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Local carbachol application
iInduces oral microvascular
recruitment and improves gastric
tissue oxygenation during
hemorrhagic shock in dogs

Stefan Hof*, Lara Lingens®, Marius Michels?*, Carsten Marcus,
Anne Kuebart, Anna Herminghaus, Inge Bauer, Olaf Picker,
Richard Truse' and Christian Vollmer?'

Department of Anesthesiology, Duesseldorf University Hospital, Duesseldorf, Germany

Introduction: Hemorrhagic shock is characterized by derangements of the
gastrointestinal microcirculation. Topical therapy with nitroglycerine or iloprost
improves gastric tissue oxygenation but not regional perfusion, probably due to
precapillary adrenergic innervation. Therefore, this study was designed to
investigate the local effect of the parasympathomimetic carbachol alone and in
combination with either nitroglycerine or iloprost on gastric and oral
microcirculation during hemorrhagic shock.

Methods: In a cross-over design five female foxhounds were repeatedly
randomized into six experimental groups. Carbachol, or carbachol in
combination with either nitroglycerine or iloprost were applied topically to the
oral and gastric mucosa. Saline, nitroglycerine, or iloprost application alone
served as control groups. Then, a fixed-volume hemorrhage was induced by
arterial blood withdrawal followed by blood retransfusion after 1nh of shock.
Gastric and oral microcirculation was determined using reflectance
spectrophotometry and laser Doppler flowmetry. Oral microcirculation was
visualized with videomicroscopy. Statistics: 2-way-ANOVA for repeated
measurements and Bonferroni post-hoc analysis (mean + SEM; p < 0.05).

Results: The induction of hemorrhage led to a decrease of gastric and oral tissue
oxygenation, that was ameliorated by local carbachol and nitroglycerine
application at the gastric mucosa. The sole use of local iloprost did not
improve gastric tissue oxygenation but could be supplemented by local
carbachol treatment. Adding carbachol to nitroglycerine did not further
increase gastric tissue oxygenation. Gastric microvascular blood flow remained
unchanged in all experimental groups. Oral microvascular blood flow,
microvascular flow index and total vessel density decreased during shock.
Local carbachol supply improved oral vessel density during shock and oral
microvascular flow index in the late course of hemorrhage.

Conclusion: The specific effect of shifting the autonomous balance by local
carbachol treatment on microcirculatory variables varies between parts of the
gastrointestinal tract. Contrary to our expectations, the improvement of gastric
tissue oxygenation by local carbachol or nitroglycerine application was not
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related to increased microvascular perfusion. When carbachol is used in
combination with local vasodilators, the additional effect on gastric tissue
oxygenation depends on the specific drug combination. Therefore, modulation
of tissue oxygen consumption, mitochondrial function or alterations in regional
blood flow distribution should be investigated.

KEYWORDS

tissue oxygenation, microcirculation, microvascular recruitment, hemorrhagic shock,
carbachol, nitroglycerine, iloprost, local drug application

1 Introduction

Despite intensive research, acute traumatic hemorrhage
remains a global burden, with a high mortality rate particularly
within the first month after injury (1). During this period, the
maintenance of intestinal tissue integrity seems to be crucial to
reestablish global homeostasis and avoid secondary diseases (2).
Unfortunately, hemorrhagic shock is characterized by
microcirculatory failure, that is particularly pronounced within
the gastrointestinal tract (3) leading to regional hypoxia and
tissue injury. Therefore, there is need to detect therapeutic
interventions that improve intestinal microcirculation during
hemorrhagic shock. As there is a mismatch of macro- and
microcirculatory variables in critically ill patients, the sole use of
macrocirculatory measurements seems to be insufficient to guide
the restoration of regional microcirculation during severe shock
states (4). Meanwhile microcirculatory variables revealed to predict
multi organ failure more sensitively than macrocirculatory variables
in critically ill patients, highlighting the role of microvascular
derangements in critically ill patients (5, 6).

There are two mechanisms mainly discussed leading to
microvascular impairment during hemorrhagic shock within the
gastrointestinal tract. First, excessive blood loss results in
intravascular hypovolemia with reduced microvascular perfusion.
Here the transfusion of blood products represents a therapeutic
concept for hemorrhagic shock treatment (7, 8). Secondly,
adrenergic vascular innervation and circulating catecholamines,
aiming to ensure the maintenance of an adequate mean arterial
perfusion pressure (9, 10), lead to regional vasoconstriction and
thus to intestinal hypoperfusion and ischemia (11). The therapeutic
approach to reopen collapsed vessels, increase total vessel density
and enhance microvascular tissue oxygenation by pharmacological
interventions is called microvascular recruitment (12, 13). From an
integrated point of view, vascular tone is not only regulated by
neurogenic innervation and circulating catecholamines, but is also
influenced by regional metabolites like nitric oxide, adenosine and
prostaglandins (14). Focusing on the metabolic part of
microvascular blood flow regulation, Hilty et al. reported, that
challenging the microcirculation by local nitroglycerine exposition
is able to quantify the microvascular reserve in healthy volunteers
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(15), giving the perspective to deal with unphysiological conditions
of restricted oxygen availability (16). This concept was successfully
transferred into perioperative patients (17). Especially during acute
heart failure the titration of low-dose nitroglycerine increases
perfused capillary density (18), improves myocardial
microcirculation and reduces cardiac filling pressure (19).
Further, nitroglycerine reverts clinical manifestations of poor
peripheral perfusion in patients undergoing circulatory shock
(20). Likewise, iloprost, a prostacyclin analogue with vasodilative
properties, demonstrated beneficial effects on microvascular
variables and ameliorated endotoxemia-related acute kidney
injury as a consequence of an improved tissue oxygenation in rats
(21). Beside its potent effect on the microvasculature, iloprost also
exerts beneficial effects on intestinal ischemia-reperfusion injury
(22, 23) and reduces oxidative stress in a model of colitis in
rodents (24).

In accordance with these findings, we successfully used local
nitroglycerine and iloprost to increase gastric mucosal oxygenation
during hemorrhagic shock in dogs in a previous study. In addition,
nitroglycerine attenuated shock-induced impairment of the
mucosal barrier integrity (25). Despite the well described
vasodilative effect of both agents, regional perfusion markers
remained unchanged after topical drug application (25). We
supposed that precapillary adrenergic innervation during
acute hemorrhage might counteract metabolic vasodilatation by
nitric oxide and prostacyclin. Therefore, reducing adrenergic
vasoconstriction could reveal as a possible target to maintain
residual tissue perfusion. In previous studies, complete regional
blockade of the sympathetic nervous system by epidural anesthesia
revealed to maintain gastric tissue oxygenation under physiological
conditions despite slightly compromised macrocirculatory
variables. Unfortunately, peridural anesthesia exerted unfavorable
effects on gastric tissue oxygenation during hemorrhagic shock
(26, 27). This emphasizes the importance of at least partially
preserved functionality of the sympathetic nervous system during
hemorrhagic shock. Because the parasympathetic nervous system
is the functional antagonist of adrenergic stimulation (28),
the application of parasympathomimetic agents could restore the
autonomic balance and maintain gastrointestinal perfusion without
provoking disadvantageous effects of sympathetic blockade during
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acute hemorrhage. Therefore, this study was designed to investigate,
if carbachol, a parasympathomimetic agent that acts as an agonist of
muscarinic and nicotinic receptors, induces microvascular
recruitment, improves oral and gastric microvascular perfusion
and enhances tissue oxygenation in hemorrhagic dogs. Beside
those microcirculatory considerations, carbachol is reported to
improve intestinal barrier function by strengthening apical tight
junctions and associated proteins during acute pancreatitis (29),
lipopolysaccharide-induced intestinal damage (30) and ethanol-
induced epithelial injury (31). Finally, carbachol induces intestinal
mucus formation as a part of the physical barrier (32). In summary,
these mechanisms including vascular and non-vascular effects could
lead to reduced cell and tissue damage as reported during hypoxic
challenges (33).

Whether the application of a parasympathomimetic is able to
reestablish autonomous balance and leads to an increase of
microvascular perfusion and tissue oxygenation during shock is
unclear. Additionally, a parasympathomimetic agent in
combination with nitroglycerine or iloprost might counteract
precapillary adrenergic vasoconstriction and thus additionally
improve microvascular flow. The systemic application of
nitroglycerine, iloprost and carbachol could further diminish
hemodynamic stability. In this context, our group reported the
gastrointestinal microcirculation to be susceptible for topical
therapies without systemic side effects during hemorrhagic shock
(34-36). Thus, we studied the impact of local application of
all substances.

The following study was designed to address the
following questions:

(i) Does local application of the parasympathomimetic
carbachol induce microvascular recruitment of oral
microcirculation and increases gastric and oral tissue
oxygenation during hemorrhagic shock?

(ii) Does additional local carbachol application further
improve microcirculation, when applicated additionally to
local nitroglycerine or iloprost treatment during
acute hemorrhage?

(iii) Does local carbachol or the combination with either
nitroglycerine or iloprost exert systemic side effects on
circulatory variables?

2 Materials and methods

2.1 Animals and standard instrumentation

The data set was derived from five healthy female dogs
(foxhounds, age: 3 — 10 years, weighing: 28 - 36 kg), that were
treated repetitively in accordance with the NIH guidelines for
animal care. All experiments were approved by the Local Animal
Care and Use Committee (North Rhine- Westphalia State Agency
for Nature, Environment, and Consumer Protection,
Recklinghausen, Germany; ref. AZ 84-02.04.2012.A152).
Animals were bred for experimental purposes and obtained
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from the animal research facility (ZETT, Zentrale Einrichtung
fur Tierforschung und wissenschaftliche Tierschutzaufgaben) of
the Heinrich-Heine-University Duesseldorf. Food was withheld
for 12 h prior to the experiments with free water access to ensure
gastric depletion, since digestive activity might change
gastrointestinal perfusion. Each dog underwent every
experimental protocol in a randomized order and served as its
own control (crossover design). Repeated experiments at the same
individual reduce the total number of experiments needed to gain
statistically significant results according to the 3R principle. Drug
application was blinded to the investigators. After the experiments
animals did not participate in any other experiment for at least
three weeks to avoid carryover effects especially referring to the
autonomous vegetative system. No animal was sacrificed during or
after the experiments.

All experiments were performed under general anesthesia
[induction of anesthesia: 4 mgkg' propofol; maintenance of
anesthesia: end-tidal sevoflurane 3.0 Vol % (37)] and mechanical
ventilation [FiO,: 0.3, VT: 12.5 ml-kg'1 (38)]. No opioids were used
due to the atraumatic instrumentation and lack of surgical stimulus
and to avoid tissue protection via opioid receptors as side effect. In
previous experiments we could show that systemic and regional
hypercapnia improve microvascular oxygen saturation (3).
Therefore, capnography was used to adjust respiratory rate to
achieve normocapnia (etCO,: 35 mmHg). The left carotid artery
was catheterized for invasive blood pressure measurement (Gould-
Statham pressure transducers P23ID, Elk Grove, IL) and
intermittent blood gas analysis (Rapidlab 860, Bayer AG,
Germany). Both carotids were externalized before animals
participated in the experiments to enable landmark guided
arterial catheterization with low complication rates and a
sufficient compression after the experiment for adequate
hemostasis (39). All animals took part in previous experiments,
so we did not perform surgical carotid externalization in direct
relation to the described experiments. Transpulmonary
thermodilution was used to determine cardiac output (CO [mlkg
Lmin™]). In detail, the arterial catheter inserted to the carotid
included a component to register the local temperature of arterial
blood. (PiCCO 4.2 non US, PULSION Medical Systems, Munich,
Germany). Every 30 minutes 10 ml of cold saline were injected
intravenously via a peripheral vein at the forelimb. Alongside the
bolus application, definitive temperature of the fluid bolus was
registered by a thermistor that was connected to the intravenous
catheter. After transpulmonary passage of the cold saline, the
decrease of arterial blood temperature was measured in the
arterial catheter and enables the calculation of CO. Systemic
oxygen delivery (DO, [ml~kg’1-min’1]) was calculated as total
oxygen content of the blood multiplied by cardiac output. The
heart rate (HR [1-min"']) was measured by a spike-triggered
electrocardiography (Powerlab, ADInstruments, Castle Hill,
Austria). An orogastric tube was inserted to enable microvascular
measurement at the gastric mucosa and local drug infusion. After
the experiments animals were extubated and kept under direct
supervision until they had completely recovered from anesthesia,
including achieving an unassisted sufficient intake of wet food and
water. Puncture sites were compressed to stop bleeding and
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examined to ensure adequate hemostasis. Then, the dogs were given
back to their keepers in the animal research facility.

2.2 Experimental protocol

After the induction of general anesthesia, intubation and
standardized instrumentation, baseline values were recorded
under steady state conditions and animals were randomized to
one of six experimental protocols (Figure 1). Steady state conditions
were defined as stability of hemodynamic variables (HR [1-min]
and MAP [mmHg]), microcirculatory measurements (reflectance
spectrophotometry) and ventilation variables (etCO, [mmHg],
etSevo [Vol%]). First, an initial drug bolus was applicated
simultaneously to the oral region and the gastric cave as
described below. Then, continuous drug infusion was started.
After thirty minutes of observation, a fixed-volume hemorrhage
was inducted by removing 20% of the estimated total blood volume
within 5 min duration via an intravenous peripheral cannula and
the arterial catheter (40). According to Advanced Trauma Life
Support (ATLS) shock classification, this represents a class IT shock
(41). Shock was held for one hour without further correction, then
the heparinized shed blood was retransfused using a conventional
transfusion set with a 200 um filter. Afterwards, animals were
observed for one hour, then experiments were stopped, and
animals were led back to spontaneous breathing and consciousness.

2.2.1 Interventional groups

Experimental groups differed according to the combination of
nitroglycerine (Nitrolingual infusion, G. Pohl-Boskamp & co KG,
Hohenlockstedt, Germany), iloprost (5-cis Iloprost, Cayman

r |
control - Baseline I saline I hemorrhage | retransfusion |
r 1
cHd B I [ | hemorrhage | retransfusion |
N - Baseline I N | hemorrhage I retransfusion |
r 1
1 { Baseline | [ | hemorrhage | retransfusion |
r 7
c+N - Baseline | C+N | hemorrhage | retransfusion |
c+i  Baseline [ C+I ] hemorrhage | retransfusion |
T T T T r 1
° S $ S $ $
S S S < o S
N N (Y g g &
time [hh:mm]
FIGURE 1

Experimental protocol. After the registration of baseline values
(00:30) saline (control), carbachol (C), nitroglycerine (N), iloprost (I)
or a combination of carbachol with either nitroglycerine (C + N) or
iloprost (C + 1) was applicated locally to the gastric and oral mucosa
(01:00). The initial drug bolus was followed by a continuous rate for
the rest of the experiments ([]). Then, hemorrhagic shock was
induced by arterial blood withdrawal and measurements were
performed after 30 min and 60 min to assess early (01:30) and late
(02:00) shock effects. The period of acute hemorrhage is marked
grey in this figure. Finally, the removed blood volume was
retransfused and measurements were obtained during early (02:30)
and late (03:00) course of retransfusion. Time is indicated as
[hh:mm].
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Chemicals, Ann Arbor, MI, USA), carbachol (Carbamylcholine
chloride, Sigma-Aldrich Corporation, St. Louis, USA) and saline
application. All investigators were blinded to the pharmacological
treatment. The experimental protocol of acute hemorrhage and
retransfusion did not differ between the groups. All experimental
groups - including those with a sole nitroglycerine or iloprost
treatment - have been performed exclusively for the here
addressed research questions and have not been published before.

2.2.2 Saline (control)

Control animals did not receive drug application prior to acute
hemorrhage. Instead, a local application of saline was used to
exclude volume effects. After an initial gastric bolus of 0.25
mlkg™" saline, a continuous fluid supplementation was generated
by the application of 2 mlkg"-h™" at the gastric mucosa and 0.66
ml-kg"h™! at the oral mucosa. Total fluid substitution by gastric and
oral drug application was equally in all experimental groups.

2.2.3 Nitroglycerine (N)

Animals received an initial gastric nitroglycerine bolus of 25
ugkg' followed by 500 pgkg'-h™' continuous nitroglycerine
application at the gastric mucosa and 165 ugkg'-h™' continuous
nitroglycerine application at the oral mucosa. The nitroglycerine
dose used in this study was reported to improve gastric tHbO, in a
previous study (25).

2.2.4 lloprost (1)

Animals received an initial gastric iloprost bolus of 100 ng-kg ™
body weight followed by 2 ugkg'-h™' continuous iloprost
application at the gastric mucosa and 0.66 pgkg'h™ continuous
iloprost application at the oral mucosa. The iloprost dose used in
this study was reported to improve gastric uHbO, in a previous
study (25).

2.2.5 Carbachol (C)

Animals received an initial gastric carbachol bolus of 20 pgkg™
body weight followed by 10 pgkg'h™
application at the gastric mucosa and 3.33 pgkgh™ continuous

continuous carbachol

carbachol application at the oral mucosa. The carbachol dose used
in this study is adapted to recommendations for the therapeutic
approach of cats and dogs (42).

2.2.6 Nitroglycerine + Carbachol (N + C)

To investigate the additional effect of topical carbachol
application on nitroglycerine treatment, animals received a gastric
bolus of 25 pg-kg ™" nitroglycerine and 20 pgkg™ carbachol. Gastric
(nitroglycerine: 500 ug-kgh™'; carbachol: 10 pgkg"h™') and oral
(nitroglycerine 165 pg-kg "-h™'; carbachol: 3.33 ug-kg"-h™) infusion
were performed according to the protocol in groups with single
drug treatment.

2.2.7 lloprost + Carbachol (I + C)

To investigate the additional effect of topical carbachol
application on iloprost treatment, animals received a gastric bolus
of 100 ng-kg ™" iloprost and 20 pgkg™ carbachol. Gastric (iloprost: 2
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ugkg'h''; carbachol: 10 pgkg'-h™') and oral (iloprost 0.66
ugkgh''; carbachol: 3.33 pgkg-h™) infusion were performed
according to the protocol in groups with single drug treatment.

2.3 Measurements

2.3.1 Reflectance spectrophotometry and laser
Doppler flowmetry

Gastric and oral microcirculation were evaluated using a
combined measurement of two analytic principles: reflectance
spectrophotometry and laser Doppler flowmetry (O2C, LEA
Medizintechnik, Gieflen, Germany). As described previously,
white light with a spectrum between 450 nm und 1000 nm
wavelength and a diode generated pulse laser (CW-mode, 820
nm) was emitted into the subepithelial tissue of gastric and oral
mucosa. Dependent on its oxygen saturation grade, hemoglobin
absorbs different wavelengths of white light. Therefore, the averaged
hemoglobin saturation can be calculated from the scattered and
reflected, complementary light spectrum. Since blood is not
distributed equally within the microcirculatory compartment with
a predominantly venous proportion and tissue reflectance
spectrophotometry is not able to distinguish between arterial and
venous vessels, measurements report mainly postcapillary oxygen
saturation (pWHbO,). According to the principle of last meadow,
uHbO, is a marker to determine tissue oxygen reserve under
conditions of generally maintained microvascular vessel
architecture. Not focusing on the spectral components, but on the
total amount of reflected light, relative hemoglobin content (rHb)
can be calculated. Thereby, relative hemoglobin content refers to a
predetermined volume of the targeted tissue and correlates
antiproportionally to the intensity of reflected light. Vessels that
are not part of the microcirculatory compartment lead to total light
absorption in consequence of the extensive hemoglobin load in
larger vessels.

Laser-Doppler flowmetry is based on the frequency shift, that is
generated at the surface of moving particles. Since microcirculatory
vessels form a tridimensional network, complex algorithms are used
to transform the reflected laser signal and results are reported in
arbitrary units [aU] (43). All values reported are the average of
measurements within 5 min.

2.3.2 Oral incident dark-field imaging

IDF-imaging is based on initial considerations of Sherman et al.
and uses epi-illumination to visualize the microcirculation (44).
Further improvement of the technical devices and slight changes in
the principle of measurement led to a high-resolution handheld
camera called Cytocam (Braedius Medical, Huizen, The
Netherlands), which is declared to be the third generation
videomicroscope for noninvasive microcirculatory assessment.
This device is recommended by an international expert group of
the European Society of Intensive Care Medicine (ESICM) to
evaluate the microcirculation (11). Conceptionally, pulsed green
light is emitted to the targeted tissue and reflected by interstitial cells
and matrix components. A complex lens system at the tip of the
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Cytocam device then creates short video sequences of the reflected
light. Since light with a wavelength of 530 nm meets the isosbestic
point of oxygenated and deoxygenated hemoglobin, illumination of
erythrocytes as the main hemoglobin carriers leads to total
absorption. Erythrocytes during the tissue passage then occur as
dark light recesses and form the contour of microvascular vessels.
The videos were recorded according to the quality requirements of
an international expert round and saved anonymized for blinded
analysis. Total vessel density (TVD) as a marker of microvascular
recruitment and perfused vessel density (PVD) as well as the
proportion of perfused vessels (PPV) as indices of microvascular
perfusion were determined using an automatic analyzing software.
Further, the microvascular flow index was calculated to access the
predominant microvascular blood flow characteristics. In detail, the
screen is divided into four squares and flow is characterized as not
existent (scoring = 0), intermittent (scoring = 1), sluggish
(scoring = 2) or regular (scoring = 3). To avoid sampling errors,
five videos were recorded, and averaged values are reported.

2.4 Statistics

Macro- and microcirculatory data were obtained during the last
5 min of each intervention period under steady-state conditions and
are presented as absolute values of mean * standard error (mean +
SEM) for five dogs. Normal data distribution was assessed in Q-Q-
plots (IBM SPSS Statistics, International Business Machine Corp.,
United States). A two-way analysis of variance for repeated
measurements (ANOVA) and a Bonferroni test as post-hoc test
for statistical analysis (GraphPad Prism version 6.05 for Windows,
GraphPad Software, La Jolla California United States) were used to
determine differences within and between the experimental groups.
p < 0.05 is considered as statistically significant. Multiple
measurements enable metric statistical testing of microvascular
flow index and heterogeneity index as semiquantitative scores
that generally require non-parametric analysis (3).

3 Results

3.1 Effect of local drug application on
gastric microcirculation

Gastric pHbO, did not differ between experimental groups
under baseline conditions and remained unchanged after local
drug application. The induction of hemorrhagic shock led to a
pronounced decrease of uHbO, that was diminished by local
nitroglycerine and carbachol application (Figure 2) but not with
iloprost. Combining carbachol and nitroglycerine did not further
increase uHbO,, whereas adding carbachol to iloprost significantly
raised pHbO, during acute hemorrhagic shock. Whereas uHbO,
after 1 h of hemorrhagic shock increased in animals that received
nitroglycerine, the beneficial effect of local carbachol application
was limited to the initial shock (Table 1). Across all groups, utHbO,
returned to baseline values after retransfusion of the shed blood.

frontiersin.org


https://doi.org/10.3389/fimmu.2024.1369617
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Hof et al.
100+
- 80+
©
]
7]
S, 604
£ =
g 40 =
2 =
T =
ES =
204 =
o =

time [hh:mm)]

[ control 3 carbachol iloprost
[ carbachol + nitroglycerine E= iloprost + carbachol

nitroglycerine

FIGURE 2

Postcapillary oxygen saturation of gastric mucosa. Postcapillary
oxygen saturation (UHBO,) of the gastric mucosa in percentage
points (%) under baseline conditions (00:30), during early
hemorrhagic shock (01:30) and after retransfusion (02:30) of the
shed blood. The period of hemorrhagic shock is visualized by a grey
box. Local application with either a sole carbachol, nitroglycerine or
iloprost or a combined treatment with nitroglycerine or iloprost and
carbachol are marked according to the symbols shown in the
legend. The time is indicated as [hh:mm]. Data are presented as
mean + SEM for n = 5 female dogs; * p < 0.05 between the
indicated experimental group and the control group at one time
point. # p < 0.05 vs. baseline value. 2-way ANOVA for repeated
measurements followed by the Bonferroni post-hoc test.

Gastric pflow and rHb remained stable over the time in all
experimental groups. There were no differences in gastric pflow
and rHb values referring to the experimental groups (Table 1).

3.2 Effect of local drug application on
oral microcirculation

Baseline values of oral uHbO,, pflow and rHb did not differ
between experimental groups. Similar to gastric measurements, the
induction of hemorrhagic shock led to a significantly decrease of
pHbO, at the oral mucosa. Neither the local application of
carbachol nor the local application of nitroglycerine or iloprost
influenced oral pHbO, during acute hemorrhage. Furthermore, the
combination of local carbachol and nitroglycerine application as
well as the combination of local carbachol and iloprost application
failed to improve mucosal uHbO, during acute hemorrhage
(Figure 3). Retransfusion of the taken blood reestablished initial
uHDO,-values at the end of experiments (Table 2). Oral pflow and
rHb decreased after shock induction in control animals. None of the
treatments improved uflow or rHb during hemorrhagic shock
(Table 2). TVD at baseline measurement was similar in all
experimental groups. The induction of hemorrhagic shock led to
a significant decrease of TVD in all experimental groups. Only the
local application of carbachol improved TVD during acute
hemorrhage (Figure 4). Initial values of PVD and MFI did not
vary between experimental groups. PVD decreased during
hemorrhagic shock and was not affected by local drug
application. Similarly, MFI decreased in control animals after the
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induction of acute hemorrhagic shock. After 1 h of the ongoing
hemorrhage, MFI was higher in animals that received carbachol
compared to controls (Figure 5) and to animals with nitroglycerine
or iloprost treatment. PVD and MFI values reached baseline level
after retransfusion of the taken blood in all experimental
groups (Table 2).

3.3 Effect of local drug application on
systemic circulatory variables

Baseline values of CO and DO, did not differ between
experimental groups. The induction of acute hemorrhagic shock
led to a pronounced decrease of CO and DO,. Retransfusion
reestablished adequate CO and DO,. Local drug application had
no effect on systemic circulatory variables (Table 3). Compared to
baseline values plasmatic lactate levels increased in all groups with
local carbachol application during hemorrhagic shock and
remained elevated after blood retransfusion for the rest of the
experiments. The cotreatment with nitroglycerine or iloprost
mitigated this effect of local carbachol supply on lactate levels
during the retransfusion period. At the end of the experiments
only the carbachol group had increased lactate levels compared to
the control group. Animals that received a sole nitroglycerine or
iloprost treatment revealed a slight increase of plasmatic lactate
levels, that did not exceed the physiological range. Slight changes of
arterial blood gases, pH-value and bicarbonate concentration
remained within the physiological range in all experimental
groups (Table 4).

4 Discussion

This study investigated the effects of local carbachol alone and
in combination with nitroglycerine or iloprost application on
gastric and oral microcirculation and tissue oxygenation during
hemorrhagic shock. According to literature, all substances might
have a potential to induce microvascular recruitment. However,
beneficial effects of local nitroglycerine and iloprost application
might be partially counteracted by adrenergic vasoconstriction.
Therefore, we investigated, if the simultaneous use of the
parasympathomimetic carbachol leads to further microvascular
recruitment and an improved tissue oxygenation in the
gastrointestinal tract by reducing regional sympathetic effects.
Since patients with hemorrhagic shock are highly vulnerable to
additional adverse events due to the barely compensated
hemodynamic situation, we chose local drug application to
mitigate systemic side effects of the pharmacological treatment.

The main findings are:

(i) Local carbachol recruits the structural microcirculation of
the oral mucosa, that leads to an increase of microvascular
flow index in the late course of hemorrhage. Gastric but
not oral tissue oxygenation improved during hemorrhagic
shock.
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TABLE 1 Gastric microcirculation.
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Variable
control 77 £ 3 74  + 6 38 8 # 45 £ 9 # 71  + | 6 75  + | 5
C 75 0+ 4 76+ | 2 53 |+ 7 | # | 58 x5 | # 70 + |3 78 & 2
pHbO, N 81 + 3 8 + 2 5 |+ 6 #* 61  + | 8 #* 81 + 3 80 o+ 2
gastral
[%] I 76 |+ 4 81 & 3 47 |+ 7 |# 53 0+ 7 # 73+ 2 75 &+ 4
C+N 83 | + | 3 84 x| 2 57 |+ 4 # 56 & 7 | # 79  + |3 81  + 4
C+I 81 | + 4 83 + 4 56 |+ 5 # | 58 + 3 | # 75 |+ |2 80 |+ 1
control | 154 |+ 29 170+ 9 128  + 10 175 |+ | 21 191  + 18 214+ 26
C 177 |+ | 11 195  + 42 121 | + 19 117 |+ | 17 156  + 31 141 £ 32
N 187 |+ 26 201 26 145 |+ | 21 190 |+ 32 213+ | 31 186  + 23
uflow
gastral [aU] | | 127 |+ 24 194 & 21 169 | + | 31 171 % | 31 167  + 34 153 |+ 18
C+N 110 |+ 14§ 170 + 24 01+ 13 115+ | 11 165 + 22 134 + 31
C+I 129 |+ | 11 170+ 21 133 | + 14 147 |+ | 24 186 + 23 175 |+ 30
control 19+ 1 18+ 1 16+ 1 19+ 1 20 0+ 1 2+ 2
C 19+ 1 2 + 3 6 £ 2 16 |+ |1 19 & 2 20 + 2
N 20+ 2 20+ 2 17 |+ 1 20  + | 2 2 |+ |3 210+ 3
uvelo
gastral [aU] | 16+ 2 19 & 2 16+ 1 18+ |3 17+ 2 18+ 2
C+N 15 1 s 19 % 2 4+ 1 4+ 1 S 18 0+ 1 17 + 2
C+I 18+ |1 20+ 2 18+ 1 18+ 2 20+ | 2 210+ 3
control 56+ 6 54+ | 6 47 |+ 8 45+ |6 54 |+ |5 5+ |6
C 9 + 5 54 7 52 |+ |5 50 0+ | 4 43t |5 4  + 7
N 60 + 5 64 & 4 55 &+ 4 54 |+ 3 64  + 6 59+ 6
rHb
gastral [aU] | | 9 + 6 54+ | 7 2+ 2 4 x5 43 x5 47 |+ | 7
C+N 5 0+ | 7 61 + 6 47 |+ 7 52 + |6 53 & |9 51+ | 8
C+I 52+ 6 61 + 5 50 + 5 51+ |6 54+ |6 56 + |6

Postcapillary oxygen saturation ({HbO2; [%]), Microvascular blood flow (uflow; [aU]), microvascular blood flow velocity (uvelo; [aU]) and relative hemoglobin content (rHb; [aU]) of gastric
mucosa after a sole or combined local treatment with carbachol (C), nitroglycerine (N) or iloprost (I). The time is indicated as [hh:mm)]. Values are reported under baseline conditions (00:30),
after drug application (01:00), during early (01:30) and late (02:00) hemorrhage and during early (02:30) and late blood retransfusion (03:00). Data are presented as mean + SEM for n = 5 female
dogs. # p < 0.05 vs. baseline values; * p < 0.05 vs. control group; § p < 0.05 vs. a sole nitroglycerine or iloprost treatment, if carbachol was applicated simultaneously. 2-way ANOVA for repeated

measurements followed by Bonferroni post-hoc test.

(ii) Nitroglycerine application results in a potent increase of
postcapillary oxygen saturation at the gastric mucosa, that
cannot be enhanced further by an additional carbachol
treatment. Local iloprost application slightly enhances
gastric tissue oxygenation, that can be supplemented
sufficiently by local carbachol treatment. Local drug
application had no effect on oral microcirculation.

(iii) There are no systemic side effects on circulatory variables
after local carbachol, nitroglycerine and iloprost or the
combined application.

The main results of pharmacological treatment on gastric and
oral mucosa are summarized in Table 5 and are discussed in the
following section. Local carbachol application improves gastric
pHbO, during hemorrhagic shock. Since tHbO, mainly represents
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postcapillary oxygen saturation and the postcapillary region of the
microcirculation had shown to be the area of risk under conditions of
restricted oxygen delivery, an amelioration of gastric uHbO, could
indicate an increase of microvascular oxygen reserve after muscarinic
stimulation (45). In general, there are three possible reasons for an
increase of pHbO, values. First, local drug application can induce a
redistribution of circulating blood towards the investigated tissue
with an increase of microvascular oxygen supply. uflow and rHb of
the gastric mucosa remained unchanged over the time and
pulmonary oxygen uptake was not restricted by an additional lung
injury in this model of hemorrhagic shock. In consequence,
microvascular oxygen supply did not increase after local carbachol
substitution. Second, alterations of cell metabolism could lead to a
reduced oxygen extraction fraction. Carbachol is reported to exert
various effects on the physiological cell function of enterocytes. In
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FIGURE 3

Postcapillary oxygen saturation of oral mucosa. Postcapillary oxygen
saturation (UHBO,) of oral mucosa in percentage points (%) under
baseline conditions (00:30), during early hemorrhagic shock (01:30)
and after retransfusion (02:30) of the shed blood. The period of
hemorrhagic shock is visualized by a grey box. Local application
with either a sole carbachol, nitroglycerine or iloprost or a
combined treatment with nitroglycerine or iloprost and carbachol
are marked according to the symbols shown in the legend. The time
is indicated as [hh:mm]. Data are presented as mean + SEM for n =
5 female dogs; # p < 0.05 vs. the individual baseline value. There
were no differences between the experimental groups at one time
point. 2-way ANOVA for repeated measurements followed by the
Bonferroni post-hoc test.

detail, muscarinic stimulation leads to the phosphorylation of a Na*/
K"-ATPase o-subunit (46) and liberates intracellular calcium (47).
Both, a-subunit phosphorylation and an increased calcium
concentration inhibit intestinal Na*/K"-ATPase-activity (47). Since
maintenance of the electrical membrane potential is an extensively
energy consuming process, inhibition of Na*/K*-ATPase-activity by
carbachol could reduce cellular ATP demand and protect intestinal
cells. Further, a slightly shifted electrical membrane potential and
changes of the transmembrane ion gradients could influence basic
cell metabolism as well. Since plasmatic lactate levels increased in all
experimental groups that received carbachol treatment a reduced
oxygen extraction fraction cannot only be explained by reduced
cellular ATP demand, but also by cellular oxygen utilization
disturbance. However, due to the minimal invasive access of the
measurements and to avoid microcirculatory alterations after minor
trauma related to tissue harvesting in vivo, we could not monitor
mitochondrial function in this model of acute hemorrhage.
Therefore, the reason and clinical relevance of the observed
minimal increase of arterial lactate levels remains speculative. As
the third possibility, changes of the structural microcirculation could
increase gastric tHbO, by two mechanisms, microvascular shunting
and microvascular recruitment. Microvascular shunting separates
tissue from a sufficient gas and nutrient exchange (48) and
increases WHbO, because of arterio-venous bypassing whereas
inhomogeneous tissue perfusion and tissue hypoxia establish
consequently over time. In critically ill patients and especially in
patients with septic shock this phenomenon is observed frequently
and seems to be one of the main microvascular derangements leading
to organ failure and an increase of mortality (49). The significance of
microvascular shunting and the formation of so called “weak units”
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(50, 51) in patients with hemorrhagic shock is still unclear. Contrary
to microvascular shunting, pharmacological reopening of
microvessels could reduce the oxygen diffusion distance from
erythrocytes to stroma cells, reduce the total diffusion gradient and
improve all over tissue oxygenation. Whereas microvascular shunting
is associated with a decreased TVD and PVD, microvascular
recruitment leads to an increase of both perfusion markers. In this
study, oral TVD increased during hemorrhagic shock after local
carbachol application indicating microvascular recruitment. This is
additionally supported by our previous observation that improved
oxygenation via nitroglycerine improved barrier function (25). In
case of microvascular shunting the overall oxygen supply would be
reduced and barrier function impaired. However, local carbachol
treatment did not improve oral uHbO, despite microvascular
recruitment. Since oral pflow and PVD did not increase after
topical carbachol treatment, we suggest that recruitment of oral
vessels by carbachol application is accompanied by insufficient
regional oxygen carrier supply during to hemorrhagic shock. Only
MFI improved in the late course of hemorrhagic shock indicating
favorable properties of carbachol on oral microcirculation. However,
results from oral microcirculatory measurements cannot be
transferred doubtless to other parts of the gastrointestinal tract,
since our group could identify a different response of the oral and
gastric microcirculation to topical melatonin treatment (36) and
hypothermia (34) in a similar canine model of hemorrhagic shock.
The observation that carbachol improves gastric but not oral
oxygenation might indicate that during hemorrhage there is a more
pronounced sympathetic activation in the oral region whereas the
gastric region can still be modulated. As local modulation of the
sympathetic and the parasympathetic nervous system is possible
without systemic side effects, this seems a promising
therapeutic option.

Summing up, muscarinic stimulation by local carbachol
application leads to microvascular recruitment at the oral mucosa
and improves perfusion quality. In this barely compensated
vascular bed, microvascular recruitment by local carbachol
application failed to improve regional tissue oxygenation possibly
due to a remaining regional lack of microvascular tissue perfusion.
At the gastric mucosa, local carbachol application enhances pHbO,
during hemorrhagic shock. From a mechanistic point of view, a
change of the basic energy metabolism and microcirculatory
recruitment could explain this effect of local carbachol
application, but both mechanisms were not addressed in the
experiments to avoid a more invasive instrumentation and
microcirculatory alterations after minor trauma.

In a previous study, we could show that local nitroglycerine
alone and iloprost alone improve gastric ptHbO, (25). Novel in this
study is the effect of carbachol and the effect of the combination
carbachol + nitroglycerine and carbachol + iloprost. The
experiments with nitroglycerine alone and iloprost alone were
conducted again as control group to generate an independent
data set for this publication. Our recent findings are mainly in
accordance with this previous data. Nitroglycerine enhanced gastric
tissue oxygenation during hemorrhagic shock like described before,
whereas local iloprost treatment led to slightly increased uHbO,
values compared to control animals in this study. However, the
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TABLE 2 Oral microcirculation.

Variable
control = 85 + | 2 77 & 2 40 = 4 # 44 x 4 | # 77+ 1 88 |+ 2
C 89 & | 2 86 & 2 4 + 3 # 50  + 3 | # 81  + 3 90 + 3
uHbO, N 83 & 2 82 o+ 4 43+ 4 # 51 | x 3 | # 78 £ 2 88 & 2
oral
(%] I 84 & 1 83 & 1 36 & 2 # 48 |+ 3 | # 79 £ 2 90 o+ 4
C+N 88 + 2 78 & 2 40 0+ 4 # 45+ 2 | # 79 £ 4 | # | 8 = 2
C+1 86 & 1 82 o+ 4 37 &£ 5 #  41 |+ 5 | # 74 £ 7 | # | 8 = 3
control | 121 + | 18 72+ 5 39 |+ 14 # 31 |+ 7 # 83 + 7 154  + 25
c 174 & 19 145 £ 26 * 34 £ 10 # 40 |+ 4 | # 160 + 35 * 179 & 49
uflow N 161+ 30 179 36 42 o+ 7 # 36 & 11 | # | 122 % 36 150 & 25
oral [aU] 172+ 19 148 £ 20 * 34 o+ 8 # 34 |+ 7 | # 121 + 21 193+ 25
C+N 158 + 21 176+ 43 * 37 £ 6  # 42 |+ 9 | # 119 + 19 176+ 47
C+1 148 =+ 28 129 =+ 27 57 |+ 13 # 69+ 20  # | 147  + 24 196+ 21
control = 24 + | 3 19+ 1 15+ 3 # 13 £ 1 | # 20 £ 1 29 o+ 3
C 27+ 2 25 o+ 3 4+ 2 # 16 £ 2 | # 29 £ 3 | * | 29 + 5
wvelo N 27 £ |3 31 & 3 ¢ 18 o+ 3 # 13 | &£ 2 | # 24 x4 26+ 2
oral [aU] I 28 & | 2 27 x| 2 130+ 2 | # 13 1 # 23 x| 2 31+ 4
C+N 25 + 2 29 £ 5 * 14 & 1 # 16 | 2 |# 24+ 3 29 £ 5
C+1 26 & 4 25 % 5 20 & 4 25 |+ 5 % 30 o+ 4  * | 31 % 2
control 9% + |3 9 + 2 60 £ 5 # 62 |+ 3 # 84 + 4 # 89 + 2
c 01 % 2 98  + 2 68 |+ 2 % 73 & 6  # 8 x 4 # 93 + 4
Hb N 98 + 3 9% o+ 2 70 £+ 3 # 76 + 4  # | 8  + 3 | # 93 + 2
oral [aU] 4 98 & | 2 93+ 4 58 |+ 4 # 68 |+ 5 | # 89 £ 4 | # 90 + 7
C+N 99 + 3 100 + 2 69 |+ 4 # 70 |+ 6 | # 87 £ 6 | # 93 + 4
C+1 97 £ 3 9%+ 2 60 |+ 5  # 64 |+ 4 | # 82 £ 5 | # | 94 + 3
control 19  + 0 19+ 1 13 0+ 1 # 13 &£ 1 | # 18+ 1 19+ 1
C 19+ 1 19+ 1 16 + 1 # 17 £ 1 # | 2 £ 1 20 1
VDol | N 19+ 1 19+ 1 4+ 2 % 14 £ 1 | # 19 + 0 19+ 1
(mmmm?] 20 0+ |1 19 £ 1 13 0+ 2 | # 14 = 2 | # 18+ 1 20 |+ 1
C+N 19 o+ 1 19 = 1 15+ 1 # 14 £ 1 | # 19 = 1 20 £ 1
C+1 18+ 1 18 = 2 13 0+ 1 # 14 2 | # 19 £ 2 19+ 1
control | 12 |1 n o+ 1 5 0+ 1 # 5 0+ 1| # 9 o+ 2 | # 11 * 1
c 2 0+ 1 13+ 1 8 o+ 1 | # 9 o+ 1 4+ 1 | * 14+ 1
VDol | N 2 0+ 1 2 o+ 1 6 £ 1 | # 6 + 1 | # n o+ 1 2+ 1
(mmmm?] 13 0+ 2 n o+ 1 6 + 1 | # 7 0+ 1 | # nm o+ 1 2+ 1
C+N 1m o+ 1 2+ 1 6 £ 1 | # 5 0+ 1 | # 0 0+ 1 2+ 2
C+1 0 + 3 1+ 3 6 + 2 | # 7 0+ 3 0+ 3 2+ 2
control = 62  + | 2 59 & 3 40 o+ 7 # 38  + 7 | # 47 = 10 58 & 5
PPV C 60 + 5 67 + 4 46 = 6 48 x| 4 66 £ 4 | * | 67  + 3
oral [%] N 64 | 2 65 + 3 42 0+ 6  # 45 £ 4 | # 59 |+ |5 59 |+ 5
I 64+ | 6 5 & 5 43+ 5 # 45 x4 | # 58 & | 4 61 + 4
(Continued)
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TABLE 2 Continued

10.3389/fimmu.2024.1369617

Variable group
C+N 54 + 4 57 + 2 40 + 5 36 + 5 # 52 + 7 55 + 11
C+1 54 + 13 56 + 13 41 + 10 47 + 11 52 + 10 57 + 9
control 2,9 + 01 2,8 + 01 1,7 £ 0,1 # 1,8 = 02 | # 29 = 00 29 % 0,0
C 2,9 + 01 2,9 + 01 1,7 £ 0,3 # 2,3 + 02 | #* 29 = 01 29 % 0,1
N 2,8 + 01 2,9 + 01 1,5 + 0,3 # 1,7 £ 02 | # 2,8 + 01 28 % 0,1
MEFI oral
I 2,8 + 01 2,8 + 01 16  + 02 # 16  +£ 02 | # 27 = 01 29 = 0,1
C+N 29 £ 01 3,0 + 00 16  + 0,3 # 1,8 = 02 | # 2,8 + 01 29 £ 0,1
C+1I 2,8 + 01 2,8 + 02 1,5 + 02 # 20 % 02 | #§ 2,8 + 01 29 £ 0,1

Postcapillary oxygen saturation (WHbO2; [%]), Microvascular blood flow (uflow; [aU]), microvascular blood flow velocity (uvelo; [aU]), relative hemoglobin content (rHb; [aU]), total vessel
density (TVD; [mm/mm2]), perfused vessel density (PVD; [mm/mmz2]), proportion of perfused vessels (PPV; [mm/mm2]) and microvascular flow index (MFI) of gastric mucosa after a sole or
combined local treatment with carbachol (C), nitroglycerine (N) or iloprost (I). Values are reported under baseline conditions (00:30), after drug application (01:00), during early (01:30) and late
(02:00) hemorrhage and during early (02:30) and late blood retransfusion (03:00). The time is indicated as [hh:mm]. Data are presented as mean + SEM for n = 5 female dogs. # p < 0.05 vs.
baseline values; * p < 0.05 vs. control group; § p < 0.05 vs. a sole nitroglycerine or iloprost treatment, if carbachol was applicated simultaneously. 2-way ANOVA for repeated measurements

followed by Bonferroni post-hoc test.

regime of local nitroglycerine and iloprost treatment was in
accordance with our previous work. When local iloprost
application was supplemented with carbachol, gastric uHbO,
further increased during hemorrhagic shock. A combined
carbachol and nitroglycerine treatment did not reveal an
additional effect on gastric tissue oxygenation. On the one hand,
those findings could be related to direct effects of nitroglycerine,
iloprost and carbachol on gastric microcirculation for example by a
different potency to recruit gastric microcirculation. On the other
hand, this could be the result of a subcellular crosstalk between two
different signaling pathways. Muscarinic stimulation by carbachol
application was reported to act via a nitric oxide dependent pathway
(52). The combination of endogenous nitric oxide generation
during hemorrhagic shock and an exogenous substitution of
nitroglycerine could exceed the physiological range of available
nitric oxide and lead to a maximal activation of nitric oxide related

effects. If muscarinic effects exclusively depend on the nitric oxide
pathway, this might explain why carbachol cannot further enhance
gastric tHbO, when applicated additionally to local nitroglycerine.
Nevertheless, positive effects of nitroglycerine do not seem to be
partially counteracted by autonomous neurogenic influence.
Prostacyclin effects within the microcirculatory compartment
might be related at least in part to a different pathway that includes
ATP release from erythrocytes (53, 54). The simultaneous
activation of carbachol dependent nitric oxide generation and
iloprost related ATP release, could lead to further improvement
of gastric tissue oxygenation in incompletely recruited vessels.
Additionally, iloprost activates an inosine triphosphate dependent
pathway too, formatting a complex network of second messenger
activation with various effects on regional homeostasis and cell
metabolism. Furthermore, Herminghaus et al. already reported
nitroglycerine and iloprost to improve the efficiency of oxidative
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FIGURE 4

Total vessel density of oral mucosa after local carbachol treatment. Total vessel density (TVD) of oral mucosa in mm/mm?. The period of
hemorrhagic shock is visualized by a grey box. Local application with either saline or carbachol is marked according to the symbols shown in the
legend. Other experimental groups are not shown for reasons of clarity. The time is indicated as [hh:mml]. Data are presented as mean + SEM for n =
5 female dogs; * p < 0.05 between animals, that received saline or carbachol at one time point. 2-way ANOVA for repeated measurements followed

by the Bonferroni post-hoc test.
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FIGURE 5

Microvascular flow index of oral mucosa after local carbachol treatment: Microvascular flow index (MFI) of oral mucosa. The period of hemorrhagic
shock is visualized by a grey box. Local application with either saline or carbachol is marked according to the symbols shown in the legend. Other
experimental groups are not shown for reasons of clarity. The time is indicated as [hh:mm]. Data are presented as mean + SEM for n = 5 female
dogs; * p < 0.05 between animals, that received saline or carbachol at one time point. 2-way ANOVA for repeated measurements followed by the
Bonferroni post-hoc test.

TABLE 3 Macrocirculatory variables.

Variable group
control 4 + |1 13 0+ 1 8 £ 0 # 8 £ 0 # 4 + 1 14+ 1
C 15+ |1 4+ 1 8 £ 1 # 9 £ 1 # 4+ 1 15+ 1
DO, N 4 =+ 1 13+ 1 7 0+ 1 # 9 '+ 0 # 4 + 1 13 + 1
[mlkg
Lmin!] I 14+ |1 4 + 0 70+ 0 # 9 = 1 # 14+ 1 14+ 1
C+N 4 + |0 13 0+ 1 8§ + 0 # 8§ + 0 # 4 £ 1 4+ 1
C+1 15+ |1 4 = 1 8§ o+ 1 # 9 = 1 # 15+ 1 15+ 1
control 2 0+ |1 24 |+ 1 31+ 2 # 31 + 2 # 29+ 2 # 24 £ 2
C 21+ |1 2 |+ 1 33+ 4 # 32 0+ 3 # 28 £ 1 # 23 £ 1
SVR N 23+ |2 2 |+ 2 30 0+ 2 # 28 0+ |1 # 24+ 1 2 o+ 1
[mmHg I
L.min] I 21 0+ |1 2 |+ 1 33 0+ 3 # 31 + 2 # 29 £ 2 # 24 £ 3
C+N 21 £ | 2 21+ 2 25 £ 3 #§ 29 £ 3 #* 22+ |1 20 £ 1
C+1 2 o+ |1 23+ 2 30 0+ 2 # 31 0+ 1 # 28 0+ 1 # 2+ 1
control 81 + | 4 81  + 2 48 £ 1 # 52+ |2 # 84 + 4 88 + | 5
C 9 + |6 * 87 + 5 47 |+ | 4 # 56  + 3 # 89 + 5 95 £ 6
Co N 8 + |5 78 x5 42 x| 2 # 51 = | 2 # 84 |+ 4 81 + 4
(mlkg
Lmin] I 8 + |3 83 |+ 1 4 x| 2 # 52 + 3 # 84 |+ 4 89 + 5
C+N 8 o+ |2 81  + 2 47 £ |2 # 48 x| 2 # 89 + 3 89 + 3
C+1 8 + |6 86 + 6 50 o+ 2 # 56 0+ 4 # 91 £ 6 95 £ 6
control 24 0+ |1 24 |+ 1 15+ 1 # 16 = 1 # 27 |+ 1 # 27 & 1 #
NY%
(mnl] C 26 0+ |1 25 o+ 1 4 + 1 # 16 + |1 # 28 |+ 1 30 0+ 1 #*
N 25 o+ |1 23 |+ 1 13 £ 0 # 15+ 1 # 26 0+ 1 25 & 1 *
(Continued)
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TABLE 3 Continued
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Variable group
I 25 & | 2 24 |+ 1 13 0+ 1 # 15+ 1 | # 27+ 1 # | 29 & 2 | #
C+N 25+ | 2 2 |+ 1 4+ 1 # 4 o+ 1 | # 27 |+ 1 27+ 1
C+I 24+ 1 23 |+ 1 15+ 1 | # 16 + 1 | # 27 |+ 1 # | 28 £ 1 @ #
control | 432  + | 24 400  + 22 3832+ 22 # 324+ 12 #0392 o+ 11 428  + 24
C 486  + 17 452+ 19 334+ 21 # 362+ 25 # 418 o+ 30 | # 454 + 34
dPmax N 474  + | 21 416 = 39 322+ 25 # 330+ 27 # 404 £ 41 | # 434 + 49
[mmHg™s] 486  + | 29 464 = 29 326+ 28  # 340  + 25  # 418 & 37 | # 428 + 35
C+N | 476 + 14 428 = 20 300 + 10 # 342+ 17 # 414 £ 20 | # 436 + 25
C+1 | 482 + 23 450 21 358 + 19 # 376+ 22 # 476 £ 64 * 514 59 | *§
control 60 + |2 64 + | 3 48 |+ | 3 # 54  + |2 # 79 0+ |3 # 69  + 4 #
C 62 + | 2 64 |+ | 2 50 0+ 2 | # 58+ | 2 | # 82 |+ |3 | # | 74 £ 3 | #
MAP N 61 + 4 56 |+ | 2 492+ 2 # 48 2 # 68 + 2 | # 59 & 2 | *
[mmHg] I 59 & 2 60 o+ 2 47 |+ 2 # 54 & 1 # 79 £ 3 # | 67 + 5  #
C+N 60 + 3 55+ 3 38 |+ 3 # 46 = 3 | # 65 + 3 60 + 3 *
C+I 60  + |1 62 |+ 3 46 0+ 1 # 55 + | 2 80 '+ 1 | # 67 £ 3 | #
control | 114 + | 2 115 + 2 109 + 3 12+ 2 103+ 3 | # 108 + 3  #
C 116  + 4 116  + 3 1 o+ 2 114  + 3 105 + 4 | # 107 + 3  #
HR N 12+ 4 114  + 3 1o+ 2 114 + 2 107 + 3 109  + 4
[min”'] I 116  + 4 116  + 3 m o+ 2 # 117+ 4 104+ 4 #0102 + 4 @ #
C+N | 116 + 4 118  + 3 110+ 2 114 + 2 110+ 3 | # 111 + 3 #
C+1 | 116 + 4 § 116 + 4 10+ 3 # 114  + 2 | * 107 + 5  # 108 £ 4  #§

Systemic oxygen delivery (DO2; [mlkg-1-min-1]), systemic vascular resistance (SVR; [mmHg--1-min-1]), cardiac output (CO; [mlkg-1-min-1]), stroke volume (SV; [ml]), index for cardiac
inotropy (dPmax; [mmHg-1-sec]), mean arterial pressure (MAP; [mmHg]) and heart rate (HR; [min-1]) after a sole or combined local treatment with carbachol (C), nitroglycerine (N) or iloprost
(I). Values are reported under baseline conditions (00:30), after drug application (01:00), during early (01:30) and late (02:00) hemorrhage and during early (02:30) and late blood retransfusion
(03:00). The time is indicated as [hh:mm]. Data are presented as mean + SEM for n = 5 female dogs. # p < 0.05 vs. baseline values; * p < 0.05 vs. control group; § p < 0.05 vs. a sole nitroglycerine or
iloprost treatment, if carbachol was applicated simultaneously. 2-way ANOVA for repeated measurements followed by Bonferroni post-hoc test.

phosphorylation in colon homogenates from healthy animals
measured by respirometry (55). Therefore, downstream effects of
local carbachol, nitric oxide and iloprost application could not only
exert effects on microcirculation but influence mitochondrial
respiration leading to an increase of gastric pHbO,. Since
subcellular pathways of nitroglycerine, iloprost and carbachol
have not been addressed in this study, further research should
elucidate subcellular effects of the here used agents under conditions
of restricted oxygen delivery.

Finally, drugs were applicated locally to avoid systemic side
effects. In the past, our group used various local treatment regimens
to improve gastric tissue oxygenation (34-36). None of those trials
revealed systemic complications. In accordance, local carbachol
application did not reveal systemic side effects on hemodynamic
variables and macrohemodynamics were similar between all
experimental groups, although we did not measure the
intravenous concentration of carbachol in our experiments.
During the experiments, we could not observe malignant
arrhythmias like ventricular tachycardia or severe bradycardia.
Even if local carbachol treatment was combined with either local
nitroglycerine or local iloprost application there were no adverse
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effects on hemodynamic variables. Systemic lactate concentration
increased in animals that received local carbachol treatment.
However, as the measured values were only slightly higher than
in the other experimental groups and plasmatic lactate
concentration has many confounding factors, the physiological
relevance of this finding remains questionable. Due to the
reusable animal model the dogs were continuously under
observation by the animal care staff that included veterinarians.
Therefore, we state that local application of carbachol is safe and
does not influence systemic homeostasis.

This gives the perspective to translate our approach into
clinical studies. Local drug application to improve gastric
microcirculation should be tested in patients with elective
gastroscopy first. If local drug application emphasizes to be safe
in healthy patients, the administration during interventional
procedures and abdominal surgery should be tested in a second
step. Patients with upper gastrointestinal bleeding appear to be the
ideal patient population for transferring our results to humans,
since these patients must be subjected to endoscopic hemostasis
anyway. Local drug application could then follow acute bleeding
control in the same session.
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TABLE 4 Arterial blood gas analysis.

Variable  group
control 99 = 0 99 | =+ 0 98 =+ 0 # 98 | =+ 0 # R 0 99 0
C 99 =+ 0 99 |+ 0 98 =+ 0 # 98 | =+ 0 # 99 =+ 0 99 | =+ 0
N 99 =+ 0 99 |+ 0 98 =+ 0 #* 98 | =+ 0 #* 99 | =+ 0 99 | =+ 0
S.0,
(%] I 99 =+ 0 99 |+ 0 98 =+ 0 # 98 |+ 0 # 99 | & 0 99 |+ 0
C+N 98 =+ 0 98 |+ 0 97 | = 0 #* 98 | =+ 0 #* 99 | & 0 99 | =+ 0
C+1 99+ 0 99 | =+ 0 98 |+ 0 # 98 | % 0 # 99 |+ 0 99 =+ 0
control 151+ 3 150 |+ 3 146+ 3 146 |+ 4 156 |+ 4 154 |+ 4
¢ 147+ 2 149 |+ 4 144+ 4 145 |+ 3 158 |+ 2 # 158 |+ 3 #
N 150+ 3 150 |+ 3 140 |+ 5 # 142+ 4 # 159 |+ 3 # 157 |+ 3 #
PaO2
(mmkg] I 152 |+ 2 156 | =+ 2 145 | =+ 4 # 147 | = 3 160 | =+ 2 # 160 | =+ 2 #
C+N 147+ 5 146 |+ 4 134+ 4 #* 144 |+ 5 162 | + 4 # 161 |+ 5 #*
C+N 148+ 3 152+ 4 143+ 3 144 |+ 2 157 |+ 4 # 157 |+ 3 #
control 35 =+ 0 36+ 0 40 o+ 1 # 39 o+ 1 # 36 =+ 1 37 =+ 0 #
C 35 =+ 1 3 o+ 1 41 = 1 # 39 o+ 1 # 36 =+ 1 36 =+ 1
N 36+ 1 36+ 1 492 = 1 #* 41 = 1 #* 37 = 0 37 = 1
p.CO,
(mmEg] I 35 =+ 1 36+ 1 41 = 1 # 40 =+ 1 # 36 =+ 1 36 =+ 1
C+N 36+ 0 37+ 0 43 o+ 1 #* 41 = 1 #* 37 | % 0 37 | % 1
C+1 35 1 36+ 1 41 o+ 2 # 40 = 2 # 36 =+ 1 35 1 *
control 74+ 001 739 |+ | 001 732 £ | 002 # 733 | £ 002 # 737+ | 001 # 737 |+ | 001 #
¢ 74+ 001 739+ | 001 731+ | 002 # 731+ | 002 #* 736 |+ 002 # 736 | £ 002 #
N 739+ 001 738+ | 001 73+ | 001 #* 731+ | 001 #* 735 x| 001 #* 736 |+ | 001 #
pH
I 74+ 001 739 |+ | 001 732+ 002 # 733+ | 001 # 738 + | 001 # 738 |+ | 001 #
C+N 739+ 001 737+ | 001 *§ 729 + | 001 #* 729 | £ 001 #*s 734+ | 001 #* 735+ 001 #
C+1 74+ 001 739+ 001 731+ | 002 # 731+ | 002 #S 737 = 001 # 739 |+ | 001 *
control 21 = 0 21 = 1 20 =+ 1 # 20 =+ 1 # 20 =+ 0 20 =+ 0
HCO;
| C 21 = 0 21 = 0 20 =+ 0 # 19 = 1 #* 20 =+ 1 #* 20 =+ 0 #
[mmol-1]
N 21 = 0 21 = 0 20 =+ 0 # 20 =+ 0 # 20 =+ 0 # 20 =+ 0 #
(Continued)

1e 19 JoH
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TABLE 4 Continued

Variable  group
I 21 % 0 21 % 0 20 o+ 0 20 o+ 0 # 20 o+ 0 # 21 % 0
C+N 21 % 0 21 % 0 20 o+ 0 19 0 #§ 19 + 0 #* 20 o+ 0 #
C+1 21 % 0 21 % 0 20 0 20 1 # 20 0 # 20 0 #
control Lo+ o0l 13+ ol 16+ 02 16 + | 02 17+ 02 16+ 02
C 06  + 01 08 + 01 22+ | 06 26+ | 08 #* 24 % 07 #* 24 % 07 #*
Lac N 09 | 02 1o+ 02 15 + 01 16 + 01 # 14+ 01 13+ ol
(mmol"] 1 09 + 01 1o+ ol 15 + 03 14 + 03 12+ 03 12+ | 03
C+N 07  + | 00 10 + o1 16+ | 02 20+ 03 # 20 &+ 04 # 19 + 04 #
C+1 09 = 00 12+ 01 22+ 06 24+ | 06 #* 21+ 06 # 19 + 05 #
control 12 o+ 0 12+ 0 12 0+ 0 12+ 0 12+ 0 12 + 0 #
C 12 = 0 12 0 12 0+ 0 12+ 0 12+ 0 # 12+ 0 #
- N 12 =+ 0 12+ 0 13 = 0 12 + 0 * 12+ 0 12 + 0 #
[g10oml™] 2 o+ o0 2+ o0 2 o+ o0 2+ o0 2 o+ o0 2 o+ o0
C+N 2 o+ 0 12+ 0 *§ 12+ 0 12 0 § 12+ 0 § 12 + 0 #§
C+1 12 o+ 0 12 0 12+ 0 12+ 0 12+ 0 12 + 0 #
control 37 1 37« 1 38 1 37 |« 1 37 % 1 36 o+ 1 #
C 37+ 1 37 | = 1 38 o+ 1 37 % 1 36+ 1 # 36 |+ 1 #
Het N 38 o+ 1 38 = 1 38 o+ 1 38 | = 1 * 37 1 37 | o« 1 #
%] 1 37 % 1 37 | = 1 38 1 37 | = 1 37 % 1 37 | = 1
C+N 37 1 36+ 1 38 1 37 |« 1 § 36 o+ 1 § 36 o+ 1 #§
C+1 37 1 37« 1 38 1 37 |« 1 37 1 36 o+ 1 #

1@ 32 JoH

640°UISIoNUOY

Arterial hemoglobin oxygen saturation (SaO2; [%]), oxygen partial pressure (paO2; [mmHg]), carbon dioxide artial pressure (paCO2; [mmHg]), pH-values, bicarbonate concentration (HCO3-; [mmol - I-1]), lactate concentration (Lac; [mmol - 1-1]), hemoglobin content
(Hb; [g - 100ml-1]) and hematocrit (Hct; [%]) after a sole or combined local treatment with carbachol (C), nitroglycerine (N) or iloprost (I). Values are reported under baseline conditions (00:30), after drug application (01:00), during early (01:30) and late (02:00)
hemorrhage and during early (02:30) and late blood retransfusion (03:00). The time is indicated as [hh:mm)]. Data are presented as mean + SEM for n = 5 female dogs. # p < 0.05 vs. baseline values; * p < 0.05 vs. control group; § p < 0.05 vs. a sole nitroglycerine or iloprost
treatment, if carbachol was applicated simultaneously. 2-way ANOVA for repeated measurements followed by Bonferroni post-hoc test.
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TABLE 5 Summary of microvascular effects of pharmacological treatment.

Variable uHbO, pflow pvelo rHb TVD PVD PPV MFI
C t? - - -
©
[
8 N ™" - - -
3
E I “ - - -
‘g C+N e - P PN
=]
C+1 1 - - P
C = - = 1P 1 1P = TP
§ N “ - - Tb R - - -
o
:E’ I “ - - “ - - - -
©
S C+N “ - - “ - - - -
C+1 “ “ 10 - “ P P -

Effects of local pharmacological treatment on gastric and oral microcirculatory variables during hemorrhagic shock are indicated using arrows. If only early (a) or late (b) shock was affected by
sole or combined carbachol (C), nitroglycerin (N) or iloprost (I) treatment simple arrows (1) were used. Beneficial effects during the whole course of shock were indicated by doubled arrows (11).
Incident dark-field imaging was performed only at the oral mucosa due to the minimal invasive instrumentation of the animals.

5 Conclusion Author contributions

Local carbachol application induces favorable effects on oral SH: Data curation, Formal analysis, Visualization, Writing -
microcirculation and gastric tissue oxygenation during  original draft. LL: Data curation, Investigation, Writing — review
hemorrhagic shock. Since microvascular perfusion remained & editing. MM: Data curation, Investigation, Writing — review &
unchanged after local carbachol supply, the down-stream effects  editing. CM: Writing - review & editing. AK: Writing - review &
of carbachol on cell metabolism and mitochondrial function could  editing. AH: Conceptualization, Writing — review & editing. IB:
be interesting targets for tissue protection by local carbachol  Conceptualization, Project administration, Supervision, Writing -
treatment during hemorrhagic shock and should be investigated  review & editing. OP: Conceptualization, Project administration,
in further studies. The effect of additional application of local  Supervision, Writing - review & editing. RT: Conceptualization,
carbachol to regional vasodilators depends on the combination  Project administration, Supervision, Writing — review & editing.
used to improve microcirculation. Since different parts of the = CV: Conceptualization, Project administration, Supervision,
gastrointestinal tract seem to respond differently to local drug ~ Writing - review & editing.
application, further studies should clarify, if the findings derived
from this study can be translated to other parts of the
gastrointestinal tract. However, local carbachol application and Fu nding
the combination with local vasodilators have no effect on the
hemodynamic stability during hemorrhagic shock and therefore The author(s) declare that no financial support was received for
represent an interesting approach for tissue protection. the research, authorship, and/or publication of this article.

Data availability statement Conflict of interest

. L . . The authors declare that the research was conducted in the

The original contributions presented in the study are included ) ] ) )

. . . . . absence of any commercial or financial relationships that could be

in the article/supplementary material. Further inquiries can be . . .

. ] construed as a potential conflict of interest.
directed to the corresponding author.

Publisher’s note
Ethics statement
All claims expressed in this article are solely those of the authors
The animal study was approved by Landesamt fir Natur, and do not necessarily represent those of their affiliated organizations,
Umwelt und Verbraucherschutz Nordrhein-Westfalen. The study  or those of the publisher, the editors and the reviewers. Any product
was conducted in accordance with the local legislation and  that may be evaluated in this article, or claim that may be made by its
institutional requirements. manufacturer, is not guaranteed or endorsed by the publisher.

Frontiers in Immunology 15 frontiersin.org


https://doi.org/10.3389/fimmu.2024.1369617
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Hof et al.

References

1. Cannon JW. Hemorrhagic shock. N Engl ] Med. (2018) 378:370-9. doi: 10.1056/
NEJMral705649

2. Mitra B, Gabbe BJ, Kaukonen KM, Olaussen A, Cooper D], Cameron PA. Long-
term outcomes of patients receiving a massive transfusion after trauma. Shock Augusta
Ga. (2014) 42:307-12. doi: 10.1097/SHK.0000000000000219

3. Hof S, Truse R, Weber L, Herminghaus A, Schulz ], Weber APM, et al. Local
mucosal CO2 but not O2 insufflation improves gastric and oral microcirculatory
oxygenation in a canine model of mild hemorrhagic shock. Front Med. (2022)
9:867298. doi: 10.3389/fmed.2022.867298

4. Ince C. Hemodynamic coherence and the rationale for monitoring the
microcirculation. Crit Care Lond Engl. (2015) 19 Suppl 3:S8. doi: 10.1186/cc14726

5. Sakr Y, Dubois MJ, De Backer D, Creteur J, Vincent JL. Persistent microcirculatory
alterations are associated with organ failure and death in patients with septic shock. Crit
Care Med. (2004) 32:1825-31. doi: 10.1097/01.CCM.0000138558.16257.3F

6. Trzeciak S, McCoy JV, Phillip Dellinger R, Arnold RC, Rizzuto M, Abate NL, et al.
Early increases in microcirculatory perfusion during protocol-directed resuscitation are
associated with reduced multi-organ failure at 24 h in patients with sepsis. Intensive
Care Med. (2008) 34:2210-7. doi: 10.1007/s00134-008-1193-6

7. Ferrara G, Edul VSK, Canales HS, Martins E, Canullan C, Murias G, et al.
Systemic and microcirculatory effects of blood transfusion in experimental
hemorrhagic shock. Intensive Care Med Exp. (2017) 5:24. doi: 10.1186/s40635-017-
0136-3

8. Schucht JE, Harbrecht BG, Bond LM, Risinger WB, Matheson PJ, Smith JW.
Plasma resuscitation improves and restores intestinal microcirculatory physiology
following haemorrhagic shock. Vox Sang. (2023) 118:863-72. doi: 10.1111/vox.13504

9. Tarnoky K, Nagy S. Relationship to survival of catecholamine levels and
dopamine-beta-hydroxylase activity in experimental haemorrhagic shock. Acta
Physiol Hung. (1983) 61:59-68.

10. Tung CS, Chu KM, Tseng CJ, Yin TH. Adenosine in hemorrhagic shock: possible
role in attenuating sympathetic activation. Life Sci. (1987) 41:1375-82. doi: 10.1016/
0024-3205(87)90612-6

11. Ince C, Boerma EC, Cecconi M, De Backer D, Shapiro NI, Duranteau J, et al.
Second consensus on the assessment of sublingual microcirculation in critically ill
patients: results from a task force of the European Society of Intensive Care Medicine.
Intensive Care Med. (2018) 44:281-99. doi: 10.1007/s00134-018-5070-7

12. Spronk PE, Ince C, Gardien M]J, Mathura KR, Oudemans-van Straaten HM,
Zandstra DF. Nitroglycerin in septic shock after intravascular volume resuscitation.
Lancet Lond Engl. (2002) 360:1395-6. doi: 10.1016/S0140-6736(02)11393-6

13. van der Voort PHJ, van Zanten M, Bosman R]J, van Stijn I, Wester JPJ, van Raalte
R, et al. Testing a conceptual model on early opening of the microcirculation in severe
sepsis and septic shock: a randomised controlled pilot study. Eur ] Anaesthesiol. (2015)
32:189-98. doi: 10.1097/EJA.0000000000000126

14. Reglin B, Pries AR. Metabolic control of microvascular networks: oxygen sensing
and beyond. J Vasc Res. (2015) 51:376-92. doi: 10.1159/000369460

15. Hilty MP, Pichler ], Ergin B, Hefti U, Merz TM, Ince C, et al. Assessment of
endothelial cell function and physiological microcirculatory reserve by video
microscopy using a topical acetylcholine and nitroglycerin challenge. Intensive Care
Med Exp. (2017) 5:26. doi: 10.1186/s40635-017-0139-0

16. Hilty MP, Merz TM, Hefti U, Ince C, Maggiorini M, Pichler Hefti J. Recruitment
of non-perfused sublingual capillaries increases microcirculatory oxygen extraction
capacity throughout ascent to 7126 m. J Physiol. (2019) 597:2623-38. doi: 10.1113/
JP277590

17. Greenwood JC, Talebi FM, Jang DH, Spelde AE, Tonna JE, Gutsche JT, et al.
Topical nitroglycerin to detect reversible microcirculatory dysfunction in patients with
circulatory shock after cardiovascular surgery: an observational study. Sci Rep. (2022)
12:15257. doi: 10.1038/s41598-022-19741-0

18. den Uil CA, Caliskan K, Lagrand WK, van der Ent M, Jewbali LSD, van Kuijk JP,
et al. Dose-dependent benefit of nitroglycerin on microcirculation of patients with
severe heart failure. Intensive Care Med. (2009) 35:1893-9. doi: 10.1007/s00134-009-
1591-4

19. den Uil CA, Lagrand WK, Spronk PE, van der Ent M, Jewbali LSD, Brugts JJ,
et al. Low-dose nitroglycerin improves microcirculation in hospitalized patients with
acute heart failure. Eur ] Heart Fail. (2009) 11:386-90. doi: 10.1093/eurjhf/hfp021

20. Lima A, van Genderen ME, van Bommel J, Klijn E, Jansem T, Bakker J.
Nitroglycerin reverts clinical manifestations of poor peripheral perfusion in patients
with circulatory shock. Crit Care Lond Engl. (2014) 18:R126. doi: 10.1186/cc13932

21. Johannes T, Ince C, Klingel K, Unertl KE, Mik EG. Iloprost preserves
renal oxygenation and restores kidney function in endotoxemia-related acute renal
failure in the rat. Crit Care Med. (2009) 37:1423-32. doi: 10.1097/
CCM.0b013e31819b5f4e

22. Abakay U, Soylu S, Goksel S, Sara¢ B, Sahin Inan ZD, Cakmak E, et al. Role of
pentoxifylline and iloprost in the prevention of ischemia-reperfusion injury in an
experimental model of intestine ischemia-reperfusion in rats. Ulus Travma Ve Acil
Cerrahi Derg Turk ] Trauma Emerg Surg TJTES. (2018) 24:398-404. doi: 10.5505/
tjtes.2018.22227

Frontiers in Immunology

16

10.3389/fimmu.2024.1369617

23. Tuncer FB, Durmus Kocaaslan FN, Yildirim A, Sacak B, Arabaci Tamer S, Sahin
H, et al. Ischemic preconditioning and iloprost reduces ischemia-reperfusion injury in
jejunal flaps: an animal model. Plast Reconstr Surg. (2019) 144:124-33. doi: 10.1097/
PRS.0000000000005708

24. Aytag E, Teksoz S, Saygili S, Tortum OB, Yavuz N, Sézer V, et al. Iloprost reduces
colitis induced oxidative stress: An experimental study in rats. Turk ] Gastroenterol Off ]
Turk Soc Gastroenterol. (2013) 24:224-9.

25. Truse R, Hinterberg J, Schulz J, Herminghaus A, Weber A, Mettler-Altmann T,
et al. Effect of topical iloprost and nitroglycerin on gastric microcirculation and barrier
function during hemorrhagic shock in dogs. J Vasc Res. (2017) 54:109-21. doi: 10.1159/
000464262

26. Schwarte LA, Picker O, Héhne C, Fournell A, Scheeren TWL. Effects of thoracic
epidural anaesthesia on microvascular gastric mucosal oxygenation in physiological
and compromised circulatory conditions in dogst. BJA Br ] Anaesth. (2004) 93:552-9.
doi: 10.1093/bja/aeh235

27. Vollmer C, Nommensen ], Watolla M, Bauer I, Picker O. Influence of thoracic
epidural anesthesia on gastric oxygenation during hypothermia and hemorrhage.
Auton Neurosci Basic Clin. (2016) 195:1-7. doi: 10.1016/j.autneu.2016.01.004

28. Benarroch EE. Physiology and pathophysiology of the autonomic nervous
system. Contin Minneap Minn. (2020) 26:12-24. doi: 10.1212/
CON.0000000000000817

29. Wang H, Jiang Y, Li H, Wang J, Li C, Zhang D. Carbachol protects the intestinal
barrier in severe acute pancreatitis by regulating Cdc42/F-actin cytoskeleton. Exp Ther
Med. (2020) 20:2828-37. doi: 10.3892/etm.2020.8985

30. Zhang Y, Li J. Carbachol ameliorates lipopolysaccharide-induced intestinal
epithelial tight junction damage by down-regulating NF-kf} and myosin light-chain
kinase pathways. Biochem Biophys Res Commun. (2012) 428:321-6. doi: 10.1016/
j.bbrc.2012.10.056

31. Khan RI, Yazawa T, Anisuzzaman ASM, Semba S, Ma Y, Uwada J, et al.
Activation of focal adhesion kinase via M1 muscarinic acetylcholine receptor is
required in restitution of intestinal barrier function after epithelial injury. Biochim
Biophys Acta. (2014) 1842:635-45. doi: 10.1016/j.bbadis.2013.12.007

32. Gustafsson JK, Linden SK, Alwan AH, Scholte BJ, Hansson GC, Sjévall H.
Carbachol-induced colonic mucus formation requires transport via NKCC1, K*
channels and CFTR. Pflugers Arch. (2015) 467:1403-15. doi: 10.1007/s00424-014-
1595-y

33. Han H, Yang J, Fei S, Liu Z, Zhu S, Dong Q, et al. Protective effect of carbachol
postconditioning on hypoxia/reoxygenation-induced injury in human gastric epithelial
cells. Life Sci. (2016) 144:234-42. doi: 10.1016/j.1f5.2015.11.029

34. Truse R, Smyk M, Schulz J, Herminghaus A, Weber APM, Mettler-Altmann T,
et al. Regional hypothermia improves gastric microcirculatory oxygenation during
hemorrhage in dogs. PloS One. (2019) 14:€0226146. doi: 10.1371/
journal.pone.0226146

35. Truse R, Vo8 F, Herminghaus A, Schulz J, Weber APM, Mettler-Altmann T,
et al. Local gastric RAAS inhibition improves gastric microvascular perfusion in dogs. J
Endocrinol. (2019) 241:235-47. doi: 10.1530/JOE-19-0030

36. Truse R, Nolten I, Schulz J, Herminghaus A, Holtmanns T, Gordes L, et al.
Topical melatonin improves gastric microcirculatory oxygenation during hemorrhagic
shock in dogs but does not alter barrier integrity of caco-2 monolayers. Front Med.
(2020) 7:510. doi: 10.3389/fmed.2020.00510

37. Kazama T, lkeda K. Comparison of MAC and the rate of rise of alveolar
concentration of sevoflurane with halothane and isoflurane in the dog. Anesthesiol.
(1988) 68:435-7. doi: 10.1097/00000542-198803000-00020

38. Dyson DH. Positive pressure ventilation during anesthesia in dogs: Assessment
of surface area derived tidal volume. Can Vet J. (2012) 53:63-6.

39. van Leersum EC. Eine Methode zur Erleichterung der Blutdruckmessung bei
Tieren. Pfliig Arch Fiir Gesamte Physiol Menschen Tiere. (1911) 142:377-95. doi:
10.1007/BF01849124

40. Hof S, Marcus C, Kuebart A, Schulz J, Truse R, Raupach A, et al. A toolbox to
investigate the impact of impaired oxygen delivery in experimental disease models.
Front Med. (2022) 9:869372. doi: 10.3389/fmed.2022.869372

41. ATLS Subcommittee, American College of Surgeons’ Committee on Trauma and
International ATLS working group. Advanced trauma life support (ATLS®): the ninth
edition. J Trauma Acute Care Surg. (2013) 74:1363-6.

42. Kraft W, Emmerich IU, Doérfelt R, Abbrederis N, Hirschberger J.
Dosierungsvorschlige fiir Arzneimittel bei Hund und Katze: MemoVet. 6., iiberarb. u.
aktualisierte Edition. Stuttgart: Schattauer GmbH. (2014).

43. Méller KO, Nilsson G, Fagrell B. Laser-Doppler Flowmetry for microcirculation
monitoring. Introduction. Technol Health Care Off ] Eur Soc Eng Med. (1999) 7:i-ii.

44. Sherman H, Klausner S, Cook WA. Incident dark-field illumination: a new

method for microcirculatory study. Angiol. (1971) 22:295-303. doi: 10.1177/
000331977102200507

45. Krug A. Mikrozirkulation und Sauerstoffversorgung des Gewebes: Methode des
so genannten O2C (oxygen to see). Phlebologie. (2006) 35:300-12. doi: 10.1055/s-0037-
1622158

frontiersin.org


https://doi.org/10.1056/NEJMra1705649
https://doi.org/10.1056/NEJMra1705649
https://doi.org/10.1097/SHK.0000000000000219
https://doi.org/10.3389/fmed.2022.867298
https://doi.org/10.1186/cc14726
https://doi.org/10.1097/01.CCM.0000138558.16257.3F
https://doi.org/10.1007/s00134-008-1193-6
https://doi.org/10.1186/s40635-017-0136-3
https://doi.org/10.1186/s40635-017-0136-3
https://doi.org/10.1111/vox.13504
https://doi.org/10.1016/0024-3205(87)90612-6
https://doi.org/10.1016/0024-3205(87)90612-6
https://doi.org/10.1007/s00134-018-5070-7
https://doi.org/10.1016/S0140-6736(02)11393-6
https://doi.org/10.1097/EJA.0000000000000126
https://doi.org/10.1159/000369460
https://doi.org/10.1186/s40635-017-0139-0
https://doi.org/10.1113/JP277590
https://doi.org/10.1113/JP277590
https://doi.org/10.1038/s41598-022-19741-0
https://doi.org/10.1007/s00134-009-1591-4
https://doi.org/10.1007/s00134-009-1591-4
https://doi.org/10.1093/eurjhf/hfp021
https://doi.org/10.1186/cc13932
https://doi.org/10.1097/CCM.0b013e31819b5f4e
https://doi.org/10.1097/CCM.0b013e31819b5f4e
https://doi.org/10.5505/tjtes.2018.22227
https://doi.org/10.5505/tjtes.2018.22227
https://doi.org/10.1097/PRS.0000000000005708
https://doi.org/10.1097/PRS.0000000000005708
https://doi.org/10.1159/000464262
https://doi.org/10.1159/000464262
https://doi.org/10.1093/bja/aeh235
https://doi.org/10.1016/j.autneu.2016.01.004
https://doi.org/10.1212/CON.0000000000000817
https://doi.org/10.1212/CON.0000000000000817
https://doi.org/10.3892/etm.2020.8985
https://doi.org/10.1016/j.bbrc.2012.10.056
https://doi.org/10.1016/j.bbrc.2012.10.056
https://doi.org/10.1016/j.bbadis.2013.12.007
https://doi.org/10.1007/s00424-014-1595-y
https://doi.org/10.1007/s00424-014-1595-y
https://doi.org/10.1016/j.lfs.2015.11.029
https://doi.org/10.1371/journal.pone.0226146
https://doi.org/10.1371/journal.pone.0226146
https://doi.org/10.1530/JOE-19-0030
https://doi.org/10.3389/fmed.2020.00510
https://doi.org/10.1097/00000542-198803000-00020
https://doi.org/10.1007/BF01849124
https://doi.org/10.3389/fmed.2022.869372
https://doi.org/10.1177/000331977102200507
https://doi.org/10.1177/000331977102200507
https://doi.org/10.1055/s-0037-1622158
https://doi.org/10.1055/s-0037-1622158
https://doi.org/10.3389/fimmu.2024.1369617
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Hof et al.

46. Collins SA, Pon DJ, Sen AK. Phosphorylation of the alpha-subunit of (Na+ + K
+)-ATPase by carbachol in tissue slices and the role of phosphoproteins in stimulus-
secretion coupling. Biochim Biophys Acta. (1987) 927:392-401. doi: 10.1016/0167-4889
(87)90104-2

47. Muscella A, Greco S, Elia MG, Jiménez E, Storelli C, Marsigliante S. Muscarinic
acetylcholine receptor activation induces Ca2+ mobilization and Na+/K+-ATPase
activity inhibition in eel enterocytes. J Endocrinol. (2002) 173:325-34. doi: 10.1677/
joe.0.1730325

48. Haase N, Perner A. Central venous oxygen saturation in septic shock-a marker
of cardiac output, microvascular shunting and/or dysoxia? Crit Care Lond Engl. (2011)
15:184. doi: 10.1186/cc10314

49. Textoris J, Fouché L, Wiramus S, Antonini F, Tho S, Martin C, et al. High
central venous oxygen saturation in the latter stages of septic shock is associated
with increased mortality. Crit Care Lond Engl. (2011) 15:R176. doi: 10.1186/
ccl0325

50. Hernandez G, Bruhn A, Ince C. Microcirculation in sepsis: new perspectives.
Curr Vasc Pharmacol. (2013) 11:161-9.

Frontiers in Immunology

17

10.3389/fimmu.2024.1369617

51. Miranda M, Balarini M, Caixeta D, Bouskela E. Microcirculatory dysfunction in
sepsis: pathophysiology, clinical monitoring, and potential therapies. Am ] Physiol
Heart Circ Physiol. (2016) 311:H24-35. doi: 10.1152/ajpheart.00034.2016

52. Furchgott RF, Zawadzki JV. The obligatory role of endothelial cells in the relaxation of
arterial smooth muscle by acetylcholine. Nature. (1980) 288:373-6. doi: 10.1038/288373a0

53. Sprague RS, Goldman D, Bowles EA, Achilleus D, Stephenson AH, Ellis CG,
et al. Divergent effects of low-O(2) tension and iloprost on ATP release from
erythrocytes of humans with type 2 diabetes: implications for O(2) supply to skeletal
muscle. Am ] Physiol Heart Circ Physiol. (2010) 299:H566-573. doi: 10.1152/
ajpheart.00430.2010

54. Gonzalez-Alonso J. ATP as a mediator of erythrocyte-dependent regulation of
skeletal muscle blood flow and oxygen delivery in humans. J Physiol. (2012) 590:5001-
13. doi: 10.1113/jphysiol.2012.235002

55. Herminghaus A, Eberhardt R, Truse R, Schulz ], Bauer I, Picker O, et al.
Nitroglycerin and iloprost improve mitochondrial function in colon homogenate
without altering the barrier integrity of caco-2 monolayers. Front Med. (2018) 5:291.
doi: 10.3389/fmed.2018.00291

frontiersin.org


https://doi.org/10.1016/0167-4889(87)90104-2
https://doi.org/10.1016/0167-4889(87)90104-2
https://doi.org/10.1677/joe.0.1730325
https://doi.org/10.1677/joe.0.1730325
https://doi.org/10.1186/cc10314
https://doi.org/10.1186/cc10325
https://doi.org/10.1186/cc10325
https://doi.org/10.1152/ajpheart.00034.2016
https://doi.org/10.1038/288373a0
https://doi.org/10.1152/ajpheart.00430.2010
https://doi.org/10.1152/ajpheart.00430.2010
https://doi.org/10.1113/jphysiol.2012.235002
https://doi.org/10.3389/fmed.2018.00291
https://doi.org/10.3389/fimmu.2024.1369617
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Local carbachol application induces oral microvascular recruitment and improves gastric tissue oxygenation during hemorrhagic shock in dogs
	1 Introduction
	2 Materials and methods
	2.1 Animals and standard instrumentation
	2.2 Experimental protocol
	2.2.1 Interventional groups
	2.2.2 Saline (control)
	2.2.3 Nitroglycerine (N)
	2.2.4 Iloprost (I)
	2.2.5 Carbachol (C)
	2.2.6 Nitroglycerine + Carbachol (N + C)
	2.2.7 Iloprost + Carbachol (I + C)

	2.3 Measurements
	2.3.1 Reflectance spectrophotometry and laser Doppler flowmetry
	2.3.2 Oral incident dark-field imaging

	2.4 Statistics

	3 Results
	3.1 Effect of local drug application on gastric microcirculation
	3.2 Effect of local drug application on oral microcirculation
	3.3 Effect of local drug application on systemic circulatory variables

	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


