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A B S T R A C T

The GABAA receptor agonist midazolam is a compound widely used as a tranquilizer and sedative in mammals
and reptiles. It is already known that this benzodiazepine produces small to intermediate heart rate (HR) al-
terations in mammals, however, its influence on reptiles' HR remains unexplored. Thus, the present study sought
to verify the effects of midazolam on HR and cardiac modulation in the snake Python molurus. To do so, the
snakes' HR, cardiac autonomic tones, and HR variability were evaluated during four different experimental
stages. The first stage consisted on the data acquisition of animals under untreated conditions, in which were
then administered atropine (2.5 mg kg−1; intraperitoneal), followed later by propranolol (3.5 mg kg−1; in-
traperitoneal) (cardiac double autonomic blockade). The second stage focused on the data acquisition of animals
under midazolam effect (1.0 mg kg−1; intramuscular), which passed through the same autonomic blockade
protocol of the first stage. The third and fourth stages consisted of the same protocol of stages one and two,
respectively, with the exception that atropine and propranolol injections were reversed. By comparing the HR of
animals that received midazolam (second and fourth stages) with those that did not (first and third stages), it
could be observed that this benzodiazepine reduced the snakes' HR by ~60%. The calculated autonomic tones
showed that such cardiac depression was elicited by an ~80% decrease in cardiac adrenergic tone and an
~620% increase in cardiac cholinergic tone – a finding that was further supported by the results of HR varia-
bility analysis.

1. Introduction

γ-Aminobutyric acid (GABA) is the most abundant and influential
inhibitory neurotransmitter acting upon the central nervous system
(CNS) of adult vertebrates (Krnjević, 1974; Olsen and Venter, 1986). It
is the main mediator of neuronal excitability reduction, usually hy-
perpolarizing neurons by promoting an inflow of chloride ions (through
GABAA receptors) or an outflow of potassium ions (through GABAB

receptor) in these cells (Gähwiler and Brown, 1985; Bormann et al.,
1987; Semyanov et al., 2004). Reduced concentrations of this neuro-
transmitter in the CNS are directly linked to the manifestation of
aversive behaviors, while high concentrations are linked to relaxed

states (DiScala et al., 1984; Brandão et al., 2005). The modulation of
aversive behaviors and relaxation by GABA and its mimetics is of great
veterinary and experimental interest, based on the search for sedative
compounds with minor side effects and on the understanding of its
underlying physiological mechanisms.

In vertebrates, aversive behaviors are usually followed by neuro-
humoral responses that stimulate both the cardiovascular and re-
spiratory systems, preparing them for fight-or-flight situations – con-
versely, a relaxed state is linked to an opposite neurohumoral status.
The most commonly modified cardiorespiratory variables are re-
spiratory rate, tidal volume, heart rate (HR), myocardial contraction
force, arterial blood pressure, and cardiac output (Cannon, 1929;
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DiMicco et al., 1986; DiMicco and Abshire, 1987; Wang et al., 2001).
Virtually all vertebrates' hearts are innervated by both the sympa-

thetic and parasympathetic subdivisions of the autonomic nervous
system (Taylor et al., 2014), in which the sympathetic (adrenergic)
mediators exhibit excitatory effects (e.g. elevated HR) and the para-
sympathetic (cholinergic) mediators exhibit inhibitory effects (e.g. re-
duced HR) (Nilsson, 2011; Taylor et al., 2014) – except for cyclostomes,
in which adrenergic mediators exhibit inhibitory effects and cholinergic
mediators exhibit excitatory effects (Augustinsson et al., 1956). In ad-
dition, it is important to note that along with the adrenergic modulation
of cardiac sympathetic innervation, adrenergic stimulation from cir-
culating adrenal catecholamines can also occur (Taylor et al., 2014).
Furthermore, in some situations (e.g. postprandial state), the heart of
these animals can still be subjected to excitatory or inhibitory influ-
ences from non-adrenergic and non-cholinergic factors (NANC) – such
as histamine and intestinal polypeptide (Rigel, 1988; Wang et al., 2001;
Skovgaard et al., 2009; Enok et al., 2012; Braga et al., 2016).

The benzodiazepine midazolam is a GABAA receptor agonist widely
used (through systemic application) as a tranquilizer and sedative in
both mammals and reptiles, which can also be administered in com-
bination with anesthetic drugs for surgical procedures (Reves et al.,
1985; Evans and Viola-McCabe, 1996; Mosley, 2005; Natalini, 2007;
Arnett-Chinn et al., 2016). It is currently known that midazolam tends
to produce small to intermediate alterations in mammalian HR (Reves
et al., 1985; Natalini, 2007), however, little is known about its effects in
reptiles HR. So, to fill this knowledge gap, the present study sought to
verify the effects of midazolam on HR and cardiac modulation in the
Burmese python (Python molurus).

The Burmese python is a representative species of the Pythonidae
family, commonly used as an experimental model in comparative
physiology studies, which usually investigate topics related to its eco-
physiological peculiarities such as eurytopic habits (Lillywhite et al.,
2012; Armelin et al., 2014; Enok et al., 2014), extra-high metabolic
alterations associated with digestion and physical exercise (Secor and
Diamond, 1997; Secor et al., 2000; Lignot et al., 2005; Secor, 2008;
Secor and White, 2010; Enok et al., 2012), and functionally (but not
anatomically) isolated pulmonary and systemic circulations (Wang
et al., 2002; Wang et al., 2003; Zaar et al., 2007). Additionally, in some
countries, these animals have consolidated status as a pet and is
therefore involved in the pet industry's business (Snow et al., 2007;
Wilson and Heinsohn, 2007; Rataj et al., 2011). For these purposes,
Burmese pythons are frequently held captive, thus generating wide-
spread demand for veterinary procedures and mechanistic physiolo-
gical knowledge.

2. Material and methods

The present study was approved by UNESP/IBILCE Ethical
Committee for Animal Research (Proc. 076/2013 CEUA), being in ac-
cordance with all the regulations and ethical guidelines in Brazil.

2.1. Experimental animals

Twenty-eight adult specimens of P. molurus (Linnaeus, 1758) were
obtained from a scientific breeding center in mid-2009 (Jacarezário -
UNESP, Rio Claro, SP, Brazil) and reared in a serpentarium located at
UNESP, São José do Rio Preto, SP, Brazil. The snakes weighed between
05 and 10 kg and were approximately 2.5 m in length. They were in-
dividually housed in 540 l plastic containers, kept at 27 ± 1 °C
(mean ± SEM) under natural photoperiod conditions, fed laboratory
rodents on a weekly basis, and given continuous access to water. The
specimens' sexes were not taken into consideration, and the snakes were
not fed for 15 days prior to the experiments. All experimental trials
were carried out during the spring and summer seasons, from October
2012 to March 2013.

The animals were divided into four groups aiming the following

purposes: determine the dose of midazolam suitable for the study
(N = 12), verify the effects of midazolam on the animals' HR and car-
diac autonomic modulation (N = 8), check if the recovery time given to
the animals after the instrumentation was sufficient (N = 4), and verify
whether the stress of pharmacological administrations influenced the
measurements performed (N = 4).

2.2. Pre-experimental procedures

First, an inhalation mask was placed over each snake's head and
perfused with isoflurane (3%) and oxygen (97%) until the animals
became unresponsive (Mosley, 2005). Their glottis was then intubated
with soft rubber tubing for the lungs to be directly ventilated with a
mixture of isoflurane (1%) and oxygen (99%) (Mosley, 2005). The
ventilation pattern was manually kept at ~1.8 breaths min−1 with a
tidal volume of ~17.5 ml kg−1 by a second experimenter using an
anesthesia gas blender coupled to a breathing balloon and a chron-
ometer (Colibri Inhalatory Anesthesia Apparatus, Brasmed Veterinary
Products, Paulínia, SP, Brazil) (Secor et al., 2000).

Each animal's heart was then located via palpation, and three
electrocardiogram adhesive electrodes were placed around it – two of
which were positioned laterally and 2 cm above the heart, and the third
of which was placed centrally and 5 cm below the heart. These elec-
trodes were connected to a BIOPAC MP36 data acquisition system
(BIOPAC Systems Incorporated, Goleta, CA, USA) to continuously ac-
quire and record the animals' electrocardiogram (1000 Hz), from which
the HR values were derived. All aforementioned proceedings were
performed in ~20 min.

The snakes were then transferred to individual 250 l plastic con-
tainers in a silent room at a temperature of 26 ± 0.2 °C
(mean ± SEM), in which the animals could not move excessively, thus
removing the electrodes. Soon after, animals were ventilated with at-
mospheric air (using a manual breathing balloon at the same rate and
tidal volume isoflurane was administered) and recovered awareness
within ~20 min. The experiments began 2 h after the animals re-
covered awareness from the anesthesia.

2.3. Determination of midazolam dose

Due to the lack of information about adequate midazolam dosage
for reptiles, the cardiovascular effects of three different midazolam
doses were investigated using twelve snakes [0.35 mg kg−1,
0.75 mg kg−1, 1.0 mg kg−1 of a 5.0 mg ml−1 solution; doses de-
termined according to the suggestions of Mosley, 2005; N = 4 for each
dose tested] following the aforementioned pre-experimental proce-
dures. For this, the animals' HR was continuously monitored for 1 h
before and for 8 h after an intramuscular (IM) administration of mid-
azolam – this monitoring period was determined to verify the time
required for midazolam to exert its effects and to confirm if it persists
for long-term experimental protocols. Based on the results of this test
(as detailed in the Results section), the highest dose (1.0 mg kg−1) was
chosen for use in the present study.

2.4. Effects of midazolam on heart rate and cardiac autonomic modulation

To verify the effects of midazolam on the animals' HR and cardiac
autonomic modulation, eight animals (N = 8) underwent four experi-
mental stages, with a one-month recovery period between each stage.
All these experimental stages started after the completion of pre-ex-
perimental procedures.

The first stage focused on the collection of HR values until it re-
mained stable for 30 min (a process that took ~2 h) (untreated baseline
data). After this step and still as part of the first stage, the muscarinic
cholinergic antagonist atropine (2.5 mg kg−1 of a 10.0 mg ml−1 solu-
tion) was intraperitoneally (IP) administered, and HR values were
continuously collected for 1 more hour. Once the values were acquired,
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the β-adrenergic antagonist propranolol (3.5 mg kg−1 of a
10.0 mg ml−1 solution) was IP administered and HR values were once
again continuously collected for 1 h (atropine + propranolol data).

The second stage began with an IM injection of the GABAergic
agonist midazolam (1.0 mg kg−1 of a 5.0 mg ml−1 solution) (dose de-
termined in present study), followed by a collection of HR values until it
remained stable for 30 min (a process which took ~2 h) (midazolam
baseline data). Subsequently, the autonomic blockade protocol and HR
collection were performed as in the first stage.

The third and fourth stages consisted of the same protocol of stages
one and two, respectively, with the exception that atropine and pro-
pranolol administration order were reversed. The HR used for data
analysis were the values acquired in the last minutes of stabilized data
at untreated baseline, midazolam baseline and after administration of
atropine, propranolol or combinations of these drugs.

Previous studies on cardiac autonomic modulation performed in P.
molurus have already provided important information about autonomic
blockades in this species (Enok et al., 2012; Armelin et al., 2014). The
atropine and propranolol doses used in the present investigation were
based on these studies, which also highlighted that such drugs exert
their effects in ~30 min when IP administered in P. molurus. Moreover,
these studies showed that the effects of atropine and propranolol are
maintained for several hours, reason why the second antagonist ad-
ministration performed at the end of each experimental stage estab-
lished a double autonomic blockade in the animals' hearts. It is worth
noting that atropine and propranolol effects are not maintained for
more than a few days (Altimiras et al., 1997), so the one-month interval
between treatments is more than enough for these drugs stop exerting
its effects on the cardiovascular system.

2.5. Analysis of cardiac autonomic tones and heart rate variability

The cardiac adrenergic and cholinergic tones were quantified for
each experimental stage using the equations proposed by Altimiras
et al. (1997), in order to assess the mean autonomic influence on the
heart of snakes under untreated baseline and midazolam baseline
conditions. To do so, the R–R intervals (60/HR; in seconds) obtained
from the animals under untreated baseline condition, under midazolam
baseline condition, under muscarinic cholinoceptor blockade, under the
β-adrenoceptor blockade, and under both antagonists' effects were
used.

HR variability (HRV) analysis was also performed for each experi-
mental stage, according to Akselrod et al. (1981) and Altimiras (1999).
For this, electrocardiogram portions of 256 cardiac cycles free of noise
or respiratory artifacts were extracted from the last minutes of stabi-
lized data at untreated baseline, midazolam baseline and after admin-
istration of atropine, propranolol or combinations of these drugs. These
electrocardiogram portions were used to generate HR tachograms in the
BIOPAC Student Lab Pro v3.7 software (BIOPAC Systems Incorporated,
Goleta, CA, USA). In order to perform a power spectral analysis (PSA) of
HR variation patterns, these tachograms were exported to text files
(*.txt) and processed in the CardioSeries v2.4 software (custom soft-
ware, downloadable at www.danielpenteado.com). In this software, the
beat-to-beat HR series were resampled with data points every 500 ms
by cubic spline interpolation (2 Hz). Next, the interpolated series were
divided into half-overlapping segments of 256 points. To attenuate side
effects, a Hanning window was applied and spectra were calculated for
all of the segments with a discrete Fast Fourier Transformation (FFT).
Then, based on the location of low-frequency (LF) and high-frequency
(HF) peaks in the animals' spectra, the power of the LF (PLF) and HF
(PHF) bands were calculated to assess sympathovagal dynamics. Be-
cause of the presence of artifacts on the electrocardiogram, HRV could
not be analyzed in two of the eight animals used in the four experi-
mental stages.

2.6. Influence of anesthetic recovery time

To verify if the anesthetic used in the instrumentation was exerting
effect on the variables studied during the experiments, four snakes
(N = 4) were instrumented as described in the pre-experimental pro-
cedures, with the difference that the animals were allowed to rest for
24 h after they recovered awareness from anesthesia. Then, HR was
recorded from animals under untreated condition (during 2 h), after
muscarinic cholinergic blockade with atropine (during 1 h), and after
double autonomic blockade with atropine and propranolol (during 1 h)
– according to the first experimental stage. Cardiac adrenergic and
cholinergic tones were also analyzed in these animals, as well as HRV
(as described in Section 2.5). The results obtained in this test (24 h of
post-anesthesia recovery) were later compared with those of the first
experimental stage (2 h of post-anesthesia recovery).

2.7. Saline administration test

To check if the stress of pharmacological administrations influenced
the measurements performed, four other snakes (N = 4) were in-
strumented as previously described. Two hours after anesthesia re-
covery, the animals' HR values were collected until HR remained stable
for 30 min. Then, to simulate the administration of midazolam, a saline
solution (0.9%; 0.2 ml kg−1) was IM injected and HR values were
continuously recorded for a further 2 h. Then, aiming to simulate the
administration of an autonomic antagonist, the same solution
(0.35 ml kg−1) was IP injected and HR was continuously collected for 1
more hour. HRV analysis was also performed on these animals (as de-
scribed in Section 2.5). The results obtained before and after the saline
administrations were compared to each other allowing the evaluation
of possible influences of the infusions per se.

2.8. Statistics

The Kolmogorov-Smirnov test was applied to all of the data to verify
normal distribution. Regarding the experiments on the determination of
the dose of midazolam, a two-way ANOVA followed by a Student-
Newman-Keuls post hoc test was used to assess significant differences
between the groups' HR at different moments – before and after mid-
azolam administrations.

Next, a one-way ANOVA for repeated measures was applied, fol-
lowed by a Student-Newman-Keuls post hoc test, in order to identify
differences in HR between animals under the conditions studied in all
four experimental stages. Differences among cardiac adrenergic and
cholinergic tones of animals under untreated baseline (first and third
experimental stages) and midazolam baseline (second and fourth ex-
perimental stages) conditions were evaluated using this test as well. In
addition, a one-way ANOVA for repeated measures followed by an
unprotected Fisher's Least Significant Difference post hoc test was
conducted in order to determine any divergences between PLF and PHF
of animals submitted to the conditions related to all experimental
stages.

The HR, cardiac autonomic tones, PLF, and PHF obtained from ani-
mals during the first experimental stage (2 h of post-anesthesia re-
covery) were compared to those obtained in animals that passed
through 24 h of post-anesthesia recovery via one-way ANOVA followed
by a Bonferroni post hoc.

A one-way ANOVA for repeated measures and a subsequent
Student-Newman-Keuls post hoc test was performed to determine pos-
sible divergences between the animals' HR before and after the IM and
IP saline administrations. Finally, the PLF and PHF of saline-treated
animals were compared using a one-way ANOVA for repeated measures
followed by an unprotected Fisher's Least Significant Difference post
hoc test. A level of P ≥ 0.1 was adopted for the normality test, and
P ≤ 0.05 was used in all the other tests. The statistical analyses men-
tioned above were carried out using GraphPad InStat 3.0 software
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(GraphPad Software, Inc.). All results are presented as means ± SEM.

3. Results

3.1. Determination of midazolam dose

Prior to the administration of midazolam, the animals showed a HR
of approximately 24 bpm. The administration of 0.35 mg kg−1 of
midazolam induced significant bradycardia within 120 min, while the
administrations of 0.75 mg kg−1 and 1.00 mg kg−1 induced significant
bradycardia within 60 min – but despite these differences, all doses
tested reached their maximum effect in 120 min (Fig. 1). No differences
were observed between the HR of snakes treated with 0.30 mg kg−1,
0.75 mg kg−1 and 1.00 mg kg−1 of midazolam (although the brady-
cardia exhibited by the animals treated with 1.00 mg kg−1 of mid-
azolam appeared to be more intense) (Fig. 1), however, only the highest
tested dose consistently abolished the snakes' aggressive behaviors
(seen that they did not hiss or strike when they were removed from
their containers at the end of the experiment). Once completely es-
tablished, the effects of midazolam persisted for at least 360 min
(Fig. 1). Therefore, based on these results, the dose of 1.0 mg kg−1 was
considered as more adequate for use in the present study.

3.2. Effects of midazolam on heart rate and cardiac autonomic modulation

During the first experimental stage, the animals were found to have
a HR of 24.6 ± 0.8 bpm (untreated baseline data), which increased to
29.1 ± 0.7 bpm after the administration of atropine (atropine data),
and which decreased to 17.5 ± 1.0 bpm with the administration of
propranolol (atropine + propranolol data) (Figs. 2a–c, 3a). In the
second experimental stage, the snakes exhibited a HR that was sig-
nificantly lower than that of animals that were not treated with the
benzodiazepine (9.7 ± 0.6 bpm) (midazolam baseline data). This
value increased to 19.2 ± 1.5 bpm with a muscarinic cholinoceptor
blockade (midazolam + atropine data) and remained practically con-
stant after the administration of propranolol (16.0 ± 0.4 bpm) (mid-
azolam + atropine + propranolol data) (Figs. 2d–f, 3b).

In the third experimental stage, the snakes presented an initial HR of
25.3 ± 0.6 bpm (untreated baseline data), which decreased to
16.5 ± 1.2 bpm after the infusion of propranolol (propranolol data),
and which did not change with the administration of atropine
(18.4 ± 0.8 bpm) (propranolol + atropine data) (Figs. 2g–i, 3c).
During the fourth experimental stage, the snakes exhibited a HR of
9.9 ± 0.7 bpm (midazolam baseline data), which remained virtually
constant after the administration of propranolol (10.0 ± 0.5 bpm)

(midazolam + propranolol data), and which increased to
16.5 ± 1.0 bpm after the infusion of atropine (midazolam + propra-
nolol + atropine data) (Figs. 2j–l, 3d).

In the experimental protocols in which atropine was administered
before propranolol, the snakes that did not receive midazolam (first
experimental stage) exhibited a cardiac adrenergic tone of
39.7 ± 2.9% and a cardiac cholinergic tone of 11.3 ± 1.6% (Fig. 4a),
values which changed to 13.7 ± 5.6% and 81.5 ± 8.1%, respectively,
after the administration of midazolam in the second experimental stage
(Fig. 4b). As for the experimental protocols in which propranolol was
administered before atropine, the animals that did not receive mid-
azolam (third experimental stage) exhibited a cardiac adrenergic tone
of 40.6 ± 5.1% and a cardiac cholinergic tone of 13.5 ± 4.2%
(Fig. 4c), which changed to −5.6 ± 7.9 and 64.7 ± 8.3%, respec-
tively, after receiving midazolam in the fourth experimental stage
(Fig. 4d).

Regarding PSA, the spectra that describe the animals' HR variation
patterns were essentially below 0.10 Hz in all conditions studied
(Fig. 5), presenting two remarkable frequency peaks that were used to
define the LF and HF spectral areas that allowed the calculation of PLF
(0.00 Hz–0.05 Hz) and PHF (0.05 Hz–0.10 Hz) for all animals (Fig. 6). In
the first experimental stage, the snakes exhibited a major LF peak be-
tween 0.00 Hz and 0.05 Hz and a minor HF peak between 0.05 Hz and
0.10 Hz (untreated baseline data) (Figs. 5a, 6a). After muscarinic cho-
linergic blockade with atropine, the spectral area of the LF peak was
considerably reduced while the HF peak disappeared (atropine data)
(Figs. 5b, 6b). The establishment of a double autonomic blockade with
the administration of propranolol eliminated the remaining area of the
LF peak – virtually eradicating the spectral densities of all snakes
(atropine + propranolol data) (Figs. 5c, 6c). In the second experimental
stage, with the administration of midazolam, the snakes' LF and HF
peaks increased substantially, but no change occurred to their locations
in the spectra nor to the animals' mean PHF (midazolam baseline data)
(Figs. 5d, 6d). The administration of atropine reduced both LF and HF
peaks to zero (midazolam + atropine data) (Figs. 5e, 6e), which re-
mained unchanged after the administration of propranolol (midazolam
+ atropine + propranolol data) (Figs. 5f, 6f).

Prior to pharmacological administrations, the spectra observed in
the animals during the third experimental stage were very similar to
those observed in the animals during the first experimental stage (un-
treated baseline data) (Figs. 5g, 6g). After β-adrenergic blockade with
propranolol, the spectral area of the LF peak decreased while the area of
the HF peak remained practically unchanged (propranolol data)
(Figs. 5h, 6h). The subsequent administration of atropine completely
extinguished the snakes' spectral densities (propranolol + atropine
data) (Figs. 5i, 6i). Finally, during the fourth experimental stage, mid-
azolam changed the LF and HF peaks (and PLF and PHF) as in the second
experimental stage (midazolam baseline data) (Figs. 5j, 6j). The ad-
ministration of propranolol reduced the LF peak and did not sig-
nificantly alter the HF peak (midazolam + propranolol data) (Figs. 5k,
6k), which were both abolished by the administration of atropine
(midazolam + propranolol + atropine data) (Figs. 5l, 6l).

3.3. Influence of anesthetic recovery time

The HR, cardiac autonomic tones, PLF, and PHF obtained from ani-
mals that underwent a 24 h period of post-anesthesia recovery are
shown in Table 1. No significant difference in any variable was detected
between these animals and those that passed through the first experi-
mental stage (2 h of post-anesthesia recovery).

3.4. Saline administration test

The results of saline experiments (HR, PLF and PHF) are shown in
Table 2. No significant difference was detected between any variable
observed in the snakes before and after the IM and IP saline

Fig. 1. Effect of different doses of midazolam on heart rate. Heart rate (HR) of Python
molurus submitted to three different dosages (0.35 mg kg−1, 0.75 mg kg−1, 1.0 mg kg−1;
N = 4 for each dose tested) of intramuscularly-administered midazolam (MD). Data are
shown as means ± SEM. Asterisks indicate significant difference from the values ob-
served before the administration of midazolam (P ≤ 0.05). No significant differences
were observed between the HR of snakes treated with 0.30 mg kg−1, 0.75 mg kg−1 and
1.00 mg kg−1 of midazolam.
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administrations.

4. Discussion

Initially, it was possible to observe that the HR levels found in the
present study in untreated and autonomically blocked P. molurus are
consistent with those previously found by other authors (Secor et al.,
2000; Enok et al., 2012; Armelin et al., 2014) (Figs. 1, 3a, c). In addi-
tion, our results show that midazolam strongly influences the snakes'
HR (average values were reduced by ~60%) (Figs. 3b, d).

Because the HR of ectothermic vertebrates can respond either to
classic autonomic neurotransmitters (adrenaline/noradrenaline and
acetylcholine) (Leite et al., 2009; Armelin et al., 2014; Taylor et al.,
2014; Teixeira et al., 2015) or to non-adrenergic non-cholinergic factors
(Wang et al., 2001; Skovgaard et al., 2009; Enok et al., 2012; Braga
et al., 2016), it seems difficult to determine the mediators of this case of
bradycardia. However, the lack of significant differences among the HR
levels of double blocked animals in the four experimental stages per-
formed (Fig. 3a–d) is evidence that midazolam influences this variable
through changes in cardiac adrenergic and cholinergic tones (i.e. mid-
azolam does not influence intrinsic heart rate). If this bradycardia were
directly triggered by the benzodiazepine molecule or by NANC factors,
the HR of double-blocked snakes treated with midazolam would be

lower than that of double-blocked snakes without midazolam treat-
ment. This is an interesting finding, seen that it can be deduced that
such cardiovascular depression can simply be reversed by autonomic
antagonists in these animals.

The cardiac autonomic tones found in P. molurus specimens that did
not receive midazolam treatment are consistent with those reported by
Armelin et al. (2014). Our results indicate that the effects of midazolam
on HR were elicited by an ~80% reduction in cardiac adrenergic tone
and an ~620% elevation in cardiac cholinergic tone (Fig. 4a–d). Sev-
eral studies have found that the order of pharmacological manipulation
with atropine and propranolol may affect the animals' calculated car-
diac autonomic tones, especially when propranolol is administered
prior to atropine (Rosenbluth and Simeone, 1934; Altimiras et al., 1997;
Wang et al., 2001). This phenomenon occurs because propranolol is a
non-selective β-blocker that promotes less specific cardiovascular ef-
fects, which in turn tends to induce parasympathetic reflex changes in
HR to compensate such effects – resulting in an altered calculated
cardiac cholinergic tone (Altimiras et al., 1997). Nevertheless, differ-
ently from observations in other species (Rosenbluth and Simeone,
1934; Altimiras et al., 1997; Wang et al., 2001), our results revealed
that the administration order of atropine and propranolol did not in-
fluence the calculated cardiac autonomic tones exhibited by P. molurus
(Fig. 4a–d).

Fig. 2. Raw electrocardiogram recordings. Original electrocardiogram traces of one representative Python molurus submitted to four different experimental stages: (a, b, c) before
(untreated baseline) and after administration of atropine (2.5 mg kg−1; AT) followed later by propranolol (3.5 mg kg−1; PR), both by intraperitoneal administration; (d, e, f) after
intramuscular administration of midazolam (1.0 mg kg−1; MD baseline) followed by atropine and later propranolol; (g, h, i) before (untreated baseline) and after propranolol followed
later by atropine; (j, k, l) after administration of midazolam followed later by propranolol and then atropine. Doses and rout of administration for atropine, propranolol and midazolam
were the same in all treatments.
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The HRV analysis, when performed using a small number of cardiac
cycles, allows the investigation of the animals' instantaneous HR os-
cillations in order to assess their sympathovagal dynamics. These os-
cillations are essentially generated by classic autonomic neuro-
transmitters or NANC factors secreted by nerve endings (Akselrod et al.,
1981; Altimiras, 1999; Campbell et al., 2006; Li et al., 2006; Zaccone
et al., 2011), given that humoral factors (e.g. circulating catechola-
mines and hormones) are unable to produce such rapid HR oscillations
to appear in this analysis (Altimiras, 1999). Thus, considering that the
administration of atropine abolishes cardiac cholinergic tone, the de-
crease in PLF and the eradication of PHF induced by this antagonist are
evidence that the LF HR oscillations are of sympathetic and para-
sympathetic origin and the HF HR oscillations are exclusively of para-
sympathetic origin (untreated baseline data; atropine data) (Figs. 5a, b,
6a, b). The data on the administration of propranolol corroborate this
observation, seen that this β-adrenergic antagonist also reduced PLF but
did not induce modifications in PHF (untreated baseline data; propra-
nolol data) (Figs. 5g, h, 6g, h). The autonomic origin of these LF and HF
HR oscillations are similar to those found in other species of vertebrates
(Akselrod et al., 1981; Kuwahara et al., 1994; Montano et al., 1994; De
Vera and González, 1997; Braga et al., 2016; Carravieri et al., 2016),
and appears to be an evolutionarily conserved trait in this group of
animals.

The increase in PLF observed in snakes under midazolam baseline
condition was probably mediated by the parasympathetic subdivision
of the autonomic nervous system, seen that midazolam induced a large
increase in the animals' cardiac cholinergic tone (Fig. 4a–d). This

observation is supported by the fact that, when the snakes were under
the effects of midazolam, the administration of atropine (midazolam
baseline data; midazolam + atropine data) (Figs. 5d, e, 6d, e) promoted
a greater reduction in PLF compared to the administration of propra-
nolol (midazolam baseline data; midazolam + propranolol data)
(Figs. 5j, k, 6j, k) – which did not occur in animals that were not under
the effects of this benzodiazepine (untreated baseline data; atropine
data; propranolol data) (Figs. 5a, b, g, h, 6a, b, g, h). As the adminis-
tration of midazolam also triggered a drastic reduction in the snakes'
cardiac adrenergic tone (Fig. 4a–d), such incipient sympathetic role in
the mediation of HR oscillations of midazolam-treated animals was
expected. The complete elimination of PLF and PHF that occurred in
double blocked animals, in all studied experimental stages (atropine
+ propranolol data; midazolam + atropine + propranolol data; pro-
pranolol + atropine data; midazolam + propranolol + atropine data)
(Figs. 5c, f, i, l, 6c, f, i, l), indicates that nerve-secreted NANC factors
have no participation in the mediation of short-term HR fluctuations in
P. molurus that were and were not treated with midazolam – confirming
the adrenergic and cholinergic nature of these benzodiazepine-induced
changes in HR.

It is important to emphasize that our methodology allowed for the
calculation of cardiac adrenergic tone, and not of cardiac sympathetic
tone. As discussed by Altimiras et al. (1997), cardiac sympathetic tone
refers only to the activity of sympathetic innervation on the heart
whereas cardiac adrenergic tone refers to such activity plus the effect of
circulating catecholamines from adrenal glands. As our methods in-
volved the blockade of β-adrenergic receptors with propranolol, it was
not possible to determine whether the animals' cardiac adrenergic sti-
mulation was derived from direct sympathetic nervous activity, from
circulating catecholamines, or both. However, the analysis of HRV can
provide clues about the origins of the cardiac adrenergic stimulation.

Given the fact that only short-term HR oscillations appear in our

Fig. 3. Heart rate during all experimental stages. Heart rate (HR) of Python molurus
(N = 8) submitted to four different experimental stages: (a) before (untreated baseline)
and after administration of atropine (2.5 mg kg−1; AT) followed later by propranolol
(3.5 mg kg−1; PR), both by intraperitoneal administration; (b) after intramuscular ad-
ministration of midazolam (1.0 mg kg−1; MD baseline) followed by atropine and later
propranolol; (c) before (untreated baseline) and after propranolol followed later by
atropine; (d) after administration of midazolam followed later by propranolol and then
atropine. Doses and rout of administration for atropine, propranolol and midazolam were
the same in all treatments. Data are shown as means ± SEM. Values that do not share a
superscript letter differ significantly (P≤ 0.05).

Fig. 4. Effect of midazolam on cardiac autonomic tones. Calculated cardiac adrenergic
(Adr) and cholinergic (Cho) tones of Python molurus (N = 8) that underwent the (a) first
(without midazolam; MD; atropine first), (b) second (with MD; atropine first), (c) third
(without MD; propranolol first) and (d) fourth (with MD; propranolol first) experimental
stages. Data are shown as means ± SEM. Asterisks indicate significant differences from
the same type of tone expressed by animals that were not treated with midazolam in the
same autonomic blockade protocol (P ≤ 0.05). No significant differences in autonomic
tones were derived from the inversion of pharmacological manipulations.
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HRV analysis (Altimiras, 1999), it can be inferred that the cardiac
adrenergic tone of P. molurus that were not treated with midazolam is,
at least partially, derived from sympathetic nervous activity on the
heart – seen that the beat-to-beat HR oscillations observed in these
animals were not eradicated by muscarinic cholinergic blockade
(Figs. 5a, b, 6a, b). Conversely, in midazolam-treated snakes, the re-
maining cardiac adrenergic tone is probably derived from circulating
catecholamines from adrenal glands, as the administration of atropine
abolished all short-term HR oscillations in these animals (Figs. 5d, e,
6d, e). Also, it is conceivable that the remaining cardiac adrenergic tone
of midazolam-treated snakes has been maintained by catecholamines

that were already present in the animals' blood prior to the adminis-
tration of the benzodiazepine.

As midazolam was systemically administered in the present study,
one must keep in mind that it can stimulate GABAA receptors in both
central and peripheral nervous systems, and being so, the neural
pathways involved in the modulation of cardiac autonomic control that
were affected by this benzodiazepine cannot be clearly specified.

Previous studies in mammals have shown that hypothalamic sti-
mulation (specially of the hypothalamic defense area) triggers an ex-
citation of the sympathomodulatory rostral ventrolateral medulla
(RVLM) and an inhibition of the cardiac vagal preganglionic neurons

Fig. 5. Heart rate fluctuations spectra during all experimental stages. Power spectral analysis of heart rate (HR) variation patterns of one representative Python molurus submitted to four
different experimental stages: (a, b, c) before (untreated baseline) and after administration of atropine (2.5 mg kg−1; AT) followed later by propranolol (3.5 mg kg−1; PR), both by
intraperitoneal administration; (d, e, f) after intramuscular administration of midazolam (1.0 mg kg−1; MD baseline) followed by atropine and later propranolol; (g, h, i) before
(untreated baseline) and after propranolol followed later by atropine; (j, k, l) after administration of midazolam followed later by propranolol and then atropine. Doses and rout of
administration for atropine, propranolol and midazolam were the same in all treatments. The dotted line separates the low-frequency (LF) HR oscillations (0.00 to 0.05 Hz) from the high-
frequency (HF) HR oscillations (0.05 to 0.10 Hz).
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(CVPN), that respectively leads to an increase in cardiac adrenergic
tone and a decrease in cardiac cholinergic tone, generating tachycardia
(Djojosugito et al., 1970; Gebber and Snyder, 1970; Kylstra and
Lisander, 1970; Barman and Gebber, 1979; Coote et al., 1979; Taylor
et al., 1999). On the other hand, hypothalamic lesions promote a de-
crease in cardiac sympathetic activity associated with an increase in
cardiac vagal activity, generating bradycardia (Lopes and Palmer,
1978; Taylor et al., 1999). Thus, taking into account that the neural
networks related to cardiovascular control are well conserved in ver-
tebrates (Taylor et al., 1999; Nilsson, 2011; Zena et al., 2013; Taylor
et al., 2014), and that the hypothalamus and the RVLM express large
amounts of GABAA receptors (Decavel and Van den Pol, 1990;
Schreihofer and Guyenet, 2002), it can be speculated that the systemic
administration of midazolam inhibited these areas of the snakes' CNS,
resulting in the decreased cardiac adrenergic tone and increased cardiac
cholinergic tone (Fig. 4a–d) that caused the profound bradycardic re-
sponse observed in the present study (Fig. 3a–d).

Finally, the presence of GABA receptors in the peripheral autonomic
nervous system has already been documented. It is currently known
that sympathetic peripheral ganglion cells express GABAA receptors,
which usually promote a cellular outflow rather than an inflow of
chloride ions when stimulated, and therefore have excitatory effect –
eliciting noradrenalin secretion on the heart and consequently tachy-
cardia (De Groat, 1970; Bowery and Brown, 1974; Adams and Brown,

1975; Ong and Kerr, 1990). Moreover, there is evidence for the pre-
sence of bicuculline-insensitive GABAB receptors with inhibitory effect
in sympathetic nerve terminals, which can trigger a reduction of cardiac
adrenergic tone and bradycardia when stimulated (Bowery et al., 1981;
Ong and Kerr, 1990). Similarly, peripheral parasympathetic cells also
seem to express excitatory GABAA receptors and inhibitory GABAB re-
ceptors that correspondingly stimulate and suppress neuronal acet-
ylcholine release (Ong and Kerr, 1990; Blackshaw et al., 2000;
Partosoedarso et al., 2001). Thus, if mammals and reptiles share these
characteristics, it is unlikely that the administration of midazolam re-
duced cardiac adrenergic tone in P. molurus through peripheral auto-
nomic pathways, seen that benzodiazepines do not interact with GABAB

receptors. However, the administration of midazolam may have sti-
mulated GABAA receptors in peripheral parasympathetic neurons,
leading to the observed increased cardiac cholinergic tone (and bra-
dycardia).

5. Conclusions

Given the results presented herein, we conclude that a systemic
administration of the GABAA receptor agonist midazolam elicits sig-
nificant bradycardia in P. molurus, which is determined by a benzo-
diazepine-induced decrease in cardiac adrenergic tone and increase in
cardiac cholinergic tone, and not by a direct action of this drug on the

Fig. 6. Power of the heart rate fluctuations spectra during all
experimental stages. Power of the low-frequency (LF) and high-
frequency (HF) heart rate variability spectral bands of Python
molurus (N = 6) submitted to four different experimental stages:
(a, b, c) before (untreated baseline) and after administration of
atropine (2.5 mg kg−1; AT) followed later by propranolol
(3.5 mg kg−1; PR), both by intraperitoneal administration; (d,
e, f) after intramuscular administration of midazolam
(1.0 mg kg−1; MD baseline) followed by atropine and later
propranolol; (g, h, i) before (untreated baseline) and after pro-
pranolol followed later by atropine; (j, k, l) after administration
of midazolam followed later by propranolol and then atropine.
Doses and rout of administration for atropine, propranolol and
midazolam were the same in all treatments. Data are shown as
means ± SEM. Values that do not share a superscript letter
differ significantly (P≤ 0.05).
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animals' hearts.
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Table 1
Heart rate (HR), cardiac autonomic tones, power of the low-frequency spectral band (PLF)
and power of the high-frequency spectral band (PHF) of animals that passed through 24 h
of post-anesthesia recovery and animals that passed through 2 h of post-anesthesia re-
covery (submitted to the first experimental stage).

Animals 24 h after
anesthesia recovery

Animals 2 h after
anesthesia recovery

Untreated baseline HR
(bpm)

24.2 ± 0.2 24.6 ± 0.8

Atropine HR (bpm) 33.0 ± 1.3 29.1 ± 0.7
Atropine + propranolol HR

(bpm)
20.6 ± 1.3 17.5 ± 1.0

Cardiac adrenergic tone (%) 37.2 ± 4.2 39.7 ± 2.9
Cardiac cholinergic tone

(%)
22.3 ± 3.2 11.3 ± 1.6

Untreated baseline PLF
(bpm2)

1.76 ± 0.14 1.22 ± 0.29

Untreated baseline PHF
(bpm2)

0.78 ± 0.16 0.49 ± 0.15

Atropine PLF (bpm2) 0.14 ± 0.05 0.23 ± 0.04
Atropine PHF (bpm2) 0.02 ± 0.01 0.00 ± 0.00
Atropine + propranolol PLF

(bpm2)
0.00 ± 0.00 0.00 ± 0.00

Atropine + propranolol PHF
(bpm2)

0.00 ± 0.00 0.00 ± 0.00

Values presented as means ± SEM. Unpaired data. No significant differences were de-
tected between animals that passed through 24 h of post-anesthesia recovery and animals
that passed through 2 h of post-anesthesia recovery.

Table 2
Heart rate (HR), power of the low-frequency spectral band (PLF) and power of the high-
frequency spectral band (PHF) of Python molurus during untreated baseline conditions,
treated with intramuscular (IM) saline solution, and treated with intraperitoneal (IP)
saline solution.

Before saline
administrations

After IM saline
administration

After IP saline
administration

HR (bpm) 23.6 ± 1.3 24.1 ± 0.6 23.4 ± 0.4
PLF (bpm2) 0.95 ± 0.83 1.43 ± 0.74 1.24 ± 0.35
PHF (bpm2) 0.41 ± 0.38 0.67 ± 0.52 0.33 ± 0.17

Values presented as means ± SEM. Paired data. No significant differences were found
between any variable observed in the snakes before and after the IM and IP saline ad-
ministrations.
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