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Control of Movement

Intrinsic brainstem circuits comprised of Chx10-expressing neurons contribute
to reticulospinal output in mice
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Abstract

Glutamatergic reticulospinal neurons in the gigantocellular reticular nucleus (GRN) of the medullary reticular formation can func-
tion as command neurons, transmitting motor commands to spinal cord circuits to instruct movement. Recent advances in our
understanding of this neuron-dense region have been facilitated by the discovery of expression of the transcriptional regulator,
Chx10, in excitatory reticulospinal neurons. Here, we address the capacity of local circuitry in the GRN to contribute to reticulo-
spinal output. We define two subpopulations of Chx10-expressing neurons in this region, based on distinct electrophysiological
properties and soma size (small and large), and show that these populations correspond to local interneurons and reticulospinal
neurons, respectively. Using focal release of caged glutamate combined with patch clamp recordings, we demonstrated that
Chx10 neurons form microcircuits in which the Chx10 local interneurons project to and facilitate the firing of Chx10 reticulospinal
neurons. We discuss the implications of these microcircuits in terms of movement selection.

NEW & NOTEWORTHY Reticulospinal neurons in the medullary reticular formation integrate inputs from higher regions to effec-
tively instruct spinal motor circuits. Using photoactivation of neurons in brainstem slices, we studied connectivity of reticular for-
mation neurons that express the transcriptional regulator, Chx10. We show that a subpopulation of these neurons functions as
local interneurons that affect descending commands. The results shed light on the internal organization and microcircuit forma-
tion of reticular formation neurons.

interneurons; locomotion; microcircuits; reticular formation; spinal cord

INTRODUCTION

Movement is complicated. When we reach and grasp our
coffee cup, we instruct our spinal cord to activate particular
muscle groups in a precise temporal sequence. At the same
time, we instruct it to not supinate our forearm. This combina-
tion of instructions to move and to not move is thus required
for behavioral output. Although the cortex and basal ganglia
are involved inmaking these selections (1, 2), it is the brainstem
reticular formation that must ultimately decode these supra-
medullary inputs to form precise commands that descend, via
reticulospinal pathways, to spinalmotor circuits (3).

It is well established that the gigantocellular reticular nu-
cleus (GRN) contains reticulospinal neurons (RSNs) that

mediate posture and locomotion in the cat (4–6). Neurons in
supramedullary locomotor regions such as the mesence-
phalic (MLR) and cerebellar locomotor regions project to the
GRN, where they are integrated to initiate locomotion via
reticulospinal pathways that in turn activate spinal locomo-
tor circuits (7, 8). Electrical (9) or chemical (10) activation of
the GRN is sufficient for inducing locomotor activity, and
inactivation (8) of this region eliminates MLR-evoked loco-
motion. But glutamatergic RSNs are involved in other move-
ments as well: for example, these neurons also receive input
from postural centers to ensure appropriate extensor tone
duringmotor activities (for review, see Ref. 11).

The GRN comprises various types of neurons, including
inhibitory as well as excitatory RSNs (12–14), and is not
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seemingly structurally organized in a way that would
facilitate the study of different neuronal types. Mouse
genetic techniques have therefore been used to identify
and activate (or inactivate) neurons in this region to
study their roles. In recent years, neurons in the GRN
that express the transcriptional regulator Chx10 have
been studied (15, 16). As in the spinal cord (17, 18), these
neurons are exclusively glutamatergic (15, 19). Promoters
for either the vesicular glutamate transporter 2 (vGluT2)
or Chx10 have been used to drive cre recombinase
expression for opto- or chemogenetic experiments. Using
these techniques, it has become clear that excitatory glu-
tamatergic GRN neurons can modulate locomotor activ-
ity (20, 21), that bilateral activation of Chx10 reticular
formation neurons can stop locomotion (19), and that
unilateral stimulation of Chx10 or glutamatergic reticu-
lar formation neurons can lead to turning (22) or neck
movements (23), respectively, or both (24). But glutama-
tergic neurons in this region are also involved in sleep
atonia (25), suggesting that results from photoactivation
experiments could be skewed by the subpopulation(s) of
neurons activated. It is likely that, similar to the hetero-
geneity of spinal Chx10 interneurons (e.g., see Refs. 26
and 27), Chx10 reticular formation neurons are also not
homogeneous (24, 28). Furthermore, opto- or chemoge-
netic studies would not capture the intrinsic organiza-
tion of the GRN, and whether local circuits regulate the
output—that is, whether this region is simply an integra-
tor of inputs, or whether it has the circuitry to refine de-
scending output.

In a step toward understanding this black box region of
the brain and how it might process inputs from higher brain
centers to produce descending commands for spinal cord
circuits to process, we asked whether Chx10 neurons in the
GRN form local microcircuits. We identified two clear sub-
sets of these neurons, only one of which (comprised of neu-
rons with large somata) is reticulospinal. Then, using focal
release of caged glutamate, we demonstrated the internal
architecture whereby smaller Chx10 neurons project to and
facilitate the firing of the larger Chx10 neurons. We propose
that these microcircuits tune descending commands and
thus facilitatemovement.

MATERIALS AND METHODS

Animals

All animal procedures were done at Dalhousie University,
approved by the University Committee on Laboratory Animals
as well as the University College London (UCL) Animal Welfare
Ethical Review Body, and conform to the standards of the
Canadian Council for Animal Care and UKHome Office Project
License 70/9098. Both male and female BAC Chx10::eGFP
[STOCK Tg(Vsx2-EGFP)FJ99Gsat/Mmucd] mice (available from
the Mutant Mouse Resource and Research Centers, MMRRC
No. 011391-UCD) maintained on a Swiss Webster background
were used in all experiments. This line has been used previ-
ously to study spinal V2a neurons with high specificity (29) and
reticular formation neurons, where green fluorescent protein
(GFP) expression was shown to have high specificity for Chx10-
expressing neurons (15).

Electrophysiology

Slice preparations.
Whole cell patch clamp recordings were made from visual-
ized Chx10 neurons from the rostral GRN of the medulla of
P9–P14 Chx10e:GFPmice (15). This is an age when locomotor
function is becoming mature (30). Mice were anesthetized
by intraperitoneal injection of ketamine (60 mg/kg) and
xylazine (12 mg/kg). After loss of their righting reflex, mice
were cooled on ice and decapitated. The brainstem was im-
mediately removed and secured to an agar block with a small
amount of adhesive and transferred to ice-cold oxygenated
solution (3.5 mM KCL, 35 mM NaHCO3, 1.2 mM KH2PO4, 1.3
mMMgSO4, 1.2 mMCaCl2, 10mM glucose, 212.5 mM sucrose,
2 mM MgCl2, pH7.4) for sectioning. Two, 300–350 μm sec-
tions of the medulla containing the rostral GRN were sec-
tioned on a vibratome (Leica VT1200S, Leica) per mouse and
transferred to a warm (30�C) oxygenated (95% oxygen, 5%
carbon) artificial cerebrospinal fluid (aCSF) solution (111 mM
NaCl, 3.08 mM KCl, 11 mM Glucose, 25 mM NaHCO3, 1.25
mM MgSO4, 2.52 mM CaCl2, 1.18 mM KH2PO4, pH 7.4) to
recover for a minimum of 30min.

Whole cell patch-clamp recordings and stimulation.
Slices were transferred to a recording chambermounted on a
Zeiss AxioExaminer microscope and perfused with oxygen-
ated room-temperature aCSF. Cells were visualized using a
�20 wide aperture (1.2 nA) water-immersion objective lens, a
CCD camera (CoolSNAP EZ CCD Camera, Photometrics, AZ)
and Slidebook 6.0 software (Intelligent Imaging Innovations,
CO, RRID:SCR_014300).

Whole cell patch-clamp recordings were acquired in cur-
rent-clamp (IC) mode using a Multiclamp 700B amplifier
(Molecular Devices, San Jose, CA, RRID:SCR_014300).
Recordings were loss pass filtered at 10 kHz (IC) and acquired
at 25 kHz with CED Power1401 AD board and Signal software
(CED, Cambridge, UK, http://ced.co.uk/us/products/sigovin).
Recording pipettes were filled with a solution containing in
mM: K-gluconate, 128; NaCl, 4; CaCl2, 0.0001; HEPES, 10 mM,
glucose, 1 mM;Mg-ATP, 5; and GTP-Li, 0.3, pH 7.2, lucifer yel-
low dilithium salt (0.4 mg/mL, Thermo Fisher Scientific, Cat.
No. A-5750, RRID:AB_2314410), and neurobiotin (1 mg/mL,
Vector Laboratories, Cat. No. SP-1120-20, RRID: AB_2536191),
and had resistances of 4–6 MX. Lucifer yellow allowed for the
immediate visualization of the soma and dendrites of the
patched cell. This allowed us to avoid photolysis over processes
of the recorded cell while stimulating nearby presynaptic cell
bodies. Neurobiotin allowed for post hoc confirmation of the
identity of the recorded cell and that axons or dendrites of the
postsynaptic cell were not in the regions of presynaptic cell
bodies, such that they would be stimulated. This was facili-
tated by comparing images of the region of interest (ROIs)
stimulated (see Immunohistochemistry and Imaging) to the
confocal image of the biotin-filled postsynaptic cell (n = 10).

In the initial set of experiments, basic and rhythmic firing
properties of visually identified “large” and “small” Chx10
neurons in the rostral GRN were subjected to various depola-
rizing and hyperpolarzing current pulses. All properties were
collected while holding the cell at �60 mV. Input resistance
was collected as the average response of the cell to repetitive
(minimum 20 sweeps), small hyperpolarizing pulses (�10
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pA, 100 ms). Rheobase, defined as the minimum current
required to elicit an action potential 50% of time was col-
lected from incremental 1 pA depolarizing current steps.
Voltage threshold defined as the membrane potential at
which depolarization increased at �10 V/s (31) was deter-
mined from the first spiking response during rheobase.
Frequency-current (F-I) plots were obtained by applying 1-s
depolarizing current pulses with incremental increases of
10–20 pA. The steady-state firing frequency was determined
by counting the number of spikes during the 1-s pulse. The
initial firing frequency was collected by taking the average
interspike interval (1/average interspike interval) of the first
three spikes for each current step. Spike frequency adapta-
tion (SFA) was calculated as the percent of reduction in firing
rate from the initial to the steady-state firing frequency. Sag
potential and postinhibitory rebound firing was collected
during 1-s hyperpolarizing current pulses with increases of
�10 to �20 pA. Sag potential was collected as the differ-
ence in the membrane potential at peak minus steady-
state change during the hyperpolarizing pulse. All sag cal-
culations were conducted at a steady-state hyperpolariza-
tion of �100 mV.

Holographic Photolysis of Caged Glutamate

Following the initial set of experiments to characterize the
electrophysiological properties of large and small Chx10 neu-
rons, we sought to determine the connectivity patterns of
Chx10 neurons using a photolysis protocol as we have previ-
ously described (32). These experiments only proceeded
when membrane potential was stable (i.e., did not fluctuate
more than 5 mV during a 5-min period). 4-Methoxy-7-nitro-
indolinyl-caged-L-glutamate (MNI-glutamate) (2.5 mM, Tocris,
ON, Canada, Cat. No. 1490) was perfused in warm (30�C) aCSF
at a rate of 2 mL/min. Holographic photolysis of MNI-gluta-
mate was performed using a 405-nm laser directed through a
Phasor spatial light modulator (SLM) system (Intelligent
Imaging Innovations, CO), stimulating regions of interest (ROI)
as controlled by Slidebook software. We have used thismethod
previously, validating that photolysis beyond 7 mm from the
neuron, photolysis did not elicit a response—that is, there
were no nonspecific effects resulting from glutamate diffusion
(32). Before photostimulating ROIs, direct photolysis over the
patched Chx10 neuron was performed to determine the inten-
sity and duration of the pulse which elicited a single action
potential. Ideal intensity and pulse duration for small Chx10
neurons was 3.5 mW and 800–1,000 ms and for large Chx10
neurons was 7 mW and 1,500 ms, calculated by the percentage
of the maximum laser output that was measured with a power
meter in the absence of tissue. These parameters did not evoke
responses in the absence of perfused caged glutamate. If longer
durations were necessary, the slice was not used as it was
deemed to be unhealthy. ROIs were selected as identified neu-
ronal cell bodies under fluorescence, with the ROI blanket-
ing the soma. Once ROIs in a single focal plane were
selected, sequential photostimulation of the ROIs was car-
ried out while recording from the postsynaptic neuron.
Postsynaptic cells were held between �60 mV and �50 mV
for the duration of the experiment (which could exceed 1
h). Photomicrographs for each ROI were taken to map the
location of each cell relative to the postsynaptic cell

recorded. In stable preparations, once a connection was
established, a second electrode was used to record from
the connected presynaptic cell to determine if the connec-
tion was bidirectional. As the connected cells were often in
close proximity (100–200 μm), the gigaseal of the patch-
clamp was often lost on one of the two cells, but continued
with loose patch recordings as confirmed by persisting
responses from direct photolysis over the cell body.

Cholera Toxin Subunit B Injections

The fluorescent retrograde tracer cholera toxin subunit B
(CTB) was used to label reticulospinal neurons. Briefly, using
aseptic surgery with 3%–4% isoflurane, an incision over the
cervical or lumbar spine was made, the lamina over C7 or L2
was removed, and a small incision in the dura was made to
expose the spinal cord. Mice were placed in a stereotaxic
frame to stabilize the vertebral column and, using a micro-
manipulator, a glass pipette containing 1 mL of CTB was
advanced to the surface of the spinal cord, following which
the tip was slowly lowered 500 mm into the C7 or L2 spinal
cord. CTB was injected over a 10-min period and the pipette
remained in place for 5 min after injection, after which, the
electrode was removed and a similar injection with a new
glass electrode was made on the contralateral side of the spi-
nal cord. The mice were then sutured and monitored while
they recovered. No deficits or motor impairments were seen
asmice recovered.

Immunohistochemistry and Imaging

Upon completion of the electrophysiological recordings,
slices were incubated in 4% paraformaldehyde for 1 h at
room temperature followed by three, 15-min washes in
0.1% PBS-T. Slices were incubated at 4�C overnight in goat
anti-GFP primary antibody (1:2,500, Abcam Cat. No.
AB6673, RRID: AB_305643), with well-established specific-
ity, followed by a 4-h incubation period in donkey anti-
goat Alexa Fluor 488 (1:500, Abcam Cat. No. AB150105,
RRID: AB_2732856) and Alexa Fluor 647-conjugated strep-
tavidin (1:500, Thermo Fisher Scientific, Cat. No. S-21374.
RRID: AB_2336066). Images were obtained using a Zeiss
LSM 510 upright confocal microscope. Images were com-
pared with photos obtained during the electrophysiology
recordings in Slidebook to confirm that the ROIs did not
overlap with visually identifiable dendrites or axons.

For CTB-labeled tissue, the mice were anesthetized 14
days after injection and transcardially perfused with phos-
phate buffer solutions followed by 4% paraformaldehyde in
0.1 M phosphate solution (PBS). Tissue was harvested, post-
fixed in 4% paraformaldehyde overnight, and subsequently
cryoprotected in 30% sucrose. Tissue was sectioned (30 mm)
using a cryostat and mounted on glass slides for immunohis-
tochemistry. Sections were incubated with primary goat
anti-GFP (1:500, Abcam, Cat. No. AB5449, RRID: AB_304896)
antibodies diluted in PBS containing 0.1% Triton X-100
(PBS-T) for 24 h at 4�C. Sections were then washed three
times for 10 min each in 0.1% PBS-T followed by incubation
with appropriate secondary antibodies conjugated to Alexa
488, Alexa 555, and dapi-405 (1:500 Molecular Probes) for 3
h. Sections were then washed three times for 10 min each in
PBS, mounted in Vectashield (Vector Laboratories) and
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cover-slipped. Epifluorescent images were acquired with a
Zeiss Axioplan inverted microscope. For quantification of
Chx10 soma sizes, the 15–20 sections through the rostral
GRNwere examined, and cells were only counted when their
nuclei (visualized with DAPI staining) were clearly present.
Cell areas (mm2) were calculated using surface area function
in ImageJ. Confocal images (20 mm z-stacks) were subse-
quently obtained and illustrated with representative single
optical sections in Fig. 2.

Experimental Design and Statistical Analysis

Data are presented as means ± SD. As is common for dis-
covery experiments, no statistical methodwas used to prede-
termine sample size, and no randomization or blinding
procedures were used. Statistical analyses were done using
Sigma-Plot (v14.0, Systat software, CA). Shapiro–Wilk tests
were used to confirm normal distributions. As such,
unpaired Student’s t tests were used for all comparisons
except for frequency of observed sag potentials, in which
Fisher Exact test was used. Statistical significance was set at
P< 0.05.

RESULTS

Chx10 Neurons Have Distinct Electrophysiological
Properties Correlated to Their Size

As intrinsic neuronal electrophysiological properties play
a critical role in producing circuit activity (33), we first
sought to characterize these properties of medial medullary
reticular formation (medRF) Chx10 neurons, focusing on
those in the rostral GRN. We performed whole cell patch-
clamp recording from Chx10 neurons in P9–P14 mice to
determine if there are subpopulations of Chx10 neurons with
distinct electrophysiological properties. Once stable, all neu-
rons were held at �60 mV to have a uniform baseline when
measuring their responses to injected current.

We first characterized the spike patterns of Chx10 neurons
in response to sustained suprathreshold current steps. Of the
60 neurons we recorded, 48 demonstrated sustained firing
in response to current injection, whereas the remaining 12
fired only a single spike with abnormal morphology, suggest-
ing poor health and therefore not analyzed further. Of the 48
neurons with sustained firing, two distinct patterns of firing
emerged. The first pattern (n = 26, from 13mice and 18 slices)
consisted of trains of action potential with minimal SFA and
lower initial gain in the F/I relationship (Fig. 1, A and B). The
second pattern (n = 22, from 8 mice and 15 slices) consisted
of high initial firing rate followed with pronounced spike fre-
quency adaptation. The average gain for the initial firing
(first 3 spikes) was 19± 18 Hz/10 pA for the first pattern of fir-
ing Chx10 neurons and 36±28 Hz/10 pA (P = 0.02) for the
second type of firing Chx10 neurons (Fig. 1B). There was no
significant difference in the average gain for the steady firing
(last 3 spikes), with average gains of 9±9 Hz/10 pA and 12±9
Hz/10 pA respectively (Fig. 1B, P = 0.08). Furthermore, the
second type of firing Chx10 neurons demonstrated signifi-
cantly more SFA compared with the first type of Chx10 neu-
rons (43± 12% vs. 26±20% decrease in firing rates,
respectively, P = 0.028). Based on these distinct firing pat-
terns, we termed these neurons Type 1 and Type 2 Chx10

neurons, and then analyzed their corresponding electro-
physiological properties (Fig. 1C).

The two types of Chx10 neurons also demonstrated differ-
ences in their responses to hyperpolarizing current injection
to steady-state voltages of �100 mV. Of the 26 Type 1 Chx10
neurons, 10 had sag potentials, in response to a hyperpolariz-
ing step to �100 mV, and these were of small amplitude
(3.8 ±5.1 mV). None of these neurons responded with postin-
hibitory rebound (PIR) upon termination of this step (Fig.
1D). Conversely, all Type 2 Chx10 neurons (n = 22) had a large
sag potential (21.4 ± 7.5 mV, P < 0.001) in response to hyper-
polarization (compared with Type 1, Fisher Exact P < 0.001),
and PIR responses consisted of a single or several action
potentials at pulse termination (Fig. 1D). To summarize, we
found that Type 1 Chx10 neurons demonstrated: 1) lower
gains in their initial firing F/I relationships, 2) minimal SFA,
3) no sag potentials, and 4) no PIR, whereas Type 2 Chx10
neurons demonstrated: 1) higher gains in their initial firing
F/I relationships, 2) significant SFA, 3) sag potentials, and 4)
PIR responses. Based on these two distinct types of firing
patterns in response to depolarizing and hyperpolarizing
current injections, we proceeded to compare passive electri-
cal properties of these two types of Chx10 neurons.

Both types demonstrated similar resting membrane
potentials (�46.8± 5.4 mV and �46.2±6.6 mV, Type 1 and 2
respectively, P = 0.73) and spike thresholds (�45.2 ±6.4 mV
and �43.4±3.7 mV, Type 1 and 2 respectively, P = 0.23).
However, there was a significant difference in input resist-
ance with Type 1 demonstrating an average input resistance
of 380±245 MX whereas Type 2 had an average input resist-
ance of 980±480 MX (P < 0.001). Correspondingly, Type 1
Chx10 neurons were less excitable with an average rheobase
of 56.0±40.8 pA, compared with Type 2 Chx10 neurons
which had an average rheobase of 21.0±7.5 pA (P < 0.001).
These three properties—input resistance, rheobase, and sag
—together led to a separation between Type 1 and Type 2
Chx10 neurons (Fig. 1E).

During these recordings, it became visually evident that
Type 1 Chx10 neurons were larger than Type 2 Chx10 neurons
(Fig. 1A, inset). This observation matched their different
rheobases and input resistances. Furthermore, we injected
biotin into patched neurons and analyzed their soma sizes
and the number of initial dendritic branches (n = 5 for each
type). It was clear that Type 1 Chx10 neurons have signifi-
cantly larger somas (385±48 mm2 vs. 148±45 mm2, P < 0.001)
and have more primary dendrites (3.4±0.5 vs. 1.4 ±0.5, P =
0.004) than Type 2 Chx10 neurons. The difference in soma
size fits with a bimodal distribution of Chx10 soma sizes
(vide infra). We therefore refer to these two types of GRN
neurons as Large Chx10 neurons and Small Chx10 neurons,
and next sought to determine their connectivity patterns.

Large Chx10 Neurons Are Reticulospinal

As Chx10 neurons have previously been shown to be retic-
ulospinal (15, 19), we sought to determine whether both sub-
populations project to the spinal cord. We initially targeted
the L2 spinal cord, where we injected CTB bilaterally for ret-
rograde labeling in adult Chx10:eGFP mice (n = 3, Fig. 2A).
After a 2-wk recovery period, we found, on average, 63 (range
35–82) CTBþ GFPON neurons/mouse in the rostral GRN (Fig.
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2A). This represented 8%–11% of all Chx10ON neurons in this
region of the rostral GRN, similar to the proportion reported
in neonatal mice (15). Interestingly, there were many bou-
ton-like structures labeled with CTB, suggesting the presence
of a noteworthy spinoreticular projection from the lumbar
spinal cord.

As a population, Chx10 soma sizes ranged from 70 to 610
mm2 (n = 1,925, from 3 mice, mean: 211 ± 105 mm2). In con-
trast, the range of average soma sizes of CTB positive
Chx10 neurons was 217–540 mm2 (mean: 360 ± 60 mm2; P <
0 .01), corresponding with larger Chx10 neuronal soma
sizes seen in the frequency distribution (Fig. 2B). Of the
188 Chx10 neurons (n = 3 mice) larger than 300 mm2, 156
(83%) were CTBþ . These data demonstrate that the Large
Chx10 neurons are reticulospinal. We found no evidence
that the Small Chx10 neurons project to the lumbar spinal
cord.

To investigate whether Small Chx10 neurons project to the
rostral spinal cord, we injected CTB in the C7 cervical seg-
ments (n = 3) and quantified the number of CTBþ Chx10ON

neurons in the rostral GRN as aforementioned (Fig. 2C). We
found a similar distribution of CTBþ Large Chx10 neurons
and no CTBþ Small Chx10 neurons. Thus, Large Chx10 neu-
rons are reticulospinal whereas Small Chx10 neurons are
not. We will therefore refer to the Large Chx10 neurons as
Chx10 RSNs.

Connectivity Patterns of Chx10 Neurons

To determine whether the two populations are synapti-
cally connected with each other, we used brain stem slice
preparations to record from 30 Chx10 neurons (15 of each
type), while photo-activating caged glutamate on over
120 others, establishing 60 connections. We targeted Chx10
neurons based on their size to ensure that we recorded a
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sufficient number of each type. Once entering whole cell
mode, we first characterized the neurons based on their elec-
trophysiological properties and found a 96% (29/30) con-
cordance rate between their properties and the predicted
type based on size. That is, if we treat our initial data from 48
neurons as a “training” set, then in this “test” set of 30 neu-
rons, we picked their electrophysiological properties correctly
in 29. Therefore, we were confident that we could visually dif-
ferentiate small Chx10 neurons fromChx10 RSNs for photosti-
mulation. As can be appreciated by the distribution of cell
sizes (Fig. 2B), there were many more small Chx10 neurons
than reticulospinal neurons. As demonstrated below, we

found that small Chx10 neurons form synapses with other
small Chx10 neurons and with Chx10 RSNs. Conversely, we
did not find evidence that Chx10 RSNs form synapses with
other Chx10 RSNs and connections to small Chx10 neurons
were infrequent. In a subset of pairs, we found bidirec-
tional connectivity between small Chx10 neurons and
Chx10 RSNs. As small Chx10 neurons projected locally and
formed connections with both small Chx10 and Chx10
RSNs, we will refer to these neurons as Chx10 local inter-
neurons. This designation does not negate the possibility
that they also have projections to areas beyond the GRN.
We describe these findings below.
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Chx10 Local Interneurons Form Synapses with Chx10
Local Interneurons

After ensuring that photolysis produced action potentials
in Chx10 local interneurons by directly activating the
recorded cell (Fig. 3A), we asked whether Chx10 local inter-
neurons connect to each other. In 15 Chx10 local interneur-
ons (average soma size 176±40 mm2), 20 connections were
found by photostimulation of 70 Chx10 local interneurons
(Fig. 3B). In all 20 connections, the postsynaptic responses
were subthreshold, with differing sizes of excitatory postsy-
naptic potentials (EPSPs) arising from different presynaptic
neurons (Fig. 3C). In some cases, temporal summation with
repetitive stimulation was evident (Fig. 3C). The number of
connected presynaptic neurons ranged from 1 to 3 (mean
1.7 ±0.9), with EPSP amplitudes ranging from 4.0 to 12.5 mV
(mean 8±3mV).

No Apparent Connectivity between Chx10
Reticulospinal Neurons

We next turned to Chx10 RSNs, and asked whether they
form synapses with each other. Due to the large size and
high rheobase of Chx10 RSNs, higher photostimulation
intensities were needed to generate action potentials in
response to the majority of the individual stimuli (Fig. 4A).

During recordings in seven Chx10 RSNs, we photostimulated
a total of 40 other Chx10 RSNs but were unable to establish
connectivity: there were no responses.

Chx10 Local Interneurons Form Synapses with Chx10
Reticulospinal Neurons

We next turned to investigating connectivity between the
two types of neurons. To study connectivity from Chx10
local interneurons to Chx10 RSNs, we photostimulated 75
Chx10 local interneurons while recording Chx10 RSNs (n =
15, soma size 421±84 μm2), and found a total of 32 connec-
tions in 14 neuron pairs (Fig. 4B). In all 32 connections, the
postsynaptic responses were subthreshold, resulting in small
EPSPs (3.2 ± 1.2 mV, Fig. 4C, presynaptic neuron V). The
number of connections ranged from 1 to 6 presynaptic neu-
rons, with an average of 2.5 ± 1.3 connections per patched
Chx10 RSN. Conversely, in five Chx10 local interneurons, we
photostimulated a total of 25 Chx10 RSNs but were unable to
establish any connections, suggesting that connectivity
between the two populations is unidirectional.

In a subset of experiments that showed connectivity from
a Chx10 local interneuron to a Chx10 RSNs (n = 7), a second
patch electrode was used to successfully record the presyn-
aptic Chx10 local interneuron, although this often resulted
in the loss of the initial giga seal on the postsynaptic Chx10
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RSN (Fig. 4D). In these experiments, action potentials gener-
ated in the Chx10 local interneurons by direct photolysis led
to EPSPs in the Chx10 RSN as expected (Fig. 4E). In 5/7 of
these experiments, photostimulation of Chx10 RSN that
resulted in the generation of action potentials in the Chx10
reticulospinal neurons did not elicit postsynaptic responses
in the Chx10 local interneurons, supporting that these con-
nections are predominantly unidirectional.

In two paired recording experiments, however, bidirec-
tional connectivity was found using current injections into
the identified presynaptic Chx10 local interneuron and Chx10
RSNs (Fig. 5, A and B). Incremental depolarizing current steps

injected in Chx10 local interneurons (Fig. 5C) that generated
action potentials led to EPSPs and action potentials in Chx10
RSNs (light gray and black, Fig. 5C) at low (light red, Fig. 5C)
and high (dark red, Fig. 5C) current injections, respectively.
Similarly, current injection in Chx10 RSNs (Fig. 5D) that gen-
erated action potentials also generated EPSPs and an action
potential (light and dark red, Fig. 5D) in the Chx10 local inter-
neuron at low (light gray, Fig. 5D) and high current injections
(black, Fig. 5D), respectively, demonstrating that in at least
some cases, connectivity is bidirectional.

Given this bidirectionality and given that Cx36 is widely
expressed in the medRF GRN even into adulthood (34, 35),
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mulation of neuron 1 elicited EPSPs that
summated to produce an action potential
in the Chx10 reticulospinal neuron (RSN).
After establishing this synaptic connection,
a second electrode was used to patch and
record responses in the Chx10 local inter-
neuron (neuron 1). Note that electrophysio-
logical properties of these two neurons are
shown by the red dots in Fig. 1E. C: depola-
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we sought to determine if these connections could have an
electrical component, by delivering hyperpolarizing cur-
rent injections. When Chx10 local interneurons were
hyperpolarized, there was indeed a small hyperpolarizing
response in Chx10 RSNs (n = 2, Fig. 5E), suggesting an elec-
trical component to this connection. However, hyperpola-
rizing current steps injected in Chx10 RSNs failed to elicit
a concomitant response in Chx10 local interneurons (Fig.
5F). The failure to evoke a hyperpolarizing response in the
Chx10 local interneuron could be a result of a rectifying
electrically coupled connection (36, 37) or could reflect
that we were unable to hyperpolarize the Chx10 RSNs suf-
ficiently to detect a response in the Chx10 local inter-
neuron, as Chx10 RSNs became unstable during sustained
hyperpolarization.

Chx10 Local Interneurons Contribute to Repetitive
Firing Behavior of Chx10 Reticulospinal Neurons

To determine the degree to which inputs from Chx10 local
interneurons impact the firing behavior of Chx10 RSNs, we
photostimulated Chx10 local interneurons while inducing
firing in Chx10 RSNs (n = 3, Fig. 6A). After a connection was
established, Chx10 RSNs were subjected to ramp current
injections alone and during photolysis over a connected
Chx10 local interneuron (Fig. 6B). At its peak, photostimula-
tion could double the firing rate of the Chx10 RSN, increas-
ing peak firing rate from 10±2 Hz to 22± 3 Hz. Similar
increases in firing rate were seen when Chx10 local inter-
neurons were photostimulated during rectangular depolariz-
ing current (Fig. 6C). The average firing rate of 7± 2 Hz
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doubled to 15±4 Hz during photostimulation of the con-
nected Chx10 local interneuron. Interestingly, these induced
firing rates are higher than those seen with maximal current
injections into the recorded neurons (Fig. 1, F/I plots). The
physiology underlying these photostimulation-induced fir-
ing patterns—acceleration during the stimulus and slow
return to baseline—is unclear, but the patterns are similar to
those seen with activation of persistent currents in moto-
neuron dendrites (38).

DISCUSSION
The medullary reticular formation is an important site in

the central nervous system for initiating and regulating
movement (8, 21, 39, 40). This region—and in particular the
GRN—has been studied primarily in terms of “command,”
or reticulospinal, neurons. For example, in 1859, Mauthner
cells were identified in fish, where they were found to initi-
ate turning movement (41). Chx10 neurons in the Xenopus
tadpole reticular formation are involved in initiating bouts
of swimming (42). In cats and mice, excitatory neurons in
this region receive inputs from higher centers involved in
movement, including the MLR (8, 15) and the cerebellum
(40). In recent years, neurons of the Chx10 lineage in the
medRF have been identified as key instigators of movement
(19, 22). But to understand how the medRF contributes to
movement, it is important to understand whether this region
serves mainly to integrate supramedullary motor commands
for transmission to the spinal cord, or whether there is also
local circuit processing. In this study, we demonstrated that
there are at least two anatomically, physiologically, and
functionally distinctive subtypes of Chx10 neurons in the
rostral GRN, one with large somata that is reticulospinal,
and the other with smaller somata that comprised of locally
projecting excitatory interneurons. Using holographic pho-
tolysis of caged glutamate, we found that Chx10 local inter-
neurons frequently formed local connections with other
Chx10 local interneurons as well as with Chx10 RSNs, and
that these local interneurons can facilitate the excitability of
the RSNs. We propose that GRN Chx10 local interneurons
are involved in processing and regulating the input:output
functions of Chx10 RSNs.

Subtypes of GRN Chx10 Neurons

It is not surprising that the GRN comprises heterogeneous
neuronal subtypes. Electrophysiological analysis of neurons
in the reticular formation of macaques has similarly demon-
strated several (likely 4) different clusters of neurons based
on their firing properties (43). Only one of these clusters was
thought to be reticulospinal, suggesting the presence of
other local or ascending neurons. Taken together with our
data, it seems likely that distinct electrophysiological pheno-
types in the reticular formation reflect different targets and
functions of the recorded neurons.

Chx10, or Vsx2, is a transcriptional regulator that is
expressed in some glutamatergic neurons in both the spinal
cord and brain stem, as well as in other sites (e.g., retina). In
the spinal cord, it is expressed in V2a neurons—the excita-
tory neurons of the cardinal V2 class. It is clear that spinal
V2a neurons are not molecularly, physiologically, or func-
tionally homogeneous: for example, lumbar V2a neurons

have diverse electrophysiological properties (44) and only a
subset of cervical V2a neurons projects to the brain stem
(26). We had also previously demonstrated heterogeneity of
Chx10ON neurons in the reticular formation (15). But we now
definitively demonstrate that there are at least two major
subtypes of Chx10 neurons in the GRN—reticulospinal neu-
rons and local interneurons.

Although we have shown that we can readily classify
Chx10ON GRN neurons into these two populations, it would
not be surprising to find additional subclasses of these neu-
rons. In the spinal cord, it is increasingly clear that cardinal
neuronal classes are not homogeneous and that subtypes
have different electrical properties, connectivity, and func-
tion [e.g., V0s (45–47), V1s (48), V2s (18, 49), V3s (32, 50, 51)].
In the reticular formation, we know that some GRN Chx10
neurons are involved in respiration (16, 52, 53), and others in
locomotion. In the rostral GRN, bilateral excitation of Chx10
neurons leads to halting of locomotion through inhibition of
locomotor circuits (19), and unilateral excitation leads to
turning (22). With Chx10 RSNs, it has recently been shown
that there are two subpopulations: those projecting to the
cervical cord that lead to changes in head orientation and
those that project to the lumbar cord that lead to changes in
locomotor velocity (24). But we could not detect electrophys-
iological subtypes of Chx10 RSNs.

Possible Roles of GRN Chx10 Local Interneurons in
Sculpting Motor Commands

We have identified local excitatory interneurons in the
GRN that form synaptic connections with RSNs in the
region. This connections were seen at an early age (second
postnatal week), at a time when mice are becoming increas-
ingly mobile and pursuing goal-directed movements (30).
Although we have not determined the role of these inter-
neurons in behavior, it is interesting to consider how these
local circuits might impact movement, as well as methodolo-
gies to investigate this question further.

Currently, there are no genetic determinants that can sep-
arate Chx10 local interneurons from Chx10 RSNs, and these
neurons are anatomically comingled. Although optogenetic
experiments have been used to sort out the role of Chx10
reticular formation neurons (19, 24, 26), such an approach
would activate Chx10 interneurons and RSNs, obscuring the
role of subpopulations. RSNs can be labeled or manipulated
through retrograde viruses, for example see Ref. 24, but the
function of interneurons would not be determined by doing
so.

One way to parse function would be to record the activity
of Chx10 neurons during behavior, noting that the smaller
neurons are likely to be interneurons. Calcium imaging has
recently been used to study the activity of Chx10 neurons in
the GRN, finding that about one half are active during loco-
motor stop events. But there is diversity in function: that is,
individual neurons are not active during every stop event,
and some Chx10 neurons were active at the onset of and dur-
ing locomotion (28). This finding is consistent with the in
vitro demonstration of differential responses of Chx10 GRN
neurons to stimulation of the mesencephalic locomotor
region (15). And some of these neurons are not active during
locomotion, but are during grooming, or when the animal is
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stationary (28). Similarly, three functional types of glutama-
tergic RSNs were described in the lamprey, in a similar
region of the reticular formation (one that receives inputs
from the mesencephalic locomotor region). Each of these
neuronal types has a distinct function: initiation, mainte-
nance, or stopping swimming (54, 55). That is, it is clear that
reticular formation (GRN) neurons have diverse functions in
behavior, but the degree to which this diversity reflects inter-
neuron versus RSN activity is not clear.

In general, less attention has been paid specifically to local
circuitry in the GRN. Local inhibitory circuits could facilitate
bilateral coordination, as in Mauthner cells (56), or could
conceivably aid in tuning descending commands. But the
role of local excitatory interneurons is not obvious. Perhaps
insight on the role of these interneurons could be gleaned
through comparison with spinal circuits. In the spinal cord,
several populations of excitatory interneurons are necessary
for the production of normal coordinated activity, such as
locomotion (see Ref. 57). If the GRN was simply for integra-
tion of descending inputs from various movement centers to
produce descending commands, then local inhibitory inter-
neurons may be sufficient to tune the commands. But if the
GRN plays a role in the selection and/or generation of com-
plex movement, then local circuitry—including excitatory
interneurons—may be required. We show here that activat-
ing Chx10 interneurons leads to changes in RSN properties:
firing rates in RSNs were higher than could be elicited by
current injection, suggesting that dendritic inputs could
drive these cells into a nonlinear range, as has been observed
in other neurons such as spinal motoneurons (38). That is,
interneuronal activity could change the nature of the de-
scending commands—for example, sculpting tonic to phasic
activity.

Several studies have modeled the internal organization
of the reticular formation and its selection of appropriate
RSNs for a motor behavior (58, 59). It has been suggested
that local nodes of small interneurons (although in their
case inhibitory) form synapses with reticulospinal neu-
rons, and are organized through connections with other
nearby interneurons within their node. This “small-world”
network was hypothesized to ensure rapid cross-network
synchronization, consistent node selection for a particular
motor action, and increased persistent activity that facili-
tates ongoing drive required for the appropriate motor
response (59). These properties were proposed to be con-
sistent with a role of the GRN in action selection (60).
Although these models used inhibitory interneurons, the
concept of small-world networks may be generalizable to
the architecture that we have demonstrated here. (The
interested reader is directed to the clear analysis of Ref.
60, for further reading.)

In summary, we have shown that there are at least two dis-
tinct subtypes of Chx10 neurons in the rostral GRN: a local
interneuronal and a reticulospinal population. And we have
shown connectivity between these, such that the local inter-
neurons enhance the firing of RSNs. We do not yet know
how these circuits function to produce behavior, although
we can propose that these local circuits are important for
ensuring that the actions selected by higher motor circuits
are processed to ensure that spinal circuits produce those
behaviors.

ACKNOWLEDGMENTS

We thank Dallas Bennett for assistance with animal care and
technical support, and Felix Townsend (Studio Townsend) for
developing the graphical abstract.

GRANTS

This work was funded by the Canadian Institutes of Health
Research Grants MOP 136981 (to R. M. Brownstone), MOP-110950
(to Y. Zhang) and Wellcome Trust Grant 110193 (to R. M.
Brownstone). R. M. Brownstone’s position is supported by Brain
Research UK. Equipment used for photostimulation experiments
was funded by the Canadian Foundation for Innovation Grant LOF
228190 (to R. M. Brownstone) and the Nova Scotia Research and
Innovation Trust (to R. M. Brownstone).

DISCLOSURES

R.M.B. is a cofounder of Sania Therapeutics, Inc., a gene ther-
apy company.

AUTHOR CONTRIBUTIONS

J.W.C. and R.M.B. conceived and designed research; J.W.C.
performed experiments; J.W.C. analyzed data; J.W.C. and R.M.B.
interpreted results of experiments; J.W.C. prepared figures;
J.W.C. and R.M.B. drafted manuscript; J.W.C., Y.Z., and R.M.B.
edited and revised manuscript; J.W.C., Y.Z., and R.M.B.
approved final version of manuscript.

REFERENCES

1. Lee J,WangW, Sabatini BL. Anatomically segregated basal ganglia
pathways allow parallel behavioral modulation. Nat Neurosci 23:
1388–1398, 2020. doi:10.1038/s41593-020-00712-5.

2. Tecuapetla F, Jin X, Lima SQ, Costa RM. Complementary contribu-
tions of striatal projection pathways to action initiation and execu-
tion. Cell 166: 703–715, 2016. doi:10.1016/j.cell.2016.06.032.

3. Fisher KM, Zaaimi B, Edgley SA, Baker SN. Extensive cortical con-
vergence to primate reticulospinal pathways. J Neurosci 41: 1005–
1018, 2021. doi:10.1523/JNEUROSCI.1379-20.2020.

4. Takakusaki K, Kohyama J, Matsuyama K. Medullary reticulospi-
nal tract mediating a generalized motor inhibition in cats. III.
Functional organization of spinal interneurons in the lower lumbar
segments. Neuroscience 121: 731–746, 2003. doi:10.1016/s0306-
4522(03)00542-6.

5. Matsuyama K, Nakajima K,Mori F, Aoki M,Mori S. Lumbar commis-
sural interneurons with reticulospinal inputs in the cat: morphology
and discharge patterns during fictive locomotion. J Comp Neurol
474: 546–561, 2004. doi:10.1002/cne.20131.

6. Schepens B, Drew T. Independent and convergent signals from the
pontomedullary reticular formation contribute to the control of pos-
ture and movement during reaching in the cat. J Neurophysiol 92:
2217–2238, 2004. doi:10.1152/jn.01189.2003.

7. Orlovsky GN.Work of the reticulo-spinal neurones during locomtion.
Biofizika 15: 728–737, 1970.

8. Noga BR, Kriellaars DJ, Brownstone RM, Jordan LM. Mechanism
for activation of locomotor centres in the spinal cord by stimulation
of the mesencephalic locomotor region. J Neurophysiol 90: 1464–
1478, 2003. doi:10.1152/jn.00034.2003.

9. Jordan LM, Liu J, Hedlund PB, Akay T, Pearson KG. Descending
command systems for the initiation of locomotion in mammals.
Brain Res Rev 57: 183–191, 2008. doi:10.1016/j.brainresrev.2007.
07.019.

10. Noga BR, Kettler J, Jordan LM. Locomotion produced in mesence-
phalic cats by injection of putative transmitter substances and antag-
onists into the medial reticular formation and the pontomedullary
locomotor strip. J Neurosci 8: 2074–2086, 1988. doi:10.1523/
JNEUROSCI.08-06-02074.1988.

INTRINSIC MICROCIRCUITS IN THE RETICULAR FORMATION

1988 J Neurophysiol � doi:10.1152/jn.00322.2021 � www.jn.org
Downloaded from journals.physiology.org/journal/jn (193.060.238.099) on December 2, 2021.

https://doi.org/10.1038/s41593-020-00712-5
https://doi.org/10.1016/j.cell.2016.06.032
https://doi.org/10.1523/JNEUROSCI.1379-20.2020
https://doi.org/10.1016/s0306-4522(03)00542-6
https://doi.org/10.1016/s0306-4522(03)00542-6
https://doi.org/10.1002/cne.20131
https://doi.org/10.1152/jn.01189.2003
https://doi.org/10.1152/jn.00034.2003
https://doi.org/10.1016/j.brainresrev.2007.07.019
https://doi.org/10.1016/j.brainresrev.2007.07.019
https://doi.org/10.1523/JNEUROSCI.08-06-02074.1988
https://doi.org/10.1523/JNEUROSCI.08-06-02074.1988
http://www.jn.org


11. Takakusaki K. Functional neuroanatomy for posture and gait con-
trol. J Mov Disord 10: 1–17, 2017. doi:10.14802/jmd.16062.

12. Du Beau A, Shakya Shrestha S, Bannatyne BA, Jalicy SM, Linnen
S, Maxwell DJ. Neurotransmitter phenotypes of descending sys-
tems in the rat lumbar spinal cord. Neuroscience 227: 67–79, 2012.
doi:10.1016/j.neuroscience.2012.09.037.

13. Mitchell EJ, McCallum S, Dewar D, Maxwell DJ. Corticospinal and
reticulospinal contacts on cervical commissural and long descend-
ing propriospinal neurons in the adult rat spinal cord; evidence for
powerful reticulospinal connections. PLoS One 11: e0152094, 2016
[Erratum in PLoS One 11: e0155664, 2016]. doi:10.1371/journal.
pone.0152094.

14. Valencia Garcia S, Brischoux F, Cl�ement O, Libourel P-A, Arthaud
S, Lazarus M, Luppi P-H, Fort P. Ventromedial medulla inhibitory
neuron inactivation induces REM sleep without atonia and REM
sleep behavior disorder. Nat Commun 9: 504, 2018. doi:10.1038/
s41467-017-02761-0.

15. Bretzner F, Brownstone RM. Lhx3-Chx10 reticulospinal neurons in
locomotor circuits. J Neurosci 33: 14681–14692, 2013. doi:10.1523/
JNEUROSCI.5231-12.2013.

16. Crone SA, Viemari JC, Droho S, Mrejeru A, Ramirez JM,
Sharma K. Irregular breathing in mice following genetic ablation
of V2a neurons. J Neurosci 32: 7895–7906, 2012. doi:10.1523/
JNEUROSCI.0445-12.2012.

17. Al-Mosawie A, Wilson JM, Brownstone RM. Heterogeneity of V2-
derived interneurons in the adult mouse spinal cord. Eur J Neurosci
26: 3003–3015, 2007. doi:10.1111/j.1460-9568.2007.05907.x.

18. Lundfald L, Restrepo CE, Butt SJ, Peng CY, Droho S, Endo T,
Zeilhofer HU, Sharma K, Kiehn O. Phenotype of V2-derived inter-
neurons and their relationship to the axon guidance molecule
EphA4 in the developing mouse spinal cord. Eur J Neurosci 26:
2989–3002, 2007. doi:10.1111/j.1460-9568.2007.05906.x.

19. Bouvier J, Caggiano V, Leiras R, Caldeira V, Bellardita C, Balueva
K, Fuchs A, Kiehn O. Descending command neurons in the brain-
stem that halt locomotion. Cell 163: 1191–1203, 2015. doi:10.1016/j.
cell.2015.10.074.

20. Lemieux M, Bretzner F. Glutamatergic neurons of the gigantocellu-
lar reticular nucleus shape locomotor pattern and rhythm in the
freely behaving mouse. PLoS Biol 17: e2003880, 2019. doi:10.1371/
journal.pbio.2003880.

21. H€agglund M, Borgius L, Dougherty KJ, Kiehn O. Activation of
groups of excitatory neurons in the mammalian spinal cord or hind-
brain evokes locomotion. Nat Neurosci 13: 246–252, 2010.
doi:10.1038/nn.2482.

22. Cregg JM, Leiras R, Montalant A, Wanken P, Wickersham IR,
Kiehn O. Brainstem neurons that command mammalian locomotor
asymmetries. Nat Neurosci 23: 730–740, 2020. doi:10.1038/s41593-
020-0633-7.

23. Capelli P, Pivetta C, Soledad Esposito M, Arber S. Locomotor
speed control circuits in the caudal brainstem. Nature 551: 373–377,
2017. doi:10.1038/nature24064.

24. Usseglio G, Gatier E, Heuz�e A, H�erent C, Bouvier J. Control of ori-
enting movements and locomotion by projection-defined subsets of
brainstem V2a neurons. Curr Biol 30: 4665–4681.e6, 2020.
doi:10.1016/j.cub.2020.09.014.

25. Saper CB, Fuller PM, Pedersen NP, Lu J, Scammell TE. Sleep
state switching. Neuron 68: 1023–1042, 2010. doi:10.1016/j.
neuron.2010.11.032.

26. Hayashi M, Hinckley CA, Driscoll SP, Moore NJ, Levine AJ, Hilde
KL, Sharma K, Pfaff SL. Graded arrays of spinal and supraspinal V2a
interneuron subtypes underlie forelimb and hindlimb motor control.
Neuron 97: 869–884.e5, 2018. doi:10.1016/j.neuron.2018.01.023.

27. Dougherty KJ, Zagoraiou L, Satoh D, Rozani I, Doobar S, Arber S,
Jessell TM, Kiehn O. Locomotor rhythm generation linked to the
output of spinal Shox2 excitatory interneurons. Neuron 80: 920–
933, 2013. doi:10.1016/j.neuron.2013.08.015.

28. Schwenkgrub J, Harrell ER, Bathellier B, Bouvier J. Deep imaging
in the brainstem reveals functional heterogeneity in V2a neurons
controlling locomotion. Sci Adv 6: eabc6309, 2020. doi:10.1126/
sciadv.abc6309.

29. Dougherty KJ, Kiehn O. Firing and cellular properties of V2a inter-
neurons in the rodent spinal cord. J Neurosci 30: 24–37, 2010.
doi:10.1523/JNEUROSCI.4821-09.2010.

30. Jiang Z, Carlin KP, Brownstone RM. An in vitro functionally mature
mouse spinal cord preparation for the study of spinal motor net-
works. Brain Res 816: 493–499, 1999. doi:10.1016/S0006-8993(98)
01199-8.

31. Brownstone RM, Jordan LM, Kriellaars DJ, Noga BR, Shefchyk SJ.
On the regulation of repetitive firing in lumbar motoneurones during
fictive locomotion in the cat. Exp Brain Res 90: 441–455, 1992.
doi:10.1007/BF00230927.

32. Chopek JW, Nascimento F, Beato M, Brownstone RM, Zhang Y.
Sub-populations of spinal V3 interneurons form focal modules of lay-
ered pre-motor microcircuits. Cell Rep 25: 146–156.e3, 2018.
doi:10.1016/j.celrep.2018.08.095.

33. Getting PA, Understanding central pattern generators: insights
gained from the study of invertebrate systems. In: Neurobiology of
Vertebrate Locomotion, edited by Grillner S, Stein PSG, Stuart DG,
Forssberg H, Herman RM. Houndmills, UK: The MacMillan Press,
Ltd., 1986, p. 231–244.

34. Westberg L, Sawa E, Wang AY, Gunaydin LA, Ribeiro AC, Pfaff
DW. Colocalization of connexin 36 and corticotropin-releasing hor-
mone in the mouse brain. BMC Neurosci 10: 41, 2009. doi:10.1186/
1471-2202-10-41.

35. Martin EM, Devidze N, Shelley DN, Westberg L, Fontaine C, Pfaff
DW. Molecular and neuroanatomical characterization of single neu-
rons in the mouse medullary gigantocellular reticular nucleus. J
Comp Neurol 519: 2574–2593, 2011. doi:10.1002/cne.22639.

36. O'Brien J. The ever-changing electrical synapse. Curr Opin Neurobiol
29: 64–72, 2014. doi:10.1016/j.conb.2014.05.011.

37. Rash JE, Curti S, Vanderpool KG, Kamasawa N, Nannapaneni S,
Palacios-Prado N, Flores CE, Yasumura T, O'Brien J, Lynn BD,
Bukauskas FF, Nagy JI, Pereda AE. Molecular and functional asym-
metry at a vertebrate electrical synapse. Neuron 79: 957–969, 2013.
doi:10.1016/j.neuron.2013.06.037.

38. Heckman CJ, Lee RH, Brownstone RM. Hyperexcitable dendrites in
motoneurons and their neuromodulatory control during motor
behavior. Trends Neurosci 26: 688–695, 2003. doi:10.1016/j.tins.
2003.10.002.

39. Shik ML, Severin FV, Orlovskiĭ GN. Control of walking and running
by means of electric stimulation of the midbrain. Biofizika 11: 659–
666, 1966.

40. Mori S. Integration of posture and locomotion in acute decerebrate
cats and in awake, freely moving cats. Prog Neurobiol 28: 161–195,
1987. doi:10.1016/0301-0082(87)90010-4.

41. Sillar KT, Picton LD, Heitler WJ. The Neuroethology of Predation
and Escape. Hoboken, NJ: Wiley Blackwell, 2016.

42. Li WC, Soffe SR. Stimulation of single, possible CHX10 hindbrain
neurons turns swimming on and off in young Xenopus tadpoles.
Front Cell Neurosci 13: 47, 2019. doi:10.3389/fncel.2019.00047.

43. Zaaimi B, Dean LR, Baker SN. Different contributions of primary
motor cortex, reticular formation, and spinal cord to fractionated
muscle activation. J Neurophysiol 119: 235–250, 2018. doi:10.1152/
jn.00672.2017.

44. Zhong G, Droho S, Crone SA, Dietz S, Kwan AC, Webb WW,
Sharma K, Harris-Warrick RM. Electrophysiological characterization
of V2a interneurons and their locomotor-related activity in the neo-
natal mouse spinal cord. J Neurosci 30: 170–182, 2010. doi:10.1523/
JNEUROSCI.4849-09.2010.

45. Pierani A, Moran-Rivard L, Sunshine MJ, Littman DR, Goulding M,
Jessell TM. Control of interneuron fate in the developing spinal cord
by the progenitor homeodomain protein Dbx1. Neuron 29: 367–384,
2001. doi:10.1016/s0896-6273(01)00212-4.

46. Zagoraiou L, Akay T, Martin JF, Brownstone RM, Jessell TM, Miles
GB. A cluster of cholinergic premotor interneurons modulates
mouse locomotor activity. Neuron 64: 645–662, 2009. doi:10.1016/j.
neuron.2009.10.017.

47. Talpalar AE, Bouvier J, Borgius L, Fortin G, Pierani A, Kiehn O.
Dual-mode operation of neuronal networks involved in left-right
alternation.Nature 500: 85–88, 2013. doi:10.1038/nature12286.

48. Bikoff JB, Gabitto MI, Rivard AF, Drobac E, Machado TA, Miri A,
Brenner-Morton S, Famojure E, Diaz C, Alvarez FJ, Mentis GZ,
Jessell TM. Spinal inhibitory interneuron diversity delineates vari-
ant motor microcircuits. Cell 165: 207–219, 2016. doi:10.1016/j.
cell.2016.01.027.

49. Peng CY, Yajima H, Burns CE, Zon LI, Sisodia SS, Pfaff SL, Sharma
K. Notch and MAML signaling drives Scl-dependent interneuron

INTRINSIC MICROCIRCUITS IN THE RETICULAR FORMATION

J Neurophysiol � doi:10.1152/jn.00322.2021 � www.jn.org 1989
Downloaded from journals.physiology.org/journal/jn (193.060.238.099) on December 2, 2021.

https://doi.org/10.14802/jmd.16062
https://doi.org/10.1016/j.neuroscience.2012.09.037
https://doi.org/10.1371/journal.pone.0152094
https://doi.org/10.1371/journal.pone.0152094
https://doi.org/10.1038/s41467-017-02761-0
https://doi.org/10.1038/s41467-017-02761-0
https://doi.org/10.1523/JNEUROSCI.5231-12.2013
https://doi.org/10.1523/JNEUROSCI.5231-12.2013
https://doi.org/10.1523/JNEUROSCI.0445-12.2012
https://doi.org/10.1523/JNEUROSCI.0445-12.2012
https://doi.org/10.1111/j.1460-9568.2007.05907.x
https://doi.org/10.1111/j.1460-9568.2007.05906.x
https://doi.org/10.1016/j.cell.2015.10.074
https://doi.org/10.1016/j.cell.2015.10.074
https://doi.org/10.1371/journal.pbio.2003880
https://doi.org/10.1371/journal.pbio.2003880
https://doi.org/10.1038/nn.2482
https://doi.org/10.1038/s41593-020-0633-7
https://doi.org/10.1038/s41593-020-0633-7
https://doi.org/10.1038/nature24064
https://doi.org/10.1016/j.cub.2020.09.014
https://doi.org/10.1016/j.neuron.2010.11.032
https://doi.org/10.1016/j.neuron.2010.11.032
https://doi.org/10.1016/j.neuron.2018.01.023
https://doi.org/10.1016/j.neuron.2013.08.015
https://doi.org/10.1126/sciadv.abc6309
https://doi.org/10.1126/sciadv.abc6309
https://doi.org/10.1523/JNEUROSCI.4821-09.2010
https://doi.org/10.1016/S0006-8993(98)01199-8
https://doi.org/10.1016/S0006-8993(98)01199-8
https://doi.org/10.1007/BF00230927
https://doi.org/10.1016/j.celrep.2018.08.095
https://doi.org/10.1186/1471-2202-10-41
https://doi.org/10.1186/1471-2202-10-41
https://doi.org/10.1002/cne.22639
https://doi.org/10.1016/j.conb.2014.05.011
https://doi.org/10.1016/j.neuron.2013.06.037
https://doi.org/10.1016/j.tins.2003.10.002
https://doi.org/10.1016/j.tins.2003.10.002
https://doi.org/10.1016/0301-0082(87)90010-4
https://doi.org/10.3389/fncel.2019.00047
https://doi.org/10.1152/jn.00672.2017
https://doi.org/10.1152/jn.00672.2017
https://doi.org/10.1523/JNEUROSCI.4849-09.2010
https://doi.org/10.1523/JNEUROSCI.4849-09.2010
https://doi.org/10.1016/s0896-6273(01)00212-4
https://doi.org/10.1016/j.neuron.2009.10.017
https://doi.org/10.1016/j.neuron.2009.10.017
https://doi.org/10.1038/nature12286
https://doi.org/10.1016/j.cell.2016.01.027
https://doi.org/10.1016/j.cell.2016.01.027
http://www.jn.org


diversity in the spinal cord. Neuron 53: 813–827, 2007. doi:10.1016/j.
neuron.2007.02.019.

50. Zhang Y, Narayan S, Geiman E, Lanuza GM, Velasquez T, Shanks
B, Akay T, Dyck J, Pearson K, Gosgnach S, Fan CM, Goulding M.
V3 spinal neurons establish a robust and balanced locomotor
rhythm during walking. Neuron 60: 84–96, 2008. doi:10.1016/j.
neuron.2008.09.027.

51. Borowska J, Jones CT, Zhang H, Blacklaws J, Goulding M, Zhang
Y. Functional subpopulations of V3 interneurons in the mature
mouse spinal cord. J Neurosci 33: 18553–18565, 2013. doi:10.1523/
JNEUROSCI.2005-13.2013.

52. Jensen VN, Seedle K, Turner SM, Lorenz JN, Crone SA. V2a neurons
constrain extradiaphragmatic respiratory muscle activity at rest. eNeuro
6: ENEURO.0492-18, 2019. doi:10.1523/ENEURO.0492-18.2019.

53. Romer SH, Seedle K, Turner SM, Li J, Baccei ML, Crone SA.
Accessory respiratory muscles enhance ventilation in ALS model
mice and are activated by excitatory V2a neurons. Exp Neurol 287:
192–204, 2017. doi:10.1016/j.expneurol.2016.05.033.

54. Juvin L, Gr€atsch S, Trillaud-Doppia E, Gari�epy JF, B€uschges A,
Dubuc R. A specific population of reticulospinal neurons controls
the termination of locomotion. Cell Rep 15: 2377–2386, 2016.
doi:10.1016/j.celrep.2016.05.029.

55. Gr€atsch S, Auclair F, Demers O, Auguste E, Hanna A, B€uschges A,
Dubuc R. A brainstem neural substrate for stopping locomotion. J
Neurosci 39: 1044–1057, 2019. doi:10.1523/JNEUROSCI.1992-18.
2018.

56. Shimazaki T, Tanimoto M,Oda Y, Higashijima SI. Behavioral role of
the reciprocal inhibition between a pair of Mauthner cells during fast
escapes in zebrafish. J Neurosci 39: 1182–1194, 2019. doi:10.1523/
JNEUROSCI.1964-18.2018.

57. Kiehn O. Decoding the organization of spinal circuits that control
locomotion. Nat Rev Neurosci 17: 224–238, 2016. doi:10.1038/
nrn.2016.9.

58. Humphries MD, Gurney K, Prescott TJ. The brainstem reticular for-
mation is a small-world, not scale-free, network. Proc Biol Sci 273:
503–511, 2006. doi:10.1098/rspb.2005.3354.

59. Humphries MD, Gurney K, Prescott TJ. Is there a brainstem sub-
strate for action selection? Philos Trans R Soc Lond B Biol Sci 362:
1627–1639, 2007. doi:10.1098/rstb.2007.2057.

60. Humphries MD, Gurney K, Prescott TJ. Action selection in a mac-
ropscopic model of the brainstem reticular formation. In: Modelling
Natural Action Selection, edited by Bryson JJ, Prescott TJ, Seth AK.
Brighton, UK: AISB Press, 2005, p. 61–68.

INTRINSIC MICROCIRCUITS IN THE RETICULAR FORMATION

1990 J Neurophysiol � doi:10.1152/jn.00322.2021 � www.jn.org
Downloaded from journals.physiology.org/journal/jn (193.060.238.099) on December 2, 2021.

https://doi.org/10.1016/j.neuron.2007.02.019
https://doi.org/10.1016/j.neuron.2007.02.019
https://doi.org/10.1016/j.neuron.2008.09.027
https://doi.org/10.1016/j.neuron.2008.09.027
https://doi.org/10.1523/JNEUROSCI.2005-13.2013
https://doi.org/10.1523/JNEUROSCI.2005-13.2013
https://doi.org/10.1523/ENEURO.0492-18.2019
https://doi.org/10.1016/j.expneurol.2016.05.033
https://doi.org/10.1016/j.celrep.2016.05.029
https://doi.org/10.1523/JNEUROSCI.1992-18.2018
https://doi.org/10.1523/JNEUROSCI.1992-18.2018
https://doi.org/10.1523/JNEUROSCI.1964-18.2018
https://doi.org/10.1523/JNEUROSCI.1964-18.2018
https://doi.org/10.1038/nrn.2016.9
https://doi.org/10.1038/nrn.2016.9
https://doi.org/10.1098/rspb.2005.3354
https://doi.org/10.1098/rstb.2007.2057
http://www.jn.org

