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Abstract The body plethysmography (BPG) is a useful
tool for analyzing pulmonary function in small animals
because it simultaneously measures airway resistance (R,y,)
and functional residual capacity (FRC). We previously
described a BPG with the enclosed environment maintained
at body temperature and water vapor-saturated. We found
dose-dependent increases in R,, in response to inhaled
methacholine (Mch) with no apparent increase in FRC in
intratracheally intubated rats without paralysis. To resolve
this apparent inconsistency in clinical observations, we
repeated the study using a newly developed BPG that
allowed us to shorten the interval between Mch-inhalation
and measurements by about two-thirds. Using Mch
concentrations of 0, 0.5, 1.0, 2.0 and 4.0 mg/ml each for
2 min, both parameters increased in a dose-dependent
fashion with FRC (mean 4 SE) values of 3.77 & 0.16,4.43
+0.26,4.75 £0.34,5.02 £ 0.49 and 5.34 + 0.38 ml and R,
values of 18.6 £3.9,21.6 £ 4.9,35.0 + 6.9,49.0 £ 8.8 and
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65.7 £ 8.8 ml/s/Pa, respectively. Immediate measurement
after Mch-inhalation demonstrated profound bronchocon-
striction associated with dose-dependent increases in FRC.
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Introduction

In recent decades, animal studies on obstructive pulmonary
diseases have been largely concerned with morphologic or
molecular changes in the lung and airways. However, the
role of pulmonary function in these diseases is now being
reappraised. For example, pulmonary overinflation is
thought to be an important causative factor of dyspnea. It
also plays a crucial role in the restriction of diaphragmatic
motion in COPD and bronchial asthma [1-5]. However,
pulmonary function, particularly lung volume, in the ani-
mal model of obstructive pulmonary diseases remains to be
further elucidated.

We recently reported the applicability of the body ple-
thysmograph (BPG) for estimation of obstructive changes in
small animals [6], permitting the simultaneous measurement
of airway resistance (R,,,) and lung volume [6, 7]. Tran-
siently maintaining gases in the BPG at BTPS (body tem-
perature, atmospheric pressure and water vapor saturated),
we measured R,, in rats without requiring any special
maneuver or assumptions [6]. In that study, we observed
dose-related increases in R, during methacholine (Mch)
inhalation with no significant change in FRC [6], contrary to
clinical studies, in which lung volume is reported to be
increased during acute bronchoconstriction [1, 8]. Since,
with our apparatus, it took 8 to 10 minutes before reaching a
BTPS steady state, the bronchoconstrictive effect of Mch
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might have partially dissipated in this interval. We reasoned
that more profound bronchoconstriction measured earlier
might have been associated with a significant increase in
FRC. To test this hypothesis, in this study, we developed a
new BPG that shortened the interval between Mch exposure
and the measurements.

Animals and methods

The basic design of the BPG was the same as that reported
previously (Fig. 1) [6]. The enclosed environment of the
BPG was transiently kept at BTPS. The capacity of the
BPG was 1,170 ml, and the volume of water circulating
around the BPG was 800 ml. Both were much smaller than
those of the previous system, i.e., 1,950 ml and 1,800 ml,
respectively. Power of the electronic elements controlling
the temperature of the circulating water was also increased
from 240 to 800 W. Temperature and humidity in the BPG
were continuously measured to determine whether the
environment in the BPG reached BTPS condition. FRC
was measured by the standard method [9]. R, was mea-
sured in the absence of panting respiration.

Subjects were nine 8-week-old male Wistar rats (body
weight 230-260 g). They were anesthetized with i.p. pen-
tobarbital (0.05 mg/g) and were tracheally cannulated with
a 14-gauge plastic needle. The rats were placed in supine
position in the BPG, and their rectal temperature and
respiratory flow (a screen-type pneumotachometer, TV-
241T, Nihon Kohden, Tokyo, Japan) were continuously
monitored. When the BPG environment reached BTPS, the
airway shutter was closed at FRC. Respiratory flow (flow),
tracheal pressure (P,,) and intra-box pressure (Ppox; TP-
602T, Nihon Kohden, Tokyo, Japan) were continuously
measured and stored in a PowerLab system (AD

rectal temp.
heat exchangers

shutter
pneumotachometer

pump  heat exchangers lrl]lu:,'aﬁs;g:i,

Fig. 1 Basic mechanism of the present BPG. BPG was made of two
layers. Water around the rectal temperature was circulated in the
space between the two layers. An ultrasonic humidifier kept humidity
in the BPG >80%. Temperature (°C) and humidity (%) and pressure
(Pyox) in the BPG were continuously measured. Rat’s rectal
temperature was also continuously measured
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Instrument, Australia) with 2-kHz sampling rate. FRC was
calculated from P, and Pyox at airway closure, and the
mean of three trials was regarded as a representative value.
R,,, was calculated from flow and Py.

FRC and R,, were measured immediately after expo-
sure to saline or Mch mists (0.5, 1.0, 2.0 and 4.0 mg/ml)
for 2 min. Saline or Mch exposures were performed by
placing the rats in a sealed box, and mist was generated
within it by an ultrasonic humidifier (Soniclizer, Atom,
Japan). Immediately after the inhalation (<5 s), the rat was
moved to the BPG. Within 2.5 min after placing the rats
exposed to saline or Mch in BPG, the environment in the
BPG reached BTPS.

To confirm that the bronchoconstrictive effect produced
by inhaled Mch is short, an additional experiment was done
in another three anesthetized and tracheostomized rats. As
shown in the inset picture in Fig. 4, the rats were placed in an
air-tight box of 650 ml capacity. The tracheal cannula pen-
etrated through the wall of the box and was connected to a
flowmeter (TV-241T, Nihon Kohden, Tokyo, Japan). Neg-
ative pressure of 15 cmH,O for 0.02 s was intermittently
applied to the gas in the box, and thus this system worked as a
body-surface ventilator. Immediately after Mch inhalation
(8.0 mg/ml for 2 min), rat’s respiratory flow driven by
mechanical ventilation was continuously measured.

This study was approved by the Animal Ethics Com-
mittee of Tokai University.

Statistical analyses were done with a paired t-test using
a Stat-View software (SAS Institute, Cary, NC). When the
p-value was less than 0.5, the difference was considered to
be significant.

Results

Figure 2 shows FRC at each concentration of inhaled Mch.
Exact values of FRC (mean £+ SE) were as follows:
3.77 £ 0.16 ml (saline), 4.43 + 0.26 ml (0.5 mg/ml),
4.75 £ 0.34 ml (1.0 mg/ml), 5.02 £ 0.49 ml (2.0 mg/ml)
and 5.34 £ 0.38 ml (4.0 mg/ml). FRC was increased in
proportion to Mch concentration. In comparison with FRC
following saline inhalation, those at 1.0 mg/ml and 4.0 mg/
ml were significantly larger. Although those at 0.5 mg/ml
and 2.0 mg/ml were not significantly different, their p-values
were 0.0739 and 0.0579, respectively.

Figure 3 shows R,,, at each concentration of inhaled Mch.
Exact values of R,,, were as follows: 18.6 & 3.94 ml/s/Pa
(saline), 21.6 £ 4.9 ml/s/Pa (0.5 mg/ml), 35.0 &+ 6.9 ml/s/
Pa (1.0 mg/ml), 49.0 £ 8.8 ml/s/Pa (2.0 mg/ml) and
65.7 £ 8.8 ml/s/Pa (4.0 mg/ml). R,,, increased with Mch
concentration. In comparison with R, following saline
inhalation, all except that at 0.5 mg/ml were significantly
increased.
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Fig. 2 Changes in FRC with inhalation of methacholine mist
(mean + SE)
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Fig. 3 Changes in R,, with inhalation of methacholine mist
(mean *+ SE)

Figure 4 shows an example showing changes in respi-
ratory flow after Mch inhalation. In all three rats, there was
no apparent suppression of the respiratory flow by inhaled
Mch at less than 2.0 mg/ml concentration. As shown in
Fig. 4, in response to 8.0 mg/ml Mch inhalation, respira-
tory flow slowly recovered from the suppression, but it
reached a plateau level at 6, 16 and 16 min after inhalation,
respectively.

Discussion
Precision of the system

Our previous BPG [6, 7] was a sealed box with a capacity
of 1,950 ml. Approximately 1,800 ml of water circulated
around the box, and the water was warmed or cooled by
electronic elements with 240 W power. Since the BPG
measures the respiratory fluctuations of Py, the large
capacity of the BPG may have lowered the sensitivity of

1min

Fig. 4 An example of changes of the respiratory flow after metha-
choline inhalation (8.0 mg/ml for 2 min) in a rat ventilated with body
surface ventilator

the Ppox changes. In contrast to the previous apparatus, the
capacity of the newly designed BPG was only 1,170 ml.
Since gas volume in the BPG is calculated as “box
capacity — rat body weight (almost equal to volume),” if
the rat body volume was assumed to be 250 ml, gas volume
in the new BPG was decreased from 1,700 ml (i.e.,
1,950 ml — 250 ml) to 920 ml (i.e., 1,170 ml — 250 ml).
This reduction of BPG gas volume doubled the accuracy of
measurement compared with the previous apparatus and
also contributed to shortening the time for humidification.

In the new BPG, circulating water volume was
decreased by 44%, while thermo-elements power was
increased by 330%. As a result, thermo-control capability
of the new system increased by eight fold compared with
the previous BPG. CO, production during quiet breathing
in a rat is reported to be 1.0 ml/100 g/min [10]. If it takes
8 min to reach BTPS, CO, concentration then would be
~2.0%. Hyperventilation caused by this hypercapnia
should have changed the FRC level [11].

FRC and R,,,

Using the new BPG system, we obtained a more profound
bronchoconstrictive response and dose-dependent increases
in FRC after Mch inhalation. Although the increases in
FRC at 0.5 mg/ml and 2.0 mg/ml did not reach statistical
significance, the p-values for them were small, suggesting
that statistical significance could have been obtained if
more animals had been examined. Shortening the interval
between Mch inhalation and measurement, as well as
improved accuracy of the system, may have contributed to
these results. Owing to the reduction of box capacity and to
improvement of thermo-control function, the time between
Mch inhalation and R,, measurement was shortened by
approximately two-thirds or more compared with the pre-
vious study. The duration of the bronchoconstrictive effect
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produced by aerosolized Mch in human subjects is reported
to be ~20 min and that produced in rats by intravenous
Mch is also <20 min [12], and ~ 10 min in sheep [13]. We
confirmed that duration of the bronchoconstrictive effect
produced by inhaled Mch in the rat is less than 15 min
(Fig. 4). Therefore, profound bronchoconstriction can be
demonstrated if BPG analysis is done immediately after
Mch inhalation.

We found dose-dependent increases in FRC after Mch
inhalation using the new BPG. FRC in response to the
maximum concentration (4.0 mg/ml) increased by 1.6 ml,
equivalent to 41% over that prior to Mch inhalation. This
increase coincided with clinical observations [1, 8].
Increases of lung volume during Mch inhalation in para-
lyzed rats was also reported by Stengel et al. [14]. They
measured excised lung volume after rats were killed. Thus,
the condition of their rats was quite different from ours, but
their report reinforces our result. The mechanism of the
FRC increase during bronchoconstriction has not been fully
established. One possible mechanism is continuous acti-
vation of inspiratory muscles [15]; another is air trapping,
i.e., a check valve mechanism [16]. The disadvantages of
pulmonary hyperinflation on respiratory mechanics have
been previously described as reflected by significant
improvement in pulmonary function after volume reduc-
tion surgery in patients with COPD [17]. Recent studies
have shown that pulmonary hyperinflation plays important
roles in restriction of diaphragmatic motion and in devel-
opment of dyspnea in obstructive lung diseases [3, 4].

The maximum R, associated with the highest Mch
concentration (4.0 mg/ml) represented a three-fold increase
over that prior to Mch inhalation, and this value was
approximately double that in the previous study. The
response to Mch in our study was more profound than that
measured with the forced oscillation method, which is
widely used for measuring R,, in small animals [18].
Using forced oscillation, the increase in R,,, after 4 mg/ml
Mch inhalation was reported to be ~150% of that prior to
Mch inhalation [19]. However, in the forced oscillation
study rats were open chest, paralyzed and artificially ven-
tilated [19, 20]. This condition is associated with periodic
pulmonary hyperinflation that suppresses the airway
response to bronchoconstrictive agents [20]. Therefore,
another advantage of the BPG in addition to concurrent
measurement of FRC and R, is that the study can be
performed in more physiological conditions with sponta-
neous breathing and without muscular paralysis.

In conclusion, when the bronchoconstrictive response to
inhaled Mch is profound, dose-dependent increases in FRC
can be observed.
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