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When animals move, respiration increases to adapt for increased
energy demands; the underlying mechanisms are still not under-
stood. We investigated the neural substrates underlying the re-
spiratory changes in relation to movement in lampreys. We showed
that respiration increases following stimulation of themesencephalic
locomotor region (MLR) in an in vitro isolated preparation, an effect
that persists in the absence of the spinal cord and caudal brainstem.
By using electrophysiological and anatomical techniques, including
whole-cell patch recordings, we identified a subset of neurons
located in the dorsal MLR that send direct inputs to neurons in the
respiratory generator. In semi-intact preparations, blockade of this
region with 6-cyano-7-nitroquinoxaline-2,3-dione and (2R)-amino-5-
phosphonovaleric acid greatly reduced the respiratory increases
without affecting the locomotor movements. These results show
that neurons in the respiratory generator receivedirect glutamatergic
connections from theMLR and that a subpopulation of MLR neurons
plays a key role in the respiratory changes linked to movement.
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At the onset of exercise in humans, ventilation increases
abruptly. Further increases occur during the exercise bout and

these changes are correlated with the intensity of the motor output
(1). Chemoreception was proposed to induce these changes, as
breathing air with high partial pressure of CO2 was known to
markedly increase respiration (2, 3). However, it was later dem-
onstrated in several animal species that the CO2 arterial partial
pressure does not increase during moderate exercise, and it even
decreases (2). Other substances such as O2, H+ ions, and S-
nitrosothiols are also known to modulate respiration (4–6), but
there are not sufficient changes in these respiratory modulators to
explain the respiratory increases during exercise (2, 7).
Alternatively, neural mechanisms have been proposed to con-

tribute to the respiratory changes during exercise. For instance,
sensory feedback from the contracting muscles could play a role
(8, 9). However, respiratory increases also occur during mental
simulation of movement as well as before the onset of exercise in
humans (10, 11). Furthermore, it was shown that the stimulation
of the forebrain and brainstem regions controlling locomotion
increases respiratory activity in the absence of movement-related
feedback in animal models (12–14). These results indicate that
a neural feedback mechanism cannot be solely responsible for
movement-related increases in respiratory activity; central con-
nections between locomotor and respiratory areas in the brain are
likely to play an important role (15). However, because the central
neural connections were never identified, this central hypothesis
remains criticized (16). For instance, whether the respiratory
increases rely on direct projections from the brainstem locomotor
centers or on feedback from other parts of the locomotor net-
works such as the spinal cord remains undetermined.
The characterization of the neural mechanisms underlying the

generation and modulation of respiration has advanced consid-
erably as a result of newly developed in vitro mammalian prep-
arations (17–26). Moreover, many identified brainstem neurons

such as serotoninergic neurons, locus coeruleus neurons, and
orexin neurons modulate breathing in accordance with behavioral
states or CO2 levels (27–29). However, the role of these modu-
latory mechanisms in the respiratory increases related to exercise
is unknown. In this study, we used the in vitro brainstem–spinal
cord preparation of the lamprey, in which it is possible to simul-
taneously assess locomotor and respiratory outputs while re-
cording individual neurons in the neural networks controlling
locomotion and respiration. The pre-Bötzinger complex is a med-
ullary region critical for the generation of respiratory activity in
mammals (30, 31). The lamprey respiratory generator is localized
in a region of the pons (32) referred to as the paratrigeminal re-
spiratory group (pTRG) (33), which presents pharmacological
similarities with the pre-Bötzinger complex of mammals (34, 35).
The neural centers controlling locomotion in lampreys have been
very well documented (36–38). One such locomotor center is the
mesencephalic locomotor region (MLR), located at the meso-
pontine border. It was shown to initiate and control the intensity
of locomotion in a graded fashion (36), similarly to what was
previously shown in mammals (39). It is thought to have a similar
function in humans (40). By using kinematic, anatomical, and elec-
trophysiological (Fig. S1) approaches, we show that a group of
neurons located in the dorsal part of the MLR projects to neurons
in the pTRG. Blocking the dorsal part of the MLR abolishes an
important part of the respiratory changes linked to exercise. Our
results suggest that a major part of the respiratory increases rely
on a neural command emerging from a specific group of neurons
in the MLR.

Results
We first observed the respiratory changes that occur in relation to
movements in freely behaving lampreys (Fig. 1A; raw data provided
in Fig. S2). Respiratory increases were found to occur before the
onset of movement (increase by 10.4 ± 10.0%; 1.55 ± 0.30 Hz vs.
1.42 ± 0.38 Hz in control; one-tailed paired t test, P < 0.05; n = 9,
locomotor bouts; measured 6 s beforemovement) and becamemore
important during movement (2.09 ± 0.48 Hz; one-tailed paired t
test, P < 0.001; n = 9 locomotor bouts). These results reproduce
well what was previously shown in mammals (10–14). We then
isolated the brainstem and spinal cord in vitro to see whether
feedback from the contracting muscles was necessary for the re-
spiratory increases (Fig. 1B,B′, andC). Similarly to what was shown
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in mammals (12–14), we found that chemical stimulation of the
MLR by D-glutamate (2.5 mM) injections induces fictive locomotor
activity, as recorded from the ventral roots, along with increases in
respiration, despite the absence of feedback from the muscles. Re-
spiratory frequency was increased by 91.4± 58.6% (0.89± 0.30Hz in
control to 1.57 ± 0.39 Hz; one-tailed paired t test, P < 0.001; n = 7
animals, n=48 locomotor bouts; Fig. S3 and SI Text).We also found
that stimulation of the MLR with smaller injections of D-glutamate
could induce respiratory changes without triggering locomotor ac-
tivity (Fig. 1D). In these cases, the spread of the injections did not
exceed 50 μm in diameter compared with 300 μm for the control
injections (Materials and Methods). These results suggest a strong
link between the locomotor and respiratory control networks that
could operate in the absence of locomotor output; further experi-
ments were carried out to identify the underlying neural substrate.

Localization of Neural Connections Underlying Respiratory Changes.
To test whether feedback from spinal locomotor networks was

involved in the respiratory increases, the spinal cord was trans-
ected at the level of the obex in three animals. After removal of
the spinal cord, stimulation of the MLR still induced similar
increases in respiratory activity (control, increases of 116.8 ±
76.8%, n = 17 D-glutamate injections; transected, 120.6 ±
79.0%, n= 21 D-glutamate injections; two-tailed t test, P= 0.88;
Fig. 1 C and C′). Furthermore, removing all brainstem tissue
caudal to the trigeminal motor nuclei (n = 3 preparations, n =
28 injections; Fig. 1E) did not prevent the respiratory changes in
response to MLR stimulation. The respiratory rhythm recorded
from the pTRG still increased by 68.7 ± 40.0% in response to
MLR stimulation (0.28 ± 0.05 Hz in control, 0.48 ± 0.11 Hz after
stimulation; one-tailed paired t test, P < 0.001; n = 28 injec-
tions). Although these respiratory increases were still important,
they were statistically smaller than those occurring in control
condition (P < 0.01). It is noteworthy that the respiratory fre-
quency was generally slower in the absence of the spinal cord and
caudal brainstem; thus, the increases could only be compared in

Fig. 1. Respiratory increases related to locomotion in vivo and in vitro. (A) Analysis of the respiratory frequency at rest, 6 s before swimming, and during
swimming in vivo. Analyses were made for a total of nine locomotor bouts in six animals. Raw traces are provided in Fig. S2. (B and B′) Time course of the
instantaneous frequency (B) and area (B′) of the respiratory bursts recorded from the vagal motoneuronal pool during fictive locomotion in the in vitro
brainstem–spinal cord preparation. Triangle marks the beginning of D-glutamate injection in the MLR, which lasted 5 s. Raw traces for this fictive locomotor
bout are provided in Fig. S3. (C) Raw traces of the respiratory increases following D-glutamate (D-GLU, 2.5 mM) in the MLR in a control brainstem–spinal cord
preparation. (C′) Similar D-glutamate injection after removal of the spinal cord in the same preparation. In the absence of the spinal cord, the activity of the
brainstem locomotor networks is monitored with an extracellular recording electrode placed over reticulospinal cells in the MRRN. (D) Effects of a D-glu-
tamate MLR injection that was not large enough to elicit locomotor activity in a control brainstem–spinal cord preparation. Note that the increases in re-
spiratory frequency remained even though the stimulation was not sufficiently strong to induce locomotion on the ventral roots. (E) Effects of MLR
stimulation on respiratory frequency after removing the caudal half of the rhombencephalon. Dots indicate respiratory and locomotor cycles. X, vagal motor
nucleus; LVR, left ventral root; RVR, right ventral root; SC, spinal cord; OT, optic tectum; Cb, cerebellar commissure; Rh, rhombencephalon. MRRN, middle
rhombencephalic reticular nucleus.
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relative terms (i.e., as percentages). This reduction suggests that
the respiratory generator receives an excitatory drive from neural
areas located caudal to the trigeminal motor nucleus. Overall,
the results from the lesion experiments suggest that an important
part of the neural circuitry responsible for respiratory changes
following MLR stimulation is located in the rostral part of
the hindbrain.

Underlying Neural Connectivity. To further characterize the con-
nections between the MLR and respiratory neurons, we recorded
the synaptic responses of respiratory motoneurons to MLR
stimulation (n = 24 preparations; single pulses, 2 ms duration;
Fig. 2). In four of these experiments, intracellular recordings of
respiratory motoneurons were made on both sides of the brain-
stem. The size of the area of excitatory postsynaptic potentials
(EPSPs) was well correlated with the MLR stimulation intensity
(r = 0.81 ± 0.08; linear fits; P < 0.001 for each preparation and
each side; n = 627 ipsilateral EPSPs; n = 705 contralateral
EPSPs; Fig. 2 A and B). The latency of the synaptic responses was
significantly shorter in motoneurons recorded on the ipsilateral
side of the MLR (10.0 ± 4.8 ms, n = 4 ipsilateral motoneurons;
contralateral, 17.1 ± 7.4 ms, n = 4 contralateral motoneurons;
one-tailed paired t test, P < 0.05).
Glutamatergic receptor blockers [6-cyano-7-nitroquinoxaline-2,3-

dione (CNQX) and (2R)-amino-5-phosphonovaleric acid (AP5);
n = 5 preparations, n = 5 cells] were injected in the pTRG to de-
termine if it acted as a relay for MLR inputs to respiratory moto-
neurons (Fig. 2C). Bilateral injections of CNQX (1 mM) and AP5
(500 μM) in the pTRG significantly reduced the area of EPSPs
(reduction of 67.2 ± 10.0%; one-tailed paired t test; n = 5 moto-
neurons; P < 0.001). After washout, the area of EPSPs partially
recovered (67.6 ± 22.2% of control; one-tailed paired t tests; n = 5
motoneurons; P < 0.05). These results suggest that there are syn-
aptic connections between the MLR and the respiratory generator.
Blocking the pTRG did not completely abolish the motoneuronal
EPSPs, suggesting that monosynaptic connections from theMLR to
the respiratory motoneurons could also be present. To further
confirm that the MLR connects to the respiratory central pattern
generator (CPG), we performed trains of electrical stimulation in
the MLR. We found that this induced resets of the respiratory
rhythm (Fig. S4).

Detailed Connectivity Between MLR Neurons and Respiratory Generator.
The preceding physiological experiments suggested that connec-
tions between the MLR and the respiratory CPG were present.
Whether these connections were direct was not established, and

we addressed this question by using whole-cell patch recordings
of MLR and pTRG neurons. The first series of experiments
consisted in recording from MLR cells. Dextran amines were
injected in the IX nucleus and the pTRG (Fig. S5) to label MLR
cells that projected to the respiratory centers, and single MLR
cells were targeted for patch recordings (n = 8 cells, n = 8
preparations). The posterior tuberculum (PT) is part of the
supraspinal system controlling locomotion in lampreys and con-
stitutes a powerful input to the MLR. It was shown to be a relay
involved in the transformation of olfactory inputs into locomotor
commands (41), and we used it to trigger activation of the
brainstem locomotor networks. The PT was stimulated (5–10 μA;
3 Hz; 2-ms pulse duration; 10 s) and excitatory currents were in-
duced in the MLR cells, concomitantly to middle rhombence-
phalic reticular nucleus (MRRN) activity, as would be expected
for neurons activated during locomotion (Fig. 3A). The PT was
also stimulated with single pulses at stronger intensities (10–15
μA) and short-latency excitatory postsynaptic currents (EPSCs)
were elicited in MLR neurons (Fig. 3B). After the recorded MLR
neurons were filled with biocytin, their axonal projections were
examined and fibers were seen in the pTRG on both sides (Fig.
3C). The eight labeled neurons had a very similar projection
pattern. They typically sent one to three major branches ipsilat-
erally and one major axonal branch contralaterally that divided
into smaller branches with varicosities. Interestingly, all cells sent
varicosed fibers in the pTRG, with some fibers reaching the re-
spiratory motoneurons nuclei on both sides (Fig. 3 E–G). Some
varicosities were observed in close proximity to pTRG neurons
that had also been retrogradely labeled from injections in the
respiratory motoneuronal pools (Fig. 3H). Interestingly, none
of the MLR cells had significant axonal projections within the
hindbrain reticular nuclei, known to relay locomotor commands to
the spinal cord (36–38). To address this point further, fluorescent
dextran amines were injected in the reticular formation and in the
respiratory motor nuclei to label cells that would project to both
structures. There were no double-labeled cells in the MLR, sug-
gesting that separate populations of MLR neurons project to lo-
comotor and respiratory structures. We found that MLR neurons
projecting to the respiratory motor nuclei were generally located
in the dorsal part of the MLR, whereas those projecting to the
reticular formation were located more ventrally (Fig. 3D).
We then examined the responses of neurons within the re-

spiratory generator to MLR stimulation. We focused on pTRG
neurons projecting to the respiratory motoneurons by first
injecting dextran amines into the IX motor nucleus on one side.
This allowed us to target pTRG neurons for whole-cell patch

Fig. 2. EPSPs induced in respiratory motoneurons by MLR stimulation. (A) Average EPSPs (10 traces) evoked in respiratory motoneurons located ipsilaterally
and contralaterally to the stimulated MLR (2-ms pulse duration, 12 μA). (B) Plot of the area of EPSPs vs. the MLR stimulation intensity. The intensity of MLR
stimulation was varied from threshold (T) level (1T) to 10 times threshold. (C) EPSPs recorded in respiratory motoneurons following MLR stimulation under
control condition and after localized injection of CNQX and AP5 bilaterally in the pTRG.
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recordings (n = 6 cells, n = 6 preparations). A Vibratome cut
was made dorsal to the pTRG to gain a better access to the cells.
The recorded neurons displayed clear depolarizing currents in
phase with the spontaneous respiratory activity (Fig. 4A). Elec-
trical stimulation of the MLR induced short-latency EPSCs (7.8 ±
3.3 ms) that followed high-frequency stimulation (16 Hz; Fig. 4B),

compatible with a monosynaptic connection in lampreys (42). In
five preparations tested, bath application of CNQX and AP5
greatly reduced the EPSCs (76.9% ± 20.7% reductions; one-
tailed paired t test; n= 5 pTRG neurons; P < 0.001; Fig. 4C), and
a partial recovery was obtained after washout in four cases (57.9±
17.1% of control; one-tailed paired t test; n = 4 pTRG neurons;

Fig. 3. Electrophysiological and anatomical characterization of individual MLR neurons projecting to the respiratory nuclei. (A) Electrophysiological
recordings of a single neuron in the MLR in voltage-clamp whole-cell mode following stimulation of the PT. (B) Short latency EPSCs (average of 10 traces)
evoked by PT stimulation. (C) Three-dimensional reconstruction of the axonal projections of the recorded neuron seen from a dorsal view. Varicosities and
dendritic spines are represented as circles. The diameter of the axons, dendrites, and cell body were amplified for better visibility. The y-, z-, and x-axis scales
represent 500 μm. Color correspondence: dendrites and cell body, light red; axons, light grey; V, dark red; VII, light green, IX, dark yellow; X, dark grey; MRRN,
dark blue; PRRN, light blue; pTRG, purple. (D) Superimposition of photomicrographs illustrating the populations of MLR neurons backfilled from injections in
the respiratory motoneurons (red) and in the reticular formation (green). The dorsal (dMLR) and ventral (vMLR) parts of the MLR are indicated. The asterisk
marks a reticulospinal cell that was labeled by the respiratory motoneuron injection. White asterisks (Insets) indicate MLR neurons. (Scale bars: 100 μm; Insets,
50 μm.) (E) Superimposition of three photomicrographs illustrating the whole-cell patch-recorded neuron intracellularly labeled with biocytin (green) among
a population of other MLR neurons projecting to the respiratory motor nuclei (dextran amines, red) as seen on a cross section at the level of the MLR. DAPI
labeling (blue) shows the location of DNA-containing cell nuclei in the region. I1 is a giant reticulospinal cell used as an anatomical landmark for the position
of the MLR. Asterisk marks artifact of tissue folding. (Scale bar: 100 μm.) (F) Photomicrograph illustrating two axonal branches (arrows) from the labeled MLR
neuron in the ipsilateral IX. (Scale bar: 50 μm.) (G) Photomicrograph illustrating an axonal branch (arrow) from the labeled MLR cell in the contralateral IX
motor nucleus. Asterisk marks autofluorescent globular artifacts. (Scale bar: 50 μm.) (H) Photomicrographs illustrating an axonal branch coming from the MLR
cell in the contralateral pTRG. A varicosity (arrow) can be seen in close proximity with a dendrite from a retrogradely labeled pTRG neuron (red). The larger
photograph was taken under standard epifluorescence microscopy. Inset: Photomicrograph obtained with an Olympus FV1000 confocal microscope equipped
with a 60× objective (oil, NA = 1.42). The photograph is a superimposition of two consecutive 0.5-μm optical slices taken from a z-stack of 14 photographs.
(Scale bar: 50 μm.) PRRN, posterior rhombencephalic reticular nucleus; MRRN, middle rhombencephalic reticular nucleus; PT, posterior tuberculum; pTRG,
paratrigeminal respiratory group; V, trigeminal motor nucleus; VII, facial motor nucleus; IX, glossopharyngeal motor nucleus; X, vagal motor nucleus.
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P < 0.01 with effect, P < 0.05 with control). It is noteworthy that
the bath application of CNQX and AP5 also abolished respiratory
activity. In normal Ringer solution, when stimulating the MLR
(1–10 μA; 3–5 Hz; 2-ms pulse duration; 10 s), the increases in
frequency were present both in the pTRG cell and the respiratory
motoneurons (Fig. 4D). The respiratory activity was generally
weaker and slower in these preparations, presumably because of
the Vibratome cut performed above the pTRG. Injection of the
recorded pTRG cells with intracellular dye revealed descending
axonal branches with varicosities in the respiratory motoneuron
pools (Fig. 4 E and F). Altogether, these experiments suggest that
MLR neurons send monosynaptic glutamatergic inputs to re-
spiratory pTRG neurons that in turn project to respiratory
motoneurons. The anatomical findings suggest that a dorsal
subpopulation of MLR cells could be involved in the modulation
of respiration, whereas more ventral MLR cells project to retic-
ulospinal cells that are involved in the control of locomotion.

Role of DorsalMLR in Respiratory Changes Associatedwith Locomotion.
We have further examined the role of MLR neurons in modu-
lating respiratory activity during active locomotion. Experiments
were performed on semi-intact lampreys in which the brain and
rostral spinal cord were first exposed and then the rostral fore-
brain removed, while the tail was left intact and free to swim in
a deeper part of the bath (n = 5 preparations; Fig. 5A). In this
preparation, stimulation of the PT (5–10 μA; 3–5 Hz; 2-ms pulse
duration; 10 s) induced swimming that was associated with
increases in respiratory activity (increases of 77.2 ± 56.5%; Wil-

coxon signed-rank test, P < 0.001; n = 15 locomotor bouts; Fig. 5
B, C, F, and G, red). Local injections of CNQX (1 mM) and AP5
(500 μM) were then performed in the dorsal part of the MLR to
test whether this area was involved in the respiratory increase. The
injections considerably reduced the respiratory increases associ-
ated with locomotion (increases of 16.9 ± 25.7%; Wilcoxon
signed-rank test, P < 0.05 for the increases; Mann–Whitney rank-
sum test, P < 0.01 for difference with increases in control; Fig.
5 D–F, blue). The frequency of swimming was not significantly
changed after the injection (2.63 ± 1.71 Hz in control vs. 2.00 ±
1.31 Hz after injection; Mann–Whitney rank-sum test, P = 0.44;
n = 15 locomotor bouts in control, n = 6 locomotor bouts after
injection; comparison made at time 0–15 s; Fig. 5G). To further
support the contribution of MLR cell bodies in the respiratory
effects and to determine whether they were sensitive to GABA, we
also performed MLR stimulation with D-glutamate while applying
GABA in the dorsal part of the MLR. The GABA injections
considerably reduced the respiratory effects (n = 5 preparations;
Fig. S6). These experiments show that a major part of the re-
spiratory increases linked to movement rely on a specific dorsal
region of the MLR and that blockade of this region affects re-
spiratory activity without modifying locomotor activity.

Discussion
How respiration is modified to compensate for an increased
energy demand during movement and exercise has been an im-
portant question in physiology that was investigated during the
past century. Several lines of evidence have pointed to central

Fig. 4. Electrophysiological and anatomical characterization of pTRG premotor respiratory interneurons. (A) Voltage-clamp whole-cell recording of a neuron
in the respiratory generator (i.e., pTRG). The neuron was retrogradely labeled from the IX respiratory motor nucleus. Excitatory currents occurred in-phase
with respiratory activity recorded extracellularly from the vagal nucleus (X). (B) EPSCs induced by high-frequency (16 Hz) electrical stimulation of the MLR in
a pTRG neuron. (C) Effect of a bath application of CNQX (50 μM) and AP5 (100 μM) on the MLR-induced EPSCs. (D) Electrical stimulation of the MLR induces
excitatory currents and an increase of baseline currents in a pTRG interneuron, along with an increase of respiratory activity. (E) Superimposition of three
photomicrographs of the recorded pTRG neuron filled with biocytin (green) and retrogradely filled from an injection of dextran amines (red) in the IX
nucleus. DAPI labeling (blue) shows the location of DNA-containing cell nuclei. (Scale bar: 100 μm.) (F) Photomicrograph illustrating an axonal branch of the
pTRG cell (arrow) in the ipsilateral X motor nucleus in the caudal brainstem. (Scale bar: 100 μm.) Dots indicate respiratory bursts. V, trigeminal motor nucleus;
X, vagal motor nucleus; XII, hypoglossal motor nucleus.
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neural connections as possible mechanisms (12–14), but the hy-
pothesized neural connections were never identified. In this
study, we show that a group of neurons dorsally located in the
MLR sends direct inputs to pTRG neurons. Moreover, blocking
excitatory synaptic transmission in the dorsal part of the MLR
greatly reduces the respiratory increases associated with loco-
motion, despite the presence of active locomotor movements.

Monosynaptic Connections fromMLR Neurons to Neurons in Respiratory
Generator. In this study, we provide several lines of evidence in-
dicating that the MLR projects to the respiratory CPG. MLR
stimulation increases respiratory frequency and resets the re-
spiratory rhythm. As shown for other systems such as locomotor
networks (43), this indicates that theCPG receives direct or indirect
inputs from the stimulated region. We have identified a population
of MLR neurons with direct projections to the pTRG and re-
spiratory motoneurons by using retrograde labeling. Projections
from the MLR to cranial motor nuclei including some with re-
spiratory functions were proposed to exist in cats and rats (44, 45),
but direct connections to neurons in the respiratory generator
remained to be identified. Interestingly, the MLR neurons pro-

jecting to respiratory areas did not project to the locomotor areas,
as would be expected if the same neurons would control respiration
and locomotion in parallel. Therefore, our results suggest that
respiration is controlled by a subpopulation of cells in the dorsal
MLR. The fact that we could abolish amajor part of the respiratory
increase without affecting the locomotor pattern by blocking the
dorsal part of the MLR also supports the idea that the MLR
neurons controlling respiration and locomotion constitute separate
populations. We also show that the population of dorsal MLR cells
possess bilateral projections to the pTRG and respiratory moto-
neurons. This could contribute to the bilateral synchronization of
the respiratory rhythm, which was shown to rely on crossing hind-
brain respiratory neurons in mammals (46).

Functional Significance. It is well documented that respiration
increases before and during movement in many animal species,
including humans, and that the respiratory changes are corre-
lated to the intensity of the muscular effort (1, 2, 8, 10, 12–14).
Classically, the fast respiratory response to exercise was thought
to result from a neural component, whereas the late respiratory
changes were thought to result from combined neural and pe-

Fig. 5. Role of the dorsal MLR in respiratory modulation during locomotion. (A) Schematic representation of the semi-intact preparation. (B) Respiratory
increases following PT stimulation that induced locomotor movements. (C) Close-up of the respiratory bursts during locomotion (Upper) and drawings of tail
movements induced by the PT stimulation (Lower). (D) Respiratory increase following PT stimulation after blockade of the dorsal part of the MLR (dMLR) with
microinjections of CNQX (1 mM) and AP5 (500 μM). (E) Close-up of the respiratory bursts during locomotion (Upper) and drawings of tail movements induced
by the PT stimulation (Lower). (F) Analysis of all PT stimulation in all lampreys (n = 5 preparations) in control situation (blue, n = 15) and after blockade of the
dorsal part of the MLR (red, n = 6). Data were triggered around the beginning of locomotion (i.e., time 0) and were pooled in classes of 15 s. The shaded area
around the curves corresponds to the SE of the mean. (G) Similar analysis for locomotor frequency. Dots indicate respiratory bursts. PT, posterior tuberculum;
X, vagal motor nucleus.
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ripheral components (1). In this study, we describe a direct
connection between the MLR and the respiratory generator that
could underlie both the early and late respiratory changes. In-
deed, we found that blocking excitatory transmission in the
dorsal MLR markedly reduced not only the early changes but
changes throughout the locomotor bout. Moreover, the neural
substrate we describe in the present study does not require
sensory inputs to activate the respiratory centers, nor does it
require the spinal cord, caudal part of the hindbrain, or fore-
brain. Because the MLR initiates locomotion and controls the
intensity of the locomotor output (36, 47), MLR neurons are
presumed to encode information on the intended locomotor
activity before it is relayed to the reticulospinal cells. This would
make these neurons good candidates to adjust respiration before
the movement is executed. This does not preclude possible ad-
ditional contributions from sensory inputs to the respiratory
adjustments. However, it is tempting to speculate that modifying
respiration through direct projections from a brainstem center
controlling locomotion could provide an advantage in terms of
speed and precision of the respiratory increases. Other cells than
those identified using single-cell recordings might be present in
the dorsal MLR and might participate in the respiratory changes
through other mechanisms than direct glutamatergic projections.
However, whole-cell recording of neurons in the pTRG allowed
us to show that most of the excitatory inputs from the MLR to
these neurons are of very short latency and are abolished by
glutamatergic receptor blockers.
It was proposed that the central command modifying respi-

ration during exercise originated from the cerebral cortex (1, 48,
49) or the hypothalamus (12). Forebrain structures project di-
rectly or indirectly to the MLR (50). One possibility raised by the
present study is that upstream locomotor centers could use the
MLR as a relay to increase respiration during locomotion. We
show that MLR cells are activated by stimulation of the PT,
thought to be homologous to the substantia nigra of amniotes
(51). We also show that blocking the dorsal part of the MLR
while stimulating the PT nearly abolishes the respiratory increase
associated with locomotion. This suggests that higher centers
might necessitate the dorsal MLR to exert their respiratory ef-
fect. It was recently shown that the lamprey possesses important
parts of the basal ganglia circuitry that is present in mammals
(52). A better understanding of the interconnections between
this circuitry and the MLR neurons might shed light on how
higher motor centers control multiple behaviors in parallel.
It is well documented that mental simulation of physical effort

and preparation for effort in humans induce respiratory and
heart rate increases (10, 11). Furthermore, it was shown by using
functional MRI that the MLR is activated in human subjects in
similar tasks (40). The respiratory changes following mental
simulation of movement were proposed to result from the acti-
vation of specialized motor anticipation networks or from com-
ponents of the normal motor control regions (53). Our results
provide support to the latter view because respiratory changes
clearly occurred upon stimulation of the MLR at subthreshold
levels. Hypothetically, the MLR neurons responsible for the re-
spiratory command might be activated earlier than those con-
trolling locomotion. This is supported by the observation that the
recorded MLR neurons displayed excitation several seconds
before the onset of MRRN activity, known to be part of the
locomotor command signal reaching the spinal cord to generate
locomotion (54).

Rethinking the Role of MLR. The MLR has been traditionally de-
scribed as a region receiving convergent inputs from higher brain
regions. It was believed to integrate these inputs to induce and
control locomotion by providing excitation to reticulospinal cells
in the lower brainstem (36–38, 54, 55). Other studies showed that
stimulating locomotor centers induces increases in respiratory

activity (12–14), but it was not known whether the respiratory
effect was induced directly by MLR neurons or by a feedback
from the spinal cord and caudal brainstem. Our results now show
that the MLR contains a set of neurons with specific projections
to the respiratory centers, and that this pathway increases res-
piration in the absence of the caudal brainstem and the spinal
cord networks controlling locomotion. Another example of the
divergent outputs of the MLR is the recently described parallel
projection to a group of muscarinoceptive cells at the ponto-
bulbar border, which increases the locomotor output (56). Thus,
the view that emerges from recent studies, including the present
study, is that MLR neurons transform locomotor commands
coming from higher brain areas into multifunctional outputs
controlling respiration and locomotion through independent
subsets of neurons. This view also provides an interesting addi-
tion to an ongoing discussion about regional specificity in the
brain. Basic motor and sensory functions are often believed to
originate from highly specialized regions (57). Our results, on the
contrary, indicate that the MLR, rather than being highly spe-
cialized in a single motor function, controls multiple functions
with a common high-level goal: to allow animals to move in their
environment while maintaining respiratory homeostasis.

Materials and Methods
All surgical and experimental procedures conformed to the guidelines of the
Canadian Council on Animal Care and were approved by the animal care and
use committee of the Université de Montréal and the Université du Québec à
Montréal. Care was taken to minimize the number of animals used and their
suffering. Experiments were performed on 102 postmetamorphic and
spawning-phase adult sea lampreys, Petromyzon marinus, that were col-
lected from the Great Chazy river (New York), Lake Huron (Ontario, Can-
ada), and Morpion Stream (Ste-Sabine, QC, Canada). Some postmetamorphic
animals were purchased from ACME Lamprey (Maine). The animals were
kept in aerated water at 7 °C.

In Vitro Animal Preparation. For patch recording experiments, a surgery was
made 24 h preceding the experiment to inject Texas red–dextran amines in
the IX nucleus in vivo. This was done by anesthetizing the animals in tricaine
methanesulfonate (MS 222, 100 mg/L of fresh water) and then transferring
the animal in cold oxygenated Ringer solution (8–10 °C, 100% O2) of the
following composition (in mM): 130 NaCl, 2.1 KCl, 2.6 CaCl2, 1.8 MgCl2,
4 Hepes, 4 dextrose, and 1 NaHCO3 (pH 7.4). A 2-mm2

flap window was
opened on the top of the head to expose the caudal brainstem. Needles
were introduced in the IX nucleus to inject crystals of the dye. The incision
was closed with Vetbond after the injection procedure. The animal was then
returned to a small nursery aquarium filled with oxygenated Ringer solution
for the night at room temperature. This injection was designed to retro-
gradely label both the population of MLR and pTRG neurons projecting to
the respiratory motoneurons.

For electrophysiological experiments, the animals were first anesthetized
and transferred into Ringer solution as described earlier. A complete
transverse section was then performed approximately 2 cm caudal to the
seventh gill pore, leaving approximately 15 myotomal segments (among
∼100). The viscera and muscles were dissected out. The brain and spinal cord
were exposed on their dorsal surface. The preparation was then pinned
down onto silicone elastomer (Sylgard) at the bottom of an experimental
chamber continually perfused with cold Ringer solution at a rate of ap-
proximately 4 mL/min. The cranial nerves were cut proximally to the brain to
abolish possible sensory feedback. The brain tissue rostral to the mesen-
cephalon was removed, except for experiments in which we stimulated the
PT. In some experiments, a transverse section was made at the obex to
isolate the brainstem from the spinal cord. To access the pTRG and MLR cells
with patch electrodes, a Vibratome cut of the dorsal tissue of the pons and
mesencephalon was performed in cold Ringer solution (1–3 °C). For MLR cell
recordings, only the optic tectum and the dorsal isthmic region were re-
moved. For pTRG cell recordings, the alar plate lateral to the V nucleus, the
dorsal part of the V motor nucleus, the dorsal isthmic region, and the optic
tectum were removed.

Electrophysiological Experiments. Extracellular recordings of spinal ventral
roots, respiratory motoneurons, and the pTRG were made by using glass
electrodes filled with Ringer solution (tip diameter ∼5 μm) and connected to
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a microelectrode AC amplifier (low cutoff, 100 Hz; high cutoff, 500 Hz;
model 1800; A-M Systems; Fig. S1).

Respiratory motoneurons were recorded intracellularly with sharp glass
microelectrodes (4 M KAc; 80–120 MΩ). The signals were amplified through
an Axoclamp 2A amplifier (sampling rate, 10 kHz; Axon Instruments). The
motoneurons were impaled by directing the tip of the electrode to the IX or
the rostral X motor nucleus. Motoneurons always displayed rhythmical
membrane potential oscillations that were synchronous with the respiratory
output recorded from the motoneuronal pools with extracellular electrodes.
Patch recordings of pTRG and MLR cells were made in whole-cell voltage-
clamp mode (−60 to −70 mV) with a model 2400 amplifier (A-M Systems).
The cells were targeted under an Eclipse FN-1 microscope (Nikon Instru-
ments) equipped for fluorescence. Patch pipette solution contained (in mM)
cesium methane sulfonate 102.5, NaCl 1, MgCl2 1, EGTA 5, and Hepes 5, and
0.1% biocytin. pH was adjusted to 7.2 with CsOH, and pipettes were pulled
to a tip resistance of 5 MΩ.

The MLR was stimulated chemically or electrically. The PT was stimulated
electrically. Chemical stimulation was performed by pressure-injecting the
excitatory amino acid D-glutamate (2.5 mM; Sigma), diluted in Ringer solu-
tion at pH 7.4 through a glass micropipette using a Picospritzer (General
Valve). The inactive dye, fast green, was added to the drug solution to visually
monitor the size and exact location of the injections. In some experiments, the
same equipment was used to inject the ionotropic glutamatergic receptor
blockers CNQX (1 mM) and AP5 (500 μM) in the pTRG and in other brainstem
sites. The size of the pTRG and MLR injections was assessed visually by
measuring the spread of the dye, fast green, in the tissue with a dissecting
microscope equipped with a calibrated ocular micrometer. The spread was
less than 300 μm in diameter for those injections. Theoretically, the maximal
injection volume can be estimated by using the equation that links the
volume of a sphere to its diameter. As such, the maximal volume of these
injections would be 14 nL. Bath application of CNQX (50 μM) and AP5 (100
μM) were also performed. After each D-glutamate injection in the MLR,
a washout period was allowed for recovery (several minutes to >1 h). To
obtain subthreshold effects on respiration (i.e., respiratory effects without
locomotion), the MLR was first localized by performing injections that
resulted in fictive locomotion. The Picospritzer pressure was then reduced to
a level that remained subthreshold for inducing fictive locomotion. The
spread of these injections was less than 50 μm in diameter. Based on the
equation as described earlier, the maximal volume of these injections would
be 0.1 nL. The spread of the dorsal MLR injections was also less than 50 μm in
diameter (Fig. 5 and Fig. S6).

Electrical stimulation of the MLR and PT was performed with glass-coated
tungsten microelectrodes (0.8–2 MΩ). For experiments in which the spinal
cord was removed, the activity of reticulospinal cells in the brainstem was
monitored before and after the spinal cord lesion by using an extracellular
electrode to verify that the effects of MLR stimulation on the locomotor
networks were still present. The stimulation site (i.e., MLR) was marked by
an electrolytic lesion made by passing a continuous negative current of 5 μA
during 10 s in 16 preparations in which we measured electrically induced
locomotion, respiratory rhythm resetting, and motoneuronal EPSPs in re-
sponse to MLR stimulation.

Semi-intact preparations were used to apply electrophysiological techni-
ques in the brainstem while observing active locomotor movements from the
intact tail (Fig. 5). For this preparation, we dissected the brainstem similarly
to the in vitro preparation, but the spinal cord and tail were left intact and
free to swim in a deeper part of the bath. The locomotor movements were
analyzed using the same technique that was used for in vivo recordings (SI
Materials and Methods).

Data Acquisition and Analyses. Data were acquired via a Digidata 1322A in-
terface by using Clampex 9 software (Axon Instruments) for computer
analysis. Respiratory and locomotor bursts were detected and analyzed by
using homemade software. The instantaneous frequency of the respiratory
activity was calculated as the inverse of the time interval between the
beginnings of two consecutive respiratory bursts. The area was measured on
a rectified and filtered version of the signal (root mean square, 10-ms bins).
The area of the respiratory bursts, EPSPs, and EPSCs was normalized because
of the variability between preparations. This normalization was obtained by
multiplying values of area by 100 and dividing by the average measure in
control situation for each individual lamprey.

The effects of MLR and PT stimulation on respiration were examined on
20 respiratory cycles before (i.e., control) and during fictive locomotion. The
duration of the effect on frequency and area of the respiratory bursts was
analyzed by using iterated t tests between a group of 20 control bursts and
a moving window of 20 bursts after the stimulation. For in vivo experiments,
anticipatory respiratory changes were characterized by comparing the fre-
quency of respiratory bursts occurring during a window of 6 s preceding any
movement with a set of bursts occurring at rest, more than 10 s before the
beginning of locomotion. For semi-intact preparations, respiratory frequen-
cies were regrouped in classes of 15 s (i.e., 0–15 s, 15–30 s) and triggered
on locomotion onset to facilitate the pooling of data from multiple
preparations.

EPSPs and EPSCs were analyzed using Spike2 version 5.19 (Cambridge
Electronic Design) and homemade scripts. The area under the curve was
measured from the end of the stimulation artifact to the end of the EPSPs.

Data in the text are given as means ± SD unless specified otherwise. Data
in Fig. 5 are given as mean ± SEM. Statistical analyses were carried out using
Origin (OriginLab) or SigmaStat version 3.5 (Systat). A Student t test was
used to compare the means of two groups. The Wilcoxon and Mann–
Whitney tests were used when the compared distributions did not respect
the assumptions of normality of distributions or equality of variance. Dis-
tributions were considered statistically significant when the value of P was
lower than 0.05.

Histology and Axonal Tracing Experiments. Details of the histological proce-
dures were published elsewhere (36, 41) and are provided in SI Materials and
Methods. Electrophysiological and anatomical figures were designed using
CorelDraw 4 software (Corel). The projections of all of the intracellularly
labeled cells were examined in details from serial sections. One MLR neuron
was reconstructed in 3D for illustrative purposes by using Neurolucida (MBF
Neuroscience; Fig. 3). In the 3D model, the contours of the brainstem; MRRN;
posterior rhombencephalic reticular nucleus; V, VII, IX, and X motor nuclei;
and pTRG were first outlined on each cross-section.
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