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ABSTRACT:  The purpose of this paper was to study pulmonary haemodynamics
in an elastase-induced emphysema model in awake rats (Group-EL, n=9) in com-
parison with saline-treated controls (Group-C, n=12).

Four weeks before haemodynamic study,  porcine pancreatic elastase and nor-
mal saline were intratracheally instilled in Group-EL and Group-C, respectively.
Indwelling pulmonary artery and abdominal aortic catheters were positioned two
days before the haemodynamic study.

Breathing room air,  mean pulmonary artery pressure (Ppa) tended to be high-
er in Group-EL than in Group-C,  although the difference was not statistically sig-
nificant.  Systemic pressure, total systemic vascular resistance and cardiac index
did not differ between groups.  When exposed to 10% O2, Ppa and pulmonary vas-
cular resistance (PVR) of both groups rose significantly.  The increase of Ppa, (but
not PVR) in Group-EL during hypoxia was significantly higher than that in
Group-C.  The magnitude of hypoxic pulmonary vasoconstriction (HPV) tended to
be larger in Group-EL than in Group-C.   Right ventricles of Group-EL were more
hypertrophic than those of Group-C, suggesting a period of higher pulmonary artery
pressure than for Group-C.  

The present results imply that the pressor response of pulmonary vasculature to
acute alveolar hypoxia is possibly enhanced in awake rats upon examination four
weeks after elastase treatment.
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Pulmonary emphysema induced by intratracheal elas-
tase has been widely-used as a disease model resembling
human panacinar emphysema in many aspects [1–3].  In
this model,  capillary segments are disconnected and fold-
ed,  and diffuse loss of capillaries occurs [4].  Changes
in vascular smooth muscle [5],  or contractile interstitial
cells [6],  which may regulate hypoxic pulmonary vaso-
constriction,  are also suggested.  Radial stress applied
to the extra-alveolar vessels within the lung parenchyma
should be weakened,  since elastic recoil pressure sur-
rounding the vessels is lowered [7, 8]. These findings
indicate that in this animal model, pulmonary haemo-
dynamics may be altered not only during air breathing
but also during alveolar hypoxia.

However,  previous studies on this model have focused
mainly on the morphological and biochemical aspects
and ventilatory mechanics.  Very little is known about
the haemodynamic features of this model.  The purposes
of the present study were to obtain the pulmonary haemo-
dynamic data of the frequently-used disease model dur-
ing air breathing and to evaluate the haemodynamic
response to acute alveolar hypoxia.  An experiment on
awake rats was chosen,  to eliminate the effects of anaes-
thesia on pulmonary circulation [9].  Haemodynamic

parameters were measured via indwelling pulmonary
artery and abdominal aortic catheters.

Method

Design of the study

Male Wistar rats (postnatal 9 weeks) were anaesthetized
with intraperitoneal injections of pentobarbital sodium
(Somnopentyl, Pitman-Moore, NJ, USA), 5 mg·100 g-1

BW.  To the emphysema group (Group-EL), a single
endotracheal instillation of porcine pancreatic elastase
(US Biochemical Co., Cleveland, USA) was admini-
stered (80 U in 0.2 ml saline·100 g-1 BW) [10].  Pancreatic
elastase was dissolved in saline immediately before use.
To the control group (Group-C), 0.2 ml of saline·100 g-1

BW was instilled.  Four weeks after instillation, the
haemodynamic and the histological studies were per-
formed.

The lungs of 12 rats (n=6 for each group) were fixed
intratracheally at a pressure of 20 cmH2O (14.7 mmHg)
with 2.5% glutaraldehyde in 0.1 M cacodylate buffer pH
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7.4.  The speed of infusion of the fixative was high, 120
ml·min-1 at 20 cmH2O (14.7 mmHg) [11].  Fifteen min-
utes later, the trachea was ligated and the whole lung
was submerged in the same fixative.  Standard methods
were applied to produce haematoxylin-eosin-stained and
elastic/Masson-stained tissues of the lung for histologi-
cal examination.  Measurements of external diameter
(ED) and medial thickness (MT) of small muscular arter-
ies displaying internal and external elastic laminae were
performed with an ocular micrometer.  From 12 slices
of each group, sections of pulmonary arteries cut in a
plane perpendicular to the long axis of each vessel were
selected for morphometry.  Mean values of minimal and
maximal ED and of minimal and maximal MT were mea-
sured.  Percentage MT was calculated as 100×2×MT/ED
[12].  All measured arteries larger than capillaries and
less than 200 µm were divided into three classes by size:
<50, 50–100 and 100–150 µm.

Catheter implantation 

Following induction of anaesthesia with intraperitoneal
sodium pentobarbital (5 mg·100 g-1 BW),  the pulmonary
artery was catheterized and the catheter maintained in
situ by the modified technique of RABINOVITCH et al. [13].
A small incision was made in the neck, and the right
jugular vein was isolated.  With pressure monitored by an
oscilloscope, a Silastic catheter (0.012 in internal diam-
eter (ID); 0.025 in ED) filled with heparinized saline was
advanced into the right ventricle through an introducer,
whilst the Silastic catheter was manipulated into the pul-
monary artery.  The catheter connected to another thick-
walled Silastic tube (0.025 in ID; 0.047 in ED) was fixed
to the jugular vein and exteriorized at the back of the
neck subcutaneously.  The catheter was reattached to the
transducer for final check and pressure recording and
then closed with a blunt wire plug.  The pressure trans-
ducers were zeroed at the mid-point of the thoracic cage
in the supine position.

The abdominal aorta was cannulated by the modified
method of WEEKS and JONES [14].  A mid-line incision
was made,  and the abdominal aorta was exposed just
above the iliac bifurcation.  A polyethylene catheter (PE-
10 fused to PE-50) fill heparinized saline was inserted
into the aorta, and threaded subcutaneously along the
back of the animal to the base of skull, where it was
brought to the exterior.  The catheters were flushed and
filled with heparinized saline (1,000 U·ml-1) and closed
with blunt wire plugs.  The next day,  the catheters were
flushed and filled with the concentrated heparin (10,000
U·ml-1).

Haemodynamic measurements 

The haemodynamic study was performed in a clear
Lucite chamber of 1 l capacity,  in a similar method to
that described by FRIED et al. [15].  Pulmonary artery
and systemic artery catheters were connected to pressure
transducers (Nihonkohden TP-101T Tokyo, Japan);

pulmonary artery (Ppa) and systemic artery (Psa) pres-
sures were recorded with a carrier amplifier and a recorder.
The pressure transducers were zeroed at the mid-point
of the thoracic cage in resting prone position.  Mean of
the mean Ppa and Psa for 30 s were used for the data
presentation and resistance calculation.

A value of 3.8 mmHg was assumed for mean capil-
lary wedge pressure (Pcw) for both groups, a value which
we have obtained in many saline- and elastase-treated
rats.  Mean Pcw of Group-EL was exactly the same as
that of Group-C (unpublished data from our laboratory).
Pulmonary vascular resistance (PVR) was calculated by
dividing (Ppa-Pcw) by the cardiac output.  Total sys-
temic vascular resistance (SVR) was calculated by divid-
ing Psa by cardiac output.

Blood samples were drawn into heparinized capillar-
ies from the pulmonary artery and aorta (0.2 ml each)
for measurement of mixed venous and systemic arterial
O2 saturations (SvO2,  SaO2).  The aortic blood (0.1 ml)
was also analysed for blood gases (arterial oxygen ten-
sion (PaO2),  arterial carbon dioxide tension (PaCO2) and
pH).  Oxygen saturation was measured by an IL-282
CO-Oximeter,  and blood gas by an IL-813 blood gas
analyser (Instrumentation Laboratories,  Lexington,  MA,
USA).

Oxygen consumption (VO2) was measured by circu-
lating air or 10% O2 through a CO2 absorber and desic-
cant and then pumping it through the chamber.  The O2

consumed was replaced from a Krogh spirometer filled
with 100% O2 saturated with water vapour.  The move-
ment of the spirometer was recorded with a linear dis-
placement transducer and the recorder described above.
The system was run,  refilling the spirometer with 100%
O2 until stable linear utilization of O2 and thermal equi-
libration were achieved (about 7 min).  Oxygen con-
sumption for 5 min, while blood was being sampled,
was then determined, and VO2 was calculated, correct-
ing the volume to standard temperature and presure,  dry
(STPD)[16].

Cardiac output was calculated using the following for-
mula and indexed per kg body weight:

CO=VO2/1.39 × Hb × (SaO2-SvO2)

where Hb is haemoglobin concentration.

Experimental sequence

Two days after surgery, animals were placed in the
Lucite chamber and the chamber was ventilated with air
at 5 l·min-1 for the first 5 min, and then at 2 l·min-1.  A
15 min acclimatization period was followed by aortic
blood gas analysis in room air and the chamber was
then closed.  After 7 min of the thermal equilibration,
measurements of oxygen consumption and haemody-
namics were carried out and mixed venous and aortic
blood samples were drawn.  The air was then switched
to 10% O2 gas, and the chamber was ventilated at 5
l·min-1 for the first 5 min, and then at 2 l·min-1.  Twenty
two minutes were allowed to reach new hypoxic steady
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state.  Measurements of VO2 and haemodynamics were
again carried out.  SvO2 and SaO2,  and haemoglobin con-
centration were measured.  Then,  aortic blood gas analy-
sis was performed.  At the end of each experiment,  the
animal was anaesthetized with sodium pentobarbital and
the position of the pulmonary artery catheter tip was con-
firmed to be in the pulmonary artery.  Then,  the heart
was removed and placed in a 10% formalin.  Seventy
two hours later, the atria and the major blood vessels
surrounding the heart were cut off,  and the weights of
right ventricle (RV) and of left ventricle plus septum
(LV+S) were obtained.  Then,  RV/(LV+S) was calcu-
lated [17].

Haemodynamic study three weeks after instillation

Both in control and elastase-treated rats,  which were
not the same rats as those studied at four weeks,  Ppa
and Psa were measured during air breathing three weeks

after tracheal instillation.  The values were compared
with those obtained four weeks after instillation.

Data are presented as mean and SEM.  Analysis of vari-
ance (ANOVA) was used to test significance of differ-
ences between groups, and Student's paired t-test for
intra-individual differences.  Differences were consid-
ered significant at p<0.05.

Results

Both groups gained body weight similarly.  Loss of
blood due to surgery as assessed by haemoglobin con-
centration was also similar for both groups (table 1).
Heart and respiratory rates of the two groups were not
different (table 2).

The lung tissue for the elastase-treated group was char-
acterized by diffuse and extensive dilatation and disrup-
tion of alveoli (fig. 1).  There was a significant increase
in percentage medial thickness of small pulmonary arter-
ies in Group-EL (table 3).

Haemodynamics during normoxia

During normoxia,  systemic artery pressure,  total sys-
temic artery resistance,  cardiac index,  and arterial and
mixed venous blood gas data did not differ between the
groups.  Pulmonary artery pressure tended to be higher
in Group-EL,  but the difference was not statistically sig-
nificant (table 2).

Ppa and PVR responses to acute hypoxia

Breathing 10% O2 significantly lowered Psa in Group-
C (p<0.01) and Group-EL (p<0.05).  SVR decreased in
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Table 1.  –  Body weight, blood haemoglobin and right
ventricular hypertrophy for two groups of rats

Group-C Group-EL
(n=12) (n=9)

Initial weight  g 199±6 187±4
Final weight  g 267±5 272±7
Hb  g·dl-1 12.9±0.7 12.9±1.3
RV/(LV+S) 0.231±0.007✝ 0.273±0.010##

Data are presented as mean±SEM.  Initial weight:  body weight
at tracheal instillation;  Final weight:  body weight at cannu-
lation;  Hb:  blood haemoglobin concentration at the first car-
diac output measurement;  RV:  weight of right ventricle;  LV:
weight of left ventricle;  S:  weight of septum;  Group-C:
saline-treated group;  Group-EL:  elastase-treated group.
##:  p<0.01 vs Group-C;  ✝:  n=9.

Table 2.  –  Respiratory, haemodynamic and arterial and mixed venous blood gas data during normoxia
and hypoxia

Group-C (n=12) Group-EL (n=9)
Air 10% O2 Air 10% O2

HR  beats·min-1 424±11 468±12* 343±38 426±41**
RR  breaths·min-1 95±7 160±6** 111±10 165±7**
Ppa  mmHg 15.3±0.7 19.1±1.4** 17.3±0.7 25.3±1.2**##

PVR  mmHg·ml-1·min 0.157±0.013 0.213±0.021** 0.157±0.015 0.238±0.017**
Psa  mmHg 117±5 105±4** 115±2 108±2*
SVR  mmHg·ml-1·min 1.60±0.14 1.44±0.08 1.32±0.12 1.18±0.05
SaO2 % 92±0.4 60±1.9** 92±0.3 51±1.6**##

SvO2 % 54±1.9 27±0.6** 55±1.5 23±0.6**##

VO2 ml·min-1·kg-1 18.7±0.7 16.0±0.4** 20.6±0.7 16.4±0.3**
CI  ml·min-1·kg-1 287±11 276±6 351±47 341±20#

pHa 7.44±0.01 7.55±0.01** 7.44±0.01 7.55±0.02**
PaO2 kPa 12.9±0.2 4.8±0.1** 12.2±0.3 4.5±0.1**
PaCO2 kPa 4.2±0.0 2.6±0.0** 4.3±0.0 2.8±0.0**

Data are presented as mean±SEM.  HR:  heart rate;  RR:  respiratory rate;  Ppa:  pulmonary artery pressure;  PVR:
pulmonary vascular resistance;  Psa:  systemic arterial pressure;  SVR:  total systemic vascular resistance;  SaO2:
arterial oxygen saturation;  SvO2:  mixed venous oxygen saturation;  VO2:  oxygen consumption;  CI:  cardiac index;
pHa:  pH of arterial blood;  PaO2:  arterial oxygen tension;  PaCO2:  arterial carbon dioxide tension;  Group-C:  saline-
treated group;  Group-EL:  elastase-treated group.    *:  p<0.05;  **:  p<0.01 vs normoxia in each group;  #:  p<0.05;
##:  p<0.01 vs Group-C.
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Fig. 2.  –  a)  Response of Ppa to acute hypoxia.  Sizes of the response
are expressed on the right side as an absolute and as a percentage rise
above the baseline.  Acute hypoxic exposure significantly raised Ppa
in both groups (*:  p<0.01).  The absolute and the percentage increase
of Ppa by acute hypoxia was significantly larger in Group-EL than in
Group-C (#: p<0.05).  b)  Response of PVR to acute hypoxia.  Magnitude
of the response is expressed on the right side as in a).  The response
of PVR to acute hypoxia tended to be larger in Group-EL, but not of
statistical  significance.  *:  p<0.01 vs air breathing.   O :  group-C
(n=12);   ■ :  group-EL (n=9).  Ppa:  pulmonary artery pressure;
PVR:  pulmonary vascular resistance;  Group-EL:  instilled with porcine
pancreatic elastase;  Group-C:  instilled with saline.
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both groups,  although the change was not statistically
significant.  Ten percent O2 breathing did not cause sig-
nificant alterations in cardiac index, despite consistent
falls in VO2.  Ppa of Group-C increased above baseline
by 25% after breathing 10% O2 (p<0.01)(fig. 2).  The
rise in PVR in this group was 37% above baseline (fig.
2)(p<0.01).  The increase of Ppa in Group-EL after brea-
thing 10% O2 was 46% above baseline, significantly
higher than that for Group-C (p<0.05).  Although the
change of PVR in Group-EL tended to be larger than in
Group-C,  ANOVA did not reveal statistical difference
between the two groups.  However, right ventricular
hypertrophy, as expressed by RV/(LV+S),  occurred in
Group-EL (table 1).

Table 3.  –  Percentage medial thickness of pulmonary
arteries

ED Group-C Group-EL
µm % %

<50 4.4±0.3 (4) 7.8±0.9 (5)#

50–100 3.3±0.7 (6) 7.2±0.5 (10)##

>100 2.0±0.6 (4) 6.4±1.0 (5)##

Data are presented as mean±SEM.  Numbers in the parentheses
are the number of the sections of arteries on which morphometry
was made.  Group-C:  saline-treated group;  Group-EL:  elas-
tase-treated group;  ED:  external diameter;  #:  p<0.05;  ##:
p<0.01 vs Group-C.

Fig. 1.  –  Lung histology.  Shown is a slice from one rat of each
group.  A)  Group-C;  intratracheally instilled with saline 4 weeks
before sacrifice.  B)  Group-EL;  instilled with porcine pancreatic elas-
tase.  (Original magnification ×200).
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Ppa 3 weeks after elastase instillation

During air breathing Ppa of Group-EL was signifi-
cantly higher than that of Group-C at this period of exper-
iment (p<0.01) (table 4).

Discussion

This is the first description of the pulmonary haemo-
dynamics of an emphysema model produced by intra-
tracheal elastase.  The study demonstrated that four weeks
after tracheal instillation of pancreatic elastase,  the change
in pulmonary artery pressure when animals were exposed
to 10% O2 was significantly larger in the emphysema
group than in the control group,  and at this period the
right ventricle was significantly more hypertrophic in the
emphysema group.

In the calculation of PVR, we used the same Pcw,
3.8 mmHg, for both groups.  This value is quite close
to the left ventricular end-diastolic pressure of rats,  3.4
mmHg, used by FRIED et al. [15].  Whilst it is possible
that Pcw while breathing 10% O2 was lowered by reduc-
tion of the blood returning to left atrium because of raised
pulmonary vascular resistance [18],  we assumed that the
reduction of the left atrial pressure was negligible.

Different investigators have used widely varying amounts
of porcine pancreatic elastase, ranging from 1.3–100
U·100g-1 BW in different animal species [1,  19–22].  In
earlier work, we tested dose dependency of lung pres-
sure-volume curve and morphometry using porcine pan-
creatic elastase ranging from 20–100 U·100g-1 BW in
rats [10].  The pressure-volume curve at 100 U was more
to the right and downward than at 80 U and, in addition,
animal mortality shortly after instillation was higher.
Mean linear intercepts of animals treated with 100 U
were only slightly larger than those of animals with 80
U.  From these results, we concluded that 80 U·100g-1

BW is optimal for a rat emphysema model produced by
a single intratracheal instillation of porcine pancreatic
elastase.  With 80 U, mean linear intercept was 98 µm,
1.4 times that of the control value,  72 µm [10].  This degree
of widening of alveolar space corresponds to human
emphysema ranging from mild to relatively severe [23].
In the emphysema model produced by elastase instilla-
tion, mean linear intercept increases between 3–6 weeks,
with no other significant change, although some func-
tional parameters continue to change over 52 weeks [24].
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Table 4.  –  Body weight and pulmonary and systemic
arterial pressure 3 weeks after elastase instillation

BW Ppa Psa
g mmHg mmHg

Group-C 249±4 17.9±0.4 120±2
(n=10)
Group-EL 245±3 20.8±0.4## 119±1
(n=15)

Data are presented as mean±SEM.  BW:  body weight;  Ppa:
pulmonary artery pressure;  Psa:  systemic artery pressure;
Group-C:  saline-treated group;  Group-EL:  elastase-treated
group;  ##:  p<0.01 vs Group-C.

While breathing air,  the control animals showed mean
systemic artery pressure, mean pulmonary artery pres-
sure,  cardiac index, and pulmonary resistance similar
to previous results obtained for awake rats [13, 15, 16,
25].  Heart rate [15, 25] and respiratory rate [26] were
also similar to other reports.  Mean pulmonary artery
pressure of the emphysema group after 4 weeks was
higher than the values of the control group,  but not sta-
tistically significant.  However,  mean pulmonary artery
pressure three weeks after instillation of elastase, was
significantly higher than that of the control group dur-
ing air breathing (table 4).  Right ventricular hypertro-
phy of the emphysema model was significant,  even four
weeks after instillation (table 1), suggesting the exis-
tence of an experimental period of pulmonary hyperten-
sion.   It seems that,  in this model,  pulmonary hypertension
recovers earlier than medial wall thickness and right ven-
tricular hypertrophy.

It is presently accepted that total pulmonary vascular
resistance is determined by two portions of the pulmonary
bed, namely, the alveolar and the extra-alveolar segments
[7, 8].  To the extra-alveolar vessels within the lung
parenchyma, outward radial stress is applied by the sur-
rounding tissue,  and this resists the narrowing of vas-
cular beds.  Outward force exerted on vasculature by the
lung tissue during resting respiration should be weaker
in Group-EL than in Group-C.  Attenuation of the oppo-
site radial force exerted on pulmonary vessels against
the hypoxic pulmonary vasoconstriction is probably one
of the reasons why change in pulmonary artery pressure
with 10% O2 was higher in Group-EL.

Medial walls were significantly more thickened in
Group-EL.  An increased medial thickness produces a
vascular hyperreactivity, which does not necessitate the
concomitant presence of a changed smooth muscle sen-
sitivity-reactivity.  Increase in wall/lumen ratio reduces
their structurally determined lumen and tends to poten-
tiate the luminal reductions for a given smooth muscle
reduction [27].  Then, an increase in pulmonary arterial
wall thickness can also explain the enhancement of hypox-
ic pulmonary vasoconstriction.

The third possible reason for enhanced pulmonary vas-
cular reaction to hypoxia is an increased responsiveness
of the pulmonary vascular smooth muscle.  The emphy-
sematous lung produced by an endotracheal elastase in-
stillation showed greater contractility to KCl in vitro, in
a study in which lung parenchyma included vascular
smooth muscle [5].

In summary, we reported on the pulmonary haemo-
dynamics of an emphysema model produced by a single
endotracheal instillation of elastase, 80 U·100 g-1 BW.
With this dose and four weeks after instillation,  the right
ventricle was significantly more hypertrophic in treated
animals than in untreated animals.  The medial thickness
of small pulmonary arteries of the group treated with
elastase was significantly increased.  Pulmonary artery
pressure responded significantly more to acute hypoxia
in elastase-treated animals, although the vascular reac-
tivity was not significantly different between the groups
when the pressure response was evaluated as pulmonary
vascular resistance.
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