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ABSTRACT

Hemorrhagic shock causes a reduction in oxygen
supply to tissues leading to increased reactive oxygen
species resulting in lung injury. Often mechanical
ventilation is required as supportive treatment; how-
ever, ventilation can also induce lung injury and
apoptosis. The purpose of this study was to examine
the effects of three modes of controlled mechanical
ventilation: volume control, pressure control, and
pressure regulated volume control on lung injury as
measur ed by hydrogen peroxide and apoptosis during
hemorrhagic shock. Male Sprague-Dawley rats were
randomized to the three controlled mechanical venti-
lation groups. Hemorrhagic shock was elicited by
removing approximately 40% of the blood volume
over 30 minutes. The rats were treated with one of
three modes of mechanical ventilation with 40% oxy-
gen for 60 minutes. The lungs were removed and
measured for hydrogen peroxide and apoptosis based
on nuclear differential dye uptake. There were no
significant differences in hemodynamics, arterial
blood values, peak inspiratory pressures, tidal volume,
respiratory rates, and intrathoracic pressures across
three groups. However, lung hydrogen peroxide pro-
duction and apoptosis were significantly increased in
volume control and pressure control, compared to
pressure-regulated volume control. In this study,
early signs of ventilator induced lung injury were not
detected using commonly employed clinical meas-
urements. However, when examining lung cellular
injury (hydrogen peroxide and apoptosis), we were
able to measure significant lung damage in volume
control and pressure control, but not pressure-regu-
lated volume control. Thus, our results suggest that
pressure-regulated volume control is the preferable
mode of mechanical ventilation during hemorrhagic
shock.
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1. INTRODUCTION

Major blood loss leads to hemorrhagic shock (HS) and is
one of the leading causes of death. The impact of HS
depends on the amount and rate of blood loss. Vital or-
gans (e.g. the lungs) are subject to hypoxic injury be-
cause of hypoperfusion. The activation of specific in-
flammatory signalling pathways due to hypoxia induces
acute lung injury during HS [1]. Inflammation causes
emigration of polymorphonuclear leukocytes through the
alveolar capillary beds contributing to pulmonary edema
[2]. In HS, hypoperfusion leads to oxidative stress re-
sulting in increased reactive oxygen species (ROS) [3].
Superoxide is formed, which is reduced to hydrogen
peroxide (H,O,) and then undergoes reduction to the
hydroxyl free radical. This radical directly and indirectly
damages lipids, proteins, and deoxyribonucleic acid
(DNA), leading to apoptosis.

Intensive airway management is a high priority in the
care of HS patients, resulting in approximately 20% of
the patients being placed on mechanical ventilation.
Adequate gas exchange with low hemodynamic impair-
ment and organ damage is the goal of ventilator support.
However, mechanical ventilation alone can lead to an
increase of inflammatory mediators, resulting in lung
injury [4,5]. Thus, mechanical ventilation in the presence
of HS can potentiate the risk of acquiring acute lung in-
jury [6].

There are differing opinions on what is the most effec-
tive controlled mode of mechanical ventilation for vari-
ous lung pathologies [7]. In HS, various modes of me-
chanical ventilation are used, such as volume control
(VC), pressure control (PC), and pressure regulated
volume control (PRVC). There are studies demonstrating
ventilator induced lung injury (VILI) [8] and ventilator
induced apoptosis [9,10]. In VC, the tidal volume is
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maintained constant. If lung compliance decreases, al-
veolar pressures will increase leading to possible lung
damage. With PC ventilation, peak inspiratory pressure
(PIP) is maintained constant. A decrease in lung compli-
ance will result in a decreased tidal volume and possibly
lung damage attributable to regional hypoxia. With
PRVC, changes in lung compliance trigger the ventilator
to change PIP and maintain tidal volume relatively con-
stant. In this study using rats, we investigated three
modes of controlled mechanical ventilation: VC, PC and
PRVC during HS. The purpose of the study was to de-
termine the relative effects of VC, PC and PRVC me-
chanical ventilation with equal PIP, tidal volume, respi-
ratory rate (RR), and intrathoracic pressure (ITP) on lung
injury as measured by lung H,O, and percent apoptosis
during HS.

2. MATERIAL AND METHODS
2.1. Experimental Design and Protocol

Ten-fourteen week old male Sprague-Dawley rats (Har-
lan, USA) with a mean weight of 360 g were used in
these experiments. The rats were ordered in lots of six
and allowed to acclimate for 48 hours. This study was an
experimental design in which rats were randomly as-
signed to receive one of the three modes of mechanical
ventilation using a Servo Ventilator 300 (Siemens, USA)
with a fractional inspired oxygen (O,) at 40%. This study
was approved by the Institutional Animal Care and Use
Committee at the University of Kansas Medical Center.

The independent variables for these experiments were
the controlled modes of mechanical ventilation: VC, PC,
and PRVC. The dependent variables were lung H,O, and
apoptosis. Systolic blood pressure (SBP), diastolic blood
pressure (DBP), mean arterial blood pressure (MAP),
heart rate (HR), arterial blood values (ABV), PIP, tidal
volume, RR, and ITP were recorded during the experi-
ment. An I-STAT instrument was used to obtain ABV
measurements including pH, partial pressure of O,
(Pa0,), partial pressure of carbon dioxide (PaCO,), O,
saturation (Sa0,), hematocrit (Hct), and hemoglobin
(Hgb). Arterial blood pressures, HR, RR, and ITP were
measured using a pressure transducer (Harvard Appara-
tus-Holliston, MA). Occlusion tests were randomly per-
formed to determine ITP adequacy. Peak inspiratory
pressure and tidal volume measurements were obtained
from the ventilator. The body temperature was main-
tained at 37°C + 2°C with a homeothermic blanket sys-
tem.

2.2. In-Vivo Experiments

The rats were anesthetized with an intraperitoneal injec-
tion of sodium pentobarbital (50 mg/kg body weight).
Random toe nail pinches were conducted to assure a sur-
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gical plane of anesthesia throughout the experiment. To
reduce respiratory secretions, the rats received an intrap-
eritoneal injection of atropine (0.04 mg/100g body
weight). After ensuring the rats were under a surgical
plane of anesthesia, a tracheostomy was performed using
polyethylene (PE) 240 tubing. The carotid and femoral
arteries were cannulated with a PE 50 catheter and used
for monitoring hemodynamics and withdrawing blood to
elicit HS, respectively. A PE 50 catheter was inserted
into the esophagus for measuring pressures, as an index
of ITPs.

Hemorrhagic shock was elicited by removing ap-
proximately 40% of the total blood volume over 30 min-
utes (min). Hemodynamics, ABVs, and ITP values were
obtained before HS with the rats breathing room air
(baseline) and at 30 min HS. One of the three modes (VC,
PC, or PRVC) was started using 40% O, and 60% nitro-
gen. The ventilator parameters were set at: PIP = 8 cm
H,0, positive end-expiratory pressure (PEEP) = 1 cm
H,0, and ventilation rate = 80 breaths/min. The inspired
tidal volume was set at 4.0 mL, resulting in a minute
volume of approximately 320 mL/min. The PIP in the
PC mode was determined based on the average of PIP
throughout the experiments with VC mode. In a previous
HS study, lung H,O, and apoptosis were lowest in rats
spontaneously breathing 40% O, than in rats breathing
room air, 60%, or 100% [11]. Fluid resuscitation was not
administered during the 60 min of mechanical ventilation
to circumvent the complications of reperfusion injury. In
addition, this enabled us to compare the effects of me-
chanical ventilation on H,O, and apoptosis to our previ-
ous study using the same experimental protocol but
without mechanical ventilation. The occurrence of spon-
taneous breathing activity was monitored by a constant
measurement of ITP; this also assured the rat was under
proper anesthesia. The experiment was terminated by
euthanizing the rats with sodium pentobarbital (150
mg/kg body weight), followed by rapid removal of the
lungs for H,O, and apoptosis determination.

2.3. Hydrogen Peroxide M easur ements

Lung H,0, was measured as an index of ROS. Small
segments of the rinsed lung were mounted in a paraffin
dish that contained a solution of 100 mL diluted (0.8%)
dimethyl sulfoxide and 2.1 mg of dihydrofluorescein
diacetate (Hfluor-DA) (50 uM) (Molecular Probes -
Eugene, OR) at room temperature for 30 min. The pH of
the solution was 7.8. The tissue was rinsed for 10 min
using phosphate buffer solution (PBS). Hfluor-DA per-
meates the cells and the oxidized unesterified form reacts
with H,O, converting Hfluor-DA to Fluor, resulting in
dye fluorescing. Thus, this method provides an index of
H,0, resulting from superoxide formation and the sub-
sequent production of hydroxyl radical [11].
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The lung segments were stretched, mounted on slides,
and measured for H,0O, using a laser scanning cytometer
(Model IX71, CompuCyte Corporation-Westwood, MA)
that detected fluorescence expressed as 10° with a detec-
tion limit of 1 uM H,0,. Excitation wavelength was 488
nm and emission wavelength 529 nm. The signals were
digitized and an image was created on a pixel-by-pixel
basis. In general, three lung segments were prepared and

the average fluorescence determined for each experiment.

Three 1 mm® areas were randomly selected from the cen-
tral region of each lung segment and the emissions re-
sulting from multiple excitations were collected by the
photomultiplier tubes. Within each area, 95 fields were
scanned and within each field the fluorescence from
1000 excitation-emissions was summated. An average
fluorescence of the three areas was obtained for each
lung segment.

To correct for HO, formed during the preparation for
analysis, fluorescence of sham lungs were subtracted
from fluorescence of HS lungs. Sham lung fluorescence
was determined using the same methods above, except
the samples were taken immediately following anesthe-
sia without blood withdrawal (n = 6).

2.4. Apoptosis Experiments

Lung damage attributed to free radicals was determined
by measuring the extent of nuclear damage employing
fluorescent dyes. Small segments of lung tissue were
minced and homogenized in a Krebs solution containing
antioxidants, trypsin, and collagenase. The solution was
placed in a 37°C water bath and vortexed every 5 min for
30 min. The supernatant was centrifuged at 6000 rpm for
30 min and the pellet resuspended in Krebs solution. 2
pL of ethidium bromide (EB) and acridine orange (AQO)
(Sigma-Aldrich, St. Louis, Missouri) were added and
vortexed. An aliquot (20 uL) was placed on a micro-
scope slide and imaged using fluorescent microscopy.
Approximately 300 nuclei were captured, merged, and
analyzed for color (hue) values using Boyce Scientific
Analysis® software.

The EB and AO were used to determine apoptosis,
using differential nuclear dye uptake and fluorescent
microscopy. The emission/excitation wavelength for EB
was 523/605 nm and 502/525 nm for AO. In undamaged
nuclei, AO permeates the nuclear membrane and binds to
DNA resulting in a green fluorescence. In contrast, EB
permeates only damaged nuclear membrane and binds to
DNA resulting in an orange fluorescence. The lung nu-
clei were classified as normal, apoptotic, or necrotic ac-
cording to their color hue values. A normal undamaged
nucleus would visually appear green color with a hue
value between 90 and 120. An apoptotic nucleus would
be orange color with a hue value ranging from 25 to 8§9.
Any nuclei that appeared red color and had a hue value
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between 25 and 0 would be determined as necrotic. The
percent of lung apoptotic nuclei were then calculated and
reported. This method was described previously for
quantifying nuclear DNA damage [12]. Figure 1 dis-
plays an image of undamaged (green) nuclei and dam-
aged (orange) nuclei in the lung.

2.5. Statistical Analysis

Data are presented as mean = SEM. One way analysis of
variance (ANOVA) was used to determine the differ-
ences within the three groups at baseline, shock, and
various time points during controlled mechanical ventila-
tion. Treatment differences among the VC, PC, and
PRVC mechanical ventilation modes were analyzed by
one way ANOVA followed by post hoc test. Significance
was defined as P < 0.05 with Bonferonni adjustment us-
ing SPSS software (Version 18 for Windows™; Chicago,
IL).

3.RESULTS
3.1. Hemodynamic M easurement Data

The hemodynamic values at baseline, shock, 30 min, and
60 min treatment of the three modes of controlled me-
chanical ventilation are summarized in Table 1. Com-
pared to baseline, there were significant decreases in all
arterial blood pressure measurements within all three
groups at shock, 30 min, and 60 min of controlled me-
chanical ventilation (P < 0.05), except for SBP at 60 min
in the PC group. No significant changes in HR were ob-
served within groups except for HR at 60 min in the VC
group. There were no significant differences in hemody-
namic values at baseline, shock, and 30 min of controlled
mechanical ventilation among the groups with three ex-
ceptions. Compared to the PC group, DBP at 60 min for
the VC and PRVC groups were significantly lower (P <
0.05). Mean arterial pressure at 60 min for the PRVC
group was significantly lower than that of the PC group.

r Undamaged ]

Figure 1. Lung nuclear fluorescence. This figure depicts un-
damaged (green) and damaged (orange) lung nuclei.
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Table 1. Blood pressures and heart rates at baseline, hemor-
rhagic shock, and during 30 and 60 minutes of mechanical
ventilation (*n = 6, °n = 5).

Table 2. Arterial blood values at baseline, hemorrhagic shock,
and following 60 minutes of mechanical ventilation (*n = 5, °n
=4).

vc? pc? PRVC® vc? o PRVC®
Baseline Baseline
SBP 170 + 7 137+ 11 165+ 11 pH 7.40+0.02  7.33+0.07 7.42 +0.02
DBP 122+5 98+9 118+6 PaCO, 45+2 44+2 43+2
MAP 142+ 4 117+ 10 140+ 8 Pa0, 75+2 7745 81+7
HR 347+ 10 352+8 369 + 11 Sa0, 94+ 1 94+ | 95+ 1
Shock Het 42+2 37+4 40+2
SBP 74 + 6" 79+ 7" 84 +2f Hbg 142+0.6 12.4+1.2 14+0.6
DBP 38+6 38 +4F 41 +3° Shock
MAP 50+ 6 516 54 +2f pH 7.41 +0.05 7.39+£0.05 7.49 + 0.06
HR 346 + 10 335+ 16 363 +£20 PaCO, 26+2° 34+4 23 £ 47
30 Minutes Pa0, 100+ 6 96+ 5 103 + 12
SBP 80+ 6 94 + 117 84 + 21 Sa0, 971 98+ 17 100 + 0"
DBP 36+6" 52+ 5" 40 + 47 Het 170" 22 +3f 18+ 2
MAP 50+ 6" 68+ 7" 54 + 47 Hbg 5.8+0.3" 7.6 0.9 5.9+0.6"
HR 326+9 338+ 13 340 + 13 60 Minutes
60 Minutes pH 731+0.03  7.39+0.05 7.29+0.07
SBP 88 + 8" 104 £ 10 77 + 8 PaCO, 31+4 35+3 34+4
DBP 36+ 5" 54+ 5% 31 2™ PaO, 211+ 10™ 228 + 10 198 + 15™
MAP 54+ 6" 76 + 8° 45 + 4™ Sa0, 100 = 0F 100 + 0° 100 + 0"
HR 306 + 10 332+ 17 333+ 10 Het 151t 16 £ 2F 15+37
Data are presented as mean + SEM. VC, volume control; PC, pressure Hbg 53+ 117 6.1+1.07 5.0+0.97

control; PRVC, pressure regulated volume control; SBP, systolic blood
pressure (mmHg); DBP, diastolic blood pressure (mmHg); MAP, mean
arterial pressure (mmHg); HR, heart rate (beats/min). 'P < 0.05 in
comparison with baseline; P < 0.05 in comparison with VC; P < 0.05 in
comparison with PC.

3.2. Arterial Blood Values

Table 2 presents ABVs at baseline, shock, and 60 min of
mechanical ventilation. There were no significant differ-
ences in pH at baseline, shock, and 60 min of mechanical
ventilation within groups. PaCO, at shock and 60 min
with VC and at shock in the PRVC group were signifi-
cantly lower, compared to baseline (P < 0.05). No sig-
nificant differences in PaO, were observed between
baseline and shock within groups. However, PaO, at 60
min treatment with controlled mechanical ventilation
were significantly higher than baseline and shock. SaO,
were significantly higher at shock and 60 min treatment
than baseline within groups except for SaO, at shock in
the VC group. With respect to baseline, there were sig-
nificant decreases in Het and Hgb at shock and 60 min

Copyright © 2013 SciRes.

Data are presented as mean + SEM. VC, volume control; PC, pressure
control; PRVC, pressure regulated volume control; pH, acidity; PaCO,,
arterial carbon dioxide (mmHg); PaO,, arterial oxygen (mmHg); SaO, %,
oxygen saturation; Hct, hematocrit; Hgb, hemoglobin (g/100ml); P <
0.05 in comparison with baseline; *P < 0.05 in comparison with shock.

treatment within groups. There were no significant dif-
ferences in ABVs among the groups at baseline, shock,
and 60 min treatment.

3.3. Peak Inspiratory Pressures, Tidal Volumes,
and Respiratory Rates

Table 3 summarizes the PIP, tidal volumes, and RR at 1,
10, 20, 30, 40, 50, and 60 min of mechanical ventilation.
Within groups, there were no significant differences in
PIP, tidal volumes, and RR across all time points.
Among groups, PIP at 40 and 60 min of PC were sig-
nificantly lower than VC. Tidal volumes at 30, 40, and
50 min of PC were significantly lower than VC and
PRVC (P < 0.05). There were no significant differences
in RR among groups.
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Table 3. Peak inspiratory pressures, tidal volumes, and respira-
tory rates during mechanical ventilation (*n = 6, °n = 5).

Table 4. Intrathoracic pressures at baseline, hemorrhagic shock,
and during mechanical ventilation (n = 6).

vCc? pc? PRVCP VC PC PRVC
PIP Inspiration
1 min 85+0.2 7.7+0.2 83+04 Baseline -3.0+0.2 -29+0.2 -25+02
10 min 83+04 7.7+0.2 8.2+0.5 Shock -2.7+04 —-35+05 -29+03
20 min 8.3+0.3 7.7£0.2 8.4+0.2 10 Min 2.6+0.4% 2.7 +03% 2.8+0.2%
30 min 8.3+0.3 7.8+0.3 78+0.5 20 Min 2.6+0.3% 2.7+03% 2.8+ 03"
40 min 8.7+0.2 75+02° 8.0+0.4 30 Min 2.6+0.3% 2.6+0.3% 29+02%
50 min 83+03 7.7+0.2 82+04 40 Min 2.8+0.3" 2.7+0.2" 3.1+0.27
60 min 8.6+0.2 7.5+0.2" 8.0+04 50 Min 2.8+ 0.4 3.0+ 04" 3.1+0.27
Vit 60 Min 3.1£04% 3.0+ 0.4% 3.0+0.2%
1 min 4.0+0.0 4.1+02 4.0£0.0 Expiration
10 min 4.0+0.0 3.9+0.1 4.0+£0.0 Baseline 1.0+0.1 0.9+0.2 12402
20 min 4.0+0.0 3.9+0.1 4.0+0.0 Shock 08402 07401 11403
30 min 40£00 382017 4.0+0.07 10 Min 0.8+0.2 0.8+0.2 0.9+0.3
40 min 40£00 382017 40+0.07 20 Min 0.9+0.2 0.6+0.1 1104
>0 min 40£00 36£0.1° 4.0+0.07 30 Min 0.940.2 0.5+0.1 1.0+0.3
60 min 4.0£0.0 3.8£0.1 4.0+0.0 40 Min 0.7+0.2 0.8+02 1.0£02
RR 50 Min 0.4+05 0.7+£0.3 1.0£0.2
I min 810 800 782 60 Min 0.8+0.3 0.8+0.3 1.0£0.2
10 min 810 821 800 Esophageal pressure (cm H,O) was measured as intrathoracic pressure.
20 min 81+ 1 82492 80+ 0 Data are presented as mean £ SEM. VC, volume control; PC, pressure
control; PRVC, pressure regulated volume control; Min, minutes. p <
30 min 80+ 0 80+ 0 83+ 1 0.05 in comparison with baseline; *P < 0.05 in comparison with shock.
40 min 800 800 833 on-going esophageal smooth muscle activity, which in-
50 min 80+0 81+1 79+ 1 creases esophageal luminal pressure. It seems unlikely
60 min 7942 20+ 0 20 0 that the degree of esophageal smooth muscle activity

Data are presented as mean £ SEM. VC, volume control; PC, pressure
control; PRVC, pressure regulated volume control; PIP, peak inspiratory
pressure (cm H,0); Vt, tidal volume (mL); RR, respiratory rate
(breaths/min); Min, minutes. ‘P < 0.05 in comparison with VC; P < 0.05
in comparison with PC.

3.4. Intrathoracic Pressures

Table 4 summarizes ITP at baseline, shock, and during
mechanical ventilation. Within groups, inspiratory ITPs
during mechanical ventilation were significantly greater
than baseline and shock (P < 0.05). There were no sig-
nificant differences in expiratory ITP at baseline, shock,
and during mechanical ventilation within groups. Statis-
tical comparison among groups indicated no significant
differences in inspiratory and expiratory ITP at baseline,
shock, and during mechanical ventilation. It is noted that
the ITP as measured by the esophageal catheter is less
negative than intraplueral pressure. This is likely due to
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would differ among the three modes of mechanical ven-
tilation.

3.5. Lung Hydr ogen Peroxide

Lung H,0, concentration was directly proportional to the
percent fluorescent intensity. Lung fluorescent intensity
results expressed as 10° were 1.84 + 0.14 for the VC
group, 1.11 + 0.04 for the PC group, and 0.36 + 0.07 for
the PRVC group (Figure 2). The differences in lung
H,0, measured by fluorescent intensity among the
groups were statistically significant (P < 0.05). The VC
group lung H,0, was 66% greater than the PC group and
5 times greater than the PRVC group. The PC group lung
H,0, was 67% higher than the PRVC group.

3.6. Lung Apoptosis

Figure 3 illustrates percent lung apoptosis following 60
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Figure 2. Fluorescent intensity of lung hydrogen peroxide for volume control (VC),
pressure control (PC) and pressure regulated volume control (PRVC) mechanical ven-
tilation during hemorrhagic shock. Data are expressed as mean = SEM (n = 6). P <
0.05 VC vs PC, PRVC; P < 0.05 PC vs PRVC.
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Figure 3. Percent lung apoptosis for volume control (VC), pressure control (PC) and
pressure regulated volume control (PRVC) mechaniial ventilation during hemorrhagic
shock. Data are expressed as mean = SEM (n = 6). P < 0.05 VC vs PC, PRVC; ‘P <

0.05 PC vs PRVC.

min controlled mechanical ventilation among groups.
The percent lung apoptosis for the VC, PC, and PRVC
groups were 20.9 £ 0.9, 12.1 + 0.6, and 4.5 + 0.1, respec-
tively. Similar to lung H,0,, the percent lung apoptosis
among groups were significantly different (P < 0.05)
with the VC group being 73% greater than the PC group
and 4 times greater than the PRVC group. Apoptosis in
the PC group was 2.7 times greater than that in the

Copyright © 2013 SciRes.

PRVC group.

4. DISCUSSION

We investigated the effects of three controlled mechani-
cal ventilation modes (VC, PC, and PRVC) on lung in-
jury as measured by lung H,O, and apoptosis in a rat
model of HS. Our data suggest that during HS, lung
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H,0, and percent apoptosis were greatest when rats were
treated with VC ventilation for 60 min, followed by rats
treated with PC ventilation. The extent of lung H,0O, and
apoptosis was lowest among rats that were placed on
PRVC ventilation, which was comparable to the rats
breathing 40% O, without mechanical ventilation in our
previous study [11]. With induced HS, SBP, DBP, and
MAP decreased significantly from baseline and remained
decreased during controlled mechanical ventilation. No
significant differences in hemodynamics and ABVs
among the three controlled mechanical ventilation
groups throughout the treatment period indicate the de-
gree of HS among these animals was comparable. Peak
inspiratory pressures, tidal volume, RR, inspiratory and
expiratory ITP among the three controlled mechanical
ventilation groups were maintained relatively similar
across the treatment period.

Tables 1 and 2 summarize the hemodynamic and
ABVs of all animals using the three modes of controlled
mechanical ventilation. The blood pressures and heart
rates were not different among the various ventilation
modes except for three values at 60 min. These three
values were related to DBP and MAP which were only
slightly higher in the animals receiving PC ventilation.
Thus, all animals were hemodynamically similar th-
roughout the various stages of the experiment regardless
of the administered mode of mechanical ventilation. The
ABVs were comparable among the three groups. This
suggests the modes of ventilation did not alter the gas
exchange levels. There were also no differences ob-
served in the Hct and Hgb values among the groups.
Consequently, it does not appear that there were differ-
ences in tissue O, delivery among the three modes of
controlled mechanical ventilation. Thus, the differences
in lung H,O, and apoptosis during the three modes of
controlled mechanical ventilation are attributable to other
factors.

Ventilator induced lung injury can arise from the lung
being directly damaged by the action of mechanical ven-
tilation. It has been observed that this can result in al-
veolar apoptosis [9,10]. For years, macroscopic injuries
associated with the ventilation of patients have been de-
scribed to produce “barotrauma”. This term often relates
to alveolar over distension when high inspiratory pres-
sures are applied [13]. More recently, a newer term
called “volutrauma” is used to emphasize lung injury
related to alveolar over distension from excessive vol-
ume rather than excessive pressure [14]. As shown in
Tables 3 and 4, we found no consistent changes between
the PIP, tidal volume, or inspiratory and expiratory ITP
among the animals administered VC, PC, or PRVC. Thus,
our observations of marked significant differences in
H,0, and apoptosis with three modes of controlled me-
chanical ventilation were not reflected by differences in
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routinely used respiratory parameters. In addition, pul-
monary resistance (cm H,O/mL) was calculated for all
three modes at each time period using this formula:
(PIP-PEEP)/tidal volume. No significant differences in
pulmonary resistance before and after mechanical venti-
lation were found across the three modes. Also, there
were no significant differences in tidal volume per 1 kg
of body weight across the three modes.

A possible explanation for the differences in lung
H,0, and apoptosis may be attributable to differences in
the mechanics of gas delivery among the three modes of
controlled mechanical ventilation. With VC, the ventila-
tor delivers a pre-set tidal volume at a constant flow dur-
ing a pre-set time and frequency [15]. The goal of PC is
to deliver breaths at a constant pre-set pressure with de-
celerating flow during a pre-set time and frequency. In
PRVC, the inspiratory pressure is continuously adjusted
for changes in lung compliance, thereby, maintaining the
pre-set tidal and minute volume [16,17]. Both PC and
PRVC utilize an inspiratory decelerating flow pattern. In
PRVC, the pressure is kept constant for the entire pre-set
inspiratory time and breaths are given at the pre-set fre-
quency. In our study, we found the least amount of H,O,
production and apoptosis in the animals that received the
PRVC during HS. A possible mechanism for reduced
cellular lung injury with PRVC may relate to the con-
tinuous adaptation of inspiratory pressures to maintain
the pre-set tidal and minute volumes. Following HS,
MAP and Hgb were greater with PC than VC. This may
have, in part, contributed to apoptosis and H,O, being
lower in PC than VC.

Mechanical ventilation can cause inflammatory re-
sponses and profound generation of free radicals by in-
ducing mechanical stresses to airways, which can lead to
lung injury [4]. Research has demonstrated that high tidal
volume and low or zero PEEP appear to cause more
VILI [18]. The potential mechanisms of VILI are related
to cyclic stretch and shear stress that stimulates various
inflammatory responses. Research has shown that con-
trolled mechanical ventilation with decelerating inspira-
tory flow (PC and PRVC) may improve oxygenation by
early filling of alveoli and maintaining alveolar pressure
longer. This leads to more homogenous gas distribution
and better ventilation and perfusion matching, when
compared to constant flow (VC) [19-21]. The decelerat-
ing flow pattern may increase carbon dioxide elimination
and decrease intrapulmonary shunting, thus limiting the
risk for barotrauma [21]. In our study, as shown in Fig-
ure 2, we observed that there were significant lower lev-
els of lung H,0, in the PC and PRVC mechanical venti-
lation than the VC. Decelerating flow pattern applied in
both the PC and PRVC might have attenuated the shear
stress on epithelial cells and alveolar cells, as compared
to the constant flow pattern in the VC mode. The least
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amount of H,O, production was found in the PRVC
group. We speculate that changes in H,O, production in
PC were greater than PRVC because of uneven alveolar
ventilation. This lack of homogeneous ventilation could
lead to small areas of alveolar hypoxia that would in-
crease ROS production. During mechanical ventilation,
the PIP of PC was slightly less than PRVC, which re-
sulted in lower tidal volume assuming no differences in
lung compliance. This plus greater homogenous alveolar
ventilation with PRVC may account for H,O, and apop-
tosis being greater in PC.

Production of H,0, can stimulate apoptotic pathways
and can directly or indirectly cause damage to lipids,
proteins, and DNA. Le et al. [10] investigated the effect
of high tidal volume mechanical ventilation on lung
apoptosis and observed an increase in alveolar cell
apoptosis. Ventilator induced apoptosis may result from
the activation of caspases within the lungs due to alveo-
lar over distension [10], the mitogen-activated protein
kinase pathways [22], and selective activation of the in-
trinsic apoptotic pathway (caspase 9) [23]. As shown in
Figure 3, we found that rats treated with VC had the
highest amount of lung apoptosis, followed by those on
PC. Ventilator induced apoptosis in the PRVC group was
the lowest. In our previous study, we observed that lung
H,0, and apoptosis in HS rats in the absence of me-
chanical ventilation on 40% O, were 0.5 x 10° + 0.05
and 2.38 £ 0.40, respectively [11]. The H,0, production
(0.3 x 10°+ 0.05) and percent lung apoptosis (4.5 = 0.13)
in the PRVC group in our current study was not signifi-
cantly greater. Thus, it appears that mechanical ventila-
tion with PRVC did not affect the degree of lung injury
as measured by H,O, and apoptosis during HS.

There are limitations in the current study. We placed
animals on a short time period of mechanical ventilation
(60 min), which may prevent us from observing any
macroscopic changes or alterations in pulmonary me-
chanics that could result from longer periods of me-
chanical ventilation. However, cellular damage was al-
ready observed in a short time period, indicating poten-
tial clinical significance when treating HS with different
modes of controlled mechanical ventilation. In addition,
a prolonged HS period could produce more lung injury
resulting in decreases in lung compliance. Esophageal
smooth muscle activity can result in esophageal pressure
not equating to intrapleural pressures. However, this
limitation would be expected to apply equally to all three
modes of mechanical ventilation. No fluid resuscitation
was given to correct HS during mechanical ventilation.
This allowed us to examine the effects of controlled me-
chanical ventilation in the absence of changes in free
radicals associated with fluid resuscitation, e.g. reperfu-
sion injury. We recognized that our H,O, and apoptosis
values represented not only lung tissues, but also pul-
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monary vascular and various blood cells.

5. CONCLUSION

Mechanical ventilation is an important supportive treat-
ment for HS; however it can induce lung injury. We ob-
served that the amount of lung H,O, and apoptosis dur-
ing HS was greatest with VC, significantly less with PC,
and reduced even further with PRVC. These data suggest
that PRVC is the mechanical mode of choice to use dur-
ing HS treatment, as it causes the least amount of lung
damage. The PRVC could significantly reduce the risk of
acute lung injury induced by both HS and mechanical
ventilation. However, it is not known if the relative dif-
ferences in lung injury (H,O, and apoptosis) with these
three modes of mechanical ventilation would be the same
at lower or higher O, concentration. Future studies
should include examining these three modes of me-
chanical ventilation over prolonged periods of HS with
various drug and fluid resuscitation therapies.

6. ACKNOWLEDGEMENTS

The Uniformed Services University of the Health Sciences (USU),
4301 Jones Bridge Rd., Bethesda, MD 20814-4799 is the awarding
(grant number: HU0001-08-1-TS08) and administering office. This
research was sponsored by the TriService Nursing Research Program,
Uniformed Services University of the Health Sciences; however, the
information or content and conclusions do not necessarily represent the
official position or policy of, nor should any official endorsement be
inferred by, the TriService Nursing Research Program, Uniformed
Services University of the Health Sciences, the Department of Defense,
or the US Government.

REFERENCES

[1] Makley, A.T., Goodman, M.D., Friend, L.A., Deters, J.S.,
Johannigman, J.A., Dorlac, W.C., et al. (2010) Resuscita-
tion with fresh whole blood ameliorates the inflammatory
response after hemorrhagic shock. Journal of Trauma, 68,
305-311. doi:10.1097/TA.0b013e3181cb4472

[2] Bdeir, K., Higazi, A.A., Kulikovskaya, I., Christofidou-
Solomidou, M., Vinogradov, S.A., Allen, T.C., et al.
(2010) Neutrophil alpha-defensins cause lung injury by
disrupting the capillary-epithelial barrier. American Jour-
nal of Respiratory and Critical Care Medicine, 181, 935-
946. doi:10.1164/rccm.200907-11280C

[3] Tasoulis, M.K., Livaditi, O., Stamatakos, M., Stefanaki,
C., Paneris, P., Prigouris, P., et al. (2009) High concen-
trations of reactive oxygen species in the BAL fluid are
correlated with lung injury in rabbits after hemorrhagic
shock and resuscitation. The Tohoku Journal of Experi-
mental Medicine, 219, 193-199.
doi:10.1620/tjem.219.193

[4] Lionetti, V., Recchia, F.A. and Ranieri, V.M. (2005)
Overview of ventilator-induced lung injury mechanisms.
Current Opinion in Critical Care, 11, 82-86.

OPEN ACCESS


http://dx.doi.org/10.1097/TA.0b013e3181cb4472
http://dx.doi.org/10.1164/rccm.200907-1128OC
http://dx.doi.org/10.1620/tjem.219.193

[11]

[13]

A. R. Thimmesch et al. / Open Journal of Molecular and Integrative Physiology 3 (2013) 27-35 35

doi:10.1097/00075198-200502000-00013

Yamamoto, H., Teramoto, H., Uetani, K., Igawa, K. and
Shimizu, E. (2002) Cyclic stretch upregulates inter-
leukin-8 and transforming growth factor-betal production
through a protein kinase C-dependent pathway in alveolar
epithelial cells. Respirology, 7, 103-109.
doi:10.1046/j.1440-1843.2002.00377.x

Bouadma, L., Dreyfuss, D., Ricard, J.D., Martet, G. and
Saumon, G. (2007) Mechanical ventilation and hemor-
rhagic shock-resuscitation interact to increase inflamma-
tory cytokine release in rats. Critical Care Medicine, 35,
2601-2606. doi:10.1097/01.CCM.0000286398.78243.CE

Spieth, P.M., Guldner, A., Carvalho, A.R., Kasper, M.,
Pelosi, P., Uhlig, S., et al. (2011) Open lung approach vs
acute respiratory distress syndrome network ventilation in
experimental acute lung injury. British Journal of Anaes-
thesiology, 107, 388-397. doi:10.1093/bja/aer144

Chapman, K.E., Sinclair, S.E., Zhuang, D., Hassid, A.,
Desai, L.P. and Waters, C.M. (2005) Cyclic mechanical
strain increases reactive oxygen species production in
pulmonary epithelial cells. American Journal of Physiol-
ogy: Lung Cellular and Molecular Physiology, 289,
L.834-L841. doi:10.1152/ajplung.00069.2005

Syrkina, O., Jafari, B., Hales, C.A. and Quinn, D.A.
(2008) Oxidant stress mediates inflammation and apop-
osis in ventilator-induced lung injury. Respirology, 13,
333-340. doi:10.1111/1.1440-1843.2008.01279.x

Le, A., Damico, R., Damarla, M., Boueiz, A., Pae, H.H.,
Skirball, J., et al. (2008) Alveolar cell apoptosis is de-
pendent on p38 MAP kinase-mediated activation of xan-
thine oxidoreductase in ventilator-induced lung injury.
Journal of Applied Physiology, 105, 1282-1290.
doi:10.1152/japplphysiol.90689.2008

Mach, W.J., Thimmesch, A.R., Slusser, J.G., Clancy, R.L.

and Pierce, J.D. (2010) The effects of increased inspired
oxygen with and without dopamine on lung and dia-
phragm hydrogen peroxide and apoptosis following hem-
orrhagic shock. Journal of Pre-Clinical and Clinical Re-
search, 4, 5-10.

Goodyear-Bruch, C., Simon, K., Hall, S., Mayo, M.S. and
Pierce, J.D. (2005) Comparison of a visual to a computer-
assisted technique for detecting apoptosis. Biological Re-
search for Nursing, 6, 180-186.
doi:10.1177/1099800404271869

Marcy, T.W. (1993) Barotrauma: Detection, recognition,
and management. Chest, 104, 578-584.

Copyright © 2013 SciRes.

[14]

[15]

[16]

[19]

[20]

[21]

[22]

(23]

doi:10.1378/chest.104.2.578

Gattinoni, L., Protti, A., Caironi, P. and Carlesso, E.
(2010) Ventilator-induced lung injury: The anatomical
and physiological framework. Critical Care Medicine, 38,
S539-S548. d0i:10.1097/CCM.0b013e3181f1fcf7

Kallet, R.H., Campbell, A.R., Alonso, J.A., Morabito, D.J.
and Mackersie, R.C. (2000) The effects of pressure con-
trol versus volume control assisted ventilation on patient
work of breathing in acute lung injury and acute respira-
tory distress syndrome. Respiratory Care, 45, 1085-1096.

Burns, S.M. (2008) Pressure modes of mechanical venti-
lation: The good, the bad, and the ugly. AACN Advanced
Critical Care, 19, 399-411.

doi:10.1097/01.AACN. 0000340721.78495.25

Pierce, L. (2007). Management of the mechanically ven-
tilated patient. 2nd Edition, Saunders, Maine.

Crimi, E., Zhang, H., Han, R.N., Del Sorbo, L., Ranieri,
V.M. and Slutsky, A.S. (2006) Ischemia and reperfusion
increases susceptibility to ventilator-induced lung injury
in rats. American Journal of Respiratory and Critical
Care Medicine, 174, 178-186.
doi:10.1164/rcem.200507-11780C

Cheifetz, .M. (2003) Invasive and noninvasive pediatric
mechanical ventilation. Respiratory Care, 48, 442-453.

Dembinski, R., Henzler, D., Bensberg, R., Prusse, B.,
Rossaint, R. and Kuhlen, R. (2004) Ventilation-perfusion
distribution related to different inspiratory flow patterns
in experimental lung injury. Anesthesia and Analgesia, 98,
211-219. doi:10.1213/01.ANE.0000090319.21491.91

Unzueta, M.C., Casas, J.I. and Moral, M.V. (2007) Pres-
sure-controlled versus volume-controlled ventilation dur-
ing one-lung ventilation for thoracic surgery. Anesthesia
and Analgesia, 104, 1029-1033.

doi:10.1213/01. ane.0000260313.63893.2f

Li, L.F., Liao, S.K., Ko, Y.S., Lee, C.H. and Quinn, D.A.
(2007) Hyperoxia increases ventilator-induced lung in-
jury via mitogen-activated protein kinases: A prospective,
controlled animal experiment. Critical Care, 11, R25.
doi:10.1186/cc5704

Tang, H., Lee, M., Budak, M.T., Pietras, N., Hittinger, S.,
Vu, M., et al. (2011) Intrinsic apoptosis in mechanically
ventilated human diaphragm: Linkage to a novel Fos/
FoxO1/Stat3-Bim axis. The FASEB Journal: Official
Publication of the Federation of American Societies for
Experimental Biology, 25, 2921-2936.
doi:10.1096/1].11-183798

OPEN ACCESS


http://dx.doi.org/10.1046/j.1440-1843.2002.00377.x
http://dx.doi.org/10.1097/01.CCM.0000286398.78243.CE
http://dx.doi.org/10.1093/bja/aer144
http://dx.doi.org/10.1152/ajplung.00069.2005
http://dx.doi.org/10.1111/j.1440-1843.2008.01279.x
http://dx.doi.org/10.1152/japplphysiol.90689.2008
http://dx.doi.org/10.1177/1099800404271869
http://dx.doi.org/10.1378/chest.104.2.578
http://dx.doi.org/10.1097/CCM.0b013e3181f1fcf7
http://dx.doi.org/10.1097/01.AACN.0000340721.78495.25
http://dx.doi.org/10.1164/rccm.200507-1178OC
http://dx.doi.org/10.1213/01.ANE.0000090319.21491.91
http://dx.doi.org/10.1213/01.ane.0000260313.63893.2f
http://dx.doi.org/10.1186/cc5704
http://dx.doi.org/10.1096/fj.11-183798

