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Abstract—Hypoxic pulmonary hypertension is a disease of
the lung vasculature that is usually quantified by pulmonary
vascular resistance (PVR). However, a more complete
description of lung vascular function and right ventricular
afterload is provided by pulmonary vascular impedance
(PVZ) from spectral analysis of pulsatile pressure—flow
relationships. We studied pulsatile pressure—flow relation-
ships in isolated, perfused lungs of mice in normoxia, after
induction of hypoxic pulmonary hypertension by 10 days of
hypoxic exposure, and after the administration of the vaso-
active agents sodium nitroprusside and serotonin in order to
gain insight into the effects of disease and vasoactive agents
on afterload. Chronic hypoxia exposure increased 0 Hz imped-
ance (Zy) from 2.0 £ 0.2 to 3.3 + 0.2 mmHg min/mL but
decreased characteristic impedance (Z¢) from 0.21 £ 0.02 to
0.18 £ 0.01 mmHg min/mL (both p < 0.05). Sodium nitro-
prusside only slightly decreased Z, but increased Zc in
normal lungs (p < 0.05) and did not affect Zc and decreased
Z, in hypertensive lungs (p < 0.05). Serotonin increased Z¢
in normal and hypertensive lungs but decreased Z, in
hypertensive lungs (p < 0.05). There was an inverse correla-
tion between mean pulmonary artery pressure and Z¢ in all
circumstances. These findings demonstrate that vasoactive
interventions can have different sites of action (i.e., proximal
vs. distal segments) in the normal and chronically hypoxic
pulmonary vasculature, and the pressure-dependency of Zc
and Rw. The measurement of PVZ in isolated lungs allows
for an improved understanding of the modes of action of
drugs and hypoxia on the pulmonary circulation.
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INTRODUCTION

The functional state of the pulmonary circulation
in vivo as well as in isolated perfused lungs is usually
evaluated on the basis of the mean pulmonary artery
pressure (PAP) and mean flow rate (0).'” An improved
estimation of pulmonary vascular resistance (PVR) can
be obtained by measuring PAP for a range of Q values,
thus generating a multipoint PAP—Q curve.>'®!” While
single- and multi-point PVR measurements provide
information about changes in the resistive properties of
small, peripheral pulmonary arterioles that result from
disease processes and pharmacological interventions,
they neglect associated proximal compliance changes.
Thus, PVR alone is an insufficient hemodynamic
measure of the effects of disease and interventions on
either the entire pulmonary vasculature or the right
ventricle. Indeed, drugs efficacious for the treatment of
severe pulmonary hypertension do not decrease PAP
or PVR as much as expected given the resulting
increases in patient exercise capacity and decreased
mortality.>' It has been speculated that these drugs
function by direct action on the right ventricle (i.e., by
increasing contractility) and/or by decreasing the pul-
satile hydraulic load,”® which depends on proximal
compliance.'”

A more complete description of the functional state
of the pulmonary circulation including all forces that
oppose right ventricular ejection can be obtained from
the analysis of pulsatile PAP-Q relationships in the
frequency domain.'>'® Using this technique, pulmon-
ary arterial pressure and flow waves are decomposed
into their harmonic constituents by a spectral analysis,
and their information content is displayed as an
impedance spectrum (PVZ).'® The zero Hz impedance,
or Z, is equivalent to the total PVR, or the slope of
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the mean PAP—Q curve. At high frequencies relative to
the native heart rate, the impedance approaches a con-
stant value, Z¢, which corresponds to the square root of
the inertance (per unit length) divided by the compliance
(per unit length) of the proximal segments of the vas-
culature.'® Alternatively, Zc can be calculated as the
ratio of the fluid density times the pulse wave velocity
divided by the luminal cross-sectional area of the prox-
imal segments of the vasculature.?’ Essentially, Z¢ is the
impedance of the proximal vasculature in the absence of
wave reflections and neglecting viscous losses either at
the luminal surface or in the walls of large arteries
themselves. Given its direct dependence on proximal
artery diameter and compliance, Z¢ is indispensible to
the measurement of proximal artery changes associated
with disease and vasoactivity.'®'? Also, the degree of
mismatch between the Zyand Zc can be used to estimate
changes in wave reflection (Ryw) with disease processes
and pharmacological interventions, which also affect
right ventricular function.'® The clinical relevance of
Zc, Ry, and the entire impedance spectrum has been
increasingly recognized in diseases of the pulmonary
vasculature such as pulmonary hypertension.*'?

We previously reported on the feasibility of mea-
suring PVZ in isolated, perfused lungs of normal mice,
those with embolic pulmonary hypertension and those
with chronic hypoxia-induced pulmonary hypertension
(hypoxia).>** In the present study, we sought to
demonstrate the utility of isolated lung impedance in
differentiating between sites of action of vasoactive
agents (i.e., proximal vs. distal) in the pulmonary cir-
culation. We used serotonin and sodium nitroprusside,
which were previously reported to increase and
decrease PVR, respectively, and have variable effects
on Zc in experimental animals.>%?* In these studies,
the observed effects on Zc could have been obscured
by concomitant change in sympathetic nervous system
tone”' and anesthesia’ which cannot be avoided in
intact animal preparations. In addition, in isolated
lungs, flow rate, airway pressure and left atrial pressure
can be independently manipulated. The present results
demonstrate that the effects of interventions on Z¢ and
Z, may be dissociated but that Z¢ is highly pressure
dependent and is in fact inversely related to mean PAP.

METHODS

Animal Handling

Twelve male 10- to 12-week-old C57BL6/J mice,
24.1 & 1.6 g weight were used (Jackson Laboratory,
Bar Harbor, ME). The mice were subjected to hypoxia
in the University of Wisconsin-Madison Biotron
facility as previously described.”® The mice were
exposed to zero days (CTL) or 10 days (HPH) of

hypobaric hypoxia (n = 6 at each condition), such that
the partial pressure of O, was reduced by half. Mice
were euthanized with an intraperitoneal injection of
150 mg/kg pentobarbital solution. All protocols and
procedures were approved by the University of Wis-
consin Institutional Animal Care and Use Committee.

Isolated Lung Preparation

The isolated, ventilated, perfused mouse Ilung
preparation was used as previously developed and
validated for measurement of steady and pulsatile
pressure—flow rate relationships***° with some changes
to tubing type and tubing length to improve the fre-
quency response. In brief, following euthanasia, the
trachea, pulmonary artery and left atrium were cann-
ulated for ventilation, perfusate inflow and perfusate
outflow, respectively (Fig. 1). The lungs were venti-
lated with room air and perfused with heated RPMI
1640 cell culture medium with 3.5% Ficoll (an oncotic
agent). A syringe pump was used to create steady
pulmonary vascular flow of perfusate whereas a high-
frequency oscillatory pump was used in parallel with
the syringe pump to superimpose a pulsatile compo-
nent on the pulmonary vascular flow. Pressure trans-
ducers (P75, Harvard Apparatus) measured the PAP
and left atrial pressure (LAP). Flow rate (Q) was
measured with an in-line flow meter (Transonic Sys-
tems, Inc., Ithaca, NY). Pressures and flows were
monitored by continuous display on a laptop computer
and recorded at 200 Hz.

Pulsatile Flow Protocol

The pulsatile flow rate measurements were per-
formed according to established methods®**> after
initial steady pressure-flow measurements of PAP,
LAP and Q at 1 mL/min. Pulsatile pressure-flow data
were recorded for flow rates of the form Q = 3 + 2sin
(2nft) mL/min at frequencies /=1, 2, 5, 10, 15 and
20 Hz. Multiple cycles of oscillation were performed at

Oscillatory pump
Steady pump

FIGURE 1. Schematic of isolated lung set-up showing sites
for measurement of instantaneous pulmonary artery flow rate
(Q), pulmonary artery pressure (PAP), and left atrial pressure
(LAP).
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each frequency and three sequential trials were per-
formed; each trial from 1 to 20 Hz was completed
within 22 s. Pressure and flow data from the last cycle
at each frequency were used, averaged over the three
trials. No consistent differences in behavior from the
first to the third trial were noted for any state in con-
trol or hypoxic lungs. Note that flow oscillations of
this magnitude (1-5 mL/min) could not be consistently
generated with our system at frequencies above 20 Hz
(approximately twice the normal heart rate for mice).
All data were recorded with the lungs inflated at the
end inspiratory pressure of 10 cm H,O. Between pro-
tocols, the lungs were allowed to rest for 1 min with
normal ventilation (2-10 cm H,O at 90 breaths/min)
and a steady flow rate of Q = 0.5 mL/min.

Serotonin and Sodium Nitroprusside

Following measurements in a normal state, seroto-
nin (5-hydroxytryptamine, 5-HT; Sigma Chemical
Company, St. Louis, MO) was added to the perfusate
to a final concentration of 10~ M to induce a con-
stricted state. This concentration was selected based on
previous experiments in isolated mouse lungs in which
this dose significantly increased PVR.'" Initial, low
steady flow rate measurements were taken 2-3 min
after serotonin administration, followed by the pulsa-
tile flow rate measurements. This time point was chosen
from our own preliminary studies and from others’
work in which the response to serotonin was shown to
peak at 5 min and gradually decrease thereafter.'’
Then, sodium nitroprusside (SNP; Sigma Chemical
Company, St. Louis, MO) was added to fresh perfusate
to a final concentration of 107> M in order to induce a
dilated state. Low steady flow rate measurements were
taken 15 min after sodium nitroprusside administra-
tion, followed by pulsatile flow rate measurements.

Calculations

Pulmonary vascular impedance magnitude (Z£) and
phase (®) were calculated from one full sinusoidal
cycle of AP =PAP — LAP and Q at each pulsatile
flow rate frequency. Input resistance Z, was calculated
from the average impedance at the Oth harmonic
(f = 0 Hz) for all frequencies. Characteristic imped-
ance Zc was calculated as the average of Z values
between the first minimum (5 Hz) and the highest
frequency imposed (20 Hz) and Rw was calculated as
(Zo — ZZy + Zc)?°

Statistics

Absolute changes in study endpoints with regard
to state (normal tone, SNP or 5HT) and hypoxia

exposure (CTL vs. HPH) were analyzed using a gen-
eralized least squares (gls) for repeated measures with
an unstructured variance—covariance structure. Fol-
lowing a comparison of factors, we found in the linear
model that the main effect of exposure was significant
with significant interaction with frequency. The main
effect of state was also significant, with significant
interaction with frequency. We then built contrast
matrices to investigate changes in Z as a function of
state and frequency and, separately, changes in Z as a
function of exposure and frequency. We could not
conclude that the interaction between all three factors
was significant in this sample size (n = 6 each condi-
tion). No violations of the normality assumption were
found and p-values less than 0.05 were considered
significant. A Bonferroni adjustment was performed
when comparing SNP or SHT to the normal tone state.
All p-values were two-sided and all statistical analyses
were performed using R software (R-project.org,
version 2.5.1). All data are presented in terms of
means =+ standard deviation.

RESULTS

As expected, hypoxia increased PAP regardless of
the presence or absence of vasoactive agent. In control
and hypoxic lungs perfused with steady flow, serotonin
increased PAP while sodium nitroprusside decreased it
(Fig. 2).

All impedance spectra had the expected “L”’-shape
with a high amplitudes at zero frequency and a rapid
decline to low amplitudes at higher frequencies with
moderate oscillations (Fig. 3). The phase angles were
negative at low frequencies and approached zero at
higher frequencies.
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FIGURE 2. Pulmonary artery pressure at a flow rate of
1 mL/min for control (CTL) and chronically hypoxic (HPH)
mouse lungs in the normal tone state, with serotonin and
sodium nitroprusside. * p<0.05 vs. 0-day; T p<0.05 for
change from normal to serotonin or sodium nitroprusside.
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FIGURE 3. Pulmonary vascular impedance magnitude (2)
and phase (0) spectra in isolated perfused lungs from (a)
control (CTL) and chronically hypoxic (HPH) mouse lungs
under normal tone conditions, (b) CTL lungs exposed to
serotonin (5HT, white) and sodium nitroprusside (SNP, grey)
and (c) HPH lungs exposed to serotonin (5HT, white) and
sodium nitroprusside (SNP, grey). Note the changes in scale
on the y-axis for each panel. * p<0.05 vs. 0-day; © p<0.05
for change from normal tone to serotonin or sodium nitro-
prusside.

Hypoxia increased PVZ magnitude at 0 Hz (Z)
and decreased the magnitude at higher frequencies,
resulting in a cross-over between the two spectra.
Hypoxia also decreased phase angle at low frequen-
cies (Fig. 3a).

In control lungs (Fig. 3b), serotonin had no effect
on Z, but otherwise shifted the ratio of pressure to
flow moduli to higher pressures at all frequencies. As
a consequence, serotonin increased Zc; the increase in
Zc relative to Z resulted in decreased Rw (Table 1).
Phase angle was unaffected. Sodium nitroprusside
tended to decrease Z, and increase impedance mag-
nitudes at higher frequencies such that Zc increased
and Ryw decreased. Again, phase angle was unaf-
fected.

In hypoxic lungs (Fig. 3c), serotonin paradoxically
decreased Z, and shifted the ratio of pressure to flow
moduli to higher pressures at all frequencies, thereby
increasing Zc. Here, the combined effects of decreased
Zo and increased Z¢ resulted in decreased Rw. Sodium
nitroprusside decreased Z, and had no effects at higher
frequencies such that Z¢ remained constant. The drop
in Zy alone was sufficient to decrease Ryw. Phase angle
was unaffected by either serotonin or sodium nitro-
prusside.

To examine how changes in Z- and Ry due to
hypoxia and vasoactive agents were dependent on
pressure, we plotted each vs. mean PAP (estimated
from mean Q x Z, + mean LAP) (Figs. 4 and 5).
While hypoxia decreased Zc, it also increased mean
PAP such that the Z~PAP relationship for control
and hypoxic lungs in the normal state was inversely
curvilinear. Sodium nitroprusside had the opposite
effect of hypoxia, decreasing mean PAP and increasing
Zc (Fig. 4). As a result, Z¢ for control and hypoxic
lungs in the normal state and as treated with sodium
nitroprusside could be plotted along one curve, dem-
onstrating an inverse correlation (R* = 0.76,
p < 0.001). In contrast, serotonin shifted the Z-—PAP
relationship upwards. An inverse relationship was still
evident but administration of serotonin increased
scatter (R*> = 0.033), examples of which are the two
hypoxia lungs (striped triangles) that are close to the
normal state values. The proximity of these points to
the normal and sodium nitroprusside ZPAP curve
suggest that serotonin did not act on the arteries in
these lungs to the same degree or in the same way as in
the other lungs.

Ry also exhibited a marked dependency on mean
PAP (Fig. 5). While hypoxia increased mean PAP
and Rw, sodium nitroprusside decreased mean
PAP and R, creating a highly correlated and signifi-
cant Rw-PAP relationship (R* = 0.93; p < 0.001).
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TABLE 1. Metrics of impedance (Z,, Z¢c, Rw) for control (CTL) and hypoxic (HPH) mouse lungs in the normal tone state or treated
with serotonin (5HT) or sodium nitroprusside (SNP).

Zy (mmHg min/mL)

Zc (mmHg min/mL)

Rw (dimensionless)

CTL HPH CTL HPH CTL HPH
Normal 2.0+0.2 3.3+0.2* 0.21 £ 0.02 0.18 + 0.01* 0.81 + 0.03 0.90 + 0.01*

5HT 2.0+0.2 2.8+ 04" 0.32 + 0.04" 0.27 + 0.04" 0.72 + 0.03f 0.82 + 0.02*"
SNP 1.7 +£ 0.1 2.7 + 0.4*F 0.24 + 0.17 0.18 + 0.01* 0.75 + 0.02" 0.87 + 0.02"

* p < 0.05 vs. 0-day; " p < 0.05 for change from normal tone to serotonin or sodium nitroprusside.
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FIGURE 4. Characteristic impedance (Zc) as a function of
mean pulmonary artery pressure (mean PAP) for control (CTL,
squares) and hypoxic (HPH, triangles) mouse lungs in a nor-
mal tone state and treated with serotonin (5HT, white) or so-
dium nitroprusside (SNP, gray). Note that serotonin shifts the
Zc-PAP relationship upward. (Striped triangles represent
where serotonin did not generate the same effect.)
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FIGURE 5. Index of wave reflection (Ry) as a function of
mean pulmonary artery pressure (mean PAP) for control (CTL,
squares) and hypoxic (HPH, triangles) mouse lungs in a nor-
mal tone state and treated with serotonin (5HT, white) or so-
dium nitroprusside (SNP, gray). Note that serotonin shifts the
Rw—PAP relationship downward. (Striped triangles represent
where serotonin did not generate the same effect.)

Serotonin shifted the Rw—PAP relationship curve
downward by decreasing Ry with no change to mean
PAP. As with Z¢, serotonin appears to not have had
the same effect on two lungs (striped triangles), which
appear similar to untreated lungs.

DISCUSSION

The novel experimental findings in the present study
are the relationships between Z- and mean PAP and
between Rw and mean PAP, which allow us to identify
potentially independent effects that vasoactive agents
and hypoxia can have on proximal and distal sites in
the pulmonary circulation, which we discuss below.

Zc can be calculated as the square root of inertance
divided by compliance or the ratio of the fluid density
(p) times the pulse wave velocity divided by the luminal
cross-sectional area of the proximal segments of the
vasculature.”” For a single, straight tube with elastic
modulus E, radius r and wall thickness /%, then, Z¢ is

proportional to . As determined by FE, proximal

oLh
,,
arterial radius r increases with mean PAP and by
conservation of mass, /& decreases. In addition, in
arteries, which are strain-stiffening,'* E also may be a
function of mean PAP. The consequence of these
theoretical relationships is that distal vascular changes
that increase PVR and thus mean PAP increase r,
which decreases Zc in an inversely curvilinear way
(Fig. 4; CTL, CTL SNP, HPH SNP data). Proximal
decreases in r that are not caused by a decrease in mean
PAP increase Z¢ by shifting this curve upward (Fig. 4;
CTL SHT and HPH SHT data).

In these ways, the Z-—mean PAP relationship can
provide important insights into the independent effects
of vasoactive agents and hypoxia on the proximal and
distal vasculature, with the caveat that changes in
diameter and stiffness cannot be independently ascer-
tained. In particular, our data suggest that hypoxia
acts distally to increase PVR, which in turn causes
proximal artery dilation. Hypoxia may also act prox-
imally to cause dilation and proximal artery stiffening.
Sodium nitroprusside acts distally to decreases PVR,
which decreases proximal artery diameter but does not
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appear to independently dilate the proximal arteries. In
contrast, under pulsatile flow conditions, serotonin
had little effect distally but significant impact proxi-
mally, decreasing diameter and possibly also stiffness.

These experiments were performed using isolated,
perfused mouse lungs to avoid the effects of systemic
hemodynamic changes associated with physiological
and pharmacological interventions. It has been shown
that anesthesia,’” volume status® and level of sympa-
thetic nervous system activation' can markedly affect
pulmonary vascular impedance and function. Using
the isolated lung system, we can investigate the impact
of vasoactive agents and disease on pulmonary vas-
cular function independent of these variables. In
addition, this system allows independent control of
flow rate, flow pulsation frequency, airway pressure
and left atrial pressure. Finally, by utilizing mouse
lungs, future comparisons to pulmonary vascular
function defects in genetically engineered strains are
possible.

Previously, hypoxia has been shown to increase Z
but otherwise act on pulmonary vascular impedance in
variable ways depending on the animal model used. In
isolated mouse lungs, our group previously found that
chronic hypoxia increased Z, but decreased Z->* as
confirmed here. A few differences from this previous
report are worth mentioning. First, variability in the
impedance was lower in the current study (with the
same sample size), which we attribute in part to the use
of only male mice. Second, impedance magnitude at
20 Hz was greater for control and hypoxic mice in the
current study (although within the standard deviations
of the prior study) because of small modifications to
the testing system such as the use of stiffer tubing and
shorter lengths of tubing, which increased the fre-
quency response. These last changes in particular likely
affected the measured impedance phase, which was
largely frequency-independent in prior work? or had
such large variability that no pattern could be dis-
cerned.”® In the current study, impedance phase
increased with increasing frequency above 5 Hz and
was significantly different between control and hypoxic
lungs at 1, 2 and 5 Hz (Fig. 3a).

Serotonin has been shown to have variable effects
on the pulmonary circulation in terms of site of action
(proximal vs. distal), efficacy and duration of efficacy.
We perfused isolated lungs with serotonin under low,
steady flow conditions and demonstrated an increase in
PAP in control and hypoxic lungs. However, during
pulsatile perfusion, no elevation of Z, was evident.
Indeed, in hypoxic lungs, serotonin decreased Z,. This
confounding result is likely explained by the different
pulmonary vascular responses to steady and pulsatile
flow and the loss of efficacy of serotonin over time.
With regard to the former, we have previously shown

that exposing isolated lungs to pulsatile flow decreases
PVR and have suggested that the mechanism is akin to
mechanical pre-conditioning.®* With regard to the
latter, it is well known that the vascular response to
serotonin decreases with time'® and we could not
measure the responses to steady and pulsatile flow
simultaneously.

Here, we also showed that serotonin increased
characteristic impedance. Prior intact animal studies
have shown that serotonin either increases''? or does
not change Zc.>*> However, two key differences exist
between these prior studies and ours. First, as noted
above, our results are not confounded by the conse-
quences of changes in blood volume, sympathetic
nervous system activity and anaesthetic agent since
they were obtained in isolated lungs. Second, and
perhaps more importantly, in Bargainer,' Bergel and
Milnor,> Hammon er al.,'*> and Reuben e al.,”*> Zc was
measured when PAPs were clevated, presumably due
to the effects of serotonin on the distal pulmonary
vasculature. In our study, PAP was not elevated when
Zc was measured. Thus, we are able to separate the
effect of increased pressure—which decreases Zc by
increasing proximal artery radius—from serotonin-
induced proximal constriction—which increases Zc.
Here then we demonstrate the utility of the isolated
lung system for differentiating between proximal and
distal effects of serotonin, which have long been con-
troversial in the literature. In particular, for the time
point at which our pulsatile flow data were collected,
our results demonstrate that the effects of serotonin
were largely proximal in both the control and hypoxic
lungs; the distal effects were either non-existent or
paradoxical (Fig. 4). This situation may occur because
metabolic inactivation of serotonin is faster in the
distal arteries than in the proximal arteries in mouse
lungs.

Sodium nitroprusside is an effective pulmonary
vasodilator but also well-known activator of the sym-
pathetic nervous system. Thus, in an intact animal, the
direct effects of sodium nitroprusside on pulmonary
arteries may be confounded by systemic effects. Pre-
viously, sodium nitroprusside has been found to shift
PAP-Q relationships to lower pressures without
changing Z¢ in intact dogs exposed to acute hypoxia.’
However, since sodium nitroprusside did not eliminate
the effects of acute hypoxia on PAP, these measure-
ments were taken with the animal in a relatively
hypertensive state.” Our current analysis suggests that
Zc is highly dependent on mean PAP and should be
interpreted with close attention to mean PAP. Here, we
found that sodium nitroprusside tended to decrease Z,
and increased Zc in control lungs; in contrast, in
hypoxic lungs, Z, decreased significantly and Z¢ did
not change. To interpret these findings, we note that
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the inverse curvilinear relationship makes Zc more
sensitive to small changes in mean PAP (and thus in
Zy) at low pressures and less sensitive to small changes
in mean PAP at high pressures. As discussed above,
these Zc—mean PAP relationships suggest that sodium
nitroprusside acts mostly distally, when it acts, and
does not appear to have independent proximal effects
in either control or hypoxic lungs.

Limitations

Limitations in this study must be acknowledged. We
did not create dose-response curves for control and
hypoxic mouse lungs to sodium nitroprusside or
serotonin. Instead, we selected doses that produced the
expected effects on PAP and used the same concen-
tration of both drugs for control and hypoxia. It is
likely that different concentrations of drugs would
have different proximal and distal effects and durations
of effect. In addition, we did not obtain PVZ results
above 20 Hz, which is only twice the native heart rate
of the mouse,” because the system cannot generate
higher frequency oscillations in flow of the same
magnitude (1-5 mL/min). We cannot exclude that
additional information could be obtained at higher
frequencies and that our calculation of Z- would
change if these were included. However, in vivo the
lower harmonics contain the most power and thus the
most information.'® In addition, our calculations of
impedance spectra are based on pulsatile waveforms
with single frequencies that were imposed in a fixed
order. Time-dependent effects, such as loss of drug
efficacy, could therefore have affected our higher fre-
quency data more than our lower frequency data.
However, given the short duration of all pulsatile flow
trials (66 s in total for three sequential trials from
f = 1-20 Hz), this effect is likely to be small.

In the isolated perfused lung system, due to the
lower than physiological flow rate (by about 3-fold)
and perfusate viscosity (by 3- to 4-fold), mean PAP is
lower than commonly reported in vivo in control and
hypoxic mice.® Since we found here that Zc and Ry
are highly pressure-dependent, this difference likely
dramatically affects the measured values of impedance
metrics. Thus, at this time, our results cannot be
compared to in vivo measurements of impedance.

CONCLUSION

Experimentally, measurement of pulsatile pressure—
flow relationships in isolated lungs enables a more
complete understanding of the effects of hypoxia and
drugs on pulmonary vascular function. The feasibility
shown here for isolated perfused mouse lungs is

particularly relevant to future studies on the pulmon-
ary vascular consequences of specific gene mutations
and deletions in genetically engineered mouse models.
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