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to respiratory motor output and cellular properties of motoneurons
in American bullfrogs
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ABSTRACT
Breathing is generated by a complex neural circuit, and the ability to
monitor the activity of multiple network components simultaneously is
required to uncover the cellular basis of breathing. In neonatal
rodents, a single brainstem slice can be obtained to record
respiratory-related motor nerve discharge along with individual
rhythm-generating cells or motoneurons because of the close
proximity of these neurons in the brainstem. However, most ex vivo
preparations in other vertebrates can only capture respiratory motor
outflow or electrophysiological properties of putative respiratory
neurons in slices without relevant synaptic inputs. Here, we detail a
method to horizontally slice away the dorsal portion of the brainstem
to expose fluorescently labeled motoneurons for patch-clamp
recordings in American bullfrogs. This ‘semi-intact’ preparation
allows tandem recordings of motor output and single motoneurons
during respiratory-related synaptic inputs. The rhythmic motor
patterns are comparable to those from intact preparations and
operate at physiological temperature and [K+]. Thus, this preparation
provides the ability to record network and cellular outputs
simultaneously and may lead to new mechanistic insights into
breathing control across vertebrates.

KEY WORDS: Breathing control, Frogs, In vitro preparation,
Motoneurons, Patch-clamp, Respiratory-related synaptic inputs

INTRODUCTION
Ventilation is generated by a brainstem neural circuit that
includes rhythm-generating, chemosensory, modulatory areas and
motoneurons. Understanding how these elements come together to
control breathing is critical not only to study prevalent health issues
associated with disordered ventilation but also for answering major
questions in vertebrate physiology. Among the approaches used to
analyze these circuits in vertebrates, in vitro preparations stand out
for allowing a direct and detailed study of neural respiratory
function. In this case, intact brainstem and brain slice preparations
are most often used. Fictive respiratory motor output from the
intact brainstem can be recorded from nerve roots that innervate
muscles involved in breathing to answer questions regarding
rhythm generation, chemosensation and plasticity (Burton and
Santin, 2020; Johnson et al., 2007; Smith and Feldman, 1987;
Vincen-Brown et al., 2016; Wilson et al., 2000). However, in this

preparation, only the motor output of a complex respiratory network
is assessed, providing no cell level information. In contrast,
recording from respiratory-related neurons in brain slices allows
detailed analysis of cellular physiology but necessarily cuts away
relevant synaptic connections from the network needed to
understand how they function physiologically (Bueschke et al.,
2021a; Janes et al., 2019a; Lape and Nistri, 2000; Santin et al.,
2017). As an exception, a ∼600-µm-thick brainstem slice of
neonatal rodents can encompass rhythm generator, modulatory
regions, hypoglossal motoneurons and the hypoglossal motor root
because of their close proximity in the slice (Funk and Greer, 2013).
Combining network-level and cellular physiology investigations
has been more difficult in adult rats and other air-breathing
vertebrates that have respiratory regions more diffusely spread
throughout the brainstem.

Anuran amphibians have provided important comparative
insights into the function of the respiratory network. As these
animals breathe water as tadpoles and air as adults, they make
unique models to understand the neural basis for the development
and evolution of air breathing (Burggren and Infantino, 1994; Janes
et al., 2019b; Perry et al., 2001). In this way, amphibians have held
the interest of respiratory neurobiologists for decades, with recent
advancements in the function of respiratory motoneurons for the
development of air breathing, respiratory pattern formation and
breathing modulation (Bueschke et al., 2021a; Fonseca et al., 2021;
Gargaglioni and Milsom, 2007; Hedrick, 2005; Janes et al., 2019a;
Kogo and Remmers, 1994; Kottick et al., 2013; West and Jones,
1975; Wilson et al., 2002). Moreover, some anurans present a wide
range of tolerance to harsh environmental conditions such as
hypoxia/ischemia, hypercapnia and temperature (Bueschke et al.,
2021b; Reid, 2006; Santin and Hartzler, 2016), providing insights
into the robustness of nervous system function to environmental
stressors. Despite historical and growing interest in the amphibian
respiratory network, little is known about the cellular and synaptic
mechanisms of respiratory motor function as only the output of the
entire network or isolated cells in slices is commonly studied
separately. Thus, a new preparation had to be designed to investigate
cellular physiology together with network activity. Addressing this
demand, we developed an in vitro preparation that maintains the
network intact while exposing motoneurons for whole-cell current
and voltage-clamp recordings during the ongoing respiratory
rhythm.

MATERIALS AND METHODS
Animals
All experimental procedures received prior approval from the
Institutional Animal Care and Use Committee at The University of
North Carolina at Greensboro (protocol 19-006). Experiments were
performed in 10 adult female American bullfrogs, LithobatesReceived 29 January 2022; Accepted 6 May 2022
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catesbeianus (Shaw 1802), weighing 100±15 g acquired from
Rana Ranch (Twin Falls, ID, USA). Upon arrival, frogs were
maintained in plastic tanks containing aerated and dechlorinated tap
water and a dry area. Pelleted food from Rana Ranch was provided
to the frogs once a week. The tanks were kept at room temperature
within a range of 22–25°C and a 12 h:12 h light:dark cycle. All
animals were acclimated to the lab for at least a week prior to the
experiments. Although only females were used in this study, we do
not expect any morphological difference in the brainstem of males
that would impact the development of the preparation described
below.

Dissection
The animals were deeply anesthetized using∼1 ml of isoflurane in a
1 liter sealed container, as verified by loss of the toe-pinch reflex.
This was followed by decapitation. Immediately, the head was
immersed in 4°C artificial cerebrospinal fluid (aCSF, in mmol l−1:
104 NaCl, 4 KCl, 1.4 MgCl2, 7.5, D-glucose, 40 NaHCO3, 2.5
CaCl2 and 1 NaH2PO4) gassed with 1.5% CO2 and 98.5% O2

(pH 7.85), and decerebration was quickly performed. The skull and
bones covering the brainstem were removed, and the
brainstem–spinal cord was carefully excised from the skull as
previously described (Adams et al., 2021; Burton and Santin, 2020).
The dura membrane covering the brainstem–spinal cord was then
excised, and the preparation was transected rostrally at the
diencephalon and the caudal side immediately rostral to the
brachial plexus (Fig. 1A).

Motoneuron labeling
The brainstem–spinal cord was pinned ventral side up in a 6 ml
Sylgard-coated (184, Dow Chemicals, Midland, MI, USA) Petri
dish. Room temperature (22±1°C) aCSF bubbled with 1.5% CO2

and 98.5% O2 was circulated in the dish using a peristaltic pump at
∼7 ml min−1 (Mini Pump Variable Flow, Fisher Scientific,
Hampton, NH, USA). The fourth branch of the vagal nerve
(cranial nerve X; CNX) was isolated in order to label laryngeal
branch motoneurons that innervate the glottal dilator, a respiratory
muscle in anuran amphibians (Kogo and Remmers, 1994; Kogo
et al., 1994; Sakakibara, 1984). Vagus cell bodies were labeled by
backfilling the nerve using a dextran tetramethylrhodamine
3000 MW lysine fixable dye (Invitrogen – Thermo Fisher,
Waltham, MA, USA). To do so, the root was pulled into a fire-
polished glass pipette made to fit tight around the nerve and
approximately 1 μl of 10% dextran was loaded into the tip of the
glass pipette. Both vagal roots were backfilled; the first side was
loaded for 1 h, and immediately the opposite side was loaded for 2 h
(Fig. 1A). This produced robustly labeled neurons for
electrophysiological recording as previously described in bullfrog
brainstem slices (Burton and Santin, 2020; Santin et al., 2017;
Zubov et al., 2021, 2022 preprint).

Slicing
Extracellular nerve recordings (details below) were acquired from
all intact brainstem–spinal cord preparations before slicing to
compare activity with the semi-intact preparation after slicing. To
slice only the caudal part of the brainstem, we first cut a block of 5%
agar (Difco Laboratories, Plymouth, MI, USA) of 9±0.5 mm height,
8 mm width and 12.5 mm length, and one half was cross-sectioned
at a 45 deg angle (Fig. 1B). Low electroendosmosis agarose (Sigma-
Aldrich, St Louis, MO, USA) was prepared at a 2% concentration in
1% PBS (Gibco – Thermo Fisher) using a heating and stirring plate.
Once the boiling point was achieved, the agarose beaker was

transferred to a heating plate set at 50°C, and the agarose
temperature was measured with a digital thermometer (Extech
Instruments 421504, Nashua, NH, USA). Once the agarose had
cooled to 45°C, the surface of the agar block was briefly heated
using a flat piece of metal that had been heated using an alcohol
burner, so a fine layer of agarose poured with a disposable pipette
could adhere to it. Immediately after that, the brain was positioned
on the agar block with the rostral part at a 45 deg angle. The vagal
root was used as a landmark that should be over the angled edge
(between 45 and 0 deg), maintaining the caudal part of the
brainstem–spinal cord over the horizontal site of the block (Fig. 1B).
The caudal site of the spinal cord was pinned to ensure it stayed in
place and a drop of agarose was quickly poured over the caudal site
covering all the area at 0 deg angle. The stabilization of the
preparation using agarose is a critical step for slicing. It was
designed after several unsuccessful attempts to stabilize the
preparation using pins, which does not provide enough stability
for precise slicing, or different types of glue, which adhere
permanently to the preparation, often gluing the nerve roots
(rendering it unusable) and preventing adequate oxygenation.
After the agarose step, the block with the embedded brain was
glued on the vibratome plate (Technical Products International
series 1000, St Louis, MO, USA) using super glue. The preparation
was immediately covered in oxygenated cold aCSF solution (4°C),
and the pin holding the caudal site was removed. In sequence,
200 µm slices with amplitude 7 were taken from the dorsal surface
of the preparation until we approached the bottom of the 4th
ventricle in the region between the vagal (X) and hypoglossal
(H) nerves. After that, the preparation was finely sliced (10–50 µm)
until the vagal cell region was exposed (see Fig. 1B). The slicing
proportions utilized here aimed to have most of the vagal
motoneurons exposed for patch-clamp analysis and also to protect
the lung generator area from being sliced. This is also essential for
the success of the semi-intact preparation as we observed that the
respiratory rhythm was particularly disrupted when slicing over the
lung rhythm generator area. Because the vagal motor pool is spread
longitudinally and the most rostral area is closer to the lung rhythm
generator (Baghdadwala et al., 2015; Matesz and Székely, 1996;
Vasilakos et al., 2005), the preparation had a caudal bias. The most
rostral part of the vagal nuclei was over the 45 deg angle during
slicing and, thus, cells in this area were usually deeper in the tissue
unavailable for patch-clamp recording.

A chamber for electrophysiology recordings (RC26G, Warner
Instruments, Holliston, MA, USA) was previously adhered to
a coverslip using silicon and the recording part was coated with a
thin layer of Sylgard. The semi-intact preparation was pinned
in this chamber using Teflon-coated wire (size 003, Medwire
Corp, Mt Vernon, NY, USA). Two pins were placed above
the tectum, two in the extreme lateral region of the cerebellum,
two in the lateral region between the vagal and hypoglossal nerves,
and finally three on the most caudal site of the preparation (Fig. 1C).
The pinned semi-intact preparation was left to recover in the
chamber, circulated with oxygenated aCSF for an hour before
recordings.

Extracellular and electrophysiological recordings
The chamber containing the semi-intact preparation was placed
under a fixed-stage microscope (FN1, Nikon Instruments Inc.,
Melville, NY, USA) coupled to a real-time imaging camera
(Hamamatsu ORCA Flash 4.0LT sCMOS, Hamamatsu Photonics,
Hamamatsu City, Japan). The preparation was continuously
superfused with aCSF gassed with 1.5% CO2 and 98.5% O2 by a
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gravity-fed system at a ∼2 ml min−1. To ensure chemosensitivity in
the semi-intact preparation, three cells were alternatively superfused
with aCSF bubbled with 1.5% CO2 and 98.5% O2 and after initial
recordings they were exposed to aCSF gassed with 5% CO2

(pH 7.4; hypercapnic acidosis for frogs, Fig. S1). For both groups,
first, the vagal nerve root was localized by 4× imaging and pulled
into a borosilicate glass pipette suction electrode using a 10 ml
syringe (Fig. 1C). This pipette was pulled using a P87 horizontal

pipette puller (Sutter Instruments, Novato, CA, USA), the tip was
broken, and it was fire polished, adjusting to the nerve size.
Respiratory-related extracellular nerve activity was amplified
(×1000) and filtered (low pass, 1000 Hz; high pass, 10 Hz) using
an AM-Systems 1800 amplifier (Sequim, WA, USA). The signal
was digitized using Axon Digidata 1550B (Molecular Devices, San
Jose, CA, USA) and recorded simultaneously to the cell using
pClamp 11 (Molecular Devices, San Jose, CA, USA).

A

C

B

D

E

V
VII

VIII

IX–XI

H

Vibratome blade

H
IX–XI

VIII
VIIV

45 deg
Agar block

Fig. 1. Procedures to record vagal motoneurons and rootlet simultaneously. (A) Schematic diagram of the dissected brainstem showing dye loading on the
vagal root (CNX). (B) Brainstem prepared for slicing. Left: diagram showing the brainstem adhered to agar by agarose with the vagal root at the 0 to 45 deg
transition. The vibratome blade slices the dorsal part of the brainstem covered by agarose until the bottom of the 4th ventricle is reached in the region between the
vagal (X) and hypoglossal (H) nerves (inset). Right: the sliced preparation on the vibratome. (C) Illustration of the semi-intact preparation pinned (red dots) on the
Sylgard-coated chamber. Population output is recorded in the vagus nerve (blue) while a vagal motoneuron is recorded by patch clamp (red). (D) Fluorescence
image (4× magnification) of the semi-intact preparation showing the glowing vagal motoneurons (ellipses). (E) Bright-field (left) and fluorescence (right) images
(40× magnification) of a motoneuron recorded using patch clamp. Diagrams were created using BioRender (biorender.com).
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Fig. 2. Representative recordings of motoneurons in voltage-clamp and current-clamp mode in tandem with the extracellular motor output and cell
firing frequency. (A) A motoneuron silent at rest receiving a high input RRSC and firing together with the lung burst. (B) A spontaneously firing neuron that
increases firing frequency during high input RRSC. (C) Low input inward current leads to a small depolarization that does not evoke firing. (D) A neuron with low
input that has a spontaneous firing pattern unchanged by RRSC. (E) A cell receiving an inhibitory input that causes an outward current in voltage-clampmode and
stops spontaneous firing in current-clamp mode.
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After obtaining a stable extracellular signal on the nerve
root, regions containing labeled neurons were identified at
4× (Fig. 1D) and the cell bodies were located at 40× using
fluorescence imaging (excitation, 540 nm: emission, 605 nm;
Fig. 1E). Glass pipettes were pulled (P87 horizontal pipette
puller, Sutter Instruments) with resistances between 2 and 4 MΩ
when filled with a solution containing (in mmol l−1): 110 potassium
gluconate, 2 MgCl2, 10 Hepes, 1 Na2-ATP, 0.1 Na2-GTP and 2.5
EGTA. Filled pipettes were attached to a head stage (CV203BU)
connected to an MP-285 micromanipulator and an MPC-200
controller (Sutter Instruments). Gentle positive pressure was used
to approach labeled neurons until a ‘dimple’ was observed in the
bright field. At this moment, positive pressure was removed and
the seal was formed (1 GΩ), applying gentle negative pressure by
mouth. Whole-cell access was achieved by applying rapid negative
pressure to rupture the gigaohm seal (Fig. 1E). Data were acquired
in pClamp 11 software using an Axopatch 200B amplifier and
Axon Digidata 1550B digitizer (Molecular Devices, San Jose,
CA, USA).

Voltage and current protocols
We first recorded the cells in voltage-clamp mode to verify the
respiratory-related synaptic currents (RRSCs) and spontaneous
excitatory postsynaptic currents (sEPSCs) in neurons clamped at
−66 mV. We then measured the membrane potential in current-clamp
mode to determine the firing behavior of the neuron. Next, a step
protocol was applied to determine input resistance and firing
frequency–current (F–I) relationship (−150 to 1000 pA, 0.5 s steps).
Extracellular activity wasmeasured on the 4th branch of the vagus root
concurrently to both voltage and current clamp. Identical ambient
conditions were used for the whole-brain and semi-intact preparation
(4 mmol l−1 K+ aCSF bubbled with 1.5% CO2 and 98.5% O2).

Data analysis
Frequency and width of the extracellular fictive breaths were
analyzed according to standard procedures (Bueschke et al., 2021a;
Burton and Santin, 2020). Five minutes of extracellular burst
frequency before slicing was compared with the frequency of the
semi-intact preparation bursts averaging the activity recorded during

0 400 800 1200 1600
0

400

800

1200

1600

Nerve root width (ms)
R

R
SC

 w
id

th
 (m

s)

High input (n=9) r2=0.7346

Inhibitory input (n=5) r2=0.1936
Low input (n=9) r2=0.2418

P=0.0006

0

5

10

15

20

Bu
rs

t f
re

qu
en

cy
 (m

in
�1

)

Whole brain
n=24

Semi-intact
n=24

P�0.0001

a

b High input
Low input
Inhibitory input
No input

57 cellsA B C

D

�600

�400

�200

0

200

R
R

SC
 a

m
pl

itu
de

 (p
A)

n=9 n=9 n=5
P�0.001

b

a
a E

0

100

200

300

400

M
ax

im
um

 in
iti

al
fir

in
g 

ra
te

 (H
z)

n=8 n=9 n=5
P=0.0114

a

a,b
b

0

50

100

150

200

M
ax

im
um

 s
te

ad
y-

st
at

e
fir

in
g 

ra
te

 (H
z)

n=8 n=9 n=5
P=0.0069

a

a,b

b

F G

0

50

1000

1500

2000

Bu
rs

t w
id

th
 (m

s)

Whole brain
n=24

Semi-intact
n=24

P=0.0002

b

a
24%

33%

32%

11%

Fig. 3. Motor output, respiratory-related synaptic current (RRSC) and intrinsic properties of neurons receiving different inputs. (A) Frequency (B) and
width of lung bursts recorded on the vagal root of the intact brainstem and the semi-intact preparation. (C) The number of cells found with each type of input.
(D) Motoneurons receiving high input had a bigger RRSC amplitude than those receiving small input, while a positive amplitude was observed in inhibitory cells.
(E) Width relationship between RRSC and motor output. Larger maximum initial (F) and steady-state (G) firing rates were observed in high input cells compared
with low input cells. Different letters indicate differences among treatments; P<0.05 was considered statistically significant.
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both voltage- and current-clampmeasurements. The non-respiratory
bursts (very large) commonly observed in the root, which did not
coincide in the signal observed in the cell, were not analyzed as we
wished to focus on the activity of the respiratory network. The
number of cells of each type (high, low, inhibitory and no
respiratory-related synaptic input, Fig. 2 and see Results) was
counted in all cells assessed in every frog utilized in the experiments
regardless of the access quality. Only cells with low access
resistance were used to measure voltage and current properties; thus,
a smaller number of cells is displayed. Respiratory synaptic currents
were evaluated in 1 min of recording in voltage-clamp mode, RRSC
amplitude and width were analyzed using peak analysis of LabChart
(ADInstruments Inc., Colorado Springs, CO, USA). Frequency and
amplitude of the sEPSC were analyzed in bins of 5–10 s between
the RRSCs totaling 30 s of gap-free recording. All events were
inspected by eye to ensure the software detected sEPSCs and the
analysis proceeded on LabChart 8 using the peak analysis function
(ADInstruments Inc.). Events below 7.5 pA and with a rise time
greater than 10 ms were not included in the analysis as their
distinction from the noise is unreliable. Membrane potential was
determined in between bursts with no current injection. Input
resistance was calculated using Ohm’s law (R=ΔV/ΔI ) after
recording the changes in voltage due to −100 pA current
injection. In neurons that were silent at rest, rheobase was
reported as the first current step that elicited an action potential. In
cases where the neurons fired spontaneously, rheobase is reported as
zero. Maximum firing rates are reported on a 1000 pA step or as the
maximum firing rate before the cell entered depolarization block.
The frequency rate of the two first spikes was described as the initial
maximum firing, which was analyzed separately from the steady-
state portion of the step (Zubov et al., 2021).
Analyzing the synaptic current, we observed cells receiving high,

low, inhibitory and no respiratory-related synaptic input, which was
visually distinguishable (see Results). Cells with no respiratory-
related synaptic input had no discernible current in phase with the
population burst on the vagus root. Cells receiving inhibitory input
presented an outward current concurrently to the burst. A cell
considered to receive low input always presented an inward RRSC
smaller than 3 times the sEPSC value for that cell, and a cell
considered to have high input always presented an inward RRSC
amplitude at least 6 times larger than its sEPSC amplitude.

Statistical analysis
Raw data values from individual experiments accompanied by
means±s.d. are shown for each variable. The burst frequency and
width of thewhole-brain and semi-intact preparation were compared
using a paired t-test. The RRSC amplitude, width and cell properties
of the different cell types were compared using one-way ANOVA.
The slope of the linear regressions of amplitude between RRSC and
population output were compared using ANCOVA. The differences
among the averages were evaluated by Tukey’s post hoc test.
The number of preparations and cells in each type (n) are indicated
in the figures. P<0.05 was considered statistically significant.

RESULTS AND DISCUSSION
The population burst frequency recorded from the vagal root of the
semi-intact preparation was generally slower and wider than in the
whole brain before slicing (Fig. 3A,B). However, this is still in
the typical range of the intact brainstem preparation from juvenile
and adult bullfrogs (Adams et al., 2021; Lecler̀e et al., 2012;McLean
et al., 1995). The increase in lung burst duration was similar to that
observed in neonatal rats, where the rhythmic slice produced wider
respiratory bursts compared with preparations preservingmore of the
medulla (Baertsch et al., 2019). Demonstrating the health state of
the tissue, all semi-intact preparations produced consistent activity
for >6 h in physiological K+ and room temperature. Furthermore, the
semi-intact preparation also exhibited CO2/pH chemosensitivity,
as well as episodic fictive breathing, and buccal oscillations,
characteristic of intact preparations (Figs S1, S2).

In phase with the extracellular output, most vagal motoneurons
presented an RRSC that often resulted in firing (Fig. 2). Using the
semi-intact preparation, we observed four different types of neurons,
described here as having high, low, inhibitory and no respiratory-
related synaptic input. High input cells were characterized by a large
inward RRSC recorded in voltage-clamp mode (−400±92 pA;
Figs 2A-C and 3D) coinciding with every rising phase of the
extracellular burst. The width of the RRSC spanned 73% of the lung
motor output width (Fig. 3E).Whenmonitoring these cells in current-
clamp mode, the synaptic input evoked firing in cells that were silent
at the baseline (Fig. 2A) and increased firing frequency of cells that
were spontaneously firing (Fig. 2B). Low input cells showed a
smaller inward RRSC (−57±51 pA; Figs 2C,D and 3D) in almost all
respiratory bursts observed extracellularly. There was no correlation
between the extracellular burst and RRSC width (r2=0.24; Fig. 3E).
In current-clamp mode, these smaller synaptic inputs did not bring
silent neurons at baseline to the threshold (Fig. 2C) and did not
change the firing rate of cells spontaneously firing (Fig. 2D).
Inhibitory cells presented an outward RRSC (63±70 pA; Figs 2E and
3D) concurrent with every extracellular burst. Width was not
correlated between extracellular/cellular input (r2=0.19; Fig. 3E),
but firing often stopped during the lung burst (Fig. 2E).

Motoneurons receiving high, low and inhibitory inputs were also
analyzed for sEPSCs and intrinsic membrane properties in the period
between respiratory bursts. When stimulating the neuron in current
clamp, initial and steady-state maximum firing rates were larger in
neurons with high input than in small input cells (59% and 60%,
respectively), but no difference was found between those two types
and neurons receiving inhibitory inputs (Fig. 3F,G). Spontaneous
synaptic properties, rheobase, membrane potential and input
resistance were not different among different cell types (Table 1).

Along the area containing labeled neurons, we found 33%
with high input, 32% with low input, 11% with inhibitory input
and 24% with no respiratory input (Fig. 3C). Given that our
slicing procedure had a caudal bias, the most rostral cells in the pool
may be under-represented here. Although we do not have an exact
map of the cell types across the brainstem, we took note of the
relative position of each cell. We found neurons with all types of

Table 1. Properties of the different cell types observed between RRSCs

High input Small input Inhibitory input P-value

sEPSC frequency (Hz) 11.66–5.96 7.66–4.34 5.63–3.15 0.0768
sEPSC amplitude (pA) 22.24–7.16 24.59–10.69 22.89–12.78 0.8724
Rheobase (pA) 187.50–152.95 200.00–321.13 70.00–75.83 0.5776
Membrane potential (mV) −47.52–9.55 −55.365–9.67 −54.943–5.47 0.1507
Input resistance (MΩ) 74.33–26.39 200.48–180.09 196.76–135.36 0.1053

Data are means±s.d. RRSC, respiratory-related synaptic current; sEPSC, spontaneous excitatory postsynaptic current.
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respiratory-related synaptic input along the whole area studied;
however, it was evident that high input motoneurons were more
abundant in the caudal area aligned between the hypoglossal and
vagal nerve roots. Small input neurons, in contrast, were more
abundant in the rostral site closer to the vagus nerve root, and cells
receiving inhibitory and no input were found scattered along with
the motor pool.

Evaluation
Our work describes a new preparation that allows recording of
labeled motoneurons within the respiratory network in adult
bullfrogs. In this preparation, only the dorsal tissue covering the
vagal motoneurons is sliced away, exposing them for whole-cell
patch-clamp recording. Successful patch-clamp recordings showed
respiratory-related synaptic currents and firing in tandem with the
extracellular motor output, resembling the neuronal activity of the
neonatal rat rhythmic slice (Koizumi et al., 2008). Even though
slicing the dorsal brainstem may have caused some network
damage, characterized by wider extracellular bursts with lower
frequency compared with the intact brain, the semi-intact
preparation had >6 h of consistent recordings in physiological K+.
This shows an advantage for studying motoneuron function, as
rhythmic slices from rats rapidly change burst pattern and decrease
frequency in physiological K+, having only ∼108 min of longevity
(Ruangkittisakul et al., 2006). Moreover, CO2/pH chemosensitivity
is preserved and preparations exhibited fictive breathing episodes
(Figs S1, S2), as observed in the intact brainstem (Kinkead et al.,
1994; Reid and Milsom, 1998).
Patch-clamp recordings revealed vagal motoneurons receiving

high, low, inhibitory and no respiratory input. Synaptic excitation
and inhibition observed here were similar to those of respiratory
motoneurons of decerebrated frogs that also presented firing or
hyperpolarization in phase with the lung burst (Kogo and Remmers,
1994). Optical imaging using a voltage-sensitive dye also shows
motoneurons with firing stimulated or suppressed during lung
bursts in the whole brain (Oku et al., 2008). Thus our semi-intact
preparation recordings are comparable to recordings made in vivo
and in vitro using the whole brainstem preparation, with the
advantages of studying identifiable cells by labeling, using patch
clamp, and in tandem with the axonal output.
The 4th branch of the vagus nerve contains axons that innervate

the glottal dilator and potentially glottal constrictor muscles, which
in most anurans are respectively responsible for opening the glottis
after the air is enclosed in the oral cavity and may hold air in the lung
following the buccal floor power stroke (Kogo et al., 1994;
Sakakibara, 1984; West and Jones, 1975). Thus, the high input
RRSC that generated firing in the laryngeal motoneurons
contributes to the population burst observed on the vagal root,
which likely dilates the glottis in vivo (Kogo and Remmers, 1994;
Kogo et al., 1994). Motoneurons receiving low input here probably
do not contribute to the fictive lung burst but may be recruited for
glottal dilation in the case of an increase in respiratory drive.
Similarly, the phrenic motor pool in rats is only partially activated in
resting conditions, but respiratory challenges such as hypoxia
recruit neurons that were not firing previously (Lee et al., 2009).
Neurons with synaptic inhibition, in contrast, may keep the glottis
closed during breath-hold periods, and stop firing during glottal
dilation, as suggested by Kogo and Remmers (1994). Although
the synaptic connections between respiratory rhythm generators and
motor pools is still unknown, we speculate that the synaptic
inputs observed here descend from the lung rhythm generator
(Baghdadwala et al., 2015) via mechanisms analogous to those in

mammals. For instance, in the neonatal rat slice, the pre-Bötzinger
complex has excitatory and inhibitory interneurons that project to
the hypoglossal premotor and motoneurons (Koizumi et al., 2013).
Regarding cells with no input, they are also abundant in the phenic
motor pool of mammals, being recruited for non-respiratory
activities such as vomiting, coughing, sneezing and swallowing
(Fogarty et al., 2018; Grelot et al., 1992; Hayashi and Fukuda, 1995;
Lee and Fuller, 2011). Besides that, motoneurons with no
respiratory-related input here could be also involved in calling as
vocalization is regulated by motoneurons innervating the laryngeal
muscles in frogs as well as breathing (Schmidt, 1965).

Interestingly, some intrinsic properties of the motoneurons were
associated with the respiratory-related synaptic input, relating the
neuron firing properties to its function in the network. Bullfrog
vagal motoneurons are categorized in two types, slow and fast,
based on their intrinsic membrane properties (Zubov et al., 2021).
Here, high input neurons presented a higher maximum initial and
steady-state firing rate compared with low input neurons. Those are
the main characteristics distinguishing fast from slow vagal cells;
thus, fast cells may constitute most of the high input neurons while
slow cells may be the main type of cell receiving low input.
Motoneurons receiving inhibitory input appear to be composed of
both fast and slow types. Although maximum firing rate was related
to the synaptic input, no differences across cell types existed in
membrane potential, input resistance and rheobase (Table 1). This is
not surprising as those properties are less influential in terms of
classifying cell type (slow/fast), and intrinsic properties of the vagal
motoneurons are highly variable (Zubov et al., 2021). Non-
respiratory spontaneous synaptic properties were also not different
among neurons receiving different inputs (Table 1).

Conclusion and perspectives
To advance the study of the cellular basis of breathing in non-
mammalian models, we developed a semi-intact preparation that
allows the recording of electrophysiological properties of
motoneurons in the intact respiratory network. We expect this
preparation to benefit the understanding of the respiratory network
during the transition from gill to lung breathing and the acquisition of
ischemia resistance following hibernation (Bueschke et al., 2021b;
Janes et al., 2019b; Santin et al., 2017). Beyond that, this technique
may be applied for different adult animals in multiple species with
only a fewadjustments, whichmay further contribute to understanding
of the cellular basis of breathing across vertebrates. Additionally, as
whole-cell patch clamp provides ready access to the cytoplasmic
contents, single-cell molecular biology, such as RNA sequencing and
real-time PCR, can be easily performed after patch clamp to connect
cell physiology, network function and molecular mechanisms.
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Fig. S1. Chemosensitivity is preserved in the semi-intact preparation. A) 

Representative traces showing increased burst frequency after 10 minutes of 

hypercapnia (aCSF CO2 raised from 1.5% to 5%). B) All 3 preparations tested increased 

burst frequency in hypercapnia (average increase of 96%), which could be observed 

simultaneously in the cell respiratory synaptic input and in the population burst. 
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Fig. S2. The semi-intact preparation presents single and episodic bursts. Single 

bursts, doublets, episodic events, buccal oscillations, and non-respiratory events can be 

observed in the semi-intact preparation. Bursts occur concurrently with the respiratory-

related synaptic current (A) and the motoneuron firing (B). The representative trace was 

recorded in control conditions (aCSF gassed with 1.5% CO2 and 98.5% O2). 
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