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Abstract

While the transition from the inspiratory to the post-inspiratory (post-1) phase is dependent on the
pons, little attention has been paid to understanding the role of the pontine respiratory nuclei,
specifically the Kolliker—Fuse nucleus (KF), in transitioning from post-1 to the late expiratory
(late-E) activity seen with elevated respiratory drive. To elucidate this, we used the /n situ working
heart-brainstem preparation of juvenile male Holtzman rats and recorded from the vagus (cVN),
phrenic (PN) and abdominal nerves (AbN) during baseline conditions and during chemoreflex
activation [with potassium cyanide (KCN; 7= 13) or hypercapnia (8% CO,; n= 10)] to recruit
active expiration. Chemoreflex activation with KCN increased PN frequency and cVVN post-I and
AbN activities. The inhibition of KF with isoguvacine microinjections (10 mM) attenuated the
typical increase in PN frequency and cVVN post-1 activity, and amplified the AbN response. During
hypercapnia, AbN late-E activity emerged in association with a significant reduction in expiratory
time. KF inhibition during hypercapnia significantly decreased PN frequency and reduced the
duration and amplitude of post-1 cVN activity, while the onset of the AbN late-E bursts occurred
significantly earlier. Our data reveal a negative relationship between KF-induced post-1 and AbN
late-E activities, suggesting that the KF coordinates the transition between post-1 to late-E activity
during conditions of elevated respiratory drive.
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INTRODUCTION

Breathing is dependent on multiple motor outputs whose activities are precisely timed to the
transition between the phases of the breathing cycle. At rest, the mammalian breathing cycle
is composed of three phases (Richter, 1982; Smith et al., 2007). The first phase, inspiration
(1), is dependent on the active contraction of the inspiratory muscles to draw air into the
lungs. During the second phase, post-inspiration (post-1), prolonged inspiratory muscle
activity (primarily the diaphragm) and laryngeal muscle contraction counteract the elastic
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recoil forces of the lungs and chest wall to control the rate that air is exhaled from the lungs
(Gautier et al., 1973; Davis and Bureau, 1987; Feldman et al., 2013; Dutschmann et al.,
2014). During the third phase (E2), there is no muscle contraction and no airflow (Richter,
1996; Feldman and McCrimmon, 2003). Thus, under eupneic conditions, expiration is
considered to be mostly passive (Jenkin and Milsom, 2014).

The three-phase eupneic breathing pattern is the product of the coordinated activity of the
respiratory central pattern generator (CPG) located in the brainstem, especially within the
ventral respiratory column (VRC) of the medulla (Smith et al., 2007). The current
hypothesis is that inspiratory neurons of the pre-Bétzinger Complex (preBétC) generate
inspiratory activity, while neurons of the Bétzinger Complex (B6tC), essentially post-
inspiratory (post-1) and augmenting expiratory (aug-E) neurons, control the expiratory phase
(Smith et al., 1991; Richter, 1996; Onimaru and Homma, 2003; Janczewski and Feldman,
2006; Alheid and McCrimmon, 2008; Smith et al., 2009, 2013). The respiratory rhythm
generator circuitry is certainly complex, involving degenerate and redundant pontine and
medullary regions that can influence respiratory pattern formation (Jones and Dutschmann,
2016). At its simplest level, neurons from the preB6tC and B6tC establish mutual
connections with pontine and medullary respiratory groups, sending projections to cranial
and spinal pre-motor and motor nuclei to coordinate the muscle contraction and relaxation
cycles that underpin breathing under resting conditions (Smith et al., 2013).

Under conditions of elevated respiratory drive (i.e. hypercapnic or hypoxic conditions),
expiration often becomes an active process, and recruitment of the abdominal muscles
forcefully exhales air from the lungs (Lemes and Zoccal, 2014; Jenkin and Milsom, 2014).
The emergence of active expiration relies on the activation of a conditional active expiratory
oscillator located in the ventral medulla, rostral to the VRC, within the retrotrapezoid
nucleus/parafacial respiratory group (RTN/pFRG) (Janczewski and Feldman, 2006). It has
been hypothesized that the RTN/pFRG provides excitatory inputs to pre-motor expiratory
neurons of the VRC, critical for powering the forceful contraction of the abdominal muscles
during the late part of the expiratory phase (late-E) (Molkov et al., 2010; Pagliardini et al.,
2011; Silva et al., 2016). However, the neural mechanisms responsible for the activation and
coordination of the expiratory oscillator with the respiratory CPG remain to be elucidated.
Active expiration has been suggested as an important component of the ventilatory response
to hypoxia, hypercapnia and exercise (Abraham et al., 2002; Abdala et al., 2009a; Moraes et
al., 2012a,b) while abnormal activation of the expiratory oscillator has been associated with
the generation of respiratory instabilities of some pathological states, such as Rett syndrome
(Abdala et al., 2009b). Therefore, the identification of the neural substrates and their
functional role for the control of active expiration has both physiological and pathological
relevance.

Excitatory drive from the pons is necessary for generating abdominal muscle burst activity
during the late-E phase (Abdala et al., 2009a,b; Molkov et al., 2010). Within the dorsal pons,
there is a group of respiratory neurons within the Kélliker—Fuse nucleus (KF), which
interact with and modify the output of the medullary areas described above and is critical for
the transition from inspiration to expiration (Dutschmann and Herbert, 2006). The KF is
suggested to send excitatory inputs to the VRC neurons, mainly to B6tC post-1 neurons,
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which are essential for terminating inspiration, regulating post-1 activity in the phrenic and
cervical vagus nerves, then controlling the transition from inspiration to expiration (Smith et
al., 2007). The KF also provides the drive that excites upper airway musculature contraction
during the early (post-1) phase of expiration (Dutschmann and Herbert, 2006). Although
anatomical studies have also indicated connections between KF and the ventromedullary
areas responsible for the generation of expiratory pattern (Rosin et al., 2006), there is no
functional evidence about the role of the pons in regulating the transition from the post-1 to
the late-E phase, or in generating or modifying the transition from a eupneic passive to an
active expiratory pattern when drive is elevated. Therefore, it becomes important to
investigate the contribution of the KF for the control of late-E abdominal activity, in order to
expand our knowledge about the neural circuitry required for the generation of active
expiration and the processing of ventilatory responses to hypoxia and hypercapnia. In the
present study, we hypothesized that the KF also controls the timing of the phase transition
from the post-1 to the late-E phase, as well as the onset of late-E activity in abdominal motor
nerve output.

EXPERIMENTAL PROCEDURES

Animals

The experimental procedures followed the guidelines of the Brazilian National Council for
Animal Experimentation Control (CONCEA) and of the US National Institutes of Health
(NIH, publication no. 85-23, 1996). All experimental protocols were authorized by the Local
Ethical Committee in Animal Experimentation of the School of Dentistry of Araraquara
(protocol 18/2014) and the University of British Columbia (protocol A-13-0025).

Juvenile male Holtzman rats (postnatal day 25-30, 60-80 g, 7= 13) were used in the present
study. Animals were housed under controlled conditions of temperature (22 + 1 °C) and
humidity (50-60%) under a 12-h light/dark cycle (lights on at 7:00 am) with free access to
rat chow and water.

The in situ working heart brain preparation

Working heart-brainstem preparations (Paton, 1996) were surgically prepared, as previously
described (Zoccal et al., 2008). Juvenile Holtzman rats were deeply anesthetized with
halothane until the paw and tail pinch reflexes were abolished. The animals were then
transected below the diaphragm and submerged in a cold Ringer solution (in mm: NaCl,
125; NaHCOg, 24; KCl, 3; CaCly, 2.5; MgSOy, 1.25; KHoPOy, 1.25; dextrose, 10). Animals
were then decerebrated and their skin removed. The lungs were removed with care to not
damage the descending aorta or the phrenic nerve at the attachment to the diaphragm. The
left cervical vagus nerve was isolated. Preparations were then transferred to a recording
chamber; the descending aorta was cannulated and perfused retrogradely (21-25 mL-min~1;
Watson-Marlow 502s, Falmouth, Cornwall, UK), via a double-lumen cannula, with Ringer
solution containing 1.25% Polyethylene glycol (an oncotic agent, Sigma, St Louis, USA)
and vecuronium bromide (a neuromuscular blocker, 3—4 ug-mL=1). The perfusion pressure
was held within 50-70 mmHg by adding vasopressin (0.6-1.2 nM, Sigma, St. Louis, MO,

Neuroscience. Author manuscript; available in PMC 2018 January 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

JENKIN et al.

Page 4

USA) to the perfusate. The perfusate was continuously gassed with 5% CO, and 95% O,
warmed to 31-32 °C and filtered using a nylon mesh (25 pm).

Nerve recordings and data analyses

Respiratory motor nerves were isolated and recorded from glass suction bipolar electrodes
held in place with micromanipulators. The left phrenic nerve (PN) discharge was recorded
from its central end. The left vagus nerve (cVVN) was cut at the cervical level (below the
carotid artery bifurcation) and its efferent activity was recorded. An abdominal nerve (AbN)
was isolated from the abdominal muscles on the right side at the thoracic—lumbar level
(T12-L1), cut distally and its activity recorded. All the signals were amplified (P511 AC
preamplifier, Grass Instruments, Astro-Med, USA, calibrated prior to the experiments using
an internal calibrator), band-pass filtered (0.3—-3 kHz) and acquired with an A/D converter to
a computer using Spike 2 software (Cambridge Electronic Design, CED, Cambridge, UK).

The analyses of the PN, cVVN and AbN activities were carried out on the rectified and
smoothed signals (time constant of 50 ms) and performed off-line using Spike 2 software
with custom-written scripts after noise subtraction (as described by Zoccal et al., 2008). PN
activity was analysed by its burst amplitude (uV), frequency (derived from the time interval
between consecutive bursts, expressed as cycles per minute, cpm), duration (time of
inspiration, s) and interval (time of expiration, s). For the cVVN, activities of inspiratory
(coincident with PN burst) and post-inspiratory (remaining activity during the expiratory
period) components were measured as the area under the curve (uV-s™1) to consider both
amplitude and duration. Baseline AbN activity was evaluated as the mean activity (uV)
during the first (E1 phase) and second half of expiratory periods (E2 phase). The AbN
response to peripheral chemoreflex stimulation was quantified as the mean activity during
the total expiratory period (LV) whilst hypercapnia-induced AbN late-E bursts were
evaluated by their amplitude (1V) and duration relative to PN bursts (s). The respiratory
changes elicited by peripheral chemoreflex stimulation and hypercapnia were calculated as
the maximal variation relative to the respective baseline. Epochs of 3—4 respiratory cycles
(from the initiation of the responses) were considered to calculate the maximal changes to
peripheral chemoreflex stimulation while 10-15 cycles (45-60 s) were used to measure the
responses to hypercapnia. The magnitudes of the changes were expressed either in their
original units or in percentage variation.

Activation of peripheral and central chemoreceptors

The in situ preparations were exposed to potassium cyanide (KCN) (n7=13) or hypercapnia
(n=10) to activate peripheral and central chemoreceptors and generate active expiration.
Exposure was randomized for each trial. The KCN (50 pL, 0.05%) was injected into the
descending aortic via the perfusion cannula. Hypercapnia was achieved by raising the
fractional concentration of CO» in the perfusate from 5 to 8-10% (balanced with O,) for 5-
10 min, using a gas-mixing device (AVS Projetos, Sdo Carlos, Brazil) connected to cylinders
of pure O, and CO,. Both stimuli produced consistent respiratory reflex responses, with low
variability among preparations.
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Microinjections into the KF

Bilateral microinjections of isoguvacine (a GABA agonist, 10 mM, Sigma—Aldrich)
containing 5% fluorescent latex microbeads (Lumafluor, New City, NY, USA) were
performed into the KF to pharmacologically inhibit this region. Before the isoguvacine
microinjections, the KF was functionally identified by microinjections of L-glutamate (10
mM, Sigma—Aldrich), which evoked an increase in cVN post-I activity and PN apnea
(Bautista and Dutschmann, 2014), as demonstrated in Fig. 1. The glass pipettes contained
either the drug-microbead mixture or L-glutamate and were positioned in the KF using the
following stereotaxic coordinates: 5.5 mm rostral from the calamus scriptorius; 1.75 mm
lateral from midline; and 1.5 mm ventral to the dorsal surface. The volume of each
microinjection was 70-90 nL. Despite the accuracy of the bilateral injections (as observed
with both the histology and the consistent reduction in the cVN post-inspiratory peak), these
injections may have not necessarily inhibited all KF neurons.

Experimental Design

Histology

Initially, the functional identification of the KF with L-glutamate microinjections was
performed 10-15 min before the beginning of the experimental protocol, as illustrated in
Fig. 1. After this period, KCN or hypercapnia was administrated in order to check the
preparation’s viability and to obtain baseline responses. A period of at least 10 min was
allowed between stimuli. After the preparation had returned to baseline conditions, the effect
of KF inhibition on the peripheral chemoreceptor responses and hypercapnic responses was
tested. With respect to the peripheral chemoreflex, the injection of KCN was carried out 20—
60 s after bilateral microinjections of isoguvacine into the KF. Regarding the hypercapnia
response, bilateral isoguvacine microinjections were performed during the exposure to high
COs, levels (8-10% CO»), usually 3-5 min after the initiation of hypercapnia. Bilateral
microinjections in the KF were performed using a single barrel micropipette and were
achieved in under 2 min. The maximal effects were observed for 1-5 min after injections. A
total of 13 /n situ preparations were included in the data analyses. Ten /n situ preparations
were exposed to both KCN and hypercapnia, which were administrated randomly and after
the recovery from the effects of isoguvacine microinjections in the KF (on average 30 min).
Three /n situ preparations received KCN only. No differences were noted either in the effects
induced by isoguvacine microinjections or the KCN responses between these 2 subgroups.
PN, AbN and cVN activities were recorded simultaneously in all /n situ preparations with
exception of one preparation, in which cVN activity was not recorded.

At the end of each experiment, the brain stem was removed and fixed by immersion for 5
days in 10% buffered formalin and then in sucrose solution (20%) overnight. After, 40 um
coronal sections were obtained at the level of KF (Leica, CM1850 UV; Wetzlar, Hesse,
Germany) and analysed in a fluorescent microscope (Leica, DM5500 B) with the aid of a rat
brain Atlas (Paxinos and Watson, 2009) to identify the injections sites (fluorescent
microbeads; Fig. 2).
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Statistical analysis

All results are expressed as means + standard errors of the means, and comparison between
conditions was done with repeated measures ANOVA. If normality was not passed, a non-
parametric repeated measures ANOVA alternative, the Friedman test, was performed. This
test provides a chi-square statistic for ranks. Holm-Sidak and Tukey post hoc tests were used
as appropriate. The comparisons were conducted with Sigma Stat 11 software (Dundas
Software LTD) and differences were considered significant when p < 0.05.

RESULTS

Under basal conditions (95% O, and 5% CO,) all /n situ preparations exhibited a eupneic-
like breathing pattern, with ramping PN bursts, biphasic cVN activity consisting of an
inspiratory component followed by decrementing post-1 activity, and low-amplitude AbN
activity (Fig. 3A).

Effect of isoguvacine microinjections in the KF on baseline activities

Fig. 3A shows a representative trace demonstrating the effect of inhibiting the KF with
bilateral injections of isoguvacine on baseline respiratory related neural output. After
bilateral inhibition of the KF with isoguvacine (7= 13) during baseline conditions (Fig. 3A,
B) there was no significant change in PN frequency (14.81 £ 1.24 vs. 11.98 + 1.13 bpm,
Xz(l, n=13) =0.69, p=0.581, Fig. 3B), but there was a significant decrease in PN
amplitude (12.56 + 1.59 vs. 9.91 + 1.18 pV, x2(1, 7= 13) = 9.31, p= 0.003, Fig. 3C).
Moreover, isoguvacine microinjections in the KF significantly increased inspiratory time
(1.07 £0.05vs. 1.76 + 0.15 s, A1,12) = 19.55, p< 0.001, Fig. 3D), but had no effect on the
expiratory time (3.57 £ 0.40 vs. 4.04 £ 0.46 s, ~(1,12) = 0.817 p=0.384, Fig. 3E). Bilateral
inhibition of the KF significantly increased cVN inspiratory activity (8.56 + 0.77 vs. 11.86
+1.11 Vs, A1,11) = 21.00, p< 0.001, Fig. 3F) and significantly decreased cVN post-I
area under the curve (16.78 + 3.22 vs. 7564 + 1.72 uV's, x%(1, n=12) = 12.00, p < 0.001;
Fig. 3G). Bilateral inhibition of the KF had no significant effect on AbN mean activity
during E1 (2.31 £ 0.59 vs. 2.21 £ 0.64 pV, Xz(l, n=13)=0.077, p=1.000, Fig. 3H) or
during E2 (3.93 £ 1.24 vs. 4.27 £ 1.37 [V, Xz(l, n=13) =3.77, p=0.092, Fig. 31). In all
animals included in the analyses presented the microinjections sites were within the
boundaries of the KF (Fig. 2), extending from —8.64 to —=8.76 mm in relation to bregma
(Paxinos and Watson, 1998). Despite the accuracy of the bilateral injections (as observed
with both the histology and the consistent reduction in the cVN post-inspiratory peak), these
injections may have not necessarily inhibited all KF neurons.

Effect of KF inhibition with isoguvacine on the peripheral O, chemoreflex activation

Stimulation of the peripheral chemoreceptors with KCN before inhibition of the KF (n= 13,
Fig. 4A, B) elicited a transient tachypneic response (14.39 + 1.01 vs. 22.72 + 1.42 bpm,
A3,36) = 11.28, p< 0.001; Fig. 4A, 4B and 4C), with significant increases in PN burst
amplitude (APN amp: 19.17 + 4.39%, Xz(l, n=13) =13.00, p<0.001, Fig. 4D). KCN also
increased both the cVN inspiratory (A: 14.34 + 1.68%, Xz(l, n=12) =12.00, p<0.001, Fig.
4E) and post-I activities (A: 26.20 + 4.19%, A1,11) = 38.42, p< 0.001, Fig. 4E) and evoked
a marked increase in AbN activity (A: 86.31 + 11.98%, A1,12) = 10.73, p=0.007, Fig. 4F).
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The AbN response was initially characterized by the presence of peaks of activity during
post-1 and late-E phases, which decreased to only late-E bursts as AbN discharge returned to
the initial conditions.

Inhibition of the KF with isoguvacine microinjections notably modified the pattern of
chemoreflex respiratory response to KCN (Fig. 4A, B). The effect of KF inhibition on the
KCN-induced tachypneic response was variable among experiments. The magnitude of
reflex tachypnea remained unchanged in some preparations (/7= 7 Fig. 4A) whilst others
showed a reduction in respiratory frequency in response to KCN (n7= 6, Fig. 4B) compared
to the control response. On average, the magnitude of the elevation in PN burst frequency
before and after peripheral chemoreceptor stimulation was significantly reduced after KF
inhibition (APN burst frequency: 8.33 £ 0.92 vs. 2.12 + 2.28 bpm, A1,12) =5.77, p=0.033,
Fig. 4C). Irrespective of the pattern of change in PN burst frequency, KCN still evoked an
increase in PN burst amplitude after KF inhibition (APN amp: 19.17 + 4.39 vs. 28.52
+4.26%, A1,12) = 2.91, p=0.114, Fig. 4D). The increase in cVN inspiratory activity after
KCN stimulation was maintained after KF inhibition (A: 14.34 £ 1.68 vs. 17.52 + 2.35%,
A1,11) = 3.00, p=0.111, Fig. 4E), but the increase in cVN post-1 activity was significantly
attenuated (A: 26.20 £ 4.19 vs. 7.65 + 2.81%, A1,11) = 9.82, p=0.010, Fig. 4E). Moreover,
the amplitude of AbN response increased significantly (A: 86.31 £ 11.98 vs. 121.54
+14.49%, A1,12) = 11.19, p=0.006, Fig. 4F) after KF inhibition and was characterized by
a large burst during the expiratory period (Fig. 4A, B). Note that following the initial AbN
burst, subsequent AbN bursts displayed a decrementing pattern of discharge (Figs. 4A, B).

Effect of KF inhibition with isoguvacine on the hypercapnic response

Upon exposure to hypercapnia (n= 10, Fig. 5A), there was a significant increase in the AbN
activity during the late-E phase compared to baseline conditions (AAbN: 132.49 + 26.86%,
A1,9) = 9.94, p=0.012). The emergence of these AbN late-E bursts was accompanied by:
(i) no significant changes in PN burst frequency between baseline and hypercapnic
conditions before KF inhibition (15.30 + 1.76 vs. 13.28 + 0.80 bpm, X2(3, n=10)=16.76, p
= 0.144, Fig. 5B) or amplitude compared to baseline conditions (APN amp: 6.49 + 6.14%,
A3,27) = 1.11, p=0.363, Fig. 5D); (ii) a significant reduction in inspiratory (1.06 £ 0.08 vs.
0.86 + 0.08 s; A3,27) = 13.33, p<0.001, Fig. 5C) and expiratory times (4.00 £ 0.3 vs. 3.1
+0.2s; F(3,27) = 3.54, p=0.028) between baseline and hypercapnic conditions before KF
inhibition; and (iii) a significant increase in the cVN post-I peak (AcVN post-I peak: 25.34
+ 5.40%; H1,8) = 15.84, p=0.004, Fig. 5E) and a tendency to decrease the cVN post-I
duration (AcVN post-I duration: —0.58 £ 0.28 s; A1,8) = 4.43, p=0.068).

The inhibition of the KF during hypercapnia caused a significant decrease in PN burst
frequency compared to baseline conditions and hypercapnic conditions before KF inhibition
(10.48 £ 0.68 vs. 15.30 = 1.76 and 13.28 + 0.80 bpm; X2(3, n=10) =16.76, p <0.001, Fig.
5B). This drop in PN burst frequency was associated with an increase in inspiratory time
compared to baseline conditions and hypercapnic conditions before KF inhibition (1.37
+0.09 vs. 1.06 £ 0.08 and 0.86 + 0.08 s, A3,27) = 13.33, p< 0.001, Fig. 5C). Inhibition of
the KF had no significant effect on PN amplitude (APN amp: -2 + 7%; A2,18) = 1.91, p=
0.177, Fig. 5D). Microinjections of isoguvacine in the KF significantly depressed cVN post-
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| activity (ACVN post-1 peak: —78.49 + 6.34%, y2(2, n=9) = 14.00, p < 0.001, Fig. 5E).
Interestingly, although the KF inhibition did not modify the amplitude of hypercapnia-
induced AbN activity (AAbN late-E: 171.05 + 36.66%, F(2,18) = 2.31, p=0.128, Fig. 5F),
the duration of the late-E bursts increased as a result of the earlier onset of late-E bursts
relative to PN bursts (2.39 £ 0.74 vs.1.27 £ 0.36 s, A2,18) = 22.21, p< 0.001, Fig. 5G).
After the recovery from the inhibition of the KF, while still being exposed to hypercapnia,
the PN, cVN and AbN responses were comparable to control hypercapnic conditions (Fig.
5B-F).

DISCUSSION

Breathing is the product of the communication between multiple specialized neuronal
networks within the brainstem. To date, most research conducted on the involvement of the
pons in generating or modifying the breathing pattern has focused on its role in triggering
the commencement of post-inspiratory (post-1) activity and the inspiratory off-switch (see
Mérschel and Dutschmann, 2009 for review). Here we show that descending inputs from the
pons, specifically the Kélliker—Fuse nucleus (KF), restrain the onset of late-E abdominal
nerve activity and thus act as a timekeeper for the active expiratory pattern observed after
stimulation of peripheral O, chemoreceptors and under hypercapnic conditions. This
highlights the role of the pons in coordinating active expiration (AE) and outlines the
complexity and multi-functionality of the pontine and medullary centers in controlling
breathing.

The role of the KF in the control of the expiratory phase during eupnea

It has been suggested that the three-phase eupneic breathing pattern relies on an inhibitory
ring comprised of the post-inspiratory (post-1) and augmenting-expiratory (aug-E) neurons
of the BOtC and the inspiratory (1) neurons of the preBotC (Lindsey et al., 1987; Ezure and
Manabe, 1988; Smith et al., 2007). The B6tC post-1 neurons inhibit | neurons to terminate
inspiration (Rubin et al., 2011 for review). Subsequently, due to their intrinsic
electrophysiological properties and increasing inhibition from the aug-E neurons of the
Bo&tC, the post-1 neurons stop firing producing the second phase of expiration (Rubin et al.,
2011 for review). Finally, the early-1 neurons of the preB6tC fire, inhibiting all of the
expiratory neurons of the BotC (see Rubin et al., 2011 for review). Although this inhibitory
ring appears to be the kernel of central respiratory pattern and rhythm generation (Molkov et
al., 2010), studies indicate that its function depends on synaptic interactions of B6tC and
preBotC with other respiratory compartments of the brainstem, especially the pons (Smith et
al., 2007; Janczewski et al., 2013).

There is growing evidence to support the role of the pons in generating post-1 activity.
Dutschmann and Herbert (2006) found that pharmacological inhibition of the KF with
isoguvacine decreased baseline breathing frequency, eliminated recurrent laryngeal nerve
post-I activity and reduced upper airway resistance during expiration. Smith et al. (2007) and
Abdala et al. (2009a) have also shown that complete transection of the pons, which causes a
shift from a three-phase (I, post-1, E) to a two-phase breathing cycle (I, E), eliminated the
B&tC post-1 neuronal activity and the post-1 component of cVVN activity. Recently, Bautista
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and Dutschmann (2014) found that inhibition of the KF resulted in a significant decrease in
hypoglossal motor activity during the inspiratory and post-1 phases. There is evidence
suggesting reciprocal inhibition of the post-1 neurons with the aug-E neurons (Ezure et al.,
2003; Smith et al., 2009), and the pons appears to play a role in coordinating the activity of
these two neuronal groups. These studies provide overwhelming support of the role of the
KF in acting as the inspiratory-off switch, providing tonic drive to excite the post-l neuron
activity and thus the termination of | neuron activity, contributing to the functioning of the
B&tC/pre-BotC inhibitory ring.

From our data, inhibition of the KF decreased cVN post-I activity and increased inspiratory
motor activity (duration and amplitude), highlighting the importance of the KF in initiating
the post-I activity and the transition from the I to post-1 phase. Bautista and Dutschmann
(2016) have shown that KF inhibition does not modify basal AbN activity, suggesting that
the KF is not required for the transition from post-1 to the second phase of expiration (E2)
under eupneic conditions. In our study, we did not observe differences in baseline AbN
activity before or after inhibition of the KF, providing further support to previous
observation that the KF is not essential for the transition from post-1 to E2 during eupnea —
an event that must rely mainly on intrinsic properties of adapting post-1 neurons of the B6tC
(Paton, 1996; Molkov et al., 2010).

The role of the KF in the control of late-E activity during peripheral and central
chemoreflex activation

Under eupneic conditions, tonic abdominal expiratory activity is low and expiratory flow is
initiated passively by recoil forces of the lungs and the chest (Jenkin and Milsom, 2014). Of
the studies that have investigated active expiration (AE) with increasing respiratory drive,
AE typically appears at the end of the expiratory (late-E) pause (Sherrey et al., 1988;
Taccola et al., 2007; Abdala et al., 2009a,b; Pagliardini et al., 2011). With greater respiratory
drive, AE begins earlier, occupying more of the expiratory phase (Gautier et al., 1973;
Sherrey et al., 1988; De Troyer et al., 1989). The generation of late-E abdominal activity
depends on the activation of the RTN/pFRG (Janczewski and Feldman, 2006), which
contains expiratory neurons that are silenced under resting conditions due to tonic inhibitory
drive (Pagliardini et al., 2011). Under hypoxic or hypercapnic conditions, it has been
suggested that the RTN/pFRG late-E activity emerges due to increased excitatory and
reduced inhibitory drives to the RTN/pFRG (Abdala et al., 2009a,b; Marina et al., 2010;
Moraes et al., 2012a,b) and provides excitatory inputs to the ventral respiratory column
(Molkov et al., 2010).

Peripheral chemoreceptor stimulation by KCN evoked an increase in respiratory frequency,
vagal post-I activity, abdominal post-1 and abdominal late-E motor activities. When the KF
was inhibited, the increase in vagal post-1 activity was largely depressed and the abdominal
response was potentiated and occupied the entire expiratory phase. Given that the post-I
neurons of the BotC are considered a source of inhibition of the RTN/pFRG (Abdala et al.,
2009a,b), we conclude that O, chemoreflex-induced post-I activity restrains the emergence
of late-E activity, which emerges only during the end of the expiratory period (when post-I
activity decreases). With the inhibition of the KF, late-E activity was released from
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inhibition (consequent to post-I depression) and the excitatory inputs, potentially from the
NTS (Takakura et al., 2006; Moraes et al., 2012a,b), generated an amplified abdominal
response. We also observed that the tachypneic response to KCN, on average, was also
attenuated after KF inhibition. Importantly, the variability that we observed regarding the
phrenic burst frequency response to KCN after isoguvacine was not related to any obvious
differences in the microinjection site location within the KF. However, we noticed a
temporal relationship between the magnitude of tachypnea and the emergence of the
abdominal response to KCN. Based on our results, the abdominal response appears before
the phrenic excitation as an initial expiratory lengthening preceding the increase in phrenic
burst frequency (see Fig. 4A,B) — which may be related to the time of stimulation of
peripheral chemareceptors within the respiratory cycle (during | or E phase). Considering
that the recruitment of RTN/pFRG late-E neurons is associated with enhanced B6tC aug-E
neuron activity (Abdala et al., 2009a), the augmented late-E neuron activation after KF
inhibition may also contribute to the observed expiratory lengthening during peripheral
chemoreceptor stimulation, preventing the tachypneic reflex response. Our data provide new
evidence that the KF regulates the post-1 activity during peripheral chemoreflex activation,
which controls the duration of abdominal late-E activity and the magnitude of the increase in
respiratory frequency.

Under hypercapnic conditions, abdominal activity appears to emerge as a result of RTN/
PFRG late-E neuronal activation (Janczewski and Feldman, 2006; Abdala et al., 2009a,b;
Molkov et al., 2010) due to the stimulation of CO,-chemosensitive neurons (Marina et al.,
2010). Interestingly, post-1 expiratory breaking activity is always conserved in the breathing
cycle, and thus late-E activity is always preceded by post-1 activity (Sherrey et al., 1988;
Maérschel and Dutschmann, 2009). This suggests that the transition from passive to active
expiration is likely controlled by the termination of post-1 neuron activity. Abdala et al.
(2009) demonstrated that the abdominal late-E bursts during hypercapnia (10% CO,) occur
in parallel with shortening of vagal post-1 activity. Our results show that vagal post-I
duration decreases, albeit not significantly, with the presence of late-E AE. The lack of
significance is probably due to the use of lower CO» levels (8% CO,) compared to previous
studies (Abdala et al., 2009a). When the KF was inhibited, post-I activity was further
depressed and AbN late-E activity was amplified. Consequently, expiratory time was
prolonged, potentially by increased activity of BotC aug-E neurons (see Abdala et al.,
2009a) and respiratory frequency decreased. In conjunction, our data support that the KF-
dependent post-1 neuronal activity inhibits the mechanisms generating AE in hypercapnia.
Additional studies are still required to identify how KF neurons interact with the neural
network involved with the generation of active expiration. However, two new hypotheses are
raised: 1) the KF may be inhibited during hypercapnia, causing depression of tonic drive to
BotC post-1 neurons; or 2) the BotC may be inhibited during hypercapnia, and KF tonic
drive may maintain post-I activity during this period of inhibition.

CONCLUSION

The pons, specifically the KF, is considered to be the inspiratory off-switch, triggering the
start of post-1 neuron activity and consequent inhibition of inspiratory neuronal activity. Our
study concludes that the KF also plays a role in inhibiting the emergence of the late-E
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abdominal activity under conditions of metabolic challenge, acting as a timekeeper for active
expiration. While the mechanisms that allow the pons to control the duration of late-E AbN
activity remain unknown, it is clear that the KF is critical in determining the duration of late-
E activity observed during hypercapnia and hypoxia. Our data extend the current knowledge
about the respiratory central pattern generator and open new possibilities to help the
development of cardiorespiratory changes associated with pathological states of central and
peripheral chemoreceptor hyperactivity, such as sleep breathing disorders (Barnett et al.,
2017), neurogenic hypertension (Moraes et al. 2013, 2014a) and conditions of chronic
hypoxia (Moraes et al., 2014b).
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Raw and integrated (J) recordings of abdominal (AbN), cervical vagus (cVN) and phrenic
nerve (PN) activities of an /n situ preparation, representative from the group, illustrating the
pattern of respiratory changes elicited by unilateral microinjection of glutamate into the KF

1duosnuepy Joyiny 1duosnuely Joyiny

1duosnue Joyiny

(arrow).

Neuroscience. Author manuscript; available in PMC 2018 January 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

JENKIN et al. Page 16

Fig. 2.
Panel A: Bright-field (top) and fluorescent (bottom) microscope images of brainstem

coronal sections of a representative /n situ preparation, showing the injection sites of
isoguvacine into the KF (indicated with the crosses). Panel B: schematic representation of all
injection (n= 13, black circles) sites into the KF. The crosses represent the injection sites of
isoguvacine into the KF. Abbreviations. 4V — 4th ventricle; DLL — dorsal nucleus of the
lateral lemniscus; mIf — medial longitudinal fasciculus; scp — superior cerebellar peduncle;
s5 — sensory root of trigeminal nerve.
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Fig. 3.

R:w and integrated (J) recordings of the abdominal (AbN), cervical vagus (cVN), and
phrenic nerve (PN) activities of an /n situ preparation, representative of the group, showing
the changes in baseline respiratory parameters after bilateral injections of the isoguvacine
(arrows) into the KF. The two injections were completed within two minutes, and after the
second injection there was a marked reduction in the cVN post-inspiratory (post-I) activity.
These maximal effects lasted between 1 and 5 min, after which there was a recovery of the
cVN post-inspiratory activity. Average values are presented for PN burst frequency (B) and
amplitude (C), time of inspiration (D) and expiration (E), cVN inspiratory (F) and post-
inspiratory (G) area under the curve (AUC) and AbN activity during E1 (H) and E2 (1)
phases. Bars represent means + S.E.M. n= 13, * represents P < 0.05.
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Fig. 4.
Raw and integrated (J) recordings of abdominal (AbN), cervical vagus (cVN) and phrenic

nerve (PN) activities of an /n situ preparation, representative of the group, showing the
increase in breathing frequency upon peripheral chemoreflex activation (with KCN, arrows)
before and after the inhibition of the KF with bilateral microinjections of isoguvacine (10
mM, I1SO arrow). Representative traces of the reduced tachypnea observed in 7 rats upon
KCN stimulation after kF inhibition (A) and the bradypnea observed in 6 rats upon KCN
stimulation after KF inhibition (B) are both shown. Average values are presented for PN
burst frequency under basal conditions and after stimulation with KCN observed before KF
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inhibition and after KF inhibition (C), and for the percentage changes (relative to baseline)
in PN burst amplitude (D), inspiratory and post-inspiratory (post-1) cVN activities (E) and
AbN amplitude (F) after KCN before and after KF inhibition. Bars represent means +
S.E.M. n=13, * represents p< 0.05.
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Fig. 5.

In?egrated (J)) traces of abdominal (AbN), cervical vagus (cVN) and phrenic nerve (PN)
activities from an /n situ preparation, representative of the group, showing the pattern of
respiratory motor activities under baseline (5% CO,, 95% O,) and hypercapnic conditions
(8% CO,, 92% CO») before, during KF inhibition with isoguvacine (10 mM) and after
recovery from the KF inhibition. Note that after KF inhibition, cVN post-I activity decreased
and the onset of the AbN late-E burst increased. Average values are presented for PN burst
frequency (B) and the time of inspiration (C) at baseline, during hypercapnic conditions
before KF inhibition, during KF inhibition (KF-) and after recovery from KF inhibition (C),
the percentage change (relative to baseline) in PN (D), cVN (E) and abdominal amplitudes
(F) and the ABN onset (G) between baseline conditions and during hypercapnic conditions
before KF inhibition, during KF inhibition (KF-) and after recovery from KF inhibition.
Bars represent means + S.E.M. n= 10, * represents p < 0.05.
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