring sys-
tem, adapted from a previous study [25], to represent the
severity of brain tissue injury (necrosis, hemorrhage, neu-
ropil edema, CD11b + dentate gyrus, CD11b + pyramidal,
and CD45 + microglia), ranging from 0 (no injury) to 4
(severe injury). The extension of each feature was ranked
from 0 (not visualized) to 4 (complete involvement).
Again, sum scores ranging from 0 to 16 were calculated
as the product of the severity and extent of each feature.
The quantification was done by one expert pathologist
(V.L.C.) who was blinded to group assignment.

Biological markers in lung and brain tissues

Reverse transcriptase-polymerase chain reaction was
used to measure biological markers in the lung and per-
ilesional brain tissue [26]. In the lungs, markers associ-
ated with inflammation (interleukin [IL]-1p), epithelial
cell damage (ZO-1), and (surfactant protein [SP]-B) were
evaluated. In the brain, markers associated with inflam-
mation (IL-1B), and blood—brain barrier integrity (ZO-1,
claudin-5) [27] were evaluated. Additional file 1: Table S1
lists the primer sequences. Total RNA was extracted
from frozen lung and brain sections tissues with the Reli-
aPrep’ RNA Tissue Miniprep System (Promega Cor-
poration, Fitchburg, WI, USA), following manufacturer
recommendations. RNA concentration measurement,
c¢DNA synthesis, and relative mRNA quantitation were
performed as described elsewhere [23]. Samples were
measured in triplicate. For each sample, the expression
of each gene was normalized to the 36B4 housekeep-
ing gene and expressed as the fold change relative to
STROKE, using the 2724 method, where ACt=Ct (tar-
get gene) — Ct (reference gene) [28].
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Statistical analysis

Six animals per group would give adequate power
(1-pB=0.8) to identify significant differences (p <0.05) in
the DAD score (the primary endpoint) between SHAM
and STROKE, according to a previous study [23], taking
into account an effect size d=2.0, a two-sided test, and
a sample size ratio=1 (G *Power 3.1.9.2; University of
Disseldorf, Diisseldorf, Germany).

Normality was verified by the Kolmogorov—-Smirnov
test with Lilliefors’ correction, and homogeneity of vari-
ances, by the Levene median test. The primary endpoint
was the DAD score, and secondary endpoints consisted
of blood gas exchange, respiratory variables, and brain
biological markers, as well as brain histology. The respira-
tory variables and blood gas exchange data were analyzed
by two-way ANOVA followed by the Holm-Sidak multi-
ple comparisons test to compare parameters among the
groups and over time (INITIAL and FINAL). One-way
ANOVA followed by the Holm-Sidék multiple compari-
sons was done to compare parametric data. The Kruskal—
Wallis test followed by Dunn’s multiple comparisons test
was used to compare nonparametric data obtained at the
end of the experiment. Spearman correlation was done
between brain biological markers and cardiac output. A p
value <0.05 was considered significant.

Results

All animals survived to the end of the experiment
(FINAL) and there were no missing data. Mean arte-
rial pressure (MAP) remained>70 mmHg (minimal
value, 97+ 38 mmHg; maximal value, 118 +26 mmHg)
during the experiments (Additional file 1: Table S2). At
FINAL, no differences were observed in cumulative flu-
ids (Additional file 1: Table S2). At INITIAL, left carotid
peak systolic velocity was lower in the both PCV and PSV
groups at PEEP of 5 cmH,0 compared with PEEP of 2
c¢cmH,O (Additional file 1: Table S3). No differences were
observed in oxygenation (PaO,/FiO,; minimal value,
340+ 39 mmHg, maximal value, 479 + 69 mmHg) (Addi-
tional file 1: Table S4).

Lung

No differences were observed in V; among the groups
and over time. Pj; did not differ between PSV groups
(Additional file 1: Table S3). At FINAL, the respira-
tory rate (RR) was higher in PSV-PEEP2 compared with
PCV-PEEP2 (92 +16 bpm versus 66 +11 bpm, p=0.023).
At INITIAL, Ppeak,yg and Pplat,zg were higher in both
PCV-PEEP5 (16+4, 13.6+£2.7 cmH,0, respectively) and
PSV-PEEP5 (14.5+3.3, 12.9+2.3 c¢cmH,0O, respectively)
compared with PCV-PEEP2 (11.3+3.2, 9.9+2.4 cmH,0,
respectively) and PSV-PEEP2 (10.5+1.8,9.3+1.6 cmH,0,
respectively) (Additional file 1: Table S3). Interstitial
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edema and inflammation were lower in PSV-PEEP2 than
PCV-PEEP2 (»p=0.029 and p=0.045, respectively).
Atelectasis, overdistension, interstitial edema, hemor-
rhage, thrombosis, and inflammation were lower in PSV-
PEEP5 than PCV-PEEP5 (p=0.002, p=0.004, p=0.011,
p=0.008, p=0.004, and p=0.030, respectively). The
cumulative DAD score was lower in PSV-PEEP5 (median,
7; interquartile range [IQR], 5.75-8.25) than in PCV-
PEEP5 (median, 40.5; IQR, 35.5-50.5, p<0.001), and in
PSV-PEEP2 (median, 9; IQR, 7-10.25) than PCV-PEEP2
(median, 34; IQR, 29.25-37.25, p<0.001) (Fig. 2, Table 1
and Additional file 1: Table S5). IL-1p was lower in PSV-
PEEP2 than PCV-PEEP2 (p=0.046), and PSV-PEEP5
compared with PCV-PEEP5 (p=0.016). Surfactant pro-
tein-B (SP-B) was higher in both PSV groups compared
with the PCV groups, regardless of the PEEP levels.
Zonula ocludens-1 (ZO-1) was lower in PCV-PEEP5 than
PCV-PEEP2 (p=0.042), but was higher in PSV-PEEP5
compared with PCV-PEEP5 (p=0.006) (Fig. 3).

Brain
Necrosis,  hemorrhage, neuropil edema, and
CD45 + microglia were higher in PCV-PEEP2 compared
with PSV-PEEP2 (p=0.036, p=0.025, p=0.018, and
p=0.011, respectively). Necrosis, hemorrhage, neuro-
pil edema, CD11b+dentate gyrus, CD11b + pyramidal,
and CD45+ microglia were higher in PCV-PEEP5 com-
pared with PSV-PEEP5 (p=0.003, p=0.003, p=0.007,
p=0.005, p=0.003, p=0.001, respectively) (Fig. 4,
Table 2 and Additional file 1: Table S6). IL-1 was higher
in PCV-PEEP2 than PSV-PEEP2 (p=0.009), and PCV-
PEEP5 compared with PSV-PEEP5 (p=0.004). ZO-1
gene expression was higher in PSV-PEEP2 than PCV-
PEEP2 (p=0.007). Claudin-5 was higher in PSV-PEEP2
than PSV-PEEP5 (p =0.036) (Fig. 5).

Cardiac output was negatively correlated with IL-1p
(r=-0.46, p=0.023) and positively associated with ZO-1
gene expression (r=0.76, p <0.001) (Fig. 6).

Discussion

In the present model of AIS, PSV compared with PCV
(1) reduced the DAD score and markers of lung inflam-
mation while increasing the gene expression of SP-B,
regardless of the PEEP level; (2) decreased histologic
features of brain necrosis, hemorrhage, and neuropil
edema, regardless of the PEEP level; (3) reduced mark-
ers of brain inflammation regardless of the PEEP level;
and (4) increased the expression of markers associated
with blood-brain barrier protection (ZO-1) at a PEEP of
2 ¢cmH,0. In addition, lung ZO-1 reduced in PCV with
PEEP =2 cmH,0 compared with PEEP =5 ¢mH,0, while
brain claudin-5 increased in PSV with PEEP =2 ¢mH,O
compared with PEEP =5 ¢mH,O.
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Fig. 2 Histoarchitecture of the lung. Representative images stained with hematoxylin and eosin (HE) according to diffuse alveolar damage (DAD)
features: collapse/overdistension; edema/hemorrhage; edema/thrombosis; edema/inflammation. PCV, pressure-controlled ventilation; PEEP,

positive end-expiratory pressure; PSV, pressure-support ventilation

Table 1 Diffuse alveolar damage score

PCV-PEEP2 PSV-PEEP2 PCV-PEEP5 PSV-PEEP5
Atelectasis (0-16) 3.5(2.0-45) 1.0 (0.0-1.3) 7 (4-12)# 1.0 (0.0-1.0)
Overdistension (0-16) 4.0 (3.8-4.5) 0.5 (0.0-1.0) 8.5 (4-13)# 1.0 (0.0-1.0)
Interstitial edema (0-16) 8.5 (7.0-9.8)* 20(1.8-2.5) 8.5 (4-13)# 2.0(1.8-2.0)
Hemorrhage (0-16) 4.0(3.0-5.3) 1.0 (1.0-2.5) 5(3-6.75# 1.0 (1.0-1.3)
Thrombosis (0-16) 85 (7.5-9.8) 2.0(2.0-25) 8.5 (5.5-12)# 1.5(1.0-2.0)
Inflammation (0-16) 40 (3.5-6.8)* 2.0(1.0-2.0) 35 (2.0-4.0)# 1.0 (1.0-1.3)
Cumulative DAD (0-96) 34.0(29.3-37.3)% 9.0(7.0-10.3) 40.5 (35.5-50.5)# 7.0(5.8-83)

Cumulative DAD score representing injury from atelectasis, overdistension, interstitial edema, hemorrhage, thrombosis and inflammation. PCV, pressure-controlled
ventilation; PEEP, positive end-expiratory pressure; PSV, pressure-support ventilation. Values are given as medians (interquartile ranges) of 6 animals in each group.
Comparisons were done by Kruskal-Wallis test followed by Dunn’s multiple comparisons test (p < 0.05). *Versus the PSV-PEEP2 group; #versus the PSV-PEEP5 group

In this study, we chose to use a model of focal AIS,
instead of global ischemia, because this has a higher
incidence in clinical practice, accounting for more
than 90% of all strokes worldwide [29, 30]. In accord-
ance with previous experimental studies [16, 23, 31],
thermocoagulation of pial vessels over the primary
sensorimotor cortices was chosen as the stroke model
as it replicates the complex hemodynamic status and
sensorimotor dysfunction 24 h after induction of

AIS. Neurocritical patients usually require invasive
mechanical ventilation after ischemic stroke [32] to
ensure adequate airway protection and gas exchange
[5]. Current knowledge suggests maintaining a pro-
tective V1 of 6—8 mL/kg of predicted body weight in
patients with AIS. Hemodynamics may differ accord-
ing to mechanical ventilation strategies and the level of
sedation. PCV associated with high levels of sedation
impairs hemodynamics and may lead to respiratory
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muscle dysfunction [7]. During PSV, hemodynamics
are preserved due to less sedation [8], which may pro-
tect cerebral blood flow without affecting pH, PaCO,,
and oxygenation [33]. Low or high PEEP levels may also
have detrimental effects on cardiorespiratory function.
In the present study, PEEP levels of 2 and 5 ¢cmH,0
were evaluated; human levels would require a 2-to-
threefold increase, i.e., 6 and 15 cmH,O [34]. A pro-
spective study on patients with traumatic brain injury
demonstrated that increasing PEEP up to 15 ¢cmH,O
can improve brain tissue oxygenation [35]. Similar lev-
els have been observed in clinical surveys on patients
with severe traumatic brain injury without intracranial
hypertension [36]. Specific areas of the brain were ana-
lyzed, such as the dentate gyrus in the hippocampus
and the choroid plexus. The dentate gyrus plays a criti-
cal role in learning and memory [37], while the choroid
plexus produces cerebrospinal fluid via the ependymal
cells and serves as a barrier in the brain separating
blood from cerebrospinal fluid [38].

In the present study, the cumulative DAD score was
lower with PSV than PCYV, independent of the PEEP
levels. At INITIAL, both PSV and PCV under PEEP of
5 ¢cmH,0O showed high Ppeak,zs and Pplat,zs compared
the respective groups at PEEP of 2 cmH,O. Throughout
the experiment, there was an overall time effect toward
a reduction in Ppeak,;s and Pplat,zg and APy, which
prevented differences among the groups at FINAL. The
improvement in respiratory system mechanics over time
might reflect some recruitment effect. An increased
DAD score is associated with increased alveolar hetero-
geneity and viscoelastic mechanical properties of the res-
piratory system [39]. This is in line with the adoption of
protective mechanical ventilation in lungs that are prone
to injury due to crosstalk between the brain and distal
organs [40]. Even under protective mechanical ventila-
tion (V=6 mL/kg), the role of compressive stress com-
pared with tensile stress should be considered as well as
hemodynamics. During assisted spontaneous ventila-
tion, such as PSV, pleural pressure decreases, leading to
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Fig.4 Hlstoarchltecture of the hypothalamus Vlsuallzed at low magn\ﬁcatlon stained by hematoxylin and eosin and at high magnlﬁcatlon
immunostained for CD11b and CD45 in PCV-PEEP2, PSV-PEEP2, PCV-PEEPS, and PSV-PEEPS. PCV-PEEP2 and PCV-PEEP5 exhibiting necrosis (*)

and hemorrhage (#) in the hippocampus distorting the curved histoarchitecture (a, lateral) of the pyramidal cells band encircling the dentate
gyrus (b, lateral) and obstructing the choroid plexus. At high magnification, numerous CD11b+mononuclear phagocytes visualized in microglia
(thin arrows) adjacent to the dentate gyrus (DG) of hippocampus parenchyma, and numerous CD45 + cells in the choroid plexus (CP, thick arrows),
representing mainly myeloid-derived macrophages that reside at the interfaces of the brain and periphery. Compared with the PCV-PEEP5

group, the number of microglia and CD11b+myeloid cells, as well as choroid plexus CD45 +, was more abundant in the PCV-PEEP2 group

in the three brain compartments of the hippocampus parenchyma including the DG, pyramidal neurons, and CP (arrows). Note the intense
edema of the neuropils (NP) in the PCV group. PSV-PEEP2 and PSV-PEEP5 showing preserved hippocampus histoarchitecture as a multiply curved
structure (a, middle, bottom) with pyramidal cells forming a band that circles the denser line of small cells comprising the DG (b, top) and CP (c,
center). At high magnification, CD11b+ cells comprised mononuclear phagocytes, which were divided further into two populations: CD11b+ cells
characterized by microglia (thin arrows) that reside in the DG of hippocampus parenchyma, and CD45 +cells that reside in the CP (thick arrows).
They represented mainly myeloid-derived macrophages that reside at the interfaces of the brain and periphery. Compared with the PSV-PEEP5
group, the numbers of microglia and CD11b+myeloid cells, as well as Cp CD45 +, were more prominent in the PCV-P2 group in the three brain
compartments of the hippocampus parenchyma, including the DG, pyramidal neurons and CP. PCV, pressure-controlled ventilation; PEEP, positive
end-expiratory pressure; PSV, pressure-support ventilation

Table 2 Histoarchitecture of the hypothalamus score

PCV-PEEP2 PSV-PEEP2 PCV-PEEP5 PSV-PEEP5
Necrosis (0-16) 0 (2.0-4.0)* .0 (0.0-1.0) 6.0 (4.0-10.0)* 1.0 (0.0-1.0)
Hemorrhage (0-16) 0 (3.0-4.0% .0 (0.0-1 O) 90 (6.0-14.0)* 1.0(0.0-1.0)
Neuropil edema (0-16) 8.0 (6.0-9.0)* 0(1.0-2.0) 9.0 (6.0-14.0)* 2.0(1.0-2.0)
CD11b+dentate gyrus (0-16) 4.0 (3.0-4.0) 0(1.0-4.0) 6.0 (3.5-7.5)* 1.0 (1.0-2.0)
CD11b+pyramidal (0-16) 0 (6.0-9.0* 0(2.0-2.0) 80 (5.0-12.0)* 1.0 (1.0-2.0)
CD45 + microglia (0-16) 0 (4.0-8.0)* .0(1.0-2.0) 3.0 (2.0-4.0) 1.0 (1.0-2.0)

Cumulative score representing hypothalamus injury from necrosis, hemorrhage, neuropil edema, CD11b + dentate gyrus, CD11b + pyramidal, and CD45 + microglia.
PCV, pressure-controlled ventilation; PEEP, positive end-expiratory pressure; PSV, pressure-support ventilation. Values are given as medians (interquartile ranges) of 6
animals in each group. Comparisons were done using Kruskal-Wallis test followed by Dunn’s multiple comparisons test (p < 0.05). *Versus PSV-PEEP2 group; #versus
PSV-PEEP5 group
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with the reference gene (acidic ribosomal phosphoprotein PO [36B4]) and expressed as fold change relative to nonventilated animals (NV). Boxes
show the interquartile range (25-75%), whiskers encompass the range (minimum to maximum), and horizontal lines represent median values of 6
animals/group. Comparisons were done by Kruskal-Wallis test followed by Dunn’s multiple comparisons test (p < 0.05)
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Fig. 6 Cardiac output and brain damage correlation. Cardiac output was negatively correlated with interleukin (IL)-18 (r=—0.46, p=0.023)
positively associated with Zonula occludens (ZO)-1 gene expression at brain tissue (r=0.38, p=0.068)

tensile stress [9], whereas during PCV, a positive increase
in pleural pressure is observed, resulting in compres-
sive stress [10]. In PSV, cardiac output was higher than
in PCV, and this can be partially explained by the pleu-
ral pressure (negative in PSV). In PSV, pleural pressure
is negative during the expiratory phase and even more
negative during inspiration [41]. Hence, venous return
is favored toward the thorax during physiologic inspira-
tion. In PSV groups, cardiac output values were between
108 and 149 mL/min, in agreement with studies on rats
under spontaneous breathing [42]. On the other hand,
during PCV, even at a similar protective V value (6 mL/
kg), pleural pressure is positive, thus reducing venous
return and cardiac output. In PCV groups, cardiac out-
put values were between 76 and 126 mL/min. Reduced
cardiac output values are in line with pre-acinar capil-
lary blood stasis and may increase the hydrostatic pres-
sure in lung capillaries. Hydrostatic pressure induces a
dysfunction of the pulmonary capillary endothelium,
which is mediated by active second messenger responses
and characterized by an imbalanced release of biologi-
cal markers [43]. It has been shown that patients with
hydrostatic edema fluid showed increased neutrophils

and inflammatory cytokines in the bronchoalveolar lav-
age fluid due to various causes [44—46]. We observed an
increase in IL-1Pp and a decrease in SP-B during PCV,
which is in line with early dysfunction of endothelial and
epithelial cells [47], respectively. This can further explain
the greater reduction in gene expression of ZO-1 in PCV
than PSV. Reduced levels of ZO-1 are consistent with
interstitial and alveolar edema due to diminished epithe-
lial and endothelial integrity [48].

In the brain, we observed an increase in necrosis, hem-
orrhage, and neuropil edema in the hypothalamus in the
PCV and PSV groups with similar PEEP levels. Positive
pleural pressure, as seen in PCV, may lead to significant
changes in systemic venous congestion (termed “back-
ward failure”), which raises jugular venous pressure;
this, in turn, is transmitted to the cerebral circulation
[49]. It has been shown that cerebral venous conges-
tion promotes blood-brain barrier disruption and neu-
roinflammation [50]. We observed an increase in IL-1p
as well as a decrease in ZO-1 gene expression in the
PCV compared with the PSV groups. Furthermore, the
PCV groups showed reduced cardiac output levels (76—
126 mL/min), which may be associated with increased
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CD11b+cells in the dentate gyrus and pyramidal hip-
pocampus. CD11b+is a marker of activated microglia,
representing the key immune effector cells of the central
nervous system. Microglia cells can be activated by alter-
ations in brain homeostasis leading to morphological
and molecular changes. We may infer that the alteration
in systemic venous congestion due to changes in pleural
pressure and heart-lung interaction during PCV is likely
able to change microglia activation. We also observed
an increase in CD45+ in microglia cells, which is in line
with the M1 activation phenotype, which releases inflam-
matory mediators and induces inflammation and neuro-
toxicity [51]. This is in line with our molecular biology
of the brain tissue. Apart from hemodynamics, vagus
nerve activation may have played a role in the PSV group,
although this could not be explored fully in our experi-
mental setting. Injurious mechanical ventilation has been
associated with transient receptor potential cation chan-
nel subfamily V member 4 receptors (mechanorecep-
tors) activation. Following that, the pulmonary afferent
purinergic receptors (vagal afferent receptors) may be
activated, which may increase dopamine release in the
hippocampus and triggering the intrinsic apoptotic cas-
cade [52, 53]. Thus, it is expected that, during PSV, vagus
nerve activity may be more physiological, while during
PCV, it would tend toward the non-physiological. The
level of sedation and anesthesia may also play a role.

Limitations

This study has some limitations that need to be men-
tioned. First, the depth of sedation and anesthesia may
have affected the neurological outcomes presented by
PCV group in comparison to PSV group (Additional
file 1: Table S7). Second, the study design precluded
neurofunctional status evaluation. However, markers of
inflammation and endothelial cell injury within perile-
sional brain tissue as well as morphological features and
markers of microglia activation were analyzed. Third,
we evaluated experimental AIS by thermocoagulation,
therefore the results cannot be extrapolated to other
models. Fourth, the rats were previously healthy, young,
and male, and the data may not be directly extrapolated
to the complexity of clinical practice. Fifth, we did not
evaluate cerebral blood flow velocity; instead, we meas-
ured cardiac output and left carotid peak systolic velocity
as surrogates. Sixth, no differences in ventilator-induced
lung injury susceptibility have been associated with sex
[54], a finding that supports the inclusion of both sexes
[55] instead of justifying the use of single-sex samples in
experimental studies. Whether sex would have an impact
on brain damage after ventilation in PSV or PCV should
be studied in future preclinical research.

Page 10 of 12

Conclusions

In experimental AIS, PSV compared with PCV reduced
lung and brain injury. In addition, lung ZO-1 was reduced
in PCV with PEEP=2 ¢mH,0O versus PEEP=5 cmH,0,
while brain claudin-5 increased in PSV with PEEP=2
c¢cmH,0O versus PEEP =5 ¢cmH,O.

Abbreviations

PEEP Positive end-expiratory pressure

AlS Acute ischemic stroke

pPSv Pressure-support ventilation

PCV Pressure-controlled ventilation

DAD Diffuse alveolar damage

IL Interleukin

Vy Tidal volume

MAP Mean arterial pressure

PaO,/FiO,  Ratio of arterial oxygen partial pressure to fractional inspired
oxygen

Ppeak,RS Peak airway pressure

Pplatgs Plateau pressure

AP gs Driving pressure

70 Zonula ocludens

SP-B Surfactant protein-B

PaCO, Arterial carbon dioxide partial pressure

Cco Cardiac output

ip Intraperitoneal

iv Intravenous

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/540635-023-00580-w.

[ Additional file 1. Supplemental Material. }

Acknowledgements

The authors thank Andre Benedito da Silva, BSc, for animal care; Arlete
Fernandes, BSc, and Camila Machado, PhD student, for microscopy assistance;
Maira Rezende Lima, MSc, for molecular biology analysis; and Moira Elizabeth
Schéttler (Rio de Janeiro, Brazil) and Filippe Vasconcellos (Séo Paulo, Brazil) for
language editing.

Author contributions

ALS, CMB and NNR conducted the experiments, analyzed the data, and wrote
the manuscript. EBC, RFM, VLC, CB, PP, CSS, PRMR and PLS helped conduct
the experiments, collected data for analysis, and provided critical input for
manuscript writing. All authors reviewed the final manuscript and approved
its content prior to submission.

Funding

This study was supported by the Brazilian Council for Scientific and Techno-
logical Development (CNPg 2019/12151-0), the Rio de Janeiro State Research
Foundation (FAPERJ E-26/202.766/2018, E-26/010.001488/2019), the Sdo Paulo
State Research Foundation (FAPESP 2018/20493-6), the Coordination for the
Improvement of Higher Education Personnel (CAPES 88881.371450/2019-01),
and the Department of Science and Technology——Brazilian Ministry of Health
(DECIT/MS).

Availability of data and materials
The datasets used and/or analyzed during the current study are available from
the corresponding author on reasonable request.


https://doi.org/10.1186/s40635-023-00580-w
https://doi.org/10.1186/s40635-023-00580-w

da Silva et al. Intensive Care Medicine Experimental (2023) 11:93

Declarations

Ethics approval and consent to participate

This study was approved by the Ethics Committee on the Use of Animals
(CEUA CCS-017/19) of the Health Sciences Centre of the Federal University of
Rio de Janeiro (UFRJ), Rio de Janeiro, Brazil.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Laboratory of Pulmonary Investigation, Centro de Ciéncias da Satide, Carlos
Chagas Filho Institute of Biophysics, Federal University of Rio de Janeiro,
Avenida Carlos Chagas Filho, S/N, Bloco G-014, Ilha Do Fundao, Rio de Janeiro,
RJ 21941-902, Brazil. “Department of Physiology and Pharmacology, Biomedi-
cal Institute, Fluminense Federal University, Rio de Janeiro, Brazil. 3Depart—
ment of Pathology, Faculty of Medicine, University of S&o Paulo, S&o Paulo,
Brazil. 4Department of Surgical Sciences and Integrated Diagnostics (DISC),
University of Genoa, Genoa, Italy. >Anesthesia and Critical Care, San Martino
Policlinico Hospital, IRCCS for Oncology and Neurosciences, Genoa, taly.
®Department of Cardiorespiratory and Musculoskeletal Physiotherapy, Faculty
of Physiotherapy, Federal University of Rio de Janeiro, Rio de Janeiro, Brazil.

Received: 22 June 2023 Accepted: 8 December 2023
Published online: 15 December 2023

References

1. Robba C, Poole D, McNett M, Asehnoune K, Bosel J, Bruder N et al (2020)
Mechanical ventilation in patients with acute brain injury: recommen-
dations of the European Society of Intensive Care Medicine consen-
sus. Intensive Care Med 46(12):2397-2410. https://doi.org/10.1007/
500134-020-06283-0

2. Bruni A Garofalo E, Pelaia C, Longhini F, Navalesi P (2017) Mechanical ven-
tilation in brain injured patients: seeing the forest for the trees. J Thorac
Dis 9(10):3483-3487. https://doi.org/10.21037/jtd.2017.08.149

3. Asehnoune K, Mrozek S, Perrigault PF, Seguin P, Dahyot-Fizelier C, Lasocki
Setal (2017) A multi-faceted strategy to reduce ventilation-associated
mortality in brain-injured patients. The BI-VILI project: a nationwide qual-
ity improvement project. Intensive Care Med 43(7):957-970. https://doi.
0rg/10.1007/500134-017-4764-6

4. FanTH, Huang M, Gedansky A, Price C, Robba C, Hernandez AV et al
(2021) Prevalence and outcome of acute respiratory distress syndrome
in traumatic brain injury: a systematic review and meta-analysis. Lung
199(6):603-610. https://doi.org/10.1007/500408-021-00491-1

5. Greenberg SM, Ziai WC, Cordonnier C, Dowlatshahi D, Francis B, Goldstein
IN et al (2022) 2022 Guideline for the Management of Patients With
Spontaneous Intracerebral Hemorrhage: a Guideline From the American
Heart Association/American Stroke Association. Stroke 53(7):282-e361.
https://doi.org/10.1161/STR.0000000000000407

6. Tejerina EE, Pelosi P, Robba C, Penuelas O, Muriel A, Barrios D et al (2021)
Evolution over time of ventilatory management and outcome of patients
with neurologic disease. Crit Care Med 49(7):1095-1106. https://doi.org/
10.1097/CCM.0000000000004921

7. Goligher EC, Dres M, Patel BK, Sahetya SK, Beitler JR, Telias | et al (2020)
Lung- and diaphragm-protective ventilation. Am J Respir Crit Care Med
202(7):950-961. https://doi.org/10.1164/rccm.202003-0655CP

8. Mahmood SS, Pinsky MR (2018) Heart-lung interactions during mechani-
cal ventilation: the basics. Ann Transl Med 6(18):349. https://doi.org/10.
21037/atm.2018.04.29

9. Silva PL, Ball L, Rocco PRM, Pelosi P (2022) Physiological and pathophysi-
ological consequences of mechanical ventilation. Semin Respir Crit Care
Med 43(3):321-334. https://doi.org/10.1055/5-0042-1744447

10. Silva PL, Gama de Abreu M (2018) Regional distribution of transpulmo-
nary pressure. Ann Transl Med. 6(19):385. https://doi.org/10.21037/atm.
2018.10.03

20.

22.

23.

24.

25.

26.

Page 11 of 12

. Magder S (2018) Heart-Lung interaction in spontaneous breathing

subjects: the basics. Ann Transl Med 6(18):348. https://doi.org/10.
21037/atm.2018.06.19

. Pinto EF, Santos RS, Antunes MA, Maia LA, Padilha GA, de Machado J

et al (2020) Static and dynamic transpulmonary driving pressures affect
lung and diaphragm injury during pressure-controlled versus pressure-
support ventilation in experimental mild lung injury in rats. Anesthesi-

ology 132(2):307-320. https://doi.org/10.1097/ALN.0000000000003060

. Robba C, Wong A, Poole D, Al Tayar A, Arntfield RT, Chew MS et al

(2021) Basic ultrasound head-to-toe skills for intensivists in the general
and neuro intensive care unit population: consensus and expert
recommendations of the European Society of Intensive Care Medicine.
Intensive Care Med 47(12):1347-1367. https://doi.org/10.1007/
s00134-021-06486-z

. Robba C, Ball L, Battaglini D, lannuzzi F, Brunetti |, Fiaschi P et al (2022)

Effects of positive end-expiratory pressure on lung ultrasound patterns
and their correlation with intracranial pressure in mechanically venti-
lated brain injured patients. Crit Care 26(1):31. https://doi.org/10.1186/
$13054-022-03903-7

. Percie du Sert N, Ahluwalia A, Alam S, Avey MT, Baker M, Browne WJ

et al (2020) Reporting animal research: explanation and elaboration for
the ARRIVE guidelines 2.0. PLoS Biol 18(7):e3000411. https://doi.org/10.
1371/journal.pbio.3000411

. Samary CS, Ramos AB, Maia LA, Rocha NN, Santos CL, Magalhaes RF

et al (2018) Focal ischemic stroke leads to lung injury and reduces
alveolar macrophage phagocytic capability in rats. Crit Care 22(1):249.
https://doi.org/10.1186/513054-018-2164-0

. da Silva H, Nucci MP, Mamani JB, Mendez-Otero R, Nucci LP, Tannus

A et al (2018) Evaluation of temperature induction in focal ischemic
thermocoagulation model. PLoS ONE 13(7):e0200135. https://doi.org/
10.1371/journal.pone.0200135

. Rocha NN, Samary CS, Antunes MA, Oliveira MV, Hemerly MR, Santos PS

et al (2021) The impact of fluid status and decremental PEEP strategy
on cardiac function and lung and kidney damage in mild-moderate
experimental acute respiratory distress syndrome. Respir Res 22(1):214.
https://doi.org/10.1186/512931-021-01811-y

. Ingelse SA, Juschten J, Maas MAW, Matute-Bello G, Juffermans NP, van

Woensel JBM et al (2019) Fluid restriction reduces pulmonary edema in
a model of acute lung injury in mechanically ventilated rats. PLoS ONE
14(1):0210172. https://doi.org/10.1371/journal.pone.0210172

Mortola JP, Noworaj A (1983) Two-sidearm tracheal cannula for respira-
tory airflow measurements in small animals. J Appl Physiol 55(1 Pt
1):250-253. https://doi.org/10.1152/jappl.1983.55.1.250

. Lang RM, Badano LP, Mor-AviV, Afilalo J, Armstrong A, Ernande L

et al (2015) Recommendations for cardiac chamber quantification by
echocardiography in adults: an update from the American Society of
Echocardiography and the European Association of Cardiovascular
Imaging. J Am Soc Echocardiogr 28(1):1-39. https://doi.org/10.1016/j.
echo.2014.10.003

Scoutt LM, Gunabushanam G (2019) Carotid ultrasound. Radiol Clin North
Am 57(3):501-518. https://doi.org/10.1016/j.rcl.2019.01.008

Sousa GC, Fernandes MV, Cruz FF, Antunes MA, da Silva CM, Takyia C

et al (2021) Comparative effects of dexmedetomidine and propofol on
brain and lung damage in experimental acute ischemic stroke. Sci Rep
11(1):23133. https://doi.org/10.1038/541598-021-02608- 1

Brandenburg S, Turkowski K, Mueller A, Radev YT, Seidlitz S, Vajkoczy P
(2017) Myeloid cells expressing high level of CD45 are associated with

a distinct activated phenotype in glioma. Immunol Res 65(3):757-768.
https://doi.org/10.1007/512026-017-8915-1

Chen Z, Shin D, Chen S, Mikhail K, Hadass O, Tomlison BN et al (2014)
Histological quantitation of brain injury using whole slide imaging: a pilot
validation study in mice. PLoS ONE 9(3):e92133. https://doi.org/10.1371/
journal.pone.0092133

Mendes RS, Martins G, Oliveira MV, Rocha NN, Cruz FF, Antunes MA et al
(2020) Iso-oncotic albumin mitigates brain and kidney injury in experi-
mental focal ischemic stroke. Front Neurol 11:1001. https://doi.org/10.
3389/fneur.2020.01001

. Watson PM, Anderson JM, Vanltallie CM, Doctrow SR (1991) The tight-

junction-specific protein ZO-1 is a component of the human and rat
blood-brain barriers. Neurosci Lett 129(1):6-10. https://doi.org/10.1016/
0304-3940(91)90708-2


https://doi.org/10.1007/s00134-020-06283-0
https://doi.org/10.1007/s00134-020-06283-0
https://doi.org/10.21037/jtd.2017.08.149
https://doi.org/10.1007/s00134-017-4764-6
https://doi.org/10.1007/s00134-017-4764-6
https://doi.org/10.1007/s00408-021-00491-1
https://doi.org/10.1161/STR.0000000000000407
https://doi.org/10.1097/CCM.0000000000004921
https://doi.org/10.1097/CCM.0000000000004921
https://doi.org/10.1164/rccm.202003-0655CP
https://doi.org/10.21037/atm.2018.04.29
https://doi.org/10.21037/atm.2018.04.29
https://doi.org/10.1055/s-0042-1744447
https://doi.org/10.21037/atm.2018.10.03
https://doi.org/10.21037/atm.2018.10.03
https://doi.org/10.21037/atm.2018.06.19
https://doi.org/10.21037/atm.2018.06.19
https://doi.org/10.1097/ALN.0000000000003060
https://doi.org/10.1007/s00134-021-06486-z
https://doi.org/10.1007/s00134-021-06486-z
https://doi.org/10.1186/s13054-022-03903-7
https://doi.org/10.1186/s13054-022-03903-7
https://doi.org/10.1371/journal.pbio.3000411
https://doi.org/10.1371/journal.pbio.3000411
https://doi.org/10.1186/s13054-018-2164-0
https://doi.org/10.1371/journal.pone.0200135
https://doi.org/10.1371/journal.pone.0200135
https://doi.org/10.1186/s12931-021-01811-y
https://doi.org/10.1371/journal.pone.0210172
https://doi.org/10.1152/jappl.1983.55.1.250
https://doi.org/10.1016/j.echo.2014.10.003
https://doi.org/10.1016/j.echo.2014.10.003
https://doi.org/10.1016/j.rcl.2019.01.008
https://doi.org/10.1038/s41598-021-02608-1
https://doi.org/10.1007/s12026-017-8915-1
https://doi.org/10.1371/journal.pone.0092133
https://doi.org/10.1371/journal.pone.0092133
https://doi.org/10.3389/fneur.2020.01001
https://doi.org/10.3389/fneur.2020.01001
https://doi.org/10.1016/0304-3940(91)90708-2
https://doi.org/10.1016/0304-3940(91)90708-2

da Silva et al. Intensive Care Medicine Experimental (2023) 11:93

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Schmittgen TD, Livak KJ (2008) Analyzing real-time PCR data by the
comparative C(T) method. Nat Protoc 3(6):1101-1108. https://doi.org/10.
1038/nprot.2008.73

Thayabaranathan T, Kim J, Cadilhac DA, Thrift AG, Donnan GA, Howard G
et al (2022) Global stroke statistics 2022. Int J Stroke. https://doi.org/10.
1177/17474930221123175

Tsao CW, Aday AW, Almarzooq ZI, Alonso A, Beaton AZ, Bittencourt MS
et al (2022) Heart disease and stroke statistics-2022 update: a report from
the American Heart Association. Circulation 145(8):.e153-e639. https://
doi.org/10.1161/CIR.0000000000001052

Fan JL, Nogueira RC, Brassard P, Rickards CA, Page M, Nasr N et al (2022)
Integrative physiological assessment of cerebral hemodynamics

and metabolism in acute ischemic stroke. J Cereb Blood Flow Metab
42(3):454-470. https://doi.org/10.1177/0271678X211033732

Battaglini D, Siwicka Gieroba D, Brunetti |, Patroniti N, Bonatti G, Rocco
PRM et al (2021) Mechanical ventilation in neurocritical care setting: a
clinical approach. Best Pract Res Clin Anaesthesiol 35(2):207-220. https://
doi.org/10.1016/)bpa.2020.09.001

Cammarota G, Verdina F, Lauro G, Boniolo E, Tarquini R, Messina A et al
(2021) Neurally adjusted ventilatory assist preserves cerebral blood flow
velocity in patients recovering from acute brain injury. J Clin Monit Com-
put 35(3):627-636. https://doi.org/10.1007/510877-020-00523-w
Thammanomai A, Hamakawa H, Bartolak-Suki E, Suki B (2013) Combined
effects of ventilation mode and positive end-expiratory pressure on
mechanics, gas exchange and the epithelium in mice with acute lung
injury. PLoS ONE 8(1):e53934. https://doi.org/10.1371/journal.pone.00539
34

Nemer SN, Caldeira JB, Santos RG, Guimaraes BL, Garcia JM, Prado D et al
(2015) Effects of positive end-expiratory pressure on brain tissue oxygen
pressure of severe traumatic brain injury patients with acute respiratory
distress syndrome: a pilot study. J Crit Care 30(6):1263-1266. https://doi.
0rg/10.1016/}jcrc.2015.07.019

Picetti E, Pelosi P, Taccone FS, Citerio G, Mancebo J, Robba C (2020)
VENTILatOry strategies in patients with severe traumatic brain injury:

the VENTILO Survey of the European Society of Intensive Care Medicine
(ESICM). Crit Care 24(1):158. https://doi.org/10.1186/513054-020-02875-w
Jonas P, Lisman J (2014) Structure, function, and plasticity of hippocampal
dentate gyrus microcircuits. Front Neural Circuits 8:107. https://doi.org/
10.3389/fncir.2014.00107

Lun MP, Monuki ES, Lehtinen MK (2015) Development and functions

of the choroid plexus-cerebrospinal fluid system. Nat Rev Neurosci
16(8):445-457. https://doi.org/10.1038/nrn3921

Protti A, Maraffi T, Milesi M, Votta E, Santini A, Pugni P et al (2016) Role of
strain rate in the pathogenesis of ventilator-induced lung edema. Crit
Care Med 44(9):e838-e845. https://doi.org/10.1097/CCM.0000000000
001718

Pelosi P, Rocco PR (2011) The lung and the brain: a dangerous cross-talk.
Crit Care 15(3):168. https://doi.org/10.1186/cc10259

Neupane K, Jamil RT. Physiology, Transpulmonary Pressure. StatPearls.
Treasure Island (FL) 2023.

Slama M, Susic D, Varagic J, Ahn J, Frohlich ED (2003) Echocardiographic
measurement of cardiac output in rats. Am J Physiol Heart Circ Physiol
284(2):H691-H697. https://doi.org/10.1152/ajpheart.00653.2002

Kuebler WM, Kuppe H (2002) Capillary pressure-induced lung injury: fact
or fiction? Curr Opin Anaesthesiol 15(1):57-64. https://doi.org/10.1097/
00001503-200202000-00009

Nakos G, Pneumatikos J, Tsangaris |, Tellis C, Lekka M (1997) Proteins and
phospholipids in BAL from patients with hydrostatic pulmonary edema.
Am J Respir Crit Care Med 155(3):945-951. https://doi.org/10.1164/
ajrccm.155.3.9117030

Kubo K, Yamaguchi S, Fujimoto K, Hanaoka M, Hayasaka M, Honda T et al
(1996) Bronchoalveolar lavage fluid findings in patients with chronic
hepatitis C virus infection. Thorax 51(3):312-314. https://doi.org/10.1136/
thx.51.3.312

Kubo K, Hanaoka M, Hayano T, Miyahara T, Hachiya T, Hayasaka M et al
(1998) Inflammatory cytokines in BAL fluid and pulmonary hemodynam-
ics in high-altitude pulmonary edema. Respir Physiol 111(3):301-310.
https://doi.org/10.1016/50034-5687(98)00006- 1

Ingenito EP, Mora R, Cullivan M, Marzan Y, Haley K, Mark L et al (2001)
Decreased surfactant protein-B expression and surfactant dysfunction

Page 12 of 12

in a murine model of acute lung injury. Am J Respir Cell Mol Biol
25(1):35-44. https://doi.org/10.1165/ajrcmb.25.1.4021

48. de Carvalho EB, Fonseca ACF, Magalhaes RF, Pinto EF, Samary CDS,
Antunes MA et al (2022) Effects of different fluid management on lung
and kidney during pressure-controlled and pressure-support ventilation
in experimental acute lung injury. Physiol Rep 10(17):e15429. https://doi.
0rg/10.14814/phy2.15429

49, Watson NA, Beards SC, Altaf N, Kassner A, Jackson A (2000) The effect of
hyperoxia on cerebral blood flow: a study in healthy volunteers using
magnetic resonance phase-contrast angiography. Eur J Anaesthesiol
17(3):152-159. https://doi.org/10.1046/j.1365-2346.2000.00640.x

50. Fulop GA, Ahire C, Csipo T, Tarantini S, Kiss T, Balasubramanian P et al
(2019) Cerebral venous congestion promotes blood-brain barrier
disruption and neuroinflammation, impairing cognitive function in mice.
Geroscience 41(5):575-589. https://doi.org/10.1007/511357-019-00110-1

51. Guo S,Wang H, Yin Y (2022) Microglia polarization from M1 to M2 in
neurodegenerative diseases. Front Aging Neurosci 14:815347. https://doi.
0rg/10.3389/fnagi.2022.815347

52. Gonzalez-Lopez A, Lopez-Alonso |, Aguirre A, Amado-Rodriguez L,
Batalla-Solis E, Astudillo A et al (2013) Mechanical ventilation triggers
hippocampal apoptosis by vagal and dopaminergic pathways. Am J
Respir Crit Care Med 188(6):693-702. https://doi.org/10.1164/rccm.
201304-06910C

53. Gonzalez-Lopez A, Lopez-Alonso |, Pickerodt PA, von Haefen C, Amado-
Rodriguez L, Reimann H et al (2019) Lung purinoceptor activation
triggers ventilator-induced brain injury. Crit Care Med 47(11):e911-e918.
https://doi.org/10.1097/CCM.0000000000003977

54. Lopez-Alonso I, Amado-Rodriguez L, Lopez-Martinez C, Huidobro
C, Albaiceta GM (2019) Sex susceptibility to ventilator-induced
lung injury. Intensive Care Med Exp 7(1):7. https://doi.org/10.1186/
s40635-019-0222-9

55. Clayton JA, Collins FS (2014) Policy: NIH to balance sex in cell and animal
studies. Nature 509(7500):282-283. https://doi.org/10.1038/509282a

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com



https://doi.org/10.1038/nprot.2008.73
https://doi.org/10.1038/nprot.2008.73
https://doi.org/10.1177/17474930221123175
https://doi.org/10.1177/17474930221123175
https://doi.org/10.1161/CIR.0000000000001052
https://doi.org/10.1161/CIR.0000000000001052
https://doi.org/10.1177/0271678X211033732
https://doi.org/10.1016/j.bpa.2020.09.001
https://doi.org/10.1016/j.bpa.2020.09.001
https://doi.org/10.1007/s10877-020-00523-w
https://doi.org/10.1371/journal.pone.0053934
https://doi.org/10.1371/journal.pone.0053934
https://doi.org/10.1016/j.jcrc.2015.07.019
https://doi.org/10.1016/j.jcrc.2015.07.019
https://doi.org/10.1186/s13054-020-02875-w
https://doi.org/10.3389/fncir.2014.00107
https://doi.org/10.3389/fncir.2014.00107
https://doi.org/10.1038/nrn3921
https://doi.org/10.1097/CCM.0000000000001718
https://doi.org/10.1097/CCM.0000000000001718
https://doi.org/10.1186/cc10259
https://doi.org/10.1152/ajpheart.00653.2002
https://doi.org/10.1097/00001503-200202000-00009
https://doi.org/10.1097/00001503-200202000-00009
https://doi.org/10.1164/ajrccm.155.3.9117030
https://doi.org/10.1164/ajrccm.155.3.9117030
https://doi.org/10.1136/thx.51.3.312
https://doi.org/10.1136/thx.51.3.312
https://doi.org/10.1016/s0034-5687(98)00006-1
https://doi.org/10.1165/ajrcmb.25.1.4021
https://doi.org/10.14814/phy2.15429
https://doi.org/10.14814/phy2.15429
https://doi.org/10.1046/j.1365-2346.2000.00640.x
https://doi.org/10.1007/s11357-019-00110-1
https://doi.org/10.3389/fnagi.2022.815347
https://doi.org/10.3389/fnagi.2022.815347
https://doi.org/10.1164/rccm.201304-0691OC
https://doi.org/10.1164/rccm.201304-0691OC
https://doi.org/10.1097/CCM.0000000000003977
https://doi.org/10.1186/s40635-019-0222-9
https://doi.org/10.1186/s40635-019-0222-9
https://doi.org/10.1038/509282a

	Pressure-support compared with pressure-controlled ventilation mitigates lung and brain injury in experimental acute ischemic stroke in rats
	Abstract 
	Background 
	Methods 
	Results 
	Conclusion 

	Background
	Methods
	Study approval
	Animal preparation
	Experimental protocol
	Respiratory data acquisition and processing
	Echocardiography and left carotid Doppler
	Histology
	Lung
	Brain

	Biological markers in lung and brain tissues
	Statistical analysis

	Results
	Lung
	Brain

	Discussion
	Limitations

	Conclusions
	Anchor 25
	Acknowledgements
	References


