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Background: Secondhand smoke (SHS), a major indoor pollutant, is a significant risk factor for cardiovascular morbidity and mortality including arrhythmias and sudden cardiac death. Exposure to SHS can produce autonomic imbalance, as evidenced by reduced heart rate variability (HRV)—a clinical metric of cardiac vagal regulation. Currently, the mechanisms through which SHS changes the vagal preganglionic neuronal inputs to the heart to produce this remains unknown.

Objectives: To characterize the effect of SHS on both the excitability and action potential (AP) characteristics of anatomically identified cardiac vagal neurons (CVNs) in the nucleus ambiguus and examine whether SHS alters small conductance calcium-activated potassium (SK) channel activity of these CVNs.

Methods: Adult male mice were exposed to four weeks of filtered air or SHS (3 mg/m3) 6 h/day, 5 day/week. Using patch-clamp recordings on identified CVNs in brainstem slices, we determined neuronal excitability and AP characteristics with depolarizing step- and ramp-current injections.

Results: Four weeks of SHS exposure reduced spiking responses to depolarizing current injections and increased AP voltage threshold in CVNs. Perfusion with apamin (20 nM) magnified these SHS-induced effects, suggesting reduced SK channel activity may serve to minimize the SHS-induced decreases in CVNs excitability. Medium afterhyperpolarization (a measurement of SK channel activity) was smaller in the SHS group, further supporting a lower SK channel activity. AP amplitude, rise rate, fast afterhyperpolarization amplitude (a measurement of voltage-gated channel activity), and decay rate were higher in the SHS group at membrane voltages more positive to 0 mV, suggesting altered inactivation properties of voltage-dependent channels underlying APs.

Discussion: SHS exposure reduced neuronal excitability of CVNs with compensatory attenuation of SK channel activity and altered AP characteristics. Neuroplasticity of CVNs could blunt regulatory cardiac vagal signaling and contribute to the cardiovascular consequences associated with SHS exposure, including reduced HRV.
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INTRODUCTION

The cardiovascular system is highly sensitive to the adverse effects of secondhand smoke (SHS), which contains more than 7,000 chemicals, including hundreds of known toxicants (Moritsugu, 2007; Warren et al., 2014). SHS exposure-related increases in cardiovascular morbidity and mortality have been shown to be as large as 80–90% of those from chronic active smoking (Barnoya and Glantz, 2005) and are believed to share many of the same underlying mechanisms as active smoking (Moritsugu, 2007; Warren et al., 2014). Three broad, non-mutually exclusive, pathways have been proposed to mediate the cardiovascular detriments attributed to SHS: (1) systemic spill-over of inflammatory and/ or oxidative stress mediators into the circulation, (2) autonomic imbalance favoring sympathetic activation, and (3) penetration of particulates into cardiovascular tissues (Franklin et al., 2015).

SHS exposure-induced autonomic imbalance, as measured by reduced heart rate variability (HRV), may be particularly important because a shift in autonomic regulation can trigger acute cardiovascular events (e.g., arrhythmias and sudden cardiac death) as well as contribute to the development of chronic cardiovascular disease states (e.g., hypertension and vascular hypertrophy) (Franklin et al., 2015). Although HRV is a valuable biomarker of autonomic regulation (Task_Force, 1996), relative contributions from cardiac vagal vs. sympathetic inputs that manifest as SHS-mediated attenuated HRV are poorly characterized. Direct measurement of muscle sympathetic nerve activity (SNA) showed increased muscle SNA in non-smokers exposed to SHS, which has been interpreted as evidence of increased cardiac SNA after SHS exposure (Hausberg et al., 1997). However, direct measurement of cardiac SNA in a rabbit animal model found that cigarette smoke exposure induced a fall in cardiac SNA while increasing renal SNA, suggesting that differential patterns of sympathetic outflow can be elicited by smoke exposure (Peterson et al., 1983).

For the parasympathetic limb of cardiac autonomic regulation, obtaining direct measurement of changes in neuronal activity or vagal efferent activities has been challenging. Time domain HRV measures (e.g., root mean square of successive difference) and frequency domain HRV (i.e., high frequency band power) have been used as surrogate indices of vagal regulation (Task_Force, 1996; Moritsugu, 2007; Warren et al., 2014; Franklin et al., 2015). Several studies have demonstrated an association between SHS exposure and decreased HRV, both acutely and in chronic exposure settings (Pope et al., 2001; Barnoya and Glantz, 2005; Chen et al., 2008; Wilson et al., 2010; Zhang et al., 2013). However, we lack direct mechanistic evidence of how SHS exposure changes cardiac vagal nerve activities that result in the phenotypic shift in autonomic balance that have been previously described.

Cardiac vagal neurons (CVNs) in the nucleus ambiguus (NA) have been shown to play a key role in regulation of heart rate (Corbett et al., 1999; Mendelowitz, 1999; Cheng et al., 2004). These CVNs send projection to the heart and are silent at resting membrane potential (Mendelowitz, 1996; Pham et al., 2009). Ongoing tonic and phasic dynamic vagal activity to the heart are determined by the integration of intrinsic excitability on excitatory depolarizing inputs. Changes in intrinsic excitability of CVNs can mute or amplify synaptic inputs to shape the final output of these cells that are responsible for cardiac regulation. In the central nervous system small conductance calcium-activated potassium channel (SK) channels have been shown to play an important role in finetuning action potential discharge frequency during repetitive firing and in synaptic integration (Bond et al., 2005). The CVNs also express SK channels (Lin et al., 2010a,b, 2011, 2014). In CVNs, these SK channels have been shown to be activated during repetitive firing and shape the final neuronal output (Mendelowitz, 1996; Lin et al., 2010a,b). The objective of this study was to characterize the effect of SHS on both the excitability and action potential (AP) characteristics of anatomically identified CVNs in the nucleus ambiguus and examine whether SHS alters SK channel activity of these CVNs. We hypothesize that SHS exposure reduces intrinsic excitability of CVNs by increasing SK channel activity.



MATERIALS AND METHODS

All experimental protocols were approved by the Institutional Animal Care and Use Committee at the University of California, Davis and in compliance with the Animal Welfare Act (Office of Laboratory Animal Welfare 2002) and Public Health Service Policy on Humane Care and Use of Laboratory Animals (Animal Welfare Act 1966). All mice were treated humanely and with regard for the alleviation of suffering, consistent with the guidelines provided by the National Institutes of Health. All mice were housed in a 12-h light/ 12-h dark cycle with ad libitum access to regular rodent chow and water. The housing temperature was 21 ± 3°C (mean ± SD) and relative humidity was 67 ± 18% (mean ± SD).


Retrograde Labeling of CVNs With a Fluorescent Tracer

All surgeries were performed under sterile conditions. Seven- to eight-week old male C57BL/6J mice (The Jackson Laboratory, CA, USA) were anesthetized with isoflurane (1.5–5% in 100% oxygen). As is routinely done in our laboratory (Pham et al., 2009), we performed a right thoracotomy and placed a parafilm patch (1 mm2) coated with fluorescent tracer 1,1'-dioctadecyl 3,3,3',3'-tetramethylindo-carbocyanine perchlorate (DiI) over the sinoatrial node region. The parafilm patch was secured and sealed with tissue glue. Lungs were slightly hyperinflated before the closure of the chest. All mice received buprenex (0.05 mg/kg) for preemptive analgesia and twice daily for two post-op days.



SHS Exposure

Two weeks after the surgery, mice were randomly assigned to be either exposed to filtered air (FA) or to SHS for four weeks (6 h/day, 5 days/week). As in our previous studies (Chen et al., 2008; Sekizawa et al., 2008; Wang et al., 2018), sidestream cigarette smoke, a surrogate for secondhand smoke, was generated from conditioned 3R4F research cigarettes using a modified ADL/II system (Little Cambridge, MA, USA). The 3R4F cigarette, an international standard reference cigarette for smoke research (Hamad et al., 2017), was obtained from the University of Kentucky Tobacco and Health Research Institute (Lexington, KY, USA) and smoked under Federal Trade Commission conditions (2-second puff of 35 cm3 volume, one puff per min). Smoke was collected and diluted with FA in a mixing chamber to achieve the target total suspended particulate (TSP) concentration of 3 mg/m3, and then delivered to a 0.44 m3 glass Hinners-type exposure chamber where the mice were exposed (whole body exposure) in their home cage with wire lids, rodent chow, and water ad libitum.

The averaged real-life fine particulate matter concentration in smoking restaurants and bars has been reported to be 0.2–0.6 mg/m3 with the maximal level reaching 3 mg/m3 (Semple et al., 2007; Liu et al., 2011; Pacheco et al., 2012). We chose the high end of realistic exposure level (3 mg/m3 of TSP) for this study. Exposures were characterized daily for three major components of cigarette smoke (means ± SD): nicotine (0.3 ± 0.2 mg/m3), carbon monoxide (14.3 ± 1.1 ppm), and TSP (3.0 ± 0.1 mg/m3).



Slice Preparation

After four weeks of SHS or FA exposure, mice (now 13–14 weeks old) were anesthetized with 5% isoflurane and decapitated. The head was immediately submerged for 30 s in a slush made from high-sucrose artificial cerebrospinal fluid (aCSF) that contained (in mM) 73 NaCl, 2.5 KCl, 2 MgCl2, 1.25 NaH2PO4, 25 NaHCO3, 24 dextrose, 0.5 CaCl2 and 75 sucrose (300 mOSM, continuously bubbled with 95%O2-5%CO2). The brain was then exposed and submerged in ice-cold high-sucrose aCSF. Transverse brainstem slices (150 μm) were cut with a Leica VT1000S vibrating microtome (Leica microsystems, Inc. Bannockburn, IL). After incubation at 35°C for 45 min in high-sucrose aCSF, slices were placed in regular aCSF that contained (mM) 128 NaCl, 2.5 KCl, 1 MgCl2, 1.25 NaH2PO4, 25 NaHCO3, 10 dextrose and 2 CaCl2 (300 mOSM, continuously bubbled with 95%O2-5%CO2).



Whole-Cell Patch-Clamp Recordings

For recordings, a single slice was placed in the recording chamber, held in place with a silk meshed platinum ring, and continuously perfused with oxygenated aCSF at a rate of 4 ml/min. Whole-cell patch-clamp recordings were performed at 33–34°C on fluorescently labeled CVNs in the NA (Figures 1A,B). Neurons were identified with infrared differential interference contrast (IR-DIC), and the fluorescence was detected with an optical filter set for DiI (XF 108, Omega Optical Inc., Brattleboro, VT). Recording electrodes (2–5 MΩ) were pulled from a borosilicate glass capillary and filled with solution containing (in mM) 10 KCl, 128 K-gluconate, 2 MgCl2, 10 HEPES, 5.5 EGTA, 2 Na2-ATP and 0.1 CaCl2. Current clamp recordings were made with a MultiClamp 700B amplifier (Axon instruments, Sunnyvale, CA), filtered at 2 kHz, and digitized at 10 kHz with a Digidata 1440A (Axon Instruments). All neurons had seal resistance > 1 GΩ and series resistance <20 MΩ.
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FIGURE 1. An example of retrogradely labeled cardiac vagal neurons (CVNs) and action potential (AP) analysis. (A) (a) Nucleus ambiguus region viewed at 40x with Infrared-differential interference contrast (IR-DIC). (b) The same region viewed with a fluorescence filter for DiI. (c) Overlay of the IR-DIC and fluorescence images. (d) An identified CVN with a patch electrode in whole-cell configuration. (B) Schematic drawing of the recording site (left) and the brainstem slice containing the nucleus ambiguus viewed at 5x. LRt, lateral reticular nucleus; NA, nucleus ambiguus; NTS, nucleus tractus solitarii; Py, pyramidal tract; Sp5, spinal trigeminal nucleus; 12, hypoglossal nucleus. (C) A recorded action potential (left) and its phase plane plot (right) showing the measured parameters. (D) Spiking response to a 1-s depolarizing current step showing the mAHP. AHP, afterhyperpolarization; ½ W, AP half width.


Immediately after obtaining the whole-cell configuration, resting membrane potential was determined in I = 0 mode and the neuron was then current-clamped at −60 mV. Steady-state input resistance was determined with hyperpolarizing currents (20–80 pA, 200 ms). To determine the delay in spiking response to depolarization, each neuron was injected with a hyperpolarizing current step to set the membrane potential to −80 mV for 500 ms (to remove inactivation of voltage-gated channels), followed by a 600 pA depolarizing current step (Sekizawa et al., 2012). Neurons with a delay time <10 ms were classified as rapid-onset spiking phenotype (RS) and neurons with a delay time > 10 ms were classified as delayed-onset spiking phenotype (DS) (Supplementary Figure 1).

To determine the intrinsic excitability of spiking responses to depolarization and action potential (AP) characteristics of CVNs, we used two current injection protocols. First, one-second depolarizing current steps (100–700 pA in 100 pA increments) were used to test general input-output relationship. Second, a five-second ramp (1 nA/s) current injection was used to determine the voltage threshold for AP generation and AP characteristics at membrane voltages that induce inactivation of voltage-gated ion channels. We measured the following AP waveform parameters (Figure 1C): AP peak (the absolute peak voltage), AP amplitude (voltage difference between AP peak and voltage threshold), voltage threshold, AP half width, peak of intra-train afterhyperpolarization (fast afterhyperpolarization peak, fAHP peak: absolute fAHP voltage), fAHP amplitude (voltage difference between fAHP peak and voltage threshold), maximum rise rate, and maximum decay rate. In addition, post-train AHP (medium AHP, mAHP) was measured at the cessation of step current injections (Figure 1D). We determined mAHP amplitude (the voltage difference between mAHP peak and baseline membrane voltage) and mAHP area (the area of the undershoot after the post-train). To determine the contribution of the SK channels to SHS exposure-induced changes in intrinsic excitability, we repeated these protocols in the presence of apamin (20 nM), a selective SK channel blocker.



Data Analysis

Data are expressed as mean ± SE unless indicated otherwise. All statistical analyses were performed with GraphPad Prism (GraphPad Software, Inc.). Membrane properties (resting membrane potential, cell capacitance, and whole-cell resistance) were compared with a t-test (FA vs. SHS). For the step current injection protocol, the input-output (injected current—total evoked spikes) relationship and AP characteristics were compared using a two-way repeated measures ANOVA (currents = within factor, exposure = between factor). The minimum current required to evoke an AP was compared with the Mann-Whitney Rank Sum Test. AP-to-AP changes in instantaneous frequency and AP characteristics were analyzed for the first 15 APs of two current steps (500 and 600 pA) and analyzed with a three-way repeated measures ANOVA (current and AP number = within factors, exposure = between factor). In addition, spiking responses were grouped by total number of discharged spikes (21–25 spikes and 31–35 spikes) and average membrane voltage during current steps [−30 mV (−29 to −31 mV) and −26 mV (−25 to −27 mV)]. Data were analyzed using a three-way repeated measures ANOVA (AP number = within factor, total spike/membrane voltage and exposure = between factors).

For the ramp current injection protocol, the voltage and current at which the first AP occurred (voltage threshold and current threshold, respectively) were compared with a t-test (FA vs. SHS). As was done for step current injection outcomes, data were plotted based on injected current (250 pA increments), membrane voltage (5 mV increments), and instantaneous frequency (10 Hz increments) and compared with a two-way repeated measures ANOVA (injected current/instantaneous frequency = within factor, exposure = between factor) or mixed-effects model (membrane voltage).

For effects of apamin on membrane excitability in the step current injection protocol, a three-way repeated measures ANOVA was used for comparison (exposure/total spikes/membrane voltage = between factor, apamin/current/AP number = within factors). For the ramp current protocol, spiking and membrane voltage response to the ramp currents were analyzed with a three-way repeated measures ANOVA (exposure = between factor, apamin and current/membrane voltage = within factors). For effects of apamin on AP characteristics, data were expressed as delta changes from pre-apamin perfusion and analyzed with a mixed-effects analysis. p < 0.05 was considered significant.




RESULTS

All results were obtained from fluorescently (DiI) labeled CVNs in the NA (Figure 1). There was no difference between FA and SHS in the distribution of RS vs. DS neurons (Supplementary Table 1), thus, RS and DS neurons were combined in the data analysis. There was also no difference in CVN membrane properties including resting membrane potential, cell capacitance, and whole cell membrane resistance (Supplementary Table 1).


Spiking Response to Step Current Injections

Figure 2A shows examples of spiking responses to step current injections from one FA and one SHS neuron. As step current increased, neurons discharged more spikes (Figure 2B1). There was an overall exposure effect indicating that SHS mice discharged fewer total spikes. Additionally, a significant exposure by current interaction indicated that differences in spiking response between FA and SHS was greater at higher injected current (43 ± 3 and 36 ± 3 Hz at 700 pA, FA and SHS, respectively). This reduced spiking response was associated with a 23% increase in minimum current required to evoke an AP (Figure 2B2). Instantaneous frequency of the first 15 APs at current steps of 500 and 600 pA showed the highest instantaneous discharge frequency between the first and second APs (Figure 2C1). There was a slight decrease in instantaneous firing frequency over the first few APs, which ultimately stabilized within the first 10 APs. No difference (see ANOVA results in Figure 2E) in the frequency adaptation pattern was observed between FA and SHS neurons, although SHS neurons had an overall reduced discharge frequency compared to FA neurons injected with the same current.


[image: Figure 2]
FIGURE 2. Effects of SHS on neuronal response to 1 s depolarizing current steps. (A) Example traces of depolarizing current injection induced spiking responses of CVNs from one filtered air (FA) and one secondhand smoke (SHS) exposed group. (B1) Total number of spikes discharged to 1 s depolarizing current steps. CVNs from the SHS exposed group had a lower spiking response compared to those from the FA group (two-way repeated measures ANOVA: p = 0.017 for exposure, p < 0.001 for injected current and p < 0.001 for interaction). (B2) Minimum current that evoked an AP was significantly higher in the SHS group (Mann-Whitney Rank Sum Test, p = 0.012). (C1) Instantaneous frequency of the first 15 APs at injected currents of 500 and 600 pA. Neurons from both groups showed similar frequency adaptation, albeit lower overall frequency in the SHS group compared to the FA control group. (C2) Instantaneous frequency of the first 15 APs from neurons discharged a total of 21–25 spikes and 31–35 spikes in response to 1 s depolarizing current steps, further demonstrate that there was no difference in frequency adaptation between FA and SHS exposed groups. (D1) Membrane voltage (Vm) at 500 and 600 pA current steps. Compared to the FA group, the membrane voltage was significantly more depolarized in the SHS group at each injected current, suggesting that the reduced spiking response in SHS group is not due to a more hyperpolarized membrane voltage at each injected current. (D2) Instantaneous frequency of the first 15 action potentials at two membrane voltages (−31 to −29 mV and −27 to −25 mV for −30 and −26 mV, respectively) demonstrating that the reduced spiking activity in SHS group persisted at similar membrane voltages. (E) Three-way repeated measures ANOVA results for panels (C1,C2,D1,D2). *p < 0.05 SHS vs. FA, †p < 0.05 main effects for current or total spikes, §p < 0.05 exposure x current interaction.


To account for differences in overall number of spikes discharged at the same current steps, spiking responses were grouped by total discharged spikes recorded during 1 s current steps (Figure 2C2). Similar frequency adaptation was observed between FA and SHS groups. Because a higher depolarizing current was required to evoke an AP in the SHS group, we examined the potential impact of membrane voltage responses on overall spiking activity at current steps of 500 pA and 600 pA. The membrane voltages were significantly more depolarized in the SHS group at the same injected current (Figure 2D1). Thus, CVNs in the SHS group had reduced spiking response to current injections despite achieving a greater depolarizing membrane voltage from the same injected current. Spiking responses were further grouped based on the membrane voltage during 1 s current steps. Compared to the FA neurons, spiking activity was significantly blunted in SHS CVNs at the same membrane voltage (Figure 2D2).



Step Current Injections and AP Waveform

The absolute AP peak voltage did not change with increasing depolarizing current, different spiking activities, membrane voltages, or SHS exposure (Figure 3A). AP amplitude, measured from voltage threshold to AP peak, was smaller in neurons from the SHS group at the same injected current (Figure 3B1) and total spike number (Figure 3B2). There was no significant exposure effect on AP amplitude when data were grouped by membrane voltage, however, AP amplitude was significantly smaller at more depolarized membrane voltage (Figure 3B3). The maximum rise rate of the AP upstroke at the same injected current was significantly lower in the SHS group (Figure 3C1). No exposure effect was detected when grouping the data by total spike number (Figure 3C2) or membrane voltage (Figure 3C3). ANOVA results are presented in Figure 3D.


[image: Figure 3]
FIGURE 3. Effects of SHS on AP upstroke characteristics of the first 15 APs during step current injections. (A) Absolute AP peak voltage. There was no significant exposure effect on the AP peak whether grouping the data with same injected currents (A1), total number of spikes (A2) or membrane voltages (A3). (B) AP amplitude (measured from voltage threshold to AP peak). SHS exposure group had significantly lower AP amplitude when grouped with same injected currents (B1) or total number of spikes (B2) but not with same membrane voltages (B3). (C) AP maximum rise rate. Compared to the FA group, the SHS group had a lower rise rate at the same injected current (C1). There was no difference when grouping data by total number of spikes (C2) or membrane voltages (C3). (D) Three-way repeated measures ANOVA results. CVTS, injected current, membrane voltage, or total spikes. *p < 0.05 SHS vs. FA, †p < 0.05 main effect for membrane voltage.


In contrast to the AP peak, absolute fAHP peak voltage was more depolarized in the SHS neurons regardless of whether data were grouped by injected current (Figure 4A1), discharge frequency (Figure 4A2), or membrane voltage (Figure 4A3). Furthermore, fAHP peak was more depolarized at higher injected current, discharge frequency, and more depolarized membrane voltage (Figure 4A). SHS exposure had no effect on fAHP amplitude (Figure 4B) maximum AP decay rate (Figure 4C), or AP half width (Figure 4D). Higher membrane voltage is associated with a lower maximum AP decay rate (Figure 4C3) and wider AP half width (Figure 4D3). ANOVA results are presented in Figure 4E.


[image: Figure 4]
FIGURE 4. Effects of SHS on AP downstroke characteristics of the first 15 APs during step current injections. (A) Absolute fAHP peak voltage. The SHS group had more depolarized fAHP peak at same injected currents (A1), total number of spikes (A2), and membrane voltages (A3). (B) fAHP amplitude (measured from voltage threshold to fAHP peak). SHS did not have significant effects on fAHP amplitude. (C) AP maximum decay rate showing no exposure effect whether the data were groups by injected current (C1), total number of spikes (C2), or membrane voltage (C3). (D) AP half width showing no difference between FA and SHS whether grouping the data by injected current (D1), total number of spikes (D2) or membrane voltage (D3). (E) Three-way repeated measures ANOVA results. CVTS, injected current, membrane voltage, or total spikes. *p < 0.05 SHS vs. FA, †p < 0.05 main effect for current, total spikes, or membrane voltage.




SHS Exposure and mAHP

mAHP amplitude and area (Figure 5A), measured at the cessation of step current injections, were significantly smaller in SHS CVNs (p < 0.05, FA vs. SHS) and the difference was greater at higher injected currents (p < 0.05, interaction). At same membrane voltages, the SHS CVNs had significant smaller mAHP (Figure 5C). These data suggest a reduced SK channel activity after SHS exposure. When grouped by total spike number, these differences were no longer significant (Figure 5B), suggesting that spiking activity of CVNs is tightly linked to the magnitude of mAHP and thus, SK channel activity. ANOVA results are presented in Figure 5D.


[image: Figure 5]
FIGURE 5. Effects of SHS on mAHP amplitude and mAHP area. (A) mAHP amplitude (A1) and area (A2) at the same injected currents were smaller in the SHS exposed group. (B) mAHP amplitude (B1) and area (B2) plotted against the total number of spikes discharged during the 1 s step current injection. There was no difference between the FA and SHS groups. (C) mAHP plotted against average membrane voltage (Vm) during 1 s step current injections showing smaller mAHP amplitude (C1) and area (C2) in the SHS group. (D) Two-way ANOVA results. RM, repeated measures; Numbers in parentheses indicate number of neurons. *p < 0.05 SHS vs. FA, §p < 0.05 exposure x current interaction.




Spiking Response to Ramp Current Injections

Figure 6A shows example spiking responses from FA and SHS neurons to ramp current injections. On average, CVNs in the SHS group had higher voltage and current thresholds (~3.5 mV and ~65 pA higher, respectively) (Figures 6B,C). While CVNs from both FA and SHS groups increased instantaneous frequency concurrent with increasing ramp currents (frequency maxed out at approximately 170 Hz, Figure 6D), SHS neurons had a flatter input-output relationship (p < 0.05, interaction). See ANOVA results in Figure 6G. This flatter spiking response was not the result of a more hyperpolarized membrane voltage because these SHS neurons tended (not significant) to have higher membrane voltages for the same injected current (Figure 6E). In fact, CVNs from the SHS group had significantly lower spiking frequency at most given membrane voltages (Figure 6F).
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FIGURE 6. Effects of SHS on spiking responses to a ramp current injection (5 nA in 5 s). (A) Example traces of neurons from one FA and one SHS exposed group. Arrows indicate the membrane voltage and injected current where the first action potential was discharged and was designated as voltage threshold (Vth) and current threshold (Ith) respectively. (B) Group data of voltage threshold showing a significantly higher threshold for neurons from the SHS group (t-test, p = 0.0166). (C) Group data of current threshold showing that higher input currents were required to evoke an action potential in the SHS group (t-test, p = 0.0141). (D) Instantaneous frequency during the 5-s ramp current injection. The significant exposure by current interaction indicates that the SHS group had a flatter increase in instantaneous frequency as the injected current increased (flatter input-output relationship). (E) Membrane voltage during the ramp current injection showing no difference between FA and SHS, suggesting that the flatter input-output relation to current injection is not due to a smaller membrane voltage response to the injected current. (F) Instantaneous frequency plotted against membrane voltage during the 5-s ramp current injection. The SHS group had lower spiking frequency at the same voltages. (G) Two-way repeated measures ANOVA results for panels (D–F). Sample size: n = 16 for FA and n = 21 for SHS. *p < 0.05 SHS vs. FA, §p < 0.05 exposure x current interaction.




Ramp Current Injections and AP Waveform

AP waveform measurements were averaged three ways: (1) based on injected current at 250 pA increments, (2) based on instantaneous frequency at 10 Hz increments, and (3) based on membrane voltage at 4 mV increments. Figure 7 shows AP upstroke characteristics over a 5 s ramp current injection. As the current ramped up, AP peak increased, reaching a maximum peak of around 2 nA, which subsequently decreased due to sodium channel inactivation (Figure 7A1, also see example traces in Figure 6A). Notably, the maximum absolute value of AP peak was more depolarized in SHS neurons (~51 vs. ~45 mV, SHS vs. FA, respectively). See ANOVA results in Figure 7D. A higher AP peak was consistently observed when the data were grouped based on injected current (Figure 7A1), instantaneous frequency (Figure 7A2) and membrane voltages (Figure 7A3) (p < 0.05 FA vs. SHS). A significant interaction between exposure and current/membrane voltage suggested that the difference between FA and SHS was greater at higher injected current and membrane voltage. In SHS neurons, AP amplitudes were larger at higher injected currents (Figure 7B1, p < 0.05, interaction) and more depolarized membrane voltages (Figure 7B3, p < 0.05 for exposure effect and interaction). Even though the SHS group had a higher AP peak at same discharge frequency (Figure 7A2), the AP amplitude was not different (Figure 7B2). This likely reflects the higher membrane voltage needed by CVNs in the SHS group to achieve the same discharge frequency as FA CVNs (Figure 6F). Similarly, the maximum rise rate of the AP upstroke was higher in SHS neurons at higher injected currents (Figure 7C1) and membrane voltages (Figure 7C3); no difference was observed at the same instantaneous frequencies (Figure 7C2).
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FIGURE 7. Effects of SHS on AP upstroke characteristics over the 5-s ramp current injection. (A) AP peak was higher in SHS group at higher injected current (A1), discharge frequency (A2), and membrane voltage (A3). (B) AP amplitude was larger at higher injected current (B1) and membrane voltage (B3). AP amplitude was similar at the same discharge frequency (B2). (C) AP maximum rise rate. As the injected current increased, the decrease in the rise rate was steeper in the FA group (C1). The difference vanished when plotting against discharge frequency (C2) and persisted when plotting against membrane voltage (C3). (D) Two-way repeated measures ANOVA results. *p < 0.05 SHS vs. FA, §p < 0.05 interaction.


The fAHP peak was not different between FA and SHS at the same injected current (Figure 8A1) but SHS CVNs had a more depolarized fAHP peak at same discharge frequency (Figure 8A2) and membrane voltage (Figure 8A3) (p < 0.05, FA vs. SHS). The exposure effects were greater at higher discharge frequency and member voltage (p < 0.05, interaction). fAHP amplitude was only larger in the SHS group when the data was grouped by membrane voltage (Figure 8B) and the difference was greater at higher membrane voltages (p < 0.05 for exposure effect and interaction). The larger fAHP amplitude was associated with a faster maximum AP decay rate (Figure 8C, p < 0.05 interaction) and shorter AP half width (Figure 8D) at higher member voltage (Figure 8D3, p < 0.05, interaction). Full ANOVA results are presented in Figure 8E.
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FIGURE 8. Effects of SHS on AP downstroke characteristics over the 5-s ramp current injection. (A) intra-train fAHP peak. There was no difference in fAHP peak when plotting against injected current (A1). However, there was a significantly more depolarized fAHP peak in the SHS group at same discharge frequency (A2) and a small but significantly more hyperpolarized fAHP peak at positive membrane voltages (A3). (B) fAHP amplitude in the SHS group was not different from the FA group with increasing injected current (B1) and discharge frequency (B2) but was significantly larger at higher membrane voltage (B3). (C) AP maximum decay rate showing no difference between FA and SHS at same injected current (C1) and discharge frequency (C2) but a greater decay rate at positive membrane voltages in the SHS group (C3). (D) AP half width was smaller in the SHS group at higher membrane voltage (D3). There was no difference at the same injected currents (D1) or discharge frequency (D2). *p < 0.05 SHS vs. FA, §p < 0.05 interaction. (E) Two-way repeated measures ANOVA results.




Effects of Apamin: Step Current Injection

While perfusion with apamin significantly increased both current and voltage thresholds, this effect was greater in CVNs from the SHS group (Table 1). Blocking SK channels with apamin significantly increased neuronal spiking responses to step current injections (p < 0.05, apamin effect), an effect that was significantly smaller in the SHS group (p < 0.05, exposure x apamin interaction) (Figure 9A1). When grouping the data by pre-apamin total spike number (Figure 9A2), apamin resulted in a smaller increase in spiking response in SHS neurons at frequencies >20 Hz (p < 0.05, apamin effect and exposure x apamin interaction). Grouping the data by pre-apamin membrane voltages (Figure 9A3) also yielded smaller apamin-induced increases in spiking response in the SHS group (p < 0.05, apamin effect and exposure x apamin interaction). These data suggest a reduced SK channel activity after SHS exposure. Apamin perfusion eliminated the mAHP (Figures 9B,C), which confirms that mAHP is mediated by activation of SK channels (p < 0.05, apamin effect). At the same injected current (Figures 9B1,C1) and membrane voltage (Figures 9B3,C3), apamin had a smaller effect on mAHP amplitude and area on SHS CVNs (p < 0.05, exposure x apamin interaction), consistent with a reduced SK channel activity in SHS CVNs. Grouping the data by pre-apamin discharge frequency (Figures 9B2,C2) did not reveal any exposure-related apamin effects, which is consistent with the data (Figure 5B) showing that SHS did not affect mAHP amplitudes/areas when discharge frequencies were the same and that spiking activity is tightly coupled to SK channel activity. Full ANOVA results are presented in Figure 9D.


Table 1. Apamin's effects on voltage and current thresholds.

[image: Table 1]
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FIGURE 9. Effects of apamin on spiking responses to step current injections. (A) Spiking responses to step current injections before (aCSF) and during apamin perfusion. Apamin had a smaller effect in the SHS group at a given injected current (A1), total number of spikes (A2), and membrane voltage (A3). (B) mAHP amplitude before and during apamin perfusion. Apamin had a smaller effect in the SHS group at same injected current (B1) and membrane voltage (B3) but not at same total discharge rate (B2). (C) mAHP area before and during apamin perfusion. As in the case of mAHP amplitude, apamin had a smaller effect in the SHS group at same injected current (C1) and membrane voltage (C3) but not at same total discharge rate (C2). (D) Three-way repeated measures ANOVA results. *p < 0.05 SHS vs. FA, †p < 0.05 apamin vs. aCSF, §p < 0.05 exposure x apamin interaction.


For intra-train fAHP, apamin evoked a more depolarized fAHP peak in SHS neurons at same injected currents, discharge frequencies, and membrane voltages (Supplementary Figure 2A). However, apamin had no effect on fAHP amplitude except at 31–35 discharge rate (Supplementary Figure 2B).



Effects of Apamin: Ramp Current Injection

Apamin perfusion increased the spiking input-output relationship by increasing the maximum spiking frequency from ~168 to ~223 Hz (Figure 10A). A flatter input-output relationship for SHS CVNs persisted in the presence of apamin (p < 0.05, exposure effect). Full ANOVA results are presented in Figure 10C. Apamin also increased the membrane voltage for the same injected currents (Figure 10B, p < 0.05, apamin effect), suggesting that opening of SK channel during repetitive spiking shapes spiking activity by, at least in part, lowering the membrane voltage. There was no difference between FA and SHS CVNs with regards to apamin's effects on membrane voltage.


[image: Figure 10]
FIGURE 10. Spiking and membrane voltage responses to a ramp current injection in the absence and presence of apamin. (A) Apamin significantly increased spiking response to current injection. (B) Apamin similarly increased membrane voltage response to current injection. (C) Three-way repeated measures ANOVA results. †p < 0.05 apamin vs. aCSF, §p < 0.05 exposure x apamin interaction.


With regard to apamin's effect on AP characteristics, apamin decreased AP peak, AP amplitude, and maximum rise rate (Figures 11A–C) and increased fAHP peak, fAHP amplitude, maximum decay rate, and AP half width (Figures 11D–G). Except for fAHP peak and fAHP amplitude, there was a significant interaction in the ANOVA results (Figure 11H), suggesting that apamin caused a rightward shift (toward higher injected currents) in SHS CVNs.
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FIGURE 11. Apamin-induced changes in AP characteristics over the 5-s ramp current injection. Apamin-induced changes in AP peak (A), AP amplitude (B), and maximum rise rate (C) showed a shift toward higher injected current in the SHS group. Apamin-induced changes on fAHP peak (D) and amplitude (E) were not different between the FA and SHS groups. AP maximum decay rate (F) and half width (G) also showed a shift toward higher injected current in the SHS group. (H) Two-way repeated measures ANOVA results. §p < 0.05 interaction.





DISCUSSION

The main finding of this study is that four weeks of SHS exposure, at an environmentally relevant level, reduced intrinsic excitability of CVNs that project to the heart—a finding that is consistent with the hypothesis. While several mechanisms appear to contribute to the reduced cardiac vagal neuronal excitability, we found SHS exposure increased the voltage/current threshold required for AP generation while blunting the neuronal spiking response to depolarizing stimuli. Contrary to our hypothesis, the SHS-reduced intrinsic excitability was not mediated by an increased SK channel activity. Blocking SK channels with apamin exaggerated the difference in spiking response between FA and SHS groups, suggesting that reduced SK channel activity may be a protective response to compensate for SHS-induced reductions in cardiac vagal neuronal excitability. Furthermore, CVNs from the SHS group had higher AP and fAHP amplitudes at positive membrane voltages, raising the possibility that attenuated inactivation of voltage-gated channels underlying AP waveform might function to preserve the full range of potential output frequency. Even though the maximum output frequency did not change in SHS CVNs, higher input stimuli will be required to evoke same output responses after SHS exposure (i.e., a flatter input-output relationship)—these data may explain SHS exposure-reduced HRV.


SHS-Induced CVNs Plasticity

Throughout the central nervous system (CNS), alterations in the expression, distribution, and properties of a whole host of ion channels underlie plasticity of neuronal excitability that manifest as changes in resting membrane potential, whole cell resistance, AP threshold, spiking frequency, spiking pattern, or input-output (stimulus-frequency) relationship. We found that SHS exposure did not alter basic membrane properties (e.g., resting membrane potential and whole cell resistance) or discharge pattern (e.g., onset delay and spiking adaptation during persistent depolarization). However, SHS exposure decreased CVNs intrinsic excitability by increasing the threshold required to generate an AP and by decreasing the neuronal stimulus-frequency (input-output) relationship. Importantly, CVNs have no spontaneous activity, meaning their output is determined by synaptic inputs (Mendelowitz, 1996; Pham et al., 2009). Thus, SHS-induced decreases in CVN excitability could serve to mute the magnitude of synaptic inputs, and thereby dampen the requisite dynamism of vagal cardiac regulation.

There are more than 7,000 chemicals in SHS (Moritsugu, 2007; Warren et al., 2014) that can be divided into three major components: nicotine, carbon monoxide, and particulate matter. Suspended particles generated from the burning cigarette may be particularly important in SHS-reduced excitability of CVNs. With regard to nicotine, contrary to our finding of a reduced excitability after SHS exposure, prenatal nicotine exposure, at a level similar to a fetus experienced in moderate to heavy smoking mom, has been shown to increase excitatory inputs to CVNs (Huang et al., 2004; Kamendi et al., 2006). Studies on the effects of carbon monoxide (increased carboxyhemoglobin level) on autonomic cardiovascular regulation of blood pressure and heart rate had yield mixed and inconsistent results (Aronow et al., 1979; Farber et al., 1990). Finally, exposure to particulate matter has been consistently shown to have the same cardiovascular consequences as SHS, including a decreased HRV (Pope and Dockery, 2006). Thus, while the SHS-reduced excitability of CVNs is unlikely to be caused by a single component, suspended particles may play an important role.



Spiking Activity and AHP

Blocking SK channels with apapmin significantly increased spiking activity of CVNs, consistent with the role of SK channel in reducing spiking activity. We found that, at an input stimulus of 700 pA, SK currents dampened the spiking activity by ~61% in FA neurons and by ~53% in SHS neurons (Figure 9A1). Furthermore, SK channel activity appears to be tightly linked to CVN final spiking output frequency, and this relationship did not differ between FA and SHS (Figures 9B2,C2). These data suggest that SK channels play an important role in spiking activity of CVNs.

Contrary to our hypothesis, our data suggest that the SHS-reduced spiking activity in CVNs is not associated with an increased SK channel activity. In fact, application of the SK channel blocker resulted in a significantly smaller increase in spiking activity in the SHS group. Consistent with this finding is the observation that mAHP, a measurement of SK channel activity, was smaller in the SHS CVNs. These data suggest that that SHS exposure reduces SK channel activity. Because the difference in spiking response between FA and SHS was greater without SK channels, the data suggest that mechanisms other than an altered SK channel dampened CVN spiking activity and a reduced SK channel activity may serve to minimize the SHS-induced decrease in the input-output relationship.

We show that CVNs from SHS group had larger fAHP amplitudes, maximum decay rates and AP half widths at membrane voltages above 0 mV (Figure 8). These data suggest that these SHS CVNs may shift potassium channel inactivation toward a more positive voltage, minimizing the broadening of action potential waveform at membrane voltages above zero. A more compact action potential waveform may help to maintain the fidelity of signal transmission. Several potassium channels contribute to the downstroke of AP and fAHP, including voltage-gated potassium (Kv) and voltage-dependent large conductance calcium-activated potassium (BK) channels. BK currents have been implicated in AP repolarization, AP half width, and intra-train fAHP in CVNs (Lin et al., 2014). Both Kv and BK channels are good candidates for future investigation.



AP Threshold and Upstroke

We found that CVNs from the SHS group had larger AP amplitudes and maximum rise rates at membrane voltages above 0 mV (Figures 7B3,C3). In the CNS, most of the APs are generated by activation of tetrodotoxin (TTX)-sensitive sodium currents that have fast inactivation kinetics. In addition, a slow inactivation of fast, TTX-sensitive sodium current is believed to be inherent to CNS neurons (Baranauskas, 2007). Whether the observed SHS-induced shift in AP amplitude was due to changes in the ratio of fast-to-slow inactivation of sodium channels or voltage-dependence of channel inactivation warrants further investigation.

The SHS-increased voltage threshold may also be due to changes in the sodium channel properties themselves. Changes in AP threshold that alter neuronal output have been observed in various neuronal networks associated with disorders such as chronic pain, stress, and epilepsy (Beck and Yaari, 2008). For example, in the hippocampus, long-term potentiation is associated with decreased AP threshold, presumably mediated by a change in voltage-dependence of voltage-gated sodium channels (Xu et al., 2005). In animal models of chronic pain, an increase in voltage-gated sodium currents (increased channel expression) has been shown to lower the AP threshold of dorsal root ganglion neurons (Wang et al., 2007). While the characterization of sodium channel properties is beyond the scope of this study, the higher AP threshold observed in SHS neurons suggests that SHS may impact sodium channel expression, conductance, and/or voltage-dependence.

Taken together, our data suggest that SHS induced decrease in neuronal excitability of CVNs likely involved alterations of multiple channels. Of which, changes in voltage-gated sodium channels are likely candidate to mediate the SHS-increased AP threshold and voltage-gated potassium channels (Kv and BK) may contribute to a SHS-reduced input-output relationship of CVNs.



Current Injection Protocols

The step current injection protocol, a widely used protocol for testing neuronal intrinsic excitability, was used for spiking response to depolarization. The steps used in this study evoked spiking frequencies that fall within the previously reported discharge rate for CVNs in in vivo studies. The basal activity of CVNs measured in vivo in anesthetized animals has a discharge range of 0–9 Hz (Gold and Cohen, 1984; Jones et al., 1998; Rentero et al., 2002; O'Leary and Jones, 2003). Upon activation of pulmonary C-fibers with right atrial administration of phenybiguanide, these CVNs increased their discharge rate to 20–40 Hz (Jones et al., 1998; O'Leary and Jones, 2003). Thus, spiking response results from our step current injection protocol may reflect vagal activities both at rest and during reflex modulation.

A second current injection protocol (ramp protocol) was used to more accurately measure voltage and current threshold for AP generation. The current/membrane voltage range achieved with the ramp protocol may, at best, only be applicable to pathology conditions and only at the lower current part of the ramp. However, the ramp protocol offers a quick way to assess inactivation properties of the voltage-gated sodium and potassium channels underlying the AP. Our results suggest that SHS may alter inactivation characteristics of these voltage-gated channels.

The hyperpolarizing pre-pulse protocol used to determine the delay in spiking response to depolarization is well-established. In general, RS neurons had higher spiking activity than DS neurons. These two neuronal types have been shown, in the nucleus tractus solitarii (NTS), to receive different sensory afferent inputs and have different sensitivity to capsaicin and A-type potassium current density (Bailey et al., 2002). We previously showed, in hibernating hamsters, that as temperature decreases, RS neurons became the dominant neurons for signal transduction in the NTS (Sekizawa et al., 2012). A change in the neuronal phenotype could contribute to SHS-induced differences in neuronal excitability. However, we found no change in the ratio of RS-to-DS in CVNs after SHS exposure (Supplementary Table 1). Thus, SHS-reduced excitability is not due to a shift in neuronal phenotype.



Perspective

SHS-reduced excitability of CVNs may underlie the reduced HRV to SHS exposure. Although 70% of deaths attributable to SHS exposure are cardiovascular in nature (Wells, 1994; Kritz et al., 1995), SHS-induced decreases in vagal regulation and autonomic imbalance may have broader implications. Autonomic imbalance is not just associated with cardiovascular disease, but with myriad CNS disorders such as Parkinson's Disease (Haapaniemi et al., 2001), Fragile X syndrome (Boccia and Roberts, 2000), and depression (Agelink et al., 2001). Furthermore, recent studies suggested that air pollution, including SHS, is linked to CNS disorders and neurodegenerative diseases (Calderon-Garciduenas et al., 2015; Vani et al., 2015; Kim et al., 2020; Shabani, 2021). Reducing SHS exposure in non-smokers with smoke-free policies in public venues could have a broader benefit to public health beyond pulmonary and cardiovascular consequences.




CONCLUSION

Environmentally relevant SHS exposure can reduce neuronal excitability of CVNs. Given the strong link between air pollution (including tobacco smoke) and reduced HRV in both animal models and human cohorts, the data presented herein provide a biological basis for how neuronal impairments from SHS may impart cardiovascular consequences. SHS exposure decreased neuronal input-output relationship in CVNs, in part by increasing the threshold required for AP generation and in part by reducing the neuronal responsiveness to depolarizing stimuli. Reduced intrinsic excitability may also be associated with a shift in voltage-dependence or inactivation of the voltage-gated channels that contribute to the AP waveform. This may reflect a compensatory mechanism, as a right shift in the inactivation properties of voltage-gated channels could protect AP generation at higher membrane voltages in an effort to preserve the firing frequency range.
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