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Abstract

Numerous studies have demonstrated that short-term air pollution exposure causes cardiac
autonomic imbalance as measured by heart rate variability (HRV). We previously showed that a
single exposure to acrolein, a ubiquitous gaseous component of air pollution, not only causes
autonomic imbalance, but also increases arrhythmia through transient receptor potential Al
(TRPAL) cation channels. Thus, the goal of this study was to characterize acrolein-induced
autonomic changes in both normal and TRPA1-knockout mice (KO). Conscious, unrestrained
C57BL/6 (WT) and KO mice were exposed to 3 ppm acrolein for 3 hours. Separate groups were
treated with either atenolol (sympathetic blocker), atropine (parasympathetic blocker) or
hexamethonium (autonomic neurotransmission blocker), immediately before exposure.
Electrocardiogram (ECG) and heart rate (HR) were recorded continuously before, during and after
exposure. Exposure to acrolein produced significant increases in standard deviation of normal-to-
normal R-R intervals (SDNN), Root Mean Square of the Successive Differences (RMSSD) and
Low-Frequency (LF), as well as an increase in arrhythmia in WT mice. Treatment with atenolol
reduced this response while atropine enhanced it, and both drugs blocked the acrolein-induced
increase in arrhythmia; hexamethonium had no effect. On the other hand, neither acrolein nor any
drug had an effect in the KO mice. Thus, acrolein-induced HRV responses appear to be mediated
by a combined parasympathetic and sympathetic modulation. KO mice did not demonstrate any
increases in HRV with exposure to acrolein. These data demonstrate that the cardiac effects of
irritant air pollutants likely involve disruption of homeostatic balance and altered regulation even
in healthy animals.
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INTRODUCTION

Numerous biological pathways link air pollution with risk for cardiovascular disease and
adverse clinical outcomes, including systemic inflammation and oxidative stress,
vasoconstriction, enhanced coagulation/thrombosis, autonomic effects due to sensory
receptor activation, and the direct effects of translocated particles on the myocardium (Lee
and Widdicombe 2001; Simkhovich et al. 2008). Of these, airway sensory activation
resulting in changes in autonomic nervous system function may be the most relevant when
considering the short-term, reversible, and often latent effects of an acute exposure. In fact,
clinical panel studies (He et al. 2011) and epidemiological studies have repeatedly shown
that exposure to air pollution causes changes in heart rate variability (HRV) (Gold et al.
2000; Pope et al. 1999), which is an indicator of autonomic influence on the heart. Yet,
experimental data characterizing HRV changes during exposure are limited, particularly with
regard to focused examinations of the relative influence of the parasympathetic and
sympathetic branches of the autonomic nervous system, as both branches dynamically
control cardiac function on a beat-by-beat basis. Results from this study fill data gaps
linking specific changes in cardiac autonomic modulation with HRV responses during air
pollution exposure; particularly as they relate to TRPA1 and irritant-induced activation in the
airways.

Autonomic reflex arcs activated by sensory receptors in the airways are believed to mediate
some of the first cardiovascular effects measured after exposure to air pollution. In relation
to this, there is evidence to suggest that (1) nociceptive nerve fibers in the airways are
activated by irritant gaseous components of ambient air pollution (Bessac and Jordt 2010),
(2) activation of these fibers produces afferent signaling to the brainstem and activates
specific areas of the brain that play a role in the regulation of cardiovascular and ventilatory
function (Bonham et al. 2006; Mutoh et al. 2000), and (3) modulation of efferent autonomic
activity in the brainstem occurs as a result of neuropeptide release and can persist for some
time after the initial stimulation (i.e. plasticity) (Bonham et al. 2001; Carr and Undem 2003).
Consistent with such experimental results, our group previously showed that the airway
irritant receptor TRPA1 cation channel mediates cardiac arrhythmia through autonomic
modulation 24 hours after diesel exhaust exposure (Hazari et al. 2012). The link between
sensory activation and altered autonomic modulation was further confirmed by the
abrogation of altered HRV and cardiac function during acrolein exposure in TRPA1
knockout mice (Kurhanewicz et al. 2016).

HRV is often used to understand the influence of the autonomic nervous system on the heart.
It is an indirect measure, representing input from homeostatic control mechanisms that
regulate, among other things, cardiovascular and respiratory function (Task force of
European Society of Cardiology and the North American Society of Pacing
Electrophysiology 1996). As such, the cardiac cycle and R-R interval variability are
continuously adjusted by multiple mechanisms including the modulation of autonomic
outflow at the sinoatrial (SA) node, the dynamic regulation of the vasculature, as well as
endocrine/paracrine, endothelial and mechanical factors. Additionally, dynamic mechanisms
like baroreflex, which monitors and maintains blood pressure, chemoreflex, which responds
to changes in oxygen and carbon dioxide in the blood, and respiratory sinus arrhythmia,
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which originates from the cyclical changes in thoracic pressure during breathing, can also
drive changes in HRV. Despite this complexity, several measures of HRV have been shown
to correlate with modulation of one or both arms of the autonomic nervous system and thus
indicate changes in the neural inputs to the heart. In this sense, the prognostic value of HRV
is evident for a number of diseases, exposures and conditions. However, it is premature to
assume that changes in HRV in rodents, up or down, can be regarded as a negative
prognostic indicator or an endpoint of toxicity following exposure to air pollutants without
associated dysfunction (e.g. arrhythmia).

Thus, the current study focuses on the role of the parasympathetic and sympathetic branches
of the autonomic nervous system in HRV, which has not been completely characterized in
mice. In particular, we address whether a given response is related to the normal dynamic
tendency of HRV or if it is an exposure-induced effect. In addition, the fluctuation of
autonomic influences on the heart during an air pollution exposure have not been delineated.
This is particularly important given certain changes in HRV have been strongly associated
with increased cardiovascular risk. Whether this relates to an increased level of sympathetic
influence due to the environmental stressor or parasympathetic (i.e. vagal) dominance
because of irritant activation in the airways remains to be determined. Hence, in this study,
pharmacological blockade was used to determine the relative contributions of the
parasympathetic and sympathetic branches to HRV changes induced by acrolein exposure.
Ventilatory function was also measured during exposure to better understand acrolein effects
on breathing patterns.

MATERIALS AND METHODS

Animals —

Female C57BL/6 (21 £ 1.1 g) and TRPA1 /- mice (27 £ 3.8 g) between 15 and 30 weeks
old were used in this study (Jackson Laboratory - Bar Harbor, ME). Mice were initially
housed five per cage and maintained on a 12-hr light/dark cycle at approximately 22°C and
50% relative humidity in an AAALAC-approved facility. Food (Prolab RMH 3000; PMI
Nutrition International, St. Louis, MO) and water were provided ad libitum. All protocols
were approved by the Institutional Animal Care and Use Committee of the U.S.
Environmental Protection Agency and are in accordance with the National Institutes of
Health’s Guide for the Care and Use of Laboratory Animals. The animals were treated
humanely and with regard for alleviation of suffering. Background controls were used as
appropriate.

Experimental Groups and Pharmacological Agents —

Six to eight wild-type (WT) or TRPAL knockout (KO) mice were randomly assigned to one
of four pharmacological treatment groups: (1) Vehicle (0.9% sodium chloride), (2) Atropine
(2 mg/kg), (3) Atenolol (2 mg/kg), or (3) Hexamethonium chloride (80 mg/kg). Atenolol is a
B—-1 adrenergic receptor antagonist and blocks sympathetic neurotransmission in the heart.
Atropine is a muscarinic receptor antagonist and blocks parasympathetic neurotransmission
in the heart. Hexamethonium blocks both sympathetic and parasympathetic peripheral
neurotransmissions. All drugs were purchased from Sigma-Aldrich (St. Louis MO). Animals
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were pre-treated (intraperitoneal, i.p.) with the pharmacological agents three times prior to
exposure (days —14, —10, —=7). On day 0 animals were treated immediately prior to filtered
air (FA) exposure, and on day 1 animals were treated immediately prior to acrolein
exposure.

Surgical implantation of radiotelemeters —

Animals were weighed and then anesthetized using inhaled isoflurane (Isothesia, Butler
Animal Health Supply, Dublin OH). Anesthesia was induced by spontaneous breathing of
2.5% isoflurane in pure oxygen at a flow rate of 1 L/min and then maintained by 1.5%
isoflurane in pure oxygen at a flow rate of 0.5 L/min; all animals received the analgesic
Buprenorphrine hydrochloride (0.03 mg/kg, i.p. Reckitt Benckiser Ltd, Hull, England)
immediately prior to the procedure. Using aseptic techniques, each animal was implanted
subcutaneously, to the right of the midline on the dorsal side, with a radiotelemeter (ETA-
F10, Data Sciences International, St Paul, MN). The two electrode leads were then tunneled
subcutaneously across the lateral dorsal sides and the distal portions were fixed in positions
that approximated those of the lead 11 of a standard ECG. Body heat was maintained both
during and immediately after the surgery. Animals were given food and water post-surgery
and were housed individually. Prior to exposure animals were allowed two weeks to recover
from the surgery and reestablish circadian rhythms; this was verified by a complete recovery
of normal body temperature, heart rate and normal sleep cycles.

Radiotelemetry data acquisition —

Radiotelemetry methodology (Data Sciences International, Inc., St. Paul, MN) was used to
track changes in cardiovascular function by monitoring heart rate (HR), and ECG
waveforms immediately following telemeter implantation, during exposure, and up to 24
hours post-exposure. This methodology provided continuous monitoring and collection of
physiologic data from individual mice to a remote receiver. Sixty-second ECG segments
were recorded every 5 minutes during the pre- and post-exposure periods. ECG was
recorded continuously during exposure (baseline and hours 1-4); HR was automatically
obtained from the waveforms (Dataquest ART Software, version 3.01, Data Sciences
International, St. Paul, MN, USA). Non-conducted p-wave arrhythmias, which indicate an
temporary atrioventricular block, were counted as previously described (Kurhanewicz et al.
2014); the mice in our studies do not experience a significant number of atrial or ventricular
premature beats or other types of arrhythmias.

HRV Analysis —

Heart rate variability (HRV) was measured and calculated as previously described
(Kurhanewicz et al. 2014). Briefly, the mean of the differences between sequential RRs for
the complete set of ECG waveforms were calculated using ECGAuto (v 2.8.1.26, EMKA
technologies S.A.S, Paris, France). The time-domain measures included standard deviation
of the time between normal-to-normal beats (SDNN), and root mean squared of successive
differences (RMSSD). Analysis of HRV was also conducted in the frequency domain using a
Fast-Fourier transform; the spectrum was divided into low-frequency (LF, 0.15-1.5 Hz) and
high-frequency (HF, 1.5-5 Hz) regions. All ECG streams with less than 1 minute of
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identifiable RR intervals were excluded from HRV analysis. Thorough visual inspection was
conducted to identify and exclude arrhythmias and artifacts.

Whole-Body Plethysmography —

Exposure —

Statistics —

Ventilatory function (e.g. enhanced pause, tidal volume and minute ventilation) was assessed
in awake, unrestrained mice using a whole-body plethysmograph (Buxco, Wilmington, NC).
Measurements were made at baseline during a sham air exposure as well as during acrolein.
The plethysmograph pressure was monitored using Biosystems XA software (Buxco
Electronics Inc., Wilmington, NC). Using respiratory-induced fluctuations in ambient
pressure, ventilatory parameters including tidal volume (Vt), breathing frequency (f),
inspiratory time (Ti), expiratory time (Te), minute volume (MV), peak inspiratory flow
(PIF), peak expiratory flow (PEF) and enhanced pause (Penh), which is a measure of
ventilatory timing and can indicate airway irritation, were calculated and recorded on a
breath-by-breath basis.

Exposure to acrolein was performed as previously described (Kurhanewicz et al. 2017).
Briefly, the study protocol included two days of animal-to-chamber acclimatization prior to
exposure, and 30 mins of additional chamber acclimatization immediately before the 3-hour
exposures to FA or acrolein. Each mouse was first exposed to FA and then acrolein 24 hours
later; hence, each mouse served as its own control. Acrolein exposures took place in whole-
body plethysmography chambers (Model PLY 3213, Buxco Electronics, Inc., Wilmington,
NC, USA) from which ventilatory parameters were measured as described above. Acrolein
gas was metered from a 1,000 ppm cylinder into a glass mixing chamber where the gas was
mixed and diluted with dry filtered air to achieve a final concentration of 3 ppm of acrolein
with a total flow of 6 L/min. The actual chamber concentration was measured once per hour
using an HP5890 gas chromatograph (GMI Inc., Ramsey, MN, USA) equipped with manual
injection, a flame ionization detector and a DB-VRX capillary column.

All data are expressed as means + SEM. Statistical analyses of the data were performed with
GraphPad Prism 6 (GraphPad software, San Diego CA). The sample size of 6 provided
sufficient power (minimum power of 0.8) in the statistical analysis of various biological/
molecular (lung lavage indicators of inflammation and toxicity, serum and plasma indicators
of coagulation, inflammation, and toxicity, heart and lung tissue indicators of inflammation
and toxicity, and heart and lung pathology) and physiological (electrocardiogram, blood
pressure, heart rate, ventilation) endpoints. For HR, ECG intervals and HRV, two-way
analysis of variance (ANOVA) for repeated-measures and Bonferroni post hoc tests were
used to determine statistical differences. A one-way ANOVA was used to analyze
arrhythmia counts. Comparisons were made across all groups taking into account the
multiple endpoints, exposure groups and time points as well as any interactions.
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RESULTS

Characterization of heart rate and heart rate variability in WT and TRPA1 KO mice during
air exposure.

HR and HRV were characterized in WT and TRPA1 KO mice injected with vehicle and
exposed to FA during pre-exposure (—=24hr), exposure (1-3hr), and post-exposure (6hr and
24hr) time periods (Supplemental Figure 1). HR initially increased in both WT and KO mice
during exposure to FA in the chamber. HR decreased steadily in WT mice before returning
to baseline levels around mid-exposure, whereas HR returned to baseline more rapidly
during the first hour of exposure in KO mice. Concurrently, KO mice had a significant
increase in SDNN and RMSSD when compared to WT, and showed a higher trend in both
parameters for the next 24hrs. Other measures of HRV and arrhythmia counts were similar
between the strains.

Effect of pharmacological blockade of autonomic function on HR and HRV in WT and
TRPA1 KO mice.

Supplemental Figure 2 shows HR and HRV in WT and TRPA1 KO mice injected with either
atenolol, atropine, hexamethonium or vehicle and exposed to FA during pre-exposure,
exposure, and post-exposure. Treatment with atenolol decreased HR in both strains but had
no effect on any measure of HRV. In contrast, treatment with atropine significantly increased
HR in KO mice and caused SDNN to decrease in both strains. Treatment of WT mice with
hexamethonium had no effect on HR and caused a decreasing trend in SDNN; however, it
caused HR and SDNN to decrease significantly in KO mice. There were no other
pharmacological effects on any measures of HR or HRV in either strain (Supplemental
Figure 2).

Effect of acrolein exposure on HR, HRV and arrhythmia in WT and TRPA1 KO mice.

Figure 1 shows HR and HRV in WT and TRPA1 KO mice injected with vehicle and exposed
to either FA or acrolein, during pre-exposure, exposure, and post-exposure time periods.
Acrolein did not affect HR in WT mice; however, it caused significant increases in SDNN,
RMSSD, and LF (Figure 1A). Furthermore, arrhythmia counts were higher in WT mice
during acrolein exposure (6.3 = 2.6) when compared to FA (1.3 + 1.0) (Figure 1B). On the
other hand, there were no changes in HR or HRV in KO mice during acrolein; yet, there was
a small but significant increase in arrhythmia (3.7 £ 3.5) in these mice when compared to
pre-exposure.

Effect of pharmacological blockade of autonomic function on acrolein-induced changes in
HR, HRV and arrhythmia in WT and TRPA1 KO mice.

Atenolol blocked acrolein-induced increases in SDNN and RMSSD in WT mice but did not
affect the increase in LF (Figure 2A and B). Conversely, atropine enhanced increases in HR,
SDNN, RMSSD and LF, and increased HF (Figure 2A and C). Hexamethonium potentiated
the immediate decrease in HR due to acrolein and partially blunted the increases in SDNN
and RMSSD. Hexamethonium treatment also increased HF during the final half hour of
exposure (Figure 2A and D). There was no effect of any drug during acrolein exposure in
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KO mice (Figure 3). Percent change during acrolein exposure relative to the control group
for both WT and KO mice is shown in Supplemental Figure 3). Treatment with all three
pharmacological agents, atropine particularly, blocked acrolein-induced increase in
arrhythmia in WT and KO mice (Supplemental Figure 4).

Ventilatory parameters in WT and TRPA1 KO mice during air (baseline) exposure and after
pharmacological blockade of autonomic function.

Compared with WT mice, TRPA1 KO mice had increased Ti and Te, and decreased f during
a sham exposure to FA (Supplemental Figure 5). Enhanced pause, which is a measure of
ventilatory timing was also increased in KO mice. WT and KO mice did not have significant
ventilatory responses to either atenolol or atropine. However, hexamethonium caused a
decrease in Ti, f, Vt, MV and penh in KO mice (Supplemental Figure 6).

Effect of acrolein exposure on ventilatory function in WT and TRPA1 KO mice.

Ventilatory parameters were measured in WT and TRPAL KO mice injected with vehicle
and exposed to FA or acrolein (Figure 4). Exposure to acrolein caused increased Te, PEF, Vt,
penh and decreased f in WT mice (Figure 4A) when compared to FA, whereas KO mice did
not experience any changes in ventilation during acrolein exposure (Figure 4A). Ventilatory
parameters were measured on a breath-by-breath basis and analyzed accordingly (Figure
4B).

Effect of pharmacological treatment on acrolein-induced ventilatory changes in WT and
TRPA1 KO mice.

Ventilatory parameters were measured in WT and TRPA1 KO mice treated with one of three
pharmacological agents or vehicle and exposed to acrolein. Atenolol blocked the acrolein-
induced increase in Te and decrease in f in WT mice (Figure 5A). Treatment with atropine
blunted the acrolein-induced decrease in f as well as increases in Te and Vt (Figure 5C).
Hexamethonium produced a biphasic response during which Ti and Te were only increased
during early exposure to acrolein, while peak expiratory flow, and Vt were further elevated.
Hexamethonium also reduced f early during exposure and elevated it later (Figure 6D).
TRPA1 KO animals exposed to acrolein had an increase in penh only during the final fifteen
minutes of exposure; this was blocked by treatment with atropine only (Figure 6C). Percent
change during acrolein exposure relative to the control group for both WT and KO mice is
shown in Supplemental Figure 7. Table 2 provides a summary of all the ventilatory
responses for both WT and KO mice.

DISCUSSION

Building on our previous findings, this study demonstrates that TRPA1 mediates acrolein-
induced effects through mechanisms involving both the parasympathetic and sympathetic
branches of the autonomic nervous system. In addition, TRPA1 also plays a role in the
immediate breathing changes which indicate airway irritation due to acrolein. Although, one
of the proposed pathways for the cardiovascular effects of air pollution includes the
activation of irritant reflex arcs and modulation of autonomic function, data characterizing
this phenomenon are scarce. The cardiovascular system is regulated by an internal sensory
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apparatus (e.g. baro- and chemoreceptors) that continuously monitors the blood and
vasculature, and sends information to the parasympathetic and sympathetic branches, which
in turn alter the electrical and mechanical function of the heart and vasculature. It is also
modulated by external “sensors” which respond to environmental stimuli by activating
cardiopulmonary reflex arcs and resetting autonomic modulation of the heart (Perez et al.,
2015).

We previously showed that TRPA1 mediates acrolein-induced increased HRV (i.e. increased
SDNN, RMSSD and LF) and incidence of brady-arrhythmia, which together suggest
parasympathetic modulation (Kurhanewicz et. al 2017); those results were confirmed in this
study. However, here we further show that sympathetic blockade prior to exposure inhibits
the acrolein HRV response. Atenolol, which blocks B1-adrenergic receptors and sympathetic
neurotransmission to the heart, significantly reduced both the increased SDNN and RMSSD
due to acrolein. Conversely, atropine, which prevents parasympathetic neurotransmission by
blocking muscarinic receptors on the heart, potentiated all of the acrolein-induced HRV
responses and in particular HF, which was not affected by acrolein in untreated mice. Thus,
even though an increase in HRV, specifically RMSSD and HF, generally reflects
parasympathetic modulation, sympathetic influence also appears to play a role.

As such, the response of air-exposed mice to the drugs provided some insight into the
fluctuation of autonomic cardiac influence during acrolein exposure. Blockade of
parasympathetic, sympathetic or both branches confirmed two things in general: (1) baseline
HR in mice is greatly influenced by the sympathetic branch, hence the significant reduction
in HR with atenolol and similar trend with hexamethonium, and minimal effect with
atropine, and (2) although short-term HRV is under the control of both branches it is
predominantly influenced by parasympathetic modulation (Gehrmann et al., 2000; Pham et
al., 2009). This was seen by the atropine-induced decrease in SDNN and a similar trend in
RMSSD and LF, and a lack of effect of atenolol on any HRV parameter. These
characteristics need to be carefully considered when assessing the HRV effects of acrolein
exposure as described herein, particularly when combined with pharmacological blockade of
the autonomic branches.

In this study, exposure to acrolein produced a bi-phasic response characterized by an
immediate and transient sympathetic shift followed by enhanced parasympathetic
modulation. That we observed an increase in HR and a shift towards greater sympathetic
dominance early during exposure in both air- and acrolein-exposed mice suggests a
generalized stress response, most likely caused by handling, injection and placement in the
exposure chamber. This response appears to be irresolvable, even with acclimatization
(Andreev-Andrievskiy et al., 2014). However, midway through the exposure acrolein
prevents the recovery of the initial increase in HR, an effect that coincided with a significant
increase in SDNN, RMSSD and LF. Furthermore, it is apparent from our pharmacological
pretreatments that most of the physiological changes due to the drugs occurred within the
first half of the exposure period. Therefore, the effects observed in the second half of the
exposure likely reflected a compensatory response to the dissipation of the drug. This
physiological compensation when the drug washes out has been reported by others (Farah et
al., 2006; Fuder and Muscholl, 1995) and in our case can most readily be seen in the
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opposite shift in SDNN, RMSSD and LF in controls (i.e. during the second half of
exposure), and which likely contributes to blocking the HRV effects of acrolein.

It is notable that during the first half of the exposure, atenolol blocked the generalized stress-
induced increase in HR and likely prevented any blood pressure increases as well, although
the latter was not measured directly. On the other hand, atenolol does not block the stress-
induced increased sympathetic nerve activity given it blocks neurotransmission at the level
of the heart. Thus increased sympathetic nerve activity would continue to inhibit
acetylcholine release from parasympathetic nerves keeping SDNN and RMSSD low. This
has been observed with other models of stress in the same strain of mice (Andreev-
Andrievskiy et al., 2014; Farah et al., 2006; Fuder and Muscholl, 1995). Considering the
second half of exposure, atenolol’s ability to block the acrolein-induced increase in SDNN
and RMSSD might be due to the recovery of sympathetic influence on the heart as the drug
washes out. This may have balanced the increased parasympathetic shift which occurred due
to irritant inhalation (Carll et al., 2015; Farraj et al., 2015; Hazari et al., 2014). To some
degree this is likely related to baroreflex influence on autonomic balance, since the atenolol-
induced effects (i.e. decreased HR and BP) in the first half of exposure likely result in reflex
sympathetic activation later (Just et al., 2000).

The aforementioned conclusion is also supported by the fact that cholinergic blockade
resulted in a further increase in HR and minimal-to-no effect on SDNN and RMSSD in the
first half of acrolein exposure. These results are in accordance with the concept that the
cardiac stress response in mice is due to activation of sympathetic influence and withdrawal
of parasympathetic activity. This also reiterates the point that HRV in mice is dominated by
parasympathetic tone especially when considered with atenolol’s lack of SDNN and
RMSSD effects. Subsequently, as atropine washed out in the second half of the exposure,
recovery of parasympathetic influence further increased SDNN, RMSSD and even the
frequency domain measures. In fact, the increase in LF during the second half of exposure,
which was not blocked by any treatment, may in part indicate the respective recovery of
sympathetic and parasympathetic influence following atenolol and atropine treatments. This
is a reasonable assertion given LF indicates not only sympathetic and parasympathetic
modulation but baroreflex input as well (Reyes del Paso et al., 2013).

Hexamethonium blocked both braches of the autonomic nervous system at the ganglion and
this appeared to reduce the acrolein-induced HRV response overall. However, a small
exposure effect remained, confirming that parasympathetic activity dominates mouse HRV
and indicating homeostatic control mechanisms which function outside of direct autonomic
modulation of heart rate still contribute to HRV measures (Parati et al., 1995; Sayers, 1973).
These include baroreflex and respiratory sinus arrhythmia, which can also drive changes in
HRV (Reyes del Paso et al., 2013; Sayers, 1973). In fact, early work on upper airway
irritants suggested a biphasic response to agents, such as acrolein, whereby there is early
sympathetic modulation followed by a shift to parasympathetic dominance (Alarie, 1973). It
is this later phase of parasympathetic dominance that was suppressed by atenolol and
enhanced by atropine, possibly not by the direct action of the drugs, but rather due to
physiological compensation by the cardiovascular system.

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2019 May 15.



1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Kurhanewicz et al.

Page 10

When compared to WT, pharmacological blockade produced different results in naive
TRPA1 KO mice indicating that basal autonomic function, particularly parasympathetic
modulation, is sensitive to the activity of TRPA1. Unlike WT, HR and HRV returned to
baseline more quickly in TRPAL KO mice, irrespective of exposure, indicating enhanced
cardiac parasympathetic modulation (Stein et al., 1994). Furthermore, TRPA1 KO mice had
a greater increase in HR and decrease in SDNN due to atropine than WT mice; not to
mention hexamethonium only decreased SDNN in the KO’s. Once again, this suggests that
parasympathetic influence might play a more dominant role in TRPA1 KO mice and points
to the fact that the mechanism of acrolein effects are mediated through TRPA1 and
autonomic modulation involving both the parasympathetic and sympathetic branches. It is
worthwhile to note that vehicle-treated TRPA1 KO mice had a trend towards higher SDNN
after the sham exposure and if they were treated with atropine the increase in HR became
comparable to WT.

Considering the baseline differences in HRV between the WT and TRPA1 KO mice,
drawing conclusions from strain comparison is not straightforward. In addition, there are a
number of other elements in this study which contribute to the difficulty/complexity in
analyzing the results, chief of which is the temporal natures of the stress response, the
exposure response and the pharmacodynamics of the agents used to block cardiac autonomic
neurotransmission. These were not fully appreciated until after the completion of this study.
In retrospect, it may have been more suitable to allow the animals to acclimate in the
chamber, begin exposure and then infuse the pharmacological agents rather than rely on a
single injection immediately prior to exposure. In this way the stress response, exposure
response and pharmacological interventions would have been parsed into distinct stages
rather than overlaid on each other.

Wildtype and TRPA1 KO mice had differences at baseline in not only cardiac function, but
ventilatory function as well. TRPA1 KO mice generally had lower f and increased Ti and Te
(i.e. slower breathing) than WT. This further supports the conclusion that the presence of
TRPAL1 has a direct impact on intrinsic homeostatic mechanisms, even beyond the
cardiovascular and respiratory systems (Holzer 2011). On the other hand, aside from a
general decrease in breathing rate (e.g. Vt, MV) due to hexamethonium, neither strain
exhibited significant changes due to atenolol or atropine. These data reflect the fact that
hexamethonium’s mode of action is different from atenolol and atropine in that the former
impacts all autonomic nerves at the level of the ganglion whereas the latter affect the target
tissue.

Exposure to acrolein produced striking changes in the quality and rhythm of ventilation in
WT mice, but not in TRPA1 mice. The changes are all hallmarks of an upper airway irritant
response which is mediated by stimulation of the trigeminal nerve (Alarie, 1973; Morris et
al., 2003; Vijayaraghavan et al., 1993). The decrease in respiratory rate and elongated
expiratory phase specifically are linked with the phenomena of ventilatory “braking”
whereby reflexive glottal closure and inhibition of the phrenic nerve impair expiratory flow
at the onset of expiration (Alarie, 1973; Vijayaraghavan et al., 1993). These results
corroborate findings by others (Bessac and Jordt, 2008) that TRPA1 mediates these
responses. Interestingly, blockade with atenolol only inhibited the frequency and tidal
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volume changes due to acrolein; these effects were likely due to bradycardia and
hypotension. On the other hand, hexamethonium worsened the acrolein-induced changes in
frequency and tidal volume. Although the role of the autonomic branches here is unclear, it
appears the activity of one or the other is necessary to maintain normal breathing. Yet, any
effects observed due to the drugs may also be secondary to the cardiovascular changes.
Further work connecting irritant ventilatory responses to cardiovascular changes is needed.

CONCLUSIONS

These data demonstrate that exposure to acrolein, a gaseous air pollutant and an important
constituent of combustion can disrupt normal autonomic balance in healthy young mice,
producing marked changes in both cardiac and ventilatory function. Both the sympathetic
and parasympathetic branches of the autonomic nervous system appear to play a role in the
physiological responses observed, likely in a biphasic manner characterized by early
sympathetic activation followed by a prolonged period of vagal dominance. This study
highlights the inextricable link between the cardiac and pulmonary systems and begins to
describe how a complex interplay between sympathetic and parasympathetic arms of the
autonomic nervous system may modulate their function during exposure to air pollution.
The increase in risk inherent to modulation of autonomic balance is not obvious. Rather
these changes may represent a latent homeostatic shift in which autonomic imbalance may
predispose to adverse cardiovascular events if a subsequent stressor is encountered.
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and increased HF (C.), whereas hexamethonium only increased HF (D.). Exposure periods
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(6hr), and one-day post-exposure (24hr). Data points are means + SEM. p < 0.05; *
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significantly different from FA; t significantly different from vehicle-treated controls (n=7-
8).
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Figure 3.
Pharmacological blockade of cardiac autonomic function in TRPAL1 KO mice does not

change the HR and HRV response to acrolein exposure. There was no effect of atenolol (B.),
atropine (C.) or hexamethonium (D.) on any of the parameters during acrolein exposure in
KO mice. Exposure periods are defined as pre-exposure period (—24hr), exposure (1-3hr),
immediately post-exposure (6hr), and one-day post-exposure (24hr). Data points are means
+ SEM (n=7-8).
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TRPAL mediates acrolein-induced changes in ventilation. A. Exposure to acrolein caused a
significant increase in Te, PEF, Vt, penh and a decrease in f in vehicle-injected WT mice.
There were no ventilatory effects in KO mice during acrolein. B. Representative traces from
WT mice exposed to either FA or acrolein showing ventilatory “braking” in response to
acrolein exposure. C. Summary of ventilatory response to acrolein in WT and KO mice
compared with FA. Data points are means + SEM. p < 0.05; * significantly different from
FA (n=7-8).
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Blockade of cardiac autonomic function alters the ventilatory response to acrolein exposure
in WT mice. Treatment of WT mice with atenolol blocked the acrolein-induced increase in
Te and decrease in f, and reduced PEF (B.). Similar effects were observed with atropine

except for the PEF (C.). In contrast, hexamethonium blocked increases in Te during the 2"
and 3" hours of exposure, but caused Vt and PEF to increase (D.). Data points are means
SEM. p <0.05; * significantly different from FA; t significantly different from vehicle-

treated controls (n=7-8).
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Blockade of cardiac autonomic function does not alter the ventilatory response of KO mice
to acrolein. Acrolein caused an increase in penh in the last hour of exposure in KO mice; this
was blocked by atropine only (C.). Data points are means + SEM. p < 0.05; * significantly
different from FA,; T significantly different from vehicle-treated controls (n=7-8).
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Summary of acrolein exposure and pharmacological treatment effects (compared with FA-exposed controls)

on measures of HRV and occurrence of arrhythmia in WT and TRPAL KO mice.

WT: Treatment Heart Rate | SDNN | RMSSD | LF | HF | Arrhytdmia
Saline + Acrolein NE 1 1 T | NE 1
Atenolol + Acrolein NE NE NE ? NE NE
Atropine + Acrolein NE ™ ™ ™" 0 NE
Hexametdonium + Acrolein " 1 1 ? 1 NE

KO: Treatment Heart Rate | SDNN | RMSSD | LF | HF | Arrhytdmia
Saline + Acrolein NE NE NE NE | NE 0
Atenolol + Acrolein NE NE NE NE | NE NE
Atropine + Acrolein NE NE NE NE | NE NE
Hexametdonium + Acrolein NE NE NE NE | NE NE

SDNN = standard deviation of normal-to-normal R-R intervals

RMSSD = Root Mean Square of tde Successive Differences

LF = Low-Frequency

HF = High-Frequency
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Summary of acrolein exposure and pharmacological blockade of autonomic function on ventilatory parameters
in WT and TRPA1 KO mice; compared with FA-exposed controls

WT: Treatment Ti Te PIF | PEF | TV RT MV | Freq | PenH
Saline + Acrolein NE 0 NE t t NE NE { 0
Atenolol + Acrolein NE NE NE 1 NE i NE NE 0
Atropine + Acrolein NE 0 NE t t { NE NE 0
Hexametdonium + Acrolein 1 0 0 1 ™ 1 ) 1 0
early | early early
KO: Treatment Ti Te | PIF | PEF | TV | RT | MV | Freq PenH
Saline + Acrolein NE | NE | NE NE NE | NE | NE NE Tat
180min
Atenolol + Acrolein NE | NE | NE NE NE | NE | NE NE tat
180min
Atropine + Acrolein NE | NE | NE NE NE | NE | NE NE NE
Hexametdonium + Acrolein | NE | NE | NE NE NE | NE NE NE Tat
180min

Ti = inspiratory time; Te = expiratory time; PIF = peak inspiratory time; PEF = peak expiratory time; TV = tidal volume; RT = relaxation time; MV
= minute ventilation; Freq. = breatding frequency; PenH = enhanced pause.
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