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Meso-diencephalic dopaminergic neurons are known to modulate locomotor behaviors through their ascending projections to
the basal ganglia, which in turn project to the mesencephalic locomotor region, known to control locomotion in vertebrates. In addi-
tion to their ascending projections, dopaminergic neurons were found to increase locomotor movements through direct descending pro-
jections to the mesencephalic locomotor region and spinal cord. Intriguingly, fibers expressing tyrosine hydroxylase (TH), the rate-
limiting enzyme of dopamine synthesis, were also observed around reticulospinal neurons of lampreys. We now examined the origin and
the role of this innervation. Using immunofluorescence and tracing experiments, we found that fibers positive for dopamine innervate
reticulospinal neurons in the four reticular nuclei of lampreys. We identified the dopaminergic source using tracer injections in reticular
nuclei, which retrogradely labeled dopaminergic neurons in a caudal diencephalic nucleus (posterior tuberculum [PT]). Using voltamme-
try in brain preparations isolated in vitro, we found that PT stimulation evoked dopamine release in all four reticular nuclei, but not in
the spinal cord. In semi-intact preparations where the brain is accessible and the body moves, PT stimulation evoked swimming, and
injection of a D1 receptor antagonist within the middle rhombencephalic reticular nucleus was sufficient to decrease reticulospinal activity
and PT-evoked swimming. Our study reveals that dopaminergic neurons have access to command neurons that integrate sensory and de-
scending inputs to activate spinal locomotor neurons. As such, our findings strengthen the idea that dopamine can modulate locomotor
behavior both via ascending projections to the basal ganglia and through descending projections to brainstem motor circuits.
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Significance Statement

Meso-diencephalic dopaminergic neurons play a key role in modulating locomotion by releasing dopamine in the basal gan-
glia, spinal networks, and the mesencephalic locomotor region, a brainstem region that controls locomotion in a graded
fashion. Here, we report in lampreys that dopaminergic neurons release dopamine in the four reticular nuclei where reticulo-
spinal neurons are located. Reticulospinal neurons integrate sensory and descending suprareticular inputs to control spinal
interneurons and motoneurons. By directly modulating the activity of reticulospinal neurons, meso-diencephalic dopaminer-
gic neurons control the very last instructions sent by the brain to spinal locomotor circuits. Our study reports on a new direct
descending dopaminergic projection to reticulospinal neurons that modulates locomotor behavior.
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Introduction
Meso-diencephalic dopaminergic (DA) neurons play a key role
in locomotor control. Traditionally, they are considered to do
so through their ascending projections to the basal ganglia
(Carlsson et al., 1958; Poirier and Sourkes, 1965; Sourkes and
Poirier, 1965; Kravitz et al., 2010), which in turn project to a
brainstem locomotor center (Dubuc, 2009) controlling locomo-
tion, the mesencephalic locomotor region (MLR) (Shik et al.,
1966; Garcia-Rill et al., 1987; Sirota et al., 2000; Cabelguen et
al., 2003; Roseberry et al., 2016; Caggiano et al., 2018; Josset et
al., 2018; for review, see Ryczko and Dubuc, 2013, 2017). The
MLR controls locomotion in a graded fashion by sending de-
scending inputs to reticulospinal (RS) neurons, which relay the
locomotor command to spinal locomotor circuits (Orlovskiĭ,
1970; Buchanan and Grillner, 1987; Ohta and Grillner, 1989;
Sholomenko et al., 1991; Bretzner and Brownstone, 2013;
Hagglund et al., 2010; Kinkhabwala et al., 2011; Kimura et al.,
2013; Ryczko et al., 2016a).

In addition to their ascending projections, meso-diencephalic
DA neurons were recently found to send descending projections
that modulate locomotor circuits in the brainstem and spinal
cord. In lampreys and salamanders, DA neurons from a meso-
diencephalic nucleus (posterior tuberculum [PT]) send descend-
ing projections to the MLR where they release dopamine (lam-
prey: Ryczko et al., 2013, 2017; Perez-Fernandez et al., 2014;
salamander: Ryczko et al., 2016c). These descending DA inputs
increase the frequency of swimming movements by amplifying
glutamatergic inputs to the MLR through D1 receptors in lamp-
reys (Ryczko et al., 2013, 2017). In rodents, the descending DA
innervation of the MLR originates from A8/A9 (Ryczko et al.,
2016c) and A13 (Sharma et al., 2018) (for review, see Fougère et
al., 2019). Such DA innervation of the MLR is conserved in mon-
keys (Rolland et al., 2009) and humans (Ryczko et al., 2016c). In
addition to these DA projections to the MLR, A11 sends de-
scending DA projections to the ventral spinal cord that increase
spontaneous locomotor activity in mammals (Yoshida and
Tanaka, 1988; Koblinger et al., 2014, 2018). In zebrafish, dopa-
mine release in the spinal cord increases motoneuron activity in
response to visual stimulation (Jha and Thirumalai, 2020; see
also van der Zouwen and Ryczko, 2020). Together, these studies
uncovered new substrates through which dopamine directly
influences locomotor circuits, in addition to the well-established
ascending pathways to the basal ganglia (for review, see Kim et
al., 2017; Fougère et al., 2019).

Some studies support the idea that the RS system could be a
target for DA neuromodulation as well. The RS system is the
final common descending pathway (Dubuc et al., 2008). It inte-
grates both descending commands and sensory inputs, and it
shapes motor output by sending monosynaptic inputs to spinal
interneurons and motoneurons (for review, see Brownstone and
Chopek, 2018). In the lamprey spinal cord, dopamine inhibits RS
glutamatergic transmission to spinal locomotor circuits through
D2 receptors (Svensson et al., 2003). In the brainstem of teleosts,
DA fibers innervate RS cells (Pereda et al., 1992; McLean and
Fetcho, 2004). Dopamine application over RS neurons increases
synaptic responses evoked by vestibulocochlear nerve stimula-
tion through D1 receptors in teleosts (Pereda et al., 1992, 1994;
Kumar and Faber, 1999). However, the source of DA innervation
to RS neurons and its role in locomotor control have not been
resolved.

Here, we show in lampreys that DA neurons from the PT
project to the four reticular nuclei, that is, mesencephalic reticu-
lar nucleus (MRN), and anterior (ARRN), middle (MRRN), and

posterior (PRRN) rhombencephalic reticular nuclei, which to-
gether contain most RS neurons. We found that PT stimulation
evokes dopamine release in all reticular nuclei. PT stimulation
evokes swimming movements (Derjean et al., 2010; Gariépy et
al., 2012a; Ryczko et al., 2013, 2017), and blockade of D1 recep-
tors in a single reticular nucleus (the MRRN) was sufficient to
decrease local RS activity and locomotor movements. The path-
way reported here adds up to the previously reported DA inner-
vation of the MLR, through which locomotion initiation is
modulated according to the internal goals of the animal. By act-
ing directly on RS cells, DA inputs can modulate descending
inputs shaped by external inputs. Therefore, meso-diencephalic
DA neurons modulate the locomotor circuitry at several levels,
including the basal ganglia, MLR, RS system, and spinal cord.

Materials and Methods
Ethics statement. The procedures conformed to the guidelines of the

Canadian Council on Animal Care and were approved by the animal
care and use committees of both the Université de Montréal and the
Université du Québec à Montréal. A total of 51 larval sea lampreys
(Petromyzon marinus) were used. The sex of the animals was not taken
into account; therefore, the present study was not biased to one sex. Care
was taken to minimize the number of animals used and their suffering.

Semi-intact and isolated brain preparations. The preparations were
similar to the ones used in previous studies (Brocard et al., 2010; Derjean
et al., 2010; Ryczko et al., 2013, 2017; Juvin et al., 2016; Grätsch et al.,
2019). Briefly, larval animals were anesthetized for 8–10min with tri-
caine methanesulfonate (MS 222, 200mg/L, Sigma Millipore) dissolved
in a Ringer’s solution (in mM as follows: 130 NaCl, 2.1 KCl, 2.6 CaCl2,
1.8 MgCl2, 4.0 HEPES, 4.0 dextrose, and 1.0 NaHCO3, pH 7.4) and then
transferred into an oxygenated cold Ringer’s solution. The skin and
muscles were removed from the rostral part of the animal, the dorsal cra-
nium was opened, and the rostral spinal segments were exposed. A
transverse section was made between diencephalon and telencephalon,
and the brain tissue rostral to the PT was removed. The ventral cranium
was pinned down dorsal side up in the recording chamber. The body
was free to move in a chamber monitored with a video camera. To pro-
vide access to the PT, a mid-sagittal section was performed dorsally at
diencephalon level. One hour was allocated for recovery before the
experiments began. For isolated brain preparations, the same dissection
was used, but the body was removed.

Electrophysiology and stimulation. For intracellular recordings, sharp
glass microelectrodes (90–125 MX) filled with 4 M potassium acetate
were used. Signals were amplified with an Axoclamp 2A (Molecular
Devices) and recorded (sampling rate of 5–10 kHz) through a Digidata
1200 series interface coupled with Clampex 9.0 (Brocard et al., 2010;
Ryczko et al., 2013). Only neurons with a membrane potential
,�60mV and held stable for 15min after impalement were included in
the study. To measure the drug effects on spiking activity, 5 trials were
recorded for each cell and for each drug condition. For electrical stimula-
tion, glass-coated tungsten microelectrodes (0.7–3.1 MX with 10–40mm
exposed tip) connected to a Grass S88 stimulator (Astro Med) coupled with
a Grass PSIU6 photoelectric isolation unit for controlling stimulation inten-
sity (Astro Med) were used. The stimulation site was identified based on
previous studies (Derjean et al., 2010; Gariépy et al., 2012a; Ryczko et al.,
2013, 2017). Electrical stimulation consisted of a train of square pulses (2ms
duration) applied with a frequency of 5Hz for 10 s. A pause of 3–5 min was
made between two trains of stimulation. The stimulation intensity ranged
from 3 to 35mA.

Drug application. Chemicals were purchased from Sigma Millipore
and diluted to their final concentration in Ringer’s solution. In some
experiments, a Ringer’s solution containing the D1 receptor antagonist
SCH 23390 (0.5 mM) (Ryczko et al., 2013, 2017) was microinjected in the
MLR. In some experiments, a Ringer’s solution containing D-glutamate
(5 mM) was also microinjected in the PT (Ryczko et al., 2013, 2016a,
2017). The microinjection procedure was as previously described (e.g.,
Brocard and Dubuc, 2003; Le Ray et al., 2003; Derjean et al., 2010;
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Gariépy et al., 2012a; Ryczko et al., 2013, 2016a,b,c, 2017; Grätsch et al,
2019). The microinjections were done with a glass micropipette (tip di-
ameter of 4-20mm) using pressure pulses (2.5–15 psi) of variable dura-
tion (20-200ms) applied with a Picospritzer (General Valve). Fast Green
was added to the injected solution to monitor the extent of the injection
site. The injected volumes were calculated by measuring the diameter of
a droplet ejected in air from the tip of the pipette by one pressure pulse
and then multiplied by the number of pressure pulses, and the resulting
number of moles ejected was calculated (Le Ray et al., 2003; Ryczko et
al., 2013, 2016a,b,c, 2017).

Voltammetry. Changes in dopamine concentration were measured
using fast-scan cyclic voltammetry with glass-insulated, nafion-coated,
carbon-fiber microelectrodes as previously described (Roitman et al.,
2008; Ryczko et al., 2013, 2016c). The voltage of the electrode was held at
�0.4 V and ramped in a triangular fashion (�0.4 to 1.3 to �0.4 V; 400
V/s; “scan”) at 60Hz during a 30 min equilibration period, during which
time no data were collected. During recordings, scans were applied at
10Hz. Electroactive species within this voltage range oxidize and reduce
at different points along the voltage scan and can be identified based on
their background-subtracted current by voltage plots (i.e., cyclic voltam-
mogram) (Roitman et al., 2008; Ryczko et al., 2013, 2016c). Dopamine
was identified by its traditional oxidation peak (;0.6 V) in lampreys
(Ryczko et al., 2013), salamanders (Ryczko et al., 2016c), and rats
(Roitman et al., 2008; Sinkala et al., 2012; Ryczko et al., 2016c). Although
the dopamine peak can overlap with that of noradrenaline, this is
unlikely here because using TH mRNA ISH, no noradrenergic nucleus
equivalent to the locus coeruleus was identified in Petromyzon marinus
(Barreiro-Iglesias et al., 2010). The recording electrode was slowly low-
ered under visual guidance in the MRN, ARRN, MRRN, or PRRN,
which are easily identifiable by the giant RS neurons visible by shining

white light from under the preparation (see Fig. 1A). An Ag/AgCl refer-
ence electrode was placed in the bath. Trains of stimulation were deliv-
ered to the PT, and the resultant changes in current at each potential of
the electrode were examined. The signals recorded in the lamprey nerv-
ous system were compared with that obtained when a solution of dopa-
mine was bath-applied on the voltammetry electrode in a flow cell as
previously described (Ryczko et al., 2013, 2016c).

Kinematic analysis. Swimming was monitored with a video camera
(Sony HDR-XR200; 30 frames/s) positioned 1 m above the recording
chamber. Data were analyzed using custom software (Brocard et al.,
2010; Gariépy et al., 2012a; Ryczko et al., 2013, 2017; Juvin et al., 2016;
Grätsch et al., 2019). Briefly, equally spaced tracking markers were added
digitally offline along the body and monitored over time. Swimming was
identified by mechanical waves traveling from head to tail (Sirota et al.,
2000; Ryczko et al., 2013, 2017). The frequency of swimming move-
ments, number of locomotor cycles, and locomotor bout duration were
quantified using a single couple of markers located in the middle part of
the body.

Anatomical tracing and immunofluorescence. Isolated brain prepara-
tions were used for these experiments. Biocytin (Sigma-Aldrich) was
used for retrograde tracing of PT or RS neurons as previously described
(e.g., Gariépy et al., 2012a,b; Ryczko et al., 2013, 2016a,c; Grätsch et al.,
2019). First, a pulled glass micropipette was used to perform a lesion at
the injection site in the MRN, ARRN, MRRN, PRRN, or MLR. For spinal
cord injections, a complete transverse section was made at the level of
the second segment. In all cases, crystals of biocytin or Texas Red-conju-
gated dextran amines (TRDA, 3000MW, Invitrogen) were immediately
placed at the lesion site, allowing the dissolving tracer to be picked up by
cut axons. After 10-15min, the injection site was rinsed thoroughly, and
the brain was transferred to a chamber perfused with cold oxygenated

Figure 1. DA-positive innervation of the four reticular nuclei in lampreys. A, Schematic dorsal view of a larval lamprey brain. B, Whole mount of the brainstem illustrating RS cells retro-
gradely labeled with a tracer (TRDA, black) injected at the level of the second spinal segment. Horizontal green arrows indicate the level of the cross sections shown on the right for each retic-
ular nucleus (photomicrographs in C–N). C–N, DA (red)-containing fibers in close proximity with cell bodies and dendrites of RS neurons in the MRN (C–E), ARRN (F–H), MRRN (I–K), and
PRRN (L–N). The RS cells were retrogradely labeled by a tracer (biocytin, green) injection at the level of the second spinal segment. E, H, K, N, Magnifications of the dashed rectangles in D, G,
J, and M, respectively. C–N, Blue represents DAPI labeling. Data from B and C–N were obtained from two different preparations. M3: Mesencephalic Müller cell M3; I1: Isthmic Müller cell I1.

8480 • J. Neurosci., October 28, 2020 • 40(44):8478–8490 Ryczko et al. · Dopamine Release in Reticular Nuclei



Ringer’s solution overnight to allow retrograde transport of the tracer.
The injection sites were chosen based on previous studies on RS neurons
and on the MLR (e.g., Brocard and Dubuc, 2003; Brocard et al., 2010;
Derjean et al., 2010; Ryczko et al., 2013, 2017; Juvin et al., 2016; Grätsch
et al., 2019). The next day, the brain was transferred to a fixative solution
according to the immunofluorescence procedure to follow.

Individual RS neurons were filled iontophoretically in a brain whole
mount. First, sharp microelectrodes were filled with 4 M potassium ace-
tate and 0.5% biocytin (Sigma Millipore), and depolarizing pulses (0.5–
1.0 nA, 200ms duration) were delivered at 1Hz for 10min. Then, RS
cells were retrogradely labeled after the end of the experiment by apply-
ing TRDA on the rostral stump of the transversely cut spinal cord at the
level of the second spinal segment. The brain was perfused with cold
oxygenated Ringer’s solution overnight at 4°C to allow dye transport.
Next, the brain was fixed in 4% PFA (Thermo Fisher Scientific) for 24 h
at 4°C and transferred into a solution containing AlexaFluor-488 conju-
gated streptavidin (1:200, Invitrogen) diluted in Triton X-100 (0.5%)
and PBS for 24 h. After reaction with biocytin, the tissue was dehydrated
by successive immersions (5min each) in a series of ethanol solutions of
increasing concentration (5min in 50%, 70%, 85%, 95%), immersed
15min in 100% ethanol, and cleared in methyl salicylate (Thermo Fisher
Scientific).

For dopamine and/or glutamate immunofluorescence, the brain was
immersed for 2 h at 4°C in a 0.05 M Tris-buffered 0.1% sodium metabi-
sulfite and 0.8% NaCl (TBSM, pH 7.4) solution containing 2% glutaral-
dehyde. The brain was then transferred to TBSM containing 20%
(wt/vol) sucrose overnight at 4°C. The next day, 25-mm-thick brain
sections were obtained with a cryostat, collected on glass slides, and air-
dried overnight. The sections were then rinsed 3 times 10min and incu-
bated in a blocking solution composed of TBSM containing 1%
sodium borohydride for 30min. After three rinses in TBSM, the sections
were incubated in TBSM containing 5% normal goat serum and 0.3%
Triton X-100 for 60 min (blocking solution). The sections were then
incubated overnight at 4°C in the blocking solution containing the anti-
dopamine and/or anti-glutamate primary antibodies. The next day, the
sections were rinsed 3 times 10min with TBSM, incubated in the block-
ing solution containing the appropriate secondary antibodies (see below)
for 60min, and rinsed 3 times 10min in TBSM. The slides were cover-
slipped using Vectashield as mounting medium (with or without DAPI,
H-1200 or H-1000, Vector Laboratories).

For dopamine immunofluorescence, a mouse anti-dopamine pri-
mary antibody was used (1:400; MAB5300; Millipore) followed by a ei-
ther a goat anti-mouse-AlexaFluor-488 (1:400; A11001; Invitrogen) or a
goat anti-mouse antibody AlexaFluor-594 (diluted 1:400, 115-585-146,
Jackson ImmunoResearch Laboratories). The specificity of the
MAB5300 antibody for dopamine was tested using ELISA by the manu-
facturer (Millipore). The pattern of labeling in our material corre-
sponded to that reported with other DA antibodies in the lamprey
(Pierre et al., 1997; Abalo et al., 2005). We previously confirmed that do-
pamine immunoreactive neurons in the PT express TH (the rate-limit-
ing enzyme for dopamine synthesis) in lampreys (Ryczko et al., 2013,
2017) and salamander (Ryczko et al., 2016c). It is unlikely that the
MAB5300 antibody labels noradrenergic fibers in our material because
no noradrenergic nucleus equivalent to the locus coeruleus was found in
Petromyzon marinus using mRNA hybridization (Barreiro-Iglesias et al.,
2010). In salamanders, the MAB5300 antibody labels dopaminergic neu-
rons in the PT but not the noradrenergic TH-positive neurons in the
locus coeruleus (Ryczko et al., 2016c). For glutamate immunofluores-
cence, a rabbit anti-glutamate polyclonal primary antibody was used
(diluted 1:5000; IG1007, lot 3603, ImmunoSolution) followed by a goat
anti-rabbit AlexaFluor-594 antibody (diluted 1:400; A11012, Invitrogen).
The IG1007 glutamate antibody was previously used to label glutamater-
gic neurons in the lamprey brain (Barreiro-Iglesias et al., 2010; Villar-
Cerviño et al., 2011; Fernández-López et al., 2012; Ryczko et al., 2017)
and in salamanders (Ryczko et al., 2016a). The specificity of the antibody
was shown by the supplier who found no immunoreaction against other
amino acid conjugates, such as aspartate using dot blots. The labeling
obtained was reported to be similar to that obtained with a mouse anti-
glutamate monoclonal antibody (Fernández-López et al., 2012). No

staining of lamprey brain proteins extracts was revealed byWestern blots
(Barreiro-Iglesias et al., 2010; Villar-Cerviño et al., 2011). The brain
region stained by the antibody in the present study (the PT) contains
neurons positive for the vesicular transporter for glutamate mRNA
(Villar-Cerviño et al., 2011) and was found to send glutamatergic projec-
tions to the MLR using electrophysiological recordings and calcium
imaging coupled with pharmacological blockers (Ryczko et al., 2017).
Omitting the primary antibody from the procedures resulted in the ab-
sence of specific labeling on the brain sections. Biocytin was visualized
with streptavidin-AlexaFluor-594, -488, or -350 (diluted 1:400, Invitrogen)
added to the solution containing the secondary antibodies without altering
the immunofluorescence labeling.

The sections or whole mount were observed and photographed
using an E600 epifluorescence microscope equipped with a
DXM1200 digital camera (Nikon). For some analyses, a confocal
microscope was used (FV1000, Olympus). Photoshop CS5 (Adobe)
was used to combine photomicrographs taken with different filter
sets and to adjust the intensity levels so that all fluorophores were
clearly visible simultaneously.

Statistics. Data in the text are presented as the mean6 SEM. No sta-
tistical method was used to predetermine sample sizes, which were simi-
lar to those used generally in the field. No randomization or blinding
procedure was used. The statistical analysis was done using Sigma Plot
12.5. Correlations between variables and their significance were calcu-
lated using the Pearson product moment correlation test. The Shapiro-
Wilk test was used to assess normality, and the Levene test was used to
assess equal variance. Parametric statistical tests were used when assump-
tions for normality and equal variance were confirmed. Otherwise, non-
parametric analyses were used. To compare the data obtained from
dependent groups, we used a parametric one-way ANOVA for repeated
measures or a nonparametric Friedman ANOVA on ranks for repeated
measures. Both ANOVAs were followed by a Student-Newman-Keuls post
hoc test for multiple comparisons between groups. Statistical differences
were assumed to be significant when p, 0.05.

Results
DA innervation of reticular nuclei
The four reticular nuclei (the MRN, ARRN, MRRN, and PRRN)
contain the large majority of RS neurons in lampreys (Rovainen,
1967; Nieuwenhuys, 1972, 1977; Brocard and Dubuc, 2003; for
review, see Ryczko and Dubuc, 2013). They can be easily
delineated for nucleus-specific recording or targeted tracer injec-
tions, as shown following injection of a neural tracer (biocytin)
at the level of the second spinal segment to retrogradely label RS
neurons (Fig. 1A,B; n=5 animals). To determine whether these
four nuclei receive DA innervation, retrograde labeling of RS
neurons was coupled with immunofluorescence directed against
dopamine, and transverse slices were observed at the level of
each reticular nucleus. We found numerous DA fibers and vari-
cosities around the cell bodies and throughout the dendritic trees
of RS neurons in the MRN (Fig. 1C–E; n=4 animals), ARRN
(Fig. 1F–H; n= 4 animals), MRRN (Fig. 1I–K; n=4 animals),
and PRRN (Fig. 1L–N; n=4 animals). These fibers and varicos-
ities are likely not noradrenergic because, as mentioned above,
the locus coeruleus was not found in Petromyzon marinus using
mRNA ISH (Barreiro-Iglesias et al., 2010) (see also Materials and
Methods).

The PT sends descending DA projections to each reticular
nucleus
We then looked for the origin of this DA innervation. As men-
tioned above, a major source of descending DA projections to
brainstem networks in lampreys is the PT (Ryczko et al., 2013,
2017; Perez-Fernandez et al., 2014, 2017; von Twickel et al.,
2019). To determine whether the PT sends descending
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projections to reticular nuclei, we injected a tracer (biocytin) at
the level of the dendritic trees of the RS cells in different animal
groups. Biocytin-positive neurons were found in the PT follow-
ing tracer injection in each reticular nucleus (MRN, Fig. 2A–C;

ARRN, Fig. 2F–H; MRRN, Fig. 2K–M; PRRN, Fig. 2P–R).
Neurons positive for biocytin and dopamine (double-labeled
cells) were found in the PT following injections in the MRN
(406 6 neurons, n=3 animals; Fig. 2D,E,Y), ARRN (176 4

Figure 2. DA-positive neurons in the PT send descending projections to the four reticular nuclei in lampreys. A, F, K, P, Schematic dorsal view of a larval lamprey brain. Right, Diagram rep-
resents a cross section at the level of the PT (homologous to the mammalian A9 and/or A10) (see Pombal et al., 1997; Ryczko et al., 2013, 2016c) with the approximate location of the photo-
micrographs shown in C–E, H–J, M–O, R–T. B, G, L, Q, Photomicrographs represent the tracer (biocytin, green) injection site (enclosed by white dashed lines) in the MRN (B), ARRN (G),
MRRN (L), and PRRN (Q) of the preparations shown in C–E, H–J, M–O, and R–T, respectively. Scale bar, 200mm. nIII, Third cranial nerve; nVIII, eighth cranial nerve; NOMP, nucleus octavomo-
tor posterior. For spinal cord (SC) injections, the tracer was applied on the rostral stump after a transverse section at the level of the second spinal segment (U). C–E, H–J, M–O, R–T, U–X,
Transverse sections represent examples of double labeling of PT cells positive for DA (red) and biocytin (green) that project to the MRN (C–E), ARRN (H–J), MRRN (M–O), PRRN (R–T), or spinal
cord (U–X). E, J, O, T, X, Magnifications of the dashed rectangles in D, I, N, S, and W, respectively. Arrowheads indicate examples of biocytin-labeled neurons. *Examples of DA-positive cells.
Arrows indicate examples of double-labeled neurons (DA-positive and biocytin-labeled). Blue represents DAPI. Y, Graph represents the number of DA neurons retrogradely labeled in the PT fol-
lowing an injection of tracer in each reticular nucleus or in the spinal cord (the number of preparations per injection site is indicated). B–E, G–J, L–O, Q–T, and V–X, Data were obtained from
five different preparations.
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neurons, n= 3 animals; Fig. 2I,J,Y), MRRN (166 2 neurons,
n= 6 animals; Fig. 2N,O,Y), and PRRN (96 3 neurons, n= 3 ani-
mals; Fig. 2S,T,Y). Almost no double-labeled cells were found in
the PT when injecting the tracer at the level of the second spinal
segment (16 0 neurons, n=4 animals; Fig. 2U–Y). Together,
this indicates that each reticular nucleus receives descending DA
projections from the PT, suggesting that reticular nuclei are pos-
sible target sites for dopamine release.

PT stimulation evokes dopamine release in each reticular
nucleus
In isolated brain preparations, a fast scan voltammetry electrode
was placed in each of the four reticular nuclei, and the PT was
stimulated using electrical stimulation. Because electrical stimu-
lation can recruit fibers of passage, in some experiments it was
replaced with D-glutamate chemical stimulation to confirm that
activation of local cell bodies within the PT was involved in the
evoked responses (Ryczko et al., 2013, 2016c, 2017). PT stimula-
tion elicited dopamine release in the MRN (Fig. 3A–D; n=2
animals with chemical stimulation, n=4 animals with electrical
stimulation), the ARRN (Fig. 3E–H; n= 5 animals with chemi-
cal stimulation), the MRRN (Fig. 3I–L; n=4 animals with chemi-
cal stimulation, n=5 animals with electrical stimulation), and
the PRRN (Fig. 3M–P; n= 3 animals with chemical stimulation,
n= 5 animals with electrical stimulation), but not in the spinal
cord (Fig. 3Q,R; n= 4 animals with chemical stimulation, n=2
animals with electrical stimulation). We confirmed that the
recorded signal was dopamine by comparing it with that evoked
by a bath solution of dopamine (1 mM, see Fig. 3C,G,K,O)
(Ryczko et al., 2013, 2016c). Together, this indicates that each of
the four reticular nuclei is a target for the release of dopamine by
the descending fibers of PT neurons.

The intensity of PT-evoked swimming is decreased by
application of a D1 antagonist in the MRRN
Previous work showed that PT stimulation evokes MLR and RS
activity, as well as locomotion (Derjean et al., 2010; Ryczko et al.,
2013, 2016c, 2017). To determine whether dopamine release at
the RS level affected PT-evoked swimming activity, a D1 antago-
nist (SCH 23390) was bilaterally applied (0.5 mM) over RS neu-
rons. We focused on the MRRN that has been more extensively
studied and shown to play a crucial role in the control of loco-
motion (e.g., Di Prisco et al., 1997; Sirota et al., 2000; Brocard
and Dubuc, 2003; Jackson et al., 2007). In semi-intact prepara-
tions, where the brain is exposed and the attached body can
swim in the recording chamber (Fig. 4A,B), PT stimulation (2ms
pulses, 5Hz, 5–13mA) evoked swimming bouts as previously
reported by us (Derjean et al., 2010; Ryczko et al., 2013, 2017). A
bilateral microinjection of a D1 receptor antagonist (SCH 23390,
0.5 mM) over the MRRN reduced by 57% the swimming fre-
quency (1.46 0.1 vs 0.66 0.1Hz, p, 0.001 Student-Newman-Figure 3. Stimulation of the PT evokes DA release in the four reticular nuclei. A, E, I, M,

Q, R, Local activation of cell bodies in the PT by microinjections (0.67–9.78 pmol) of D-gluta-
mate (5 mM) evoked DA release in the MRN (A), ARRN (E), MRRN (I), and PRRN (M), but not
in the spinal cord (two single trials from two different preparations in Q and R). The single-
trial color plots represent current changes (color) as a function of electrode potential (y axis)
across time (x axis). DA was identified by its oxidation peak (;0.6 V; purple feature). DA
was transiently evoked in the reticular nuclei following PT activation. We detected an addi-
tional electroactive species (;1.2 V) that we previously identified as hydrogen peroxide
(Ryczko et al., 2016c). B, F, J, N, Changes in DA concentration in the reticular nuclei extracted
from the data in A, E, I, M. C, G, K, O, Plots of normalized current versus voltage (cyclic vol-
tammogram) obtained from the single trials recorded in each reticular nucleus (in blue) rep-
resented in A, B, E–F, I–J, and M, N. The DA signal recorded during these single trials was

/

similar to those induced by a solution of DA (1 mM bath-applied on the electrode in a flow
cell, black) in the MRN (R= 0.92, p, 0.001, C), ARRN (R= 0.64, p, 0.001, G), MRRN
(R= 0.92, p, 0.001, K), and PRRN (R= 0.93, p, 0.001, O), thus confirming DA detection
in all four reticular nuclei. D, H, L, P, Averaged changes (mean6 SEM) in DA concentration
across time in the MRN (n= 10 trials from 2 preparations, 5 trials per preparation), ARRN
(n= 15 trials from 5 preparations, 3 trials per preparation), MRRN (n= 8 trials from 4 prepa-
rations, 2 trials per preparation), and PRRN (n= 6 trials from 3 preparations, 2 trials per
preparation) in response to chemical stimulation of the PT with D-glutamate. A–D, E–H,
I–P, Q, R, Data were obtained from five different preparations.
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Keuls test after a one-way repeated-measures ANOVA, p ,
0.001, n=35 trials pooled from 7 preparations; Fig. 4D,E). It
reduced by 78% the number of locomotor cycles (236 3 vs 56 1
cycles, p, 0.05, Student-Newman-Keuls test after a Friedman
one-way repeated-measures ANOVA on ranks, p, 0.001; Fig.
4D,F) and reduced by 62% the duration of the swimming bout
(19.16 2.0 vs 7.26 1.2 s, p, 0.05, Student-Newman-Keuls test
after a Friedman one-way repeated-measures ANOVA on ranks,

p, 0.001; Fig. 4D,G). These three locomotor parameters signifi-
cantly recovered after washout (frequency: 1.16 0.1Hz, p ,
0.001 vs injection; number of cycles 186 3, p, 0.05 vs injection;
bout duration: 18.16 2.6 s, p, 0.05 vs injection; Student-
Newman-Keuls test for the three parameters; Fig. 4D–G).

We also determined whether reduced locomotor activity was
associated with a decrease in MRRN RS activity using intracellu-
lar recordings (Fig. 4C). Bilateral injection of the D1 antagonist

Figure 4. Injection of a D1 receptor antagonist in the MRRN decreases RS spiking activity and swimming evoked by stimulation of the PT. A, B, In semi-intact lamprey preparations, the PT
was stimulated electrically, and swimming was monitored by measuring the angular variations (radians) of body curvature over time. The D1 antagonist (SCH 23390, 0.5 mM) was bilaterally
injected (0.36-0.91 pmol) over the MRRN using a Picospritzer. RS neurons in the MRRN were recorded intracellularly. C, Dorsal view of an MRRN RS neuron (arrow) filled with the intracellular
dye biocytin and revealed with Alexa-488 (A488, green) after retrograde labeling with TRDA (red) injection at the level of the second spinal segment, at the end of the experiment. D, Single
trials showing the effect of MRRN microinjection of a D1 antagonist on swimming evoked by PT stimulation (10 s train, 5 Hz, 5mA, 2 ms pulses). E–G, Bar charts showing the effect of the D1
antagonist on swimming frequency (E), number of locomotor cycles (F), and duration of the swimming bout (G) in 35 trials (dots) pooled from 7 animals, with 5 trials per condition per animal.
H, Single trials showing the effect of MRRN injection of D1 antagonist on RS spiking activity evoked by PT stimulation (10 s train, 5 Hz, 5mA, 2 ms pulses). I, Data represent the effect of bilat-
eral injection of a D1 antagonist over the MRRN on RS spiking activity evoked by PT stimulation, with 5 trials per condition. Top, Scatter plot represents the action potentials (AP). Bottom,
Number of AP (6SEM) calculated from the scatter plots shown on top (bin 0.5 s). Gray vertical dotted lines indicate PT stimulation onset and offset. J–L, Bar charts represent the effect of a
D1 antagonist injected bilaterally over the MRRN, on RS spiking frequency (J), number of spikes (K), and spiking activity duration (L) in 45 trials (dots) pooled from 9 animals, with 5 trials per
condition per animal. D and H, I, Data were obtained from two different preparations. *p, 0.05; ***p, 0.001; Student-Newman Keuls test after a one-way repeated-measures ANOVA or a
Friedman one-way repeated-measures ANOVA on ranks (p, 0.01 to p, 0.001).
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over the MRRN reduced by 35% the spiking frequency (17.9 6
1.4 vs 11.76 1.5Hz, p, 0.05 Student-Newman-Keuls test after a
Friedman one-way repeated-measures ANOVA on ranks,
p, 0.001, n=45 trials pooled from 9 preparations; Fig. 4H–J). It
also reduced by 73% the number of spikes evoked by PT stimula-
tion (2396 31 vs 656 14 spikes, p, 0.05 Student-Newman-
Keuls test after a Friedman one-way repeated-measures ANOVA
on ranks, p, 0.001; Fig. 4H,I,K), and reduced by 50% the dura-
tion of spiking activity (23.26 1.9 vs 11.66 1.8 s, p, 0.05
Student-Newman-Keuls test after a Friedman one-way repeated-
measures ANOVA on ranks, p, 0.001; Fig. 4H,I,L). These three
electrophysiological parameters significantly recovered after
washout (spiking frequency 15.66 1.3Hz, p, 0.05 vs injection;

number of spikes: 2596 53, p, 0.05 vs injection; spiking activity
duration 26.46 4.6 s, p, 0.05 vs injection; Student-Newman-
Keuls test for the three parameters; Fig. 4H–L). Together, our
results suggest that a release of dopamine in the MRRN would
contribute to PT-evoked swimming by increasing RS activity
through D1 receptors.

PT sends distinct projections to the MLR and MRRN
We previously reported that PT DA cells project extensively to
the MLR (Ryczko et al., 2013, 2017). To determine whether the
same PT neurons project to the MLR and to reticular nuclei, we
used dual retrograde tracing with two different tracers. A first
tracer was injected in the MRRN and a second one in the MLR.

Figure 5. DA projections from the PT to the MLR and MRRN. A–C, In lamprey brainstems, dual retrograde tracing was performed using two different tracers, TRDA, and biocytin, injected in
the MLR (i.e., rostral to the giant cell I1) (Ryczko et al., 2013) and in the MRRN, respectively. Photomicrographs represent the injection sites (enclosed by white dashed lines) for TRDA injection
in the MLR in A, and for biocytin injection in the MRRN in B. Scale bars, 300mm. Immunofluorescence against DA was conducted on transverse sections at the level of the PT. D–G, L–O,
Triple labeling experiments showing neurons positive for dopamine (green), biocytin (blue), or TRDA (red) and the merged photomicrographs. H–K, P–S, Magnifications of D–G and L–O,
respectively. Arrows indicate neurons retrogradely labeled with TRDA and immunopositive for dopamine. White filled arrowheads indicate cells positive for biocytin and dopamine. White empty
arrowheads indicate cells positive for the three markers. D–S, Data were obtained from the same preparation.
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Among the PT DA neurons, only 146 4% projecting to the
MRRN also projected to the MLR (1/12, 2/16, 5/24 DA neurons,
n= 3 animals) (Fig. 5A–S), suggesting that descending DA inputs
to the MLR and reticular nuclei originate mostly from distinct
DA cells.

We previously reported that single PT DA neurons send a
dual DA/glutamatergic drive to the MLR (Ryczko et al., 2017).
We next examined whether such dual projections could also tar-
get a reticular nucleus. Using tracer injection in the MRRN
coupled with DA/glutamate immunofluorescence in the PT, we
found triple-labeled neurons in the PT (Fig. 6A–N), suggesting
that dual DA/glutamatergic projections from the PT to the retic-
ular nuclei are likely present.

Discussion
In the present study, we show in lampreys that meso-dience-
phalic DA neurons send descending DA fibers to the four reticu-
lar nuclei (MRN, ARRN, MRRN, PRRN), in which RS neurons
are located. We show that these descending projections release
dopamine in each of the reticular nuclei. Blockade of D1 recep-
tors was tested in the MRRN, a reticular nucleus known to play a
key role in locomotor control, and we found that it reduced RS
spiking and decreased the swimming frequency, the number of
locomotor cycles, and the duration of PT-evoked swimming.
This indicates that descending DA inputs to RS neurons play a
role in locomotor control in lampreys.

Figure 6. Coexpression of glutamate by DA neurons of the PT projecting to the MRRN. A, In lamprey brainstems, a tracer (biocytin) was injected in the MRRN. Photomicrograph represents
the injection site enclosed by a white dashed line. Scale bar, 300mm. B, Immunofluorescence against glutamate and dopamine was conducted on brain sections at the level of the PT. C–N,
Photomicrographs showing cells positive for dopamine (C–F, green), biocytin (G–J, blue), and glutamate (K–N, red), as well as the merged photomicrographs. Arrowheads indicate cells posi-
tive for dopamine and glutamate. *Cell only positive for glutamate. Arrows indicate cells positive for the three markers. A–N, Data were obtained from two different preparations.
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Comparative aspects
The descending DA pathway from the PT to reticular nuclei
could be present in all vertebrates. The lamprey is one of the phy-
logenetically oldest vertebrates, and its nervous system is consid-
ered the blueprint of the mammalian brain (Robertson et al.,
2014). We previously showed that the descending DA pathway
frommeso-diencephalic DA neurons to the MLR found in lamp-
reys (Ryczko et al., 2013, 2017; Perez-Fernandez et al., 2014) is
conserved in amphibians, mammals, and likely humans (Ryczko et
al., 2016c; see also Sharma et al., 2018; for review, see Ryczko and
Dubuc, 2017). Whether the meso-diencephalic DA inputs to the
MLR promote locomotor output in mammals as in lampreys remain
to be determined. In addition to the innervation of the MLR, it
appears that another DA descending projection, originating from a
different DA nucleus (A11) and innervating the spinal cord, is con-
served in vertebrates. For instance, the spinal cord of lampreys
receives descending projections from a distinct set of periventricular
DA neurons in the mammillary area (Barreiro-Iglesias et al., 2010)
that do not project to the MLR or striatum (Ryczko et al., 2013,
2016c). Whether these DA neurons correspond to A11 in mammals
(see e.g., Koblinger et al., 2014, 2018) needs to be examined in further
details. This hypothesis concurs with our present observation that
stimulation of the PT does not evoke dopamine release in the spinal
cord.

The homology between reticular nuclei in lampreys and
mammals is not fully resolved. Based on the anatomic organiza-
tion of reticular nuclei, the ARRN and MRRN would constitute
the pontine reticular formation (respectively homologous to the
nucleus reticular pontis oralis and nucleus reticular pontis cauda-
lis). The PRRN is considered part of the medullary reticular for-
mation (Brocard and Dubuc, 2003; for review, see Cruce and

Newman, 1984; Brownstone and
Chopek, 2018). The DA innervation
of reticular nuclei has not received
much attention in mammals. A
recent tracing study in mice indicates
that only a few neurons from A13
send DA fibers to the medullary
reticular formation, suggesting that
another DA nucleus is the source of
the DA innervation of this reticular
nucleus (Sharma et al., 2018).

Functional significance
RS neurons constitute the final com-
mon descending pathway carrying
locomotor commands to the spinal
cord (for review, see Dubuc et al.,
2008). They integrate sensory inputs
and descending commands, and shape
motor output by sending monosynap-
tic input to spinal interneurons and
motoneurons (Buchanan and Grillner,
1987; for review, see Brownstone and
Chopek, 2018). RS neurons receive
inputs from the MLR (e.g., Shik et al.,
1966; Sirota et al., 2000; Cabelguen et
al., 2003; Bretzner and Brownstone,
2013, Ryczko et al., 2016a; for review,
see Ryczko and Dubuc, 2013), the
diencephalic locomotor region (El
Manira et al., 1997; Ménard and
Grillner, 2008), also called subtha-

lamic locomotor region (Parker and Sinnamon, 1983;
Milner and Mogenson, 1988), and the less studied cerebel-
lar locomotor region (Mori et al., 1998, 1999). RS neurons
also control steering movements, by modulating body
bending, with RS activity increasing ipsilaterally to the turn
in lampreys (Deliagina et al., 2000; Fagerstedt et al., 2001),
fish (Thiele et al., 2014), and salamander (Ryczko et al.,
2016b). Future studies should examine whether the DA
pathway reported here influences the processing of all the
aforementioned functions.

RS neurons also integrate many sensory inputs that shape
motor output (e.g., Di Prisco et al., 1994, 2000; Antri et al., 2008;
Le Ray et al., 2010; for review, see Daghfous et al., 2016).
Previous studies in teleosts showed that dopamine increases syn-
aptic responses evoked by vestibulocochlear stimulation in the
Mauthner cell (a large RS neuron in fish) through D1 receptors
(Pereda et al., 1992, 1994; Kumar and Faber, 1999). Fibers posi-
tive for TH were observed aroundMauthner cell bodies and den-
drites in teleosts (McLean and Fetcho, 2004). The present study
provides a possible source for descending DA projections to RS
neurons. Beyond RS neurons, such modulation of sensory proc-
essing in the brainstem by descending DA projections is consist-
ent with a recent study in lampreys showing that visuomotor
transformation is modulated by descending DA inputs from the
PT to the optic tectum (superior colliculus in mammals) (Perez-
Fernandez et al., 2017; see also von Twickel et al., 2019). The
pathway reported here allows DA cells to modulate RS activity in
response to sensory inputs. This adds up to the previously
reported DA innervation of the MLR, through which locomotion

Figure 7. The DA pathways projecting to the locomotor circuitry. Arrow 1 indicates the well-known ascending DA pathways
from A8/A9/A10 to the basal ganglia (lamprey: DA source, PT, see Pombal et al., 1997; Ryczko et al., 2013; mammalian DA source:
A8/A9/A10, see Poirier and Sourkes, 1965; Sourkes and Poirier, 1965; for review, see Fahn, 2015) that in turn project down to the
MLR (lamprey: see Stephenson-Jones et al., 2011; mouse: see Roseberry et al., 2016). Arrow 2 indicates the descending DA pathway
to the MLR recently uncovered in our previous studies and that of others (lamprey DA source: PT, see Ryczko et al., 2013, 2017;
Perez-Fernandez et al., 2014; salamander DA source: PT, see Ryczko et al., 2016c; rodent DA sources: A8/A9, see Ryczko et al.,
2016c in rats; A13, see Sharma et al., 2018 in mice). Arrow 3 indicates the descending DA pathway to RS neurons uncovered in the
present study. Arrow 4 indicates the descending DA pathway to spinal locomotor circuits. In mammals, A11 send descending projec-
tions to the spinal cord, and optogenetic activation of A11 DA neurons increases locomotor activity in vivo (mouse: see Koblinger et
al., 2014, 2018). In zebrafish, dopamine increases the excitability of motoneurons via D1 receptors (Jha and Thirumalai, 2020). In
lampreys, descending DA projections to the spinal cord likely do not originate from the PT (only 16 0 cells found here), but from
a distinct diencephalic group of periventricular DA cells of the mammillary area (Barreiro-Iglesias et al., 2010).
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initiation is modulated according to the internal goals of the
animal.

The emerging diversity of DA pathways innervating different
levels of the locomotor circuitry raises new questions about the
conditions in which each DA pathway is recruited to modulate
behavior. The different sets of inputs that DA nuclei (A8, A9,
A13, A11) receive should offer a substrate for context-specific
control of behavior (for review, see Kim et al., 2017; Fougère et
al., 2019). Even within a single nucleus, different DA cells can in-
nervate different neural circuits. For instance, in lampreys, the
PT sends DA projections to the striatum (Pombal et al., 1997;
Ryczko et al., 2013; Perez-Fernandez et al., 2014), the MLR
(Ryczko et al., 2013, 2017; Perez-Fernandez et al., 2014), the
reticular nuclei (present study), and the optic tectum (Perez-
Fernandez et al., 2017; von Twickel et al., 2019). Some DA neu-
rons project both to the MLR and striatum in lampreys (Ryczko
et al., 2013) (in rats as well, see Ryczko et al., 2016c), whereas
some DA neurons project both to the striatum and optic tectum
in lampreys (Perez-Fernandez et al., 2017; von Twickel et al.,
2019). In this study, we report that only a small proportion of
DA neurons (,15%) projecting to the MRRN also projected to
the MLR, suggesting that these DA pathways are mostly segre-
gated. The role of DA neurons projecting to both structures
(MLR and reticular formation) versus those projecting to a single
structure remains an open question. Moreover, even a single DA
neuron often expresses more than a single neurotransmitter. DA
neurons coexpressing glutamate or GABA were found in many
species (for review, see Morales and Root, 2014; Vaaga et al.,
2014). In lampreys, many PT DA neurons projecting to the MLR
are also glutamatergic, and we know that glutamate plays a key
role in the graded activation of MLR cells and swimming move-
ments (Ryczko et al., 2017). The present anatomic results suggest
that some DA neurons send a dual glutamatergic/DA drive to
the reticular nuclei as well. However, glutamate is also well
known to be present in GABA neurons, although it is not core-
leased. Future physiological studies should be aimed at determin-
ing whether dopamine and glutamate are coreleased (Ryczko et
al., 2017). Whether DA neurons expressing a single versus multi-
ple transmitters play different roles in the control of behavior
also remains to be determined. Finally, within a single lamprey
DA neuron, dual glutamatergic/DA branches are found in the
striatum, whereas “purely” DA branches are found only in the
optic tectum (Perez-Fernandez et al., 2017; von Twickel et al.,
2019). Whether and how DA neurons exert circuit-specific neu-
rotransmitter release remain to be determined, and future studies
are needed.

In conclusion, our study provides evidence that RS neurons
receive direct inputs frommeso-diencephalic DA neurons, which
therefore have access to several levels of the locomotor circuitry
(Fig. 7), including the basal ganglia (e.g., Kravitz et al., 2010),
MLR (Ryczko et al., 2013, 2016c, 2017; Perez-Fernandez et al.,
2014; Sharma et al., 2018), reticular nuclei (present study), and
spinal cord circuits (Koblinger et al., 2018; Jha and Thirumalai,
2020). We previously showed that DA inputs provide additional
excitation to MLR cells, and in the present study we show a
similar effect on RS neurons. It appears therefore that DA
inputs to brainstem locomotor circuits make them “ready-to-
go,” when the decision to move is initiated by the basal ganglia
circuits (Fougère et al., 2019). Such function could explain why
drugs increasing the concentration of dopamine at the synapse
increase locomotor behavior, and why DA cell loss translates

into severe locomotor deficits, such as those reported in
Parkinson’s disease.
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