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Abstract

It is not known whether respiratory neurons with intrinsic bursting properties exist within
ectothermic vertebrate respiratory control systems. Thus, isolated adult turtle brainstems
spontaneously producing respiratory motor output were used to identify and classify respiratory
neurons based on their firing pattern relative to hypoglossal (X11) nerve activity. Most respiratory
neurons (183/212) had peak activity during the expiratory phase, while inspiratory, post-
inspiratory, and novel pre-expiratory neurons were less common. During synaptic blockade
conditions, ~10% of respiratory neurons fired bursts of action potentials, with post-inspiratory
cells (6/9) having the highest percentage of intrinsic burst properties. Most intrinsically bursting
respiratory neurons were clustered at the level of the vagus (X) nerve root. Synaptic inhibition
blockade caused seizure-like activity throughout the turtle brainstem, which shows that the turtle
respiratory control system is not transformed into a network driven by intrinsically bursting
respiratory neurons. We hypothesize that intrinsically bursting respiratory neurons are
evolutionarily conserved and represent a potential rhythmogenic mechanism contributing to
respiration in adult turtles.

1. Introduction

Neurons with intrinsic bursting properties spontaneously fire bursts of action potentials in
the absence of synaptic inputs. Early analysis of invertebrate neural networks suggested that
intrinsically bursting neurons were abundant in networks that continuously produced
rhythmic motor behavior (Getting, 1988). Since breathing is a motor behavior that is
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required from birth to death, a subpopulation of interconnected respiratory intrinsically
bursting neurons was postulated to contribute to respiratory rhythm generation (Feldman and
Cleland, 1982). Consistent with this hypothesis, intrinsically bursting respiratory neurons are
found in perinatal rodent in vitro preparations that produce respiratory-related motor output,
especially in the pre-Bétzinger Complex (preB6tC) (Smith et al., 1991; Johnson et al., 1994;
Rekling and Feldman, 1998; Thoby-Brisson and Ramirez, 2000, 2001; Pena et al., 2004) and
para-Facial Respiratory Group (pFRG; Onimaru et al., 1989, 1995, 2003). The preBotC and
the pFRG are coupled oscillatory networks that are hypothesized to be the sites of
inspiratory and expiratory rhythm generation (Feldman and Del Negro, 2006; Feldman et al.,
2013). The hybrid pacemaker-network model proposed that intrinsically bursting neurons
played a critical role in respiratory rhythm generation (Funk and Feldman, 1995; Ramirez et
al., 1997; Butera et al., 19993, b; Koshiya and Smith, 1999; Smith et al., 2000; Pefia et al.,
2004). This hypothesis, however, is criticized because rhythmic activity persists when
specific ion currents underlying intrinsic bursting activity are blocked (Del Negro et al.,
2005). Instead, respiratory rhythm generation is hypothesized to require excitatory synaptic
transmission in the dendrites to activate inward currents to produce the large depolarizing
burst in respiratory neurons (“group pacemaker” model; Rekling and Feldman, 1998; Del
Negro et al., 2002; Feldman and Del Negro, 2006; Mironov, 2008; Rubin et al., 2009; Del
Negro et al., 2010; Feldman et al., 2013).

Intrinsically bursting respiratory neurons are hypothesized to be expressed primarily in
young mammals, and sparsely expressed in adult mammals as synaptic inhibition increases
and becomes the dominant mechanism for rhythm generation (Richter and Spyer, 2001;
Broch et al., 2002; Richter and Smith, 2014). However, this hypothesis has not been tested
in fully mature mammals, and it is not known whether intrinsically bursting neurons are
expressed or contribute to respiratory rhythm generation in fully mature rodents, other
mammals, or in non-mammalian vertebrates, in part due to significant technical difficulties
in the experimental approach. At best, intrinsically bursting respiratory neurons are found in
the preBotC of older perfused juvenile rat (P14-P21) and mouse (P21-P42) preparations
(Paton, 1997; St. John et al., 2009). Second, most studies examining intrinsically bursting
respiratory neurons focused on the preB6tC and pFRG regions and did not test neurons in
other brainstem regions. Third, no studies have tested for intrinsically bursting respiratory
neurons in ectothermic vertebrates and thereby added a comparative and evolutionary
perspective to this debate.

For ectothermic vertebrates, the potential existence of intrinsically bursting respiratory
neurons was suggested by showing that rhythmic activity persists during synaptic inhibition
blockade in isolated brainstems from tadpoles (Galante et al., 1996; Broch et al., 2002),
adult lampreys (Rovainen, 1983), and adult turtles (Johnson et al., 2002). With synaptic
inhibition blocked or severely attenuated, the persistent rhythm is thought to be due to
intrinsically bursting respiratory neurons that continue to generate a wave of excitatory
synaptic drive through the respiratory network to the respiratory motoneurons. Although this
is the working hypothesis, experimental evidence directly demonstrating this principle is
lacking. Finally, no studies have tested whether respiratory neurons in ectothermic
vertebrates have intrinsic bursting properties.
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To address these questions, brainstems from adult red-eared slider turtles were isolated
under in vitro conditions and silicon multichannel electrodes were used to identify
respiratory neurons and test for intrinsic bursting properties. Isolated turtle brainstems are
advantageous because they produce expiratory- and inspiratory-related motor output that is
qualitatively similar to that produced by intact turtles (Johnson and Mitchell, 1998). Also,
since this turtle species is extremely resistant to hypoxia (Jackson, 2000; Johnson et al.,
1998), respiratory motor output can be produced on the XII nerve root of isolated turtle
brainstems for several days at physiologically relevant temperatures (Wilkerson et al.,
2003). Our goals were to: (1) identify respiratory neurons in the turtle brainstem and expand
on the initial map generated by Takeda et al. (1986); (2) classify respiratory neurons based
on their firing pattern relative to the XII motor discharge; (3) test whether respiratory
neurons express intrinsic bursting properties by blocking synaptic transmission (via a
cocktail of drugs that block excitatory and inhibitory synaptic transmission); (4) determine
whether intrinsic bursting respiratory neurons belong to a specific type or are localized
within specific brainstem region; and (5) test whether synaptic inhibition blockade
transforms the firing pattern of respiratory neurons or results in non-specific seizure-like
activity. Preliminary reports of this work were published in abstract form (Chapman and
Johnson, 2008).

2. Methods

All procedures were approved by the Animal Care and Use Committee at the University of
Wisconsin-Madison School of Veterinary Medicine. Adult red-eared slider turtles
(Trachemys scripta, n = 21, 689 + 200 g) were obtained from commercial suppliers and kept
in a large open tank where they had access to water for swimming and heat lamps and dry
areas for basking. Room temperature was set to 27-28°C with light provided 14 h/day.
Turtles were fed ReptoMin® floating food sticks (Tetra, Blackburg, VA, USA) 3-4 times
per week.

2.1 Turtle brainstem preparations

Turtles were intubated and anesthetized with 5% isoflurane (balance oxygen) until the head
and limb withdrawal reflexes were eliminated, after which the turtles were decapitated. The
brainstem was removed and pinned onto Sylgard® in a recording chamber. The tissue was
superfused with artificial cerebrospinal fluid (“aCSF solution”) containing HEPES (N-[2-
hydroxyethyl]piperazine-N’-[2-ethane-sulfonic acid]) buffer as follows (mM): 100 NaCl, 23
NaCHOs, 10 glucose, 5 HEPES (sodium salt), 5 HEPES (free acid), 2.5 CaCls, 2.5 MgCl,,
1.0 KoPQOy, and 1.0 KCI. The HEPES solution was bubbled with 5% C0,-95 % O, (pH =
~7.35).

2.2 Cranial nerve recordings

Glass suction electrodes were attached to XII nerve rootlets. Signals were amplified
(10,000x) and band-pass filtered (1-500 Hz) using a differential AC amplifier (model 1700,
A-M Systems, Everett, WA, USA) before being rectified and integrated (time constant =
200 ms) using a moving averager (MA-281/RSP, CWE, Inc., Ardmore, PA, USA) (see Figs.
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1A, 1C). The signals were digitized (RP2.1, Tucker-Davis Technologies, Alachua, FL,
USA).

2.3 Single unit recordings with silicon multichannel electrodes

Silicon multichannel electrode probes (a4x4-3mm100-177, NeuroNexus Technologies, Ann
Arbor, MI, USA) were inserted into the brainstem (see Figs. 1A, 1B). Signals were digitized
(25 kHz) using up to four preamplifiers (RA16PA, Tucker-Davis Technologies, Alachua,
FL, USA), and then synchronized and band-pass filtered (300-7,500 Hz) using a digital
signal processor (RX5BA-5, Tucker-Davis Technologies, Alachua, FL, USA). Both the XII
nerve and multichannel recording signals were acquired and analyzed using a custom in-
house program written in MATLAB® (MathWorks, Inc., Natick, MA, USA).

2.4 Chemicals and drugs

All drugs and chemicals were obtained from Sigma/RBI Aldrich (St Louis, MO, USA)
except for bicuculline, which was obtained from R&D Systems (Minneapolis, MN, USA).
The synaptic transmission blockade solution consisted of aCSF solution with 50 uM CNQX
(AMPA/kainate receptor antagonist; 6-cyano-7-nitroquinoxaline-2,3-dione), 50 pM APV
(NMDA receptor antagonist; (2R)-amino-5-phosphonovaleric acid), 25 UM strychnine
(glycine receptor antagonist), and 25 pM bicuculline (GABA, channel antagonist). This
combination of receptor antagonist drugs is commonly used to test for intrinsically bursting
neurons (e.g., Pefia et al., 2004). The synaptic inhibition blockade solution consisted of
aCSF solution with 25 pM strychnine and either 25 pM bicuculline or 20 uM picrotoxin
(GABA channel blocker). This solution was previously used to bathe isolated turtle
brainstems and transform the rhythmic motor output (Johnson et al., 2007).

2.5 Experimental protocols

Brainstem preparations were allowed to equilibrate for 2—4 h before initiating a protocol.
The pia mater was dissected away and silicon multichannel electrode probes were inserted
into the brainstem. Once respiratory neurons (neurons firing in phase with XII motor bursts)
were observed and a stable XII nerve signal achieved, baseline data were recorded for at
least 2 h. The bath aCSF solution was switched to synaptic transmission blockade solution
and data were recorded. At 2-6 h after the switch, when all spontaneous depolarizations on
XI1I were abolished, any neuron firing bursts of action potentials was considered to have
intrinsic bursting properties. After recording for 45-60 min with bath [KCI] = 3.0 mM, the
bath [KCI] was sequentially increased to 6.0 and 9.0 mM and recordings obtained for 45-60
min at each concentration. In separate experiments, respiratory neurons were recorded
before switching to synaptic inhibition blockade solution for 60 min.

2.6 Data analysis

Action potentials were obtained from band-pass filtered traces by clipping points for a 3 ms
window prior to and following where the trace crossed a given voltage threshold. These
tentative action potentials were compared and categorized according to their shapes defined
by time and voltage. Action potentials with similar shapes were sorted into a group (Adamos
et al., 2008). This technique allowed noise to be removed and multiple units to be separated
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which were recorded on a single site. Auto- and cross-correlation histograms were examined
to rule out waveforms as noise or one neuron being captured on two different recording
sites. After sorting and identifying action potentials, each action potential was considered
simply as a timestamp without any further reference to the voltage trace.

To determine the temporal firing pattern of respiratory neurons relative to the XII motor
burst, cycle-triggered histograms were generated by averaging action potential times within
0.5 s bins for 10-25 breathing cycles (Fig. 2). Where possible, the X1l motor bursts selected
for cycle-triggered histograms were mostly singlet bursts with a stereotypical pattern for that
particular brainstem (e.g., bursts with large rare large amplitude deflections during the burst
were excluded from analysis). If the brainstem expressed all doublet X1I motor bursts, the
first burst was used to calculate the cycle-triggered histogram. These histograms were used
to classify respiratory neurons based on the timing of the average peak firing rate and time
when most action potentials fired. The classification scheme proposed by Takeda et al.
(1986) was used to guide neuron classification (see first column of Table 1). The first two-
thirds of the respiratory XII motor burst was considered the expiratory phase, while the last
third of the XII burst was considered the inspiratory phase, based on the activity pattern for
turtle brainstems under in vitro conditions (Johnson and Mitchell, 1998). Action potential
firing prior to or at the onset of the XII motor burst was considered pre-expiratory (Pre-E),
while action potential firing at the end or immediately after the XII motor burst was
considered post-inspiratory (Post-I). For intrinsically bursting neurons, the number of
spikes/burst, burst duration, and interval between bursts was quantified for 10 representative
bursts. Data are reported as mean + standard deviation.

3.1 Respiratory neuron classification and location

While recording respiratory motor output on XI1 nerves in isolated adult turtle brainstems
(n=15), silicon multichannel recording electrodes were placed in the brainstem lateral to the
midline on either side. Respiratory (n=219) and non-respiratory neurons (n=6) were
recorded in the brainstem in an area extending from caudal to the XII nerve root to caudal to
the vestibulocochlear (\V111) and abducens (V1) nerve roots (Table 1; Fig. 3). Expiratory “E-
cells” fired action potentials almost exclusively during the expiratory phase (Fig. 2A), while
El-cells had action potentials that fired substantially throughout the expiratory and
inspiratory phases (Fig. 2B). These expiratory cells (n=183) were the most commonly found
respiratory neurons and represented 84% of the total population (Table 1). Inspiratory “I-
cells” (n=6) had peak firing rates during the last one-third of the XII motor discharge with
low firing rates during all other phases (Fig. 2C; Table 1).

Post-inspiratory neurons (Post-I-cells; n=3) had a distinctive peak firing rate at the end of
the XI1I motor burst (Fig. 2D). Other Post-1-cells had additional discharge during the
expiratory phase and were classified as E-cell/Post-1-cells (n=11; Fig. 2E). Finally,
respiratory neurons with peak discharge prior to onset of the XII motor burst were classified
as Pre-E-cells (n=9; Fig. 2F). Post-I-cells and Pre-E-cells represented only 11% of the total
population (Table 1). Other neurons (n=7) clearly fired action potentials in phase with the
XI1 motor burst or were inhibited during the XII motor phase, but their average firing rate

Respir Physiol Neurobiol. Author manuscript; available in PMC 2017 April 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Johnson et al. Page 6

was too low to allow them to be classified (referred to as respiratory-related units). The
average peak firing rates for all respiratory neuron classes ranged between 2.5 and 17.9 Hz
with the highest firing rates at 53 Hz (El-cells in Table 1).

This study was not intended to generate a highly accurate three-dimensional, respiratory
neuron density map of the turtle respiratory control network. Instead, the rostrocaudal
location of electrode placement was marked on representative diagrams of turtle brainstems,
but electrode angle and depth were not measured. Accordingly, the maps show that E-cells
were primarily between the XII and X nerve roots, while El-cells were also abundant in this
area and extended rostral to the X nerve root at the level of the glossopharyngeal (1X) nerve
root (Figs. 3A, 3B). I-cells were distributed in the area rostral to the XII nerve root up to the
level of the IX root (Fig. 3C). Post-I-cells, E-cell/Post-1-cells, and Pre-E-cells were found
mainly at the level of the X nerve root (Figs. 3D, 3E, 3F).

3.2 Characterization of respiratory neurons with intrinsic bursting properties

In eleven brainstems, the bath solution was switched to synaptic blockade solution
(containing CNQX, APV, strychnine, bicuculline) to block fast excitatory glutamatergic and
inhibitory GABA/glycine synaptic transmission. Synaptic blockade solution application
disrupted respiratory motor output from the XII nerve within minutes. However,
synchronized bursts of action potentials coinciding with small X1 motor bursts were
occasionally observed to persist for up to several hours following the switch to synaptic
blockade solution. These small XII motor bursts would occur every 15-30 min and decrease
in amplitude until they were abolished. When the XII motor bursts were completely
abolished, any previously recorded neuron that exhibited bursts of action potentials was
considered to have intrinsic bursting properties. Thus, a total of 19/182 (~10%) of
respiratory and 3/6 non-respiratory neurons (data not shown) exhibited intrinsic bursting
properties (Figs. 4A-4D).

At [K*] =3 mM, only one I-cell had intrinsic bursting properties (43.9 spikes/burst, 3.4 s
burst duration, 31.5 s between bursts). At [K*] = 6 mM, three respiratory neurons (El-cell, I-
cell, respiratory-related unit) had bursts of action potentials with an average of 31.1 + 24.0
spikes/burst lasting 4.4 + 3.9 s with 33.8 + 5.9 s between bursts. At [K*] = 9 mM, eight
expiratory cells (3 E-cells, 5 El-cells), six post-inspiratory cells (2 Post-1-cells, 4 E-cell/Post-
I-cells), one Pre-E-cell, and three respiratory-related units had bursts of action potentials
with an average of 22.2 + 28.1 spikes/burst lasting 2.3 £ 3.1 s with 16.3 + 22.9 s between
bursts. Post-inspiratory neurons had the highest percentage of neurons with intrinsic bursting
properties (6/9, 67%). Intrinsically-bursting respiratory neurons were clustered in the region
rostral to the X1l nerve root and at the level of the X nerve root (Fig. 4E).

3.3 Synaptic inhibition blockade causes seizure-like activity

To test whether persistent rhythmic activity during synaptic inhibition blockade was due to
seizure-like activity, simultaneous recordings from XII, 1X, and V nerve roots were taken
from turtle brainstems (n=2) prior to and during synaptic inhibition blockade. Within 20
min, bath-applied picrotoxin and strychnine produced large synchronized bursts of activity
on all recorded nerve roots (Figs. 5A). Similar large bursts of activity that were
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synchronized with XII bursts were recorded on VI, VII, VIII, and X nerve roots (data not
shown). To examine neuronal firing patterns under similar conditions, silicon multichannel
electrodes were placed in turtle brainstems (n=4) and baseline recordings of respiratory
neurons were performed prior to bath-application of picrotoxin and strychnine. Under these
conditions, synchronized, high frequency bursts of activity were observed on all
multichannel recordings, even when one electrode was placed in the pons (Figs. 5B). Thus,
the rhythmic motor activity during synaptic blockade was not related to respiratory activity,
but instead represented seizure-like activity.

4. Discussion

The main findings were that ~10% of respiratory neurons in isolated turtle brainstems have
intrinsic bursting properties. These neurons were distributed within several different classes
of respiratory neurons with post-inspiratory neurons having the highest percentage of
neurons expressing these properties. Most of the intrinsically bursting respiratory neurons
were clustered at the level of the X nerve root. This study also expanded the scope of
previously recorded respiratory neurons in turtles and demonstrated a rich diversity of firing
patterns in the brainstem. Finally, we showed that synaptic inhibition blockade produced
seizure-like activity in turtle brainstems, thereby casting doubt as to whether this
experimental approach can be used to argue for the existence of respiratory neurons with
intrinsically bursting properties.

4.1 Activity patterns and location of respiratory neurons in turtle brainstems

The respiratory control network in the turtle brainstem is poorly understood. To our
knowledge, only one other study recorded respiratory neurons in the brainstem of
decerebrated turtles using sharp intracellular recording techniques (Takeda et al., 1986). In
that study, forty-three neurons recorded at the level of cranial nerve X roots were classified
as E neurons (expiratory, 27/43), | neurons (inspiratory, 9/43), and PI neurons (post-
inspiratory, 7/43), with examples shown of a pi-E neuron (post-inspiratory-expiratory
[analogous to E-cell/Post-I-cell in this study]) and an E-1 neuron (expiratory-inspiratory
[analogous to an El-cell in this study]). There was no indication of cell numbers or
localization for the pi-E or E-I cells. The authors correlated the firing patterns of these
respiratory neuron classes with specific muscle firing patterns (Gans and Hughes, 1967),
such as E neurons (pectoralis muscle, expiratory), pi-E neurons (transverse abdominal
muscle), E-1 neurons (glottal abductor muscle), PI neurons (glottal adductor activity), and |
neurons (serratus muscle, inspiratory) (Takeda et al., 1986). Another key finding in their
study was that E neurons undergo gradual depolarization prior to the onset of the expiratory
phase, but the existence of Pre-E neurons was not confirmed. Our results are similar in that
E-cells were the most commonly found respiratory neurons, and representative neurons from
all of the previously described classes were found. This study extends these results by
demonstrating that respiratory neurons are found more rostral in the medulla and revealed
Pre-E-cells, which were proposed to exist by Takeda et al. (1986). In addition, the peak
firing rates for the different classes of respiratory neurons were quantified in this study,
thereby giving some indication as the relative activity of the respiratory neurons in isolated
turtle brainstems.
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There are several caveats to our experimental results. First, we recognize that classifying
respiratory neurons is fraught with difficulty because respiratory neuron firing is variable
from cycle to cycle, and there is a continuum between classes of respiratory neurons (Carroll
and Ramirez, 2013; Carroll et al., 2013). Although classification schemes do not predict
neuronal function within the respiratory network, they do provide a working framework and
descriptive vocabulary for developing future hypotheses. A second caveat is the variability
in the XII motor output, which made classification difficult if not impossible in some cases
(these data were not included in this study). Also, the number of XII motor bursts for
analysis was relatively low compared to studies using anesthetized mammals. To circumvent
both of these problems, 5HT3 or al-adrenergic receptor agonist drugs could be used in
future studies to produce highly regular robust singlet XII motor bursts (Bartman et al.,
2010). Finally, the synaptic blockade solution used in this study was not designed to block
electrical synapses between neurons. It is possible that some neurons were still electrically-
coupled during synaptic blockade conditions. The slow, infrequent depolarizations that we
observed during the first few hours of synaptic blockade may have been due spontaneous
depolarizations among electrically-coupled neurons. Although we cannot rule out
definitively whether neurons were still electrically-coupled, there was no evidence of
coincident neuronal firing while recording from 32 channels when intrinsic bursting
properties were revealed.

Given the dynamic and stochastic nature of respiratory rhythm generation (Carroll and
Ramirez, 2013), the function of different respiratory neurons is speculative. In addition to
the neuronal functions proposed by Takeda et al. (1986), we agree with Takeda et al. (1986)
that the initiation of expiration is an important feature of turtle (reptilian) respiratory rhythm
generation since red-eared slider turtles have a typically prolonged post-inspiratory phase
following several cycles of expiration and inspiration (Gans and Hughes, 1967; Milsom and
Jones, 1980). Thus, the Pre-E-cells identified in this study are candidate neurons for
initiating expiration because they fire prior to the onset of a respiratory burst. We
hypothesize that these different Pre-E-cells are connected to other Pre-E-cells and E-cells
via excitatory glutamatergic synapses to increase excitation within the turtle respiratory
rhythm generator to begin the expiratory phase. Post-1-cells may be important for
terminating inspiration and allowing expiration to occur within a breathing episode, as well
as terminating an episode of several consecutive cycles of expiratory and inspiratory
activity. Excitation of Post-I-cells may enhance episode termination and transform episodic
breathing into singlet breathing. In isolated turtle brainstems, bath-applied SHT3 receptor
agonist drugs increase singlet breathing while 5HT3 receptor antagonist drugs increase
episodic breathing (Bartman et al., 2010). Similarly, hypoxia-induced singlet breathing in
intact turtles is abolished by pretreatment with 5HT3 receptor antagonist drugs (S.M.
Johnson, A.R. Krisp, M.E. Bartman, unpublished observations). Thus, we hypothesize that a
subpopulation of Post-1-cells are depolarized by activation of postsynaptic 5HT3 receptors to
terminate inspiration and reduce episodic breathing.

bursting properties of neurons in respiratory motor control

The question as to whether intrinsically bursting respiratory neurons properties play a role in
vertebrate respiratory rhythm generation was controversial for many years (Del Negro et al.,
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2008; Ramirez et al., 2011; Carroll and Ramirez, 2013). Respiratory neurons with intrinsic
bursting properties were identified and incorporated into mechanistic computational models
for respiratory rhythm generation in neonatal rodents. Experimental evidence suggested that
intrinsically bursting respiratory neurons were not necessary for rhythm generation (Del
Negro et al., 2005). Since experimental methods do not currently exist for specifically
inactivating the specific ionic currents underlying intrinsic bursting properties in respiratory
neurons, attention was redirected towards alternative mechanisms underlying
rhythmogenesis. A recent compelling hypothesis is that excitatory glutamatergic synaptic
transmission in the dendrites of preB6tC neurons triggers postsynaptic calcium-activated
calcium currents that initiate a powerful wave of excitation towards the cell soma, resulting
in the distinctive respiratory depolarization and burst of action potentials (Rekling and
Feldman, 1998; Del Negro et al., 2002; Feldman et al., 2003; Mironov, 2008; Del Negro et
al., 2010).

Avre there other roles that intrinsically bursting respiratory neurons play in respiratory motor
control? One hypothesis is that during severe hypoxia, a specific subclass of intrinsically
bursting respiratory neurons (with persistent sodium currents) is critical for generating
gasping motor behavior (Pefia et al., 2004; Paton et al., 2006; Pefia and Aguileta, 2007;
Smith et al., 2007, 2013), suggesting that the importance of intrinsically bursting neurons is
state-dependent. A second hypothesis is that intrinsically bursting neurons increase the
robustness of the respiratory network (Purvis et al., 2006, 2007) by providing stability and
non-linear amplification (Carroll and Ramirez, 2013). In a computational model of the
neonatal rat preBotC, the largest increase in dynamic range occurs when the number of
intrinsically bursting neurons is greater than 20% of the population (Purvis et al., 2007).
Finally, a third perspective hypothesizes that respiratory rhythm generation is the product of
complex and highly modulated interactions between synaptic transmission and neuronal
membrane properties. Intrinsic bursting properties in respiratory neurons may represent one
of several rhythmogenic mechanisms that work together to produce breathing (Ramirez et
al., 2011, 2012; Lindsey et al., 2012).

Despite the intensive effort to characterize underlying mechanisms and construct
computational models (reviewed in Lindsey et al., 2012), there is little experimental
evidence to support or refute the question as to whether intrinsically bursting neurons are
found in adult vertebrates, and whether these neurons play a key role in respiratory rhythm
generation. This is primarily due to the daunting technical challenges associated with
studying neuronal properties in adult mammals. To our knowledge, this type of experiment
was performed once in young P14-P21 rodents using the versatile working-heart brainstem
preparation (St John et al., 2009). In their study, respiratory neurons were identified in the
preB6tC and the rostral ventral respiratory group, ~21% (14/66) of respiratory neurons
expressed intrinsic bursting properties. The authors hypothesized that these neurons are
“released” during severe hypoxia to generate gasping motor behavior (St John et al., 2009).
Finding intrinsically bursting respiratory neurons in juvenile rats is an important advance
because it demonstrates that these neurons exist in animals older than neonates. However,
juvenile P14-P21 rats are near the age of weaning, have not gone through puberty, and are
not fully mature adults capable of reproduction.
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Accordingly, testing for intrinsically bursting respiratory neurons in adult turtles allows the
question to be addressed in a fully mature ectothermic vertebrate at physiological
temperatures and conditions. In the current study, ~10% of identified respiratory neurons
with intrinsic bursting properties were found throughout an extended region of the turtle
medulla. The fact that most of the intrinsically bursting neurons were revealed when bath
[K*] was increased to 6-9 mM may mean that intrinsically bursting neurons are silent
during normal bath potassium levels ([K*] = 3-5 mM). On the other hand, it may be
necessary to increase bath [K*] to replace the lost excitatory synaptic inputs due to the
presence of APV and CNQX during synaptic transmission blockade. Intrinsic bursting
properties were especially abundant in post-inspiratory neurons (Post-I-cells, E-cell/Post-I-
cells), but the significance of this finding is not clear. It’s possible that post-inspiratory
neurons are inhibited during inspiration and have intrinsic membrane conductances that
produce a strong rebound depolarization following inspiration to close the glottis prior to
breathholding. Under conditions of synaptic transmission blockade, these conductances may
be responsible for generating bursts of action potentials. Accordingly, the next logical step
would be to characterize the ionic mechanisms underlying intrinsic bursting in turtle
respiratory neurons.

In the preB6tC of neonatal rodents, persistent sodium (riluzole-sensitive) or calcium-
activated cation currents (flufenamic acid-sensitive) are responsible for the intrinsic bursting
properties (Thoby-Brisson and Ramirez, 2001). In isolated brainstems from red-eared slider
turtles, respiratory motor output is relatively unaltered by riluzole and abolished with
increasing concentrations of bath-applied flufenamic acid (Johnson et al., 2007). We
hypothesized that there are no riluzole-sensitive intrinsically bursting respiratory neurons
since this turtle species does not appear to express gasping during severe hypoxia (Johnson
et al., 2007). The lack of gasping is confirmed when turtles are allowed to breathe 100%
nitrogen gas for 4 h (S.M. Johnson, A.R. Krisp, M.E. Bartman, unpublished observations).
Thus, we hypothesize that intrinsically bursting respiratory neurons in red-eared slider
turtles are sensitive only to flufenamic acid. In other species, however, this may not be the
case because lung burst frequency is decreased by both riluzole and flufenamic acid in
isolated brainstems from post-metamorphic frogs (M.S. Hedrick, unpublished observations).

4.3 Advantages and caveats with multichannel recording in isolated turtle brainstems

Multichannel recordings of respiratory neurons in the brainstem are used extensively in
anesthetized cats (Lindsey et al., 2000; Morris et al., 2003) and more recently in
rhythmically active murine medullary slices (Carroll and Ramirez, 2013; Carroll et al.,
2013). This is the first study to use silicon multichannel recording electrodes to identify
respiratory neurons in isolated adult vertebrate brainstems under in vitro conditions.
Multichannel recording techniques allow many single unit recordings of respiratory neurons
to be isolated at one time at different tissue depths. Intracellular recording provides detailed
information on current-voltage relationships within a single neuron, but is very laborious
and requires considerable amounts of time to record from large numbers of neurons.
Alternative methods of recording respiratory neuron populations, such as the use of voltage-
sensitive (Onimaru and Homma, 2003) or calcium-sensitive dyes (Koshiya and Smith, 1999)
are limited because only neurons close to the tissue surface can be visualized. In addition, it
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is difficult to resolve individual neurons using optical methods and the dyes used for
imaging active neurons may profoundly alter respiratory network activity.

The limitations of the multichannel recording techniques used in this study are that only a
limited number of electrodes could be placed in the tissue without disrupting network
activity due to mechanical perturbations of the tissue. This limited the area and number of
respiratory neurons that could be identified and tested for intrinsic bursting properties. Also,
the exact position of recording sites on silicon multichannel electrodes was not easy to
quantify given the complex geometry of the electrode. In contrast, it is much easier to
determine the position and depth of a single electrode tip using a stereotaxic apparatus, or
the location of a glass electrode tip can be localized if the electrode is filled with a dye that
can be ejected from the tip. Another caveat is that the recording sites on the silicon
multichannel electrodes cannot be moved individually to optimize neuronal recordings. In
contrast, multichannel recordings in anesthetized cats can be performed with multiple,
separately controlled recording electrodes that can be moved to increase signal strength
(e.g., Segers et al., 2008).

4.4 Respiratory motor control in reptiles and other vertebrates

Among ectothermic vertebrates, it is challenging to identify evolutionarily conserved
neuronal phenotypes and network properties, such as rhythm generating sites,
neurotransmitter receptor phenotypes (e.g., neurokinin and mu-opioid receptors), and
mechanistic features (e.g., role of synaptic inhibition or intrinsically bursting neurons,
specific rhythm generation mechanisms) (Hedrick, 2005; Wilson et al., 2006; Kinkead,
2009; Milsom, 2010). Recent reviews reveal that most work has been performed on lamprey
(e.g., Bongianni et al., 2014) and frogs (e.g., Gargaglioni and Milsom, 2007). With respect
to site of rhythm generation, there is wide variation in ectothermic vertebrates. In lamprey
brainstems, a site rostral to the trigeminal nucleus (pTRG, paratrigeminal respiratory group)
appears to contain the respiratory central pattern generator for gill ventilatory movements
(Mutolo et al., 2007). In contrast, the site of rhythm generation in frogs is complex because
of the existence of two distinct oscillators controlling buccal and lung ventilation (Vasilakos
et al., 2006; Wilson et al., 2002, 2006; Duchcherer et al., 2013). In reptiles, the site of
respiratory rhythm generation is completely unknown. The present study and Takeda et al.
(1986) reveal a large distribution of respiratory neurons in the turtle medulla, but no one has
targeted a specific region with lesions or chemical injections to test whether that site was
necessary for rhythm generation, expiratory activity, or inspiratory activity.

With respect to specific neurotransmitter responses and phenotypes, respiratory motor
output produced by lamprey and frog brainstems is inhibited by mu-opioid receptor
activation (Mutolo et al., 2007; Davies et al., 2009) and excited by neurokinin receptor
activation (Chen and Hedrick, 2008; Mutolo et al., 2010). In contrast, respiratory motor
output from isolated turtle brainstems is inhibited by mu-opioid receptor activation (Johnson
et al., 2010), but oddly insensitive to bath-applied substance P (S.M. Johnson, unpublished
observations). Thus, there is significant variability in turtle responses compared to lamprey
and frogs. The role of synaptic inhibition in lamprey and frog respiratory rhythm generation
appears to be similar to turtles (Johnson et al., 2002) in that rhythmic activity persists during
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synaptic inhibition blockade (Rovainen, 1983; Galante et al., 1996; Broch et al., 2002).
However, potentially important differences exist that may be due to species differences and
combinations/concentrations of bath-applied drugs. For example, synaptic inhibition
blockade with bicuculline and strychnine (or picrotoxin) at 20-25 uM induced widespread
seizure-like activity in turtle brainstems in this study. In contrast, seizure-like activity is
induced only sporadically in isolated lamprey brainstems with bicuculline and strychnine
(10 uM each) (Fig. 2 in Bongianni et al., 2006). Also, these irregular seizure-like bursts are
abolished when glutamatergic receptor antagonist drugs are also bath-applied (Fig. 4 in
Mutolo et al., 2011), suggesting that the respiratory rhythm is transformed under these
conditions and not overwhelmed by widespread rhythmic bursts of neuronal activity. Thus,
different responses to neurotransmitter receptor antagonist drugs may reflect differences in
underlying rhythm generating mechanisms and thresholds for inducing seizure-like bursts of
neuronal activity within isolated brainstems. The previously described “group pacemaker”
model is hypothesized to explain rhythm generation in lamprey (Mutolo et al., 2010) and
turtle (Johnson et al., 2007) based on results from bath-application of riluzole and
flufenamic acid to isolated brainstems. However, these drugs are not highly specific for the
ionic currents proposed to underlie rhythm generation, suggesting that these data need to be
interpreted cautiously.

In summary, reptiles are unique among vertebrates in that they aspirate air into their lungs
by activating spinal motoneurons, similar to mammals. Unlike mammals, however, many
reptiles have breathing episodes initiated by expiratory activity with long post-inspiratory
apneas in between breathing episodes. Likewise, frogs pump air into their lungs using buccal
musculature while lamprey use brachial muscles to force water out of gill openings. Thus,
there may be some similarities in anatomical and physiological function of respiratory
control networks in these vertebrate classes, but divergence in neuronal mechanisms and
neurotransmitter responses may be more prevalent due to their widely variant habitats and
ventilatory strategies.

Compared to lamprey and amphibians, our understanding of reptilian respiratory rhythm
generation and control lags far behind, making it difficult to compare and contrast studies. In
reptiles, there is a need to further map the respiratory control network, and test network
responses to localized neurotransmitter application to identify rhythmogenic sites. The
isolated turtle brainstem is an ideal model for such studies in reptiles because the tissue is
hypoxia-resistant and capable of producing respiratory motor output (similar to intact
turtles) under in vitro conditions for days (Wilkerson et al., 2003).
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Highlights

* Respiratory neurons were identified in adult turtle brainstems.

e Ten percent of respiratory neurons were intrinsically bursting neurons.

»  Synaptic inhibition blockade resulted in seizure-like activity.

e Intrinsically bursting neurons may contribute to turtle breathing.
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Fig. 1.
Multichannel recording in isolated turtle brainstem producing spontaneous respiratory motor

output. (A) Drawing of turtle brainstem in vitro with suction electrode attached to XII nerve
root and two silicon multichannel electrodes inserted into the brainstem. (B) Magnification
of a single silicon multichannel electrode with four shanks (black circles on shanks represent
recording sites). (C) Spontaneous respiratory motor output recorded on XII nerve root. (D,
E) Integrated X1l motor output and extracellular recordings from respiratory-related neurons
under control conditions (aCSF solution; left panels) and during synaptic transmission
blockade (right panels). Multiple neurons were recorded in aCSF solution and one neuron in
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each case exhibited intrinsic bursting properties during synaptic transmission blockade (right
panels).
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Fig. 2.

C)?cle—triggered histograms are shown for two types of expiratory neurons, such as an E-cell
(A) and El-cell (B); an inspiratory neuron, such as an I-cell (C); two types of post-
inspiratory cells, such as a Post-I-cell (D) and an E-cell/Post-1-cell; and a pre-expiratory cell,
such as a Pre-E-cell (F). The light gray line represents the averaged Xl respiratory motor
burst with the average action potential frequency graphed in black histograms (0.5 s bins).
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Fig. 3.

Digagrams of turtle hemibrainstems with approximate locations of specific nuclei (labeled
light gray shapes) included for reference, such as the abducens nucleus (V1), facial nucleus
(V11), hypoglossal nucleus (XI1), and nucleus ambiguus (Amb), which were modified from
Cruce and Nieuwenhuys (1974). The location of most neurons within each class is shown.
The position of the neurons were not located with respect to depth and mediolateral location.
Open circles indicate neuron location, while filled circles indicate that the neuron had
intrinsic bursting properties.

Respir Physiol Neurobiol. Author manuscript; available in PMC 2017 April 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Johnson et al. Page 22

aCSF solution CNQX, APV, strychnine,

A bicuculline
E-cell

A1 L IR e e |
15s
B el-cell

LA HHEHH

10s

C E-cell/Post-I-cell

erm ! LU T\“IM“\ L HMH‘HHHH_HHH

25s
D PreE-cell

AT i oy 1

50s

fﬂlntrinsically
E burstingJneuronsf

Fig. 4.

E)?amples of respiratory neurons in aCSF solution (left panels) that have intrinsic bursting
properties when bathed in synaptic blockade solution containing CNQX, APV, strychning,
and bicuculline with (right panels). The intrinsically bursting respiratory neurons include an
E-cell (A), El-cell (B), E-cell/Post-I-cell (C), and a Pre-E-cell (D). The integrated
respiratory motor output recorded on XII nerve root is shown as a blue trace and the timing
of action potential firing is indicated by the vertical lines. (E) Diagrams of turtle
hemibrainstem with the rostrocaudal location of all intrinsically bursting respiratory neurons
shown (open circles).
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aCSF solution picrotoxin, strychnine
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Fig. 5.

Se%zure activity in turtle brainstem induced by synaptic inhibition blockade. (A) Recordings
of integrated motor output on roots of cranial nerves V, IX, and XII under control conditions
(aCSF solution; left panels), and during synaptic inhibition blockade (picrotoxin, strychnine;
right panels). Rhythmic activity on IX and XII roots was transformed into large synchronous
bursts on all roots. (B) Recordings of integrated XII motor output along with 16 extracellular
recordings from a pontine site rostral to cranial nerve root VI (see diagram at right) under
control conditions (left panel) and during synaptic inhibition blockade (right panel).
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Synchronized bursts of action potentials were observed on all channels during synaptic
inhibition blockade.
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Respiratory neuron classification (classification in parentheses corresponds to scheme in Takeda et al., 1986),
activity pattern, number of neurons, peak firing rate (mean + standard deviation, range) derived from cycle-
triggered histograms, and the number of intrinsically bursting neurons are shown (humber of intrinsically

bursting neurons/total number tested in that group).

can’t be classified

Neuron classification Activity pattern Neurons (n) Peak rate (Hz) Intrinsically bursting neurons
E-cell (E) peak activity and most activity during 50 10.5+9.5(0.1-37.0) 3/38
first two-thirds of XII burst
El-cell (E-i) active throughout entire XI1 burst 133 15.1+12.5(0.8-53.0) 5/118
I-cell (1) most activity during last third of XII 6 5.0+3.7 (1.1-10.0) 1/6
burst
Post-I-cell (PI) peak activity at end of XII burst 3 25+2.0(1.2-4.8) 2/2
E-cell/Post-1- cell (pi-E) | similar to Post-I-cell, but with some 11 6.8 + 3.4 (1.6-12.0) A7
activity during prior to or during first
two-thirds of XII burst
Pre-E-cell peak activity prior to or at onset of 9 15.8 +12.7 (1.7-42.0) 1/6
XI1 burst
Respiratory- related unit | peak activity during XII burst, but 7 23+25(04-7.1) 3/5
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