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Summary
 Background: Accidents involving poisoning can progress to severe clinical conditions with serious repercussions 

to the respiratory system, which can be measured from the end-inspiratory occlusions after con-
stant flow inflations. Our objective was to demonstrate how the end-inspiratory occlusions after 
constant flow inflation technique can be used as a new experimental protocol for an animal mod-
el submitted to different crude venoms and and/or venom components in the assessment of the 
behavior of ventilatory mechanics.

 Material/Methods: The animals are inoculated with the toxin, anesthetized, and a tracheostomy is performed, the tra-
cheal cannula is then connected to a pneumotachograph and to a mechanical ventilator which al-
lows the control of tidal volume, air flow and positive end-expiratory pressure (PEEP). Five-second 
post-inspiration pauses are performed in accordance with the occlusion method. This experimen-
tal model allows the study of the mechanical behavior of the respiratory system in cases of poison-
ing by different animals.

 Results: A previous study seeking to verify the pulmonary mechanics and viscoelastic pressures showed that 
Est, Edyn, and DeltaP2 increased at 1 h in both venom groups, being significantly higher in V1 
than in V0.3, and decreasing progressively, reaching control values at 48 h in V0.3, but remaining 
altered in V1 at 72 h. DeltaP1 augmented in V1 at 1 h, returning to normal at 72 h.

 Conclusions: Based on previous studies, animal venoms in crude form generate significant lung injury with 
significant changes in compliance and elastance of the respiratory system and/or isolated lung. 
However, little is known about the effects of isolated components of these venoms, which should 
be addressed in future studies.
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Background

The mechanical properties of lung tissue provide impor-
tant information about pathophysiology since it was realized 
that lung elastic recoil plays a crucial role in breathing [1].

The study of mechanical properties of lung tissue started 
from the simple principle evaluation the single-compartment 
model (Figure 1) proposed by Otis in 1956, which does not 
consider the slow pressure drop observed after occlusion of 
the airway at the end of inspiration, the fact that elastance 
and resistance are frequency-dependent, and hysteresis [2].

Bates et al. [3] proposed the viscoelastic two-compartment 
model (Figure 2), based on studies from Mount [4]. The 
mechanical properties of the tissues, however, are now rep-
resented by 3 elements: a resistor (R1, known as a dashpot) 
and 2 springs. The 3 elements – Rt, E1, and E2 – together 
constitute what is known as a Kelvin body. The stiffness of the 
spring E1 represents the static elastic behavior of the lung, and 
the series combination of Rt and E2 (which together consti-
tute a Maxwell body) account for its viscoelastic behavior [5].

If a matrix force deforms the system and bars from the 
equilibrium elastic point move away to a certain speed, the 
points of attachment of R1 damper and springs E1 and E2 
moves with the same velocity (V’). Each point corresponds 
to a pressure: flow-resistive, elastic, and viscoelastic. The sum 
of all these pressures corresponds to the total pressure of 
distension of the system [3].

When the air flow is abruptly interrupted by rapid airway 
occlusion of the inspiratory valve of the mechanical venti-
lator and this occlusion is maintained for a long period of 
time (5 s), the bars of the model remain at the same dis-
tance, because inflated volume is stored in lungs. The damp-
er R1 completes its work at time t=Ti and pressure related 
to it drops to zero. Spring E1 is blocked between the bars 
and continues to exert its elastic force in the opposite di-
rection to its deformation (Est.V (t)). The spring E2 stop 
at the equilibrium length and the damper R2 continues to 
move until t2 5 is reached. After opening the airway, the 
model returns to its equilibrium point [3].

Therefore, pulmonary mechanics measured from end-inspi-
ratory occlusion has been used since 1956 [6] on both hu-
mans [7] and experimental animals [8]. The significance 
of the measured variables, however, has been only clarified 

in a theoretical analysis by Bates et al. [3] through a visco-
elastic 2-compartment model.

The elastic, resistive, and viscoelastic pressures are mechan-
ical properties of the respiratory system that play a central 
role in the diagnosis of pulmonary response to different sit-
uations such as asthma [9], chronic obstructive pulmonary 
disease [10], acute respiratory distress syndrome, and acute 
lung injury [8]. Alterations in respiratory system components 
lead to altered lung mechanics, characterized by histologi-
cal abnormalities, edema, hemorrhaging, inflammation, and 
increased deposition of matrix extra-cellular proteins [8].

The literature describes the impact on structures of the respi-
ratory system caused by acute or chronic inflammation due 
to different toxins found in poisonous animals. Among other 
dysfunctions, an increase in pulmonary vascular permeability 
is known to induce pulmonary edema, which causes changes 
in pulmonary compliance and elasticity [11]. Experimental 
studies involving poisonous animals and addressing the prop-
erties of respiratory mechanics have been carried out to gain 
a better understanding of the physiopathology of the acute 
and/or chronic inflammatory process, including respirato-
ry distress syndrome induced by different types of toxins, as 
well as possible treatment strategies [12–17].

Accidents involving poisoning from animal toxins have be-
come increasingly common. Such intoxication can progress 
to severe clinical conditions with serious repercussions to 
the respiratory system in humans, as reported in the inter-
national scientific literature [18].

According to Cardoso et al. [19], the clinical manifestations 
of systemic poisoning by snakes include respiratory problems 
characterized by shortness-of-breath, followed by a mixture 
of restrictive and obstructive breathing patterns caused by 
paralysis of the thoracic intercostal muscles and the build-up 
of secretions in the bronchial tree, progressing to paralysis 
of the diaphragm. One study reported atelectasis, as well as 
diffuse hyperemia of the alveolar septa and pulmonary vas-
culature in general; the histological analysis revealed eosin-
ophil infiltrate and hemorrhage in the respiratory system of 
domestic animals bitten by the Australian tiger snake [20].

Poisoning caused by scorpions leads to extensive pulmonary 
edema, which is a serious and often fatal clinical finding, 
especially in children and the elderly. Andrade et al. [21] 
found that toxins from the venom of the scorpion Tityus 

Figure 1.  Anatomical and mechanical representation of the single 
– compartment linear model of the lung.
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Figure 2.  Anatomical and mechanical representation of the 
viscoelastic model of the lung with two degrees of freedom.

Rint, L
Rint, L

V

Est, L

Est, L

R2

R2

E2

E2

da Palma R.K. et al. – Respiratory mechanics study in experimental animal model…

165



serrulatus inoculated in rats on mechanical ventilation in-
duced a reduction in pulmonary compliance. In another 
study, the histological analysis of tissue from the pulmonary 
lobes of animals poisoned by the scorpion Tityus fasciolatus 
revealed congested alveolar capillaries and multifocal pete-
chial hemorrhage, characterized by erythrocytes in the in-
terstitial and intra-alveolar spaces [18].

In an epidemiological study, Bucaretchi et al. [22] found 
that intoxication caused by bites from spiders of the genus 
Phoneutria also resulted in acute pulmonary edema, resulting in 
the death of one of the severe cases of accidents with humans.

The present study describes how the end-inspiratory occlu-
sions after constant flow inflations technique can be used as 
a new experimental protocol for an animal model submitted 
to different crude venoms and and/or venom components 
to the assessment of the behavior of ventilatory mechanics.

Material and Methods

Experimental protocol

Small animals, such as mice or rats, can be used in this ex-
perimental model. First, the mean lethal dose (LD50) of 
toxin is previously determined by injection of 5 different 
doses in 5 groups of animals, and recording the death dur-
ing a 72 h period, considering the pathway [23].

Then the animals are sedated and anesthetized, and inoculat-
ed with the dose of the toxin to be studied through a prede-
termined inoculation pathway, depending on the study pro-
tocol. After a previously established poisoning timeframe, 
the animals are again sedated and anesthetized and proper-
ly placed on the surgical table where a tracheostomy and/or 
orotracheal intubation is performed. For a tracheostomy pro-
cedure, a small longitudinal incision is made in the anterior 
region of the neck. The adjacent tissues are spread until the 
trachea is exposed. A longitudinal incision is made between 
the 2 fibrous rings to introduce a cannula of length and di-
ameter appropriate for the specific animal (e.g. 0.5 mm ID 
for mice and 2.1 mm ID for rats), firmly tied in place.

The tracheal cannula is then connected to a pneumotach-
ograph [24], which is connected to a mechanical ventilator 
(Samay MVR17, Montevideo, Uruguay or Harvard Apparatus, 
model 683, South Natick, MA). A pressure transducer is used 
for measuring tracheal pressure (Ptr) (P23 Db, Statham-
Gould, Oxnard, CA) and a differential pressure transducer 
(PT5A, Grass, Quincy, MA) is used for measuring the flow 
of the airways (V’). These are coupled to the pneumotach-
ograph, as illustrated in Figure 3.

The signal transducers are connected to a signal condition-
er (EMG System do Brasil) with 8 channels of analogical in-
put, 1000× amplification, sampled at 250 Hz with a 12-bit 
analogue-to-digital converter used in the signal process-
ing with the aid of a microcomputer and data acquisition 
software Windaq/Pro (DATAQ Instruments, Akron, OH).

The flow of the mechanical ventilator is generated by a 
source of compressed air connected to the ventilator using 
a pressure-reducing valve. The flow resistance produced by 
the system (Req), including the tracheal cannula, must be 
taken into consideration. The resistance pressure of the 
equipment will be subtracted from the pulmonary resistive 
pressures so that the intrinsic values are real [24].

After the tracheostomy, the muscle relaxation will be 
achieved with curare and the tracheal cannula is connect-
ed to the pneumotachograph and ventilator, controlling 
the tidal volume (TV), air flow (V’) and positive end-expi-
ratory pressure (PEEP).

After stabilization of the ventilatory parameters, 5-s post-in-
spiration pauses are performed at the end of inspiration in 
accordance with the occlusion method [25] for the measure-
ment of the mechanical properties of the respiratory system.

Analysis of curves

In a respiratory system in which the thoracic wall is intact, 
tracheal pressure (Ptr) represents the pressure dissipated 
by the system and esophageal pressure (Pes) represents 
the pressure generated by the thoracic wall. The pressure 

Figure 3. Set up of respiratory mechanics study.1 – Air cilinder
2 – Pressure reducing valve
3 – Mechanical ventilator
4 – Pneumatochograph
5 – Tracheal cannula
6 – Surgical table
7 – Pressure transducer (tracheal
        pressure measure)
8 – Di�erential pressure transducer
       (air�ow meausre)
9 – Signal conditioner
       (analogue-to-digital converter)
10 – Microcomputer
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generated by the lungs is obtained by subtracting Pes from 
Ptr. When measurements are performed with the thorax 
open (thoracic wall removed), Ptr represents the pressure 
of the pulmonary parenchyma.

After the occlusion of the airways at the end of inspiration 
(Figure 4), there is a sudden drop in Ptr, beginning with 
a maximum value (Pmax) to an inflexion point (Pi), from 
which the drop in pressure becomes slower, reaching a pla-
teau. This plateau phase corresponds to the elastic retrac-
tion pressure of the lungs (Pel). The difference in pressure 
(∆P1) that characterizes the initial rapid drop (represented 
by the difference between Pmax and Pi) corresponds to the 
viscous component. The second variation in pressure (∆P2), 
represented by the slow drop, which runs from Pi to the pla-
teau (Pel), reflects the pressure dissipated to overcome the 
viscoelastic component. The sum of ∆P1 and ∆P2 is the to-
tal variation in lung pressure (∆Ptot). Static elastance (Est) 
and dynamic elastance (Edyn) are determined by dividing 
Pel and Pi, respectively, by the tidal volume, with ∆E equal-
ing the difference between Edyn and Est.

For the determination of Pi, a nonlinear exponential fall in 
the 2 curves is used, determining the rapid drop and slow 
drop. From this, the pressure value in the time from ∆P1 
to ∆P2 is determined.

results

This experimental model allows the study of the mechani-
cal behavior of the respiratory system, after end-inspiratory 
occlusion, in cases of poisoning by different animals. This 
model allows a better understanding of the physiopatholog-
ic repercussions of different toxins in the respiratory system, 
leading to faster and more efficient clinical interventions.

A previous study investigated the pulmonary mechanics [stat-
ic (Est) and dynamic (Edyn) elastances, resistive (DeltaP1) 
and viscoelastic pressures (DeltaP2)], histology, and bron-
choalveolar lavage fluid (BALF) from BALB/c mice at 1, 24, 
48, and 72 h after intravenous injection of saline or Bothrops 
jararaca crude venom [0.3 (V0.3) or 1 (V1) microg·g(–1)]. 
Est, Edyn, and DeltaP2 increased at 1 h in both V groups, 
being significantly higher in V1 than in V0.3, decreasing 
progressively, reaching control values at 48 h in V0.3, but 
remaining altered in V1 at 72 h. DeltaP1 augmented in V1 

at 1 h, returning to normal at 72 h. Histological changes 
in the V0.3 group included interstitial edema, alveolar col-
lapse, and increased cellularity, which returned to normal 
at 48 h. These changes were more intense in the V1 group, 
with alveolar edema and hemorrhage. BALF showed time-
dependent neutrophil influx in V0.3 [26].

Another study investigated the effects of Crotalus durissus 
terrificus venom (CdtV) on the pulmonary mechanic events 
[static and dynamic elastance, resistive (DP1) and viscoelas-
tic pressures (DP2)] and histology after intramuscular in-
jection of saline solution (control) or venom (0.6 mg/g). 
The static and dynamic elastance values were increased sig-
nificantly after 3 h of venom inoculation, but were reduced 
to control values in the other periods studied. The DP1 val-
ues that correspond to the resistive properties of lung tis-
sue presented a significant increase after 6 h of CdtV injec-
tion, reducing to basal levels 12 h after venom injection. In 
DP2 analysis, corresponding to viscoelastic components, an 
increase occurred 12 h after venom injection, returning to 
control values at 24 h. CdtV also caused an increase of leu-
kocyte recruitment (3–24 h) to the airways wall and to the 
lung parenchyma. [27].

A recent study evaluated the effects of an intramuscular 
injection of Tityus serrulatus venom (TsV) (0.67 mg/g) on 
lung mechanics and lung inflammation at 15, 30, 60 and 
180 min after inoculation. TsV inoculation resulted in in-
creased lung elastance when compared with the control 
group (p<0.001); these values were significantly higher at 
60 min than at 15 and 180 min (p<0.05). Resistive pressure 
(DP1) values decreased significantly at 30, 60, and 180 min 
after TsV injection (p<0.001). TsV inoculation resulted in 
increased lung inflammation, characterized by an increased 
density of mononuclear cells at 15, 30, 60 and 180 min af-
ter TsV injection when compared with the control group 
(p<0.001). TsV inoculation also resulted in an increased pul-
monary density of polymorphonuclear cells at 15, 30, and 
60 min following injection when compared to the control 
group (p<0.001) [28].

discussion

Preliminary studies have investigated the effect of animal 
venoms in crude form on respiratory mechanics after end-
inspiratory occlusion and reported acute injury. Silveira 

Figure 4.  Airflow and tracheal pressure curves in 
relation to time.
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et al. [26] found that intravenous administration of crude 
venom from Bothrops jararaca led to an increase in the elas-
tances and viscoelastic properties of the lung tissue 1 h after 
induction, with values returning to normal after 48–72 h. 
Histological analysis revealed interstitial edema, alveolar 
collapse, and increased cell migration.

A study involving the intramuscular inoculation of the crude 
venom from the snake Crotalus durissus terrificus reported 
similar results regarding respiratory mechanics, with a sig-
nificant increase in elastance after 3 h. Viscous and visco-
elastic properties also exhibited changes 12–24 h after inoc-
ulation. Histological analysis revealed leukocyte migration 
in the airway walls and pulmonary parenchyma [27].

A study investigating the effects of venom from the scorpi-
on Tityus serrulatus on respiratory mechanics [28] also re-
ports acute lung injury, with alterations in the mechanical 
properties and a considerable increase in both mono- and 
polymorphonuclear cells 60 min after intramuscular inoc-
ulation of the crude venom.

conclusions

Based on previous studies, we observed that the viscoelastic 
2-compartment model with end-inspiratory occlusion pro-
posed Bates et al. can be used as a new experimental proto-
col for an animal model submitted to different crude ven-
oms and/or low molecular weight fraction-generated lung 
injury with significant changes in compliance and elastance 
of the respiratory system and/or isolated lung. However, lit-
tle is known about the effects of isolated peptides of these 
venoms, which should be addressed in future studies.
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