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Abstract

The mesencephalic locomotor region (MLR) is an essential area for initiation of locomotion. Its functional roles and circuits
underlying locomotion have been studied intensively in many species. Studies suggest that cuneiform nucleus and pedun-
culopontine nucleus (PPN) are two core regions in the MLR for locomotion. However, it remains unclear about cellular
components and morphological and intrinsic membrane properties of the neurons in these regions, especially the serotonergic
neurons. Using neonatal ePet-EYFP transgenic mice and immunofluorescent technique, we demonstrated existence of 5-HT
neurons in the MLR and discovered that 5-HT neurons distributed mainly in the caudal PPN. 5-HT neurons were heterogene-
ous in MLR and had three types of firing pattern (single spike, phasic and tonic) and two subtypes of morphology (pyramidal
and stellate). We measured parameters of 5-HT neurons (n=35) including resting membrane potential (—69.2+4.2 mV),
input resistance (1410.1 +616.9 MQ), membrane capacitance (36.4 + 14.9 pF), time constant (49.7 + 19.4 ms), voltage thresh-
old (—32.1+£7.4 mV), rtheobase (21.3 +12.4 pA), action potential amplitude (58.9 + 12.8 mV) and half-width (4.7 + 1.1 ms),
afterhyperpolarization amplitude (23.6 + 10.4 mV) and half-decay (331.6 + 157.7 ms). 5-HT neurons were intrinsically
different from adjacent non-5-HT neurons and less excitable than them. Hyperpolarization-activated inward currents and
persistent inward currents were recorded in 5-HT neurons. NMDA increased excitability of 5-HT neurons, especially the
tonic-firing neurons, accompanied with depolarization of membrane potential, hyperpolarization of voltage threshold, reduc-
tion of afterhyperpolarization half-decay, and left-shift of frequency—current relationship. This study provided insight into the
distribution and properties of 5-HT neurons in the MLR and interaction between serotonergic and glutamatergic modulations.
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Introduction

Locomotion is a fundamental motor behavior initiated by a
cluster of neurons in the mesencephalic locomotor region
(MLR) and implemented by the central pattern generators
(CPGs) in spinal cord (Noga et al. 2003; Harris-Warrick
2010; Cheng et al. 2019). The MLR, a supraspinal center for
initiating and modulating locomotion, was first described by
Shik and colleagues in 1966 (Shik et al. 1966). And since
then the MLR has been studied intensively in many spe-
cies in which it was shown that electrical or pharmacologi-
cal stimulation of the MLR could initiate locomotion and
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change the locomotor speed and pattern. As the center for
initiation of locomotion, the key functions of the MLR have
been well conserved in the process of biological evolution
from lower vertebrates such as lamprey to mammals such
as humans (Garcia-Rill et al. 1985; Takakusaki et al. 2003;
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Grillner and El Manira 2015; Grillner and Robertson 2016;
Noga et al. 2017a, b; Caggiano et al. 2018). Results from
early studies showed that the locomotion commands origi-
nated in the MLR, bilaterally descended to ventral medullary
area (Shefchyk et al. 1984; Noga et al. 2003), and then went
through the ventral funiculus to activate spinal CPGs neu-
rons (Steeves and Jordan 1980). However, the exact neuron
populations and organization of the circuits of the pathways
still remain unclear. Using new approaches such as trans-
genic models, optogenetics and viral tools the mystery of
the MLR is being uncovered. It is shown recently that the
cuneiform nucleus (CnF) and the pedunculopontine nucleus
(PPN), two core components of the MLR, contribute sepa-
rately to the control of high-speed synchronous-gait loco-
motion and slower alternating-gait locomotion (Josset et al.
2018b). The CnF modulates the high locomotor speed via
the pathway that receives inputs from the periaqueductal
grey and inferior colliculus and then sends outputs to lateral
paragigantocellular nucleus. In contrast, the PPN receives
inputs from the basal ganglia and motor cortex and then pro-
duces outputs to lateral paragigantocellular nucleus to form
the command pathway that encodes slow locomotor speeds
(Caggiano et al. 2018). These studies unveil the functional
different pathways of the MLR. But the neurons which are
composed of the CnF and PPN need to be further explored.
The neurons in CnF and PPN are diverse in neuronal types
and composed of cholinergic (Wang and Morales 2009),
glutamatergic (Ryczko et al. 2016), GABAergic (Ford et al.
1995), and serotonergic (Beitz 1982; Molliver 1987; Ge
et al. 2017) neurons. As an essential neurotransmitter sero-
tonin (5-HT) plays a critical role in initiating locomotion
(Schmidt and Jordan 2000). It was shown recently that elec-
trical stimulation of MLR induced the 5-HT release in spinal
cord (Noga et al. 2017b). 5-HT neurons in brainstem can
be classified into 9 clusters (B1-B9) based on their projec-
tions in CNS (Dahlstroem and Fuxe 1964). The serotonergic
innervation of the spinal cord is from not only the medullary
groups of B1-B3, but also the midbrain groups of B7 and B9
(Bowker et al. 1981). 5-HT neurons of B1-B3 descending
to the spinal cord are thought to be the key components for
controlling locomotion (Slawinska et al. 2014). Using ePet-
EYFP transgenic mice (Scott et al. 2005) where the EYFP
was expressed specifically in 5-HT neurons we demonstrated
recently that the EYFP positive neurons scattered in the PPN
(Ge et al. 2017). However, little is known about the distribu-
tional, morphological, electrophysiological, and modulatory
properties of these 5-HT neurons due to technical difficulty
in identifying these neurons in this region.

In addition to initiation of locomotion, MLR is shown to
regulate the locomotor speed and gait through glutamater-
gic excitatory neurons in the MLR (Caggiano et al. 2018).
NMDA alone or together with 5-HT can induce locomo-
tion (Grillner et al. 1981). However, the NMDA-mediated

@ Springer

locomotion can be inhibited by 5-HT receptor antagonist
(MacLean et al. 1998), implicating that NMDA-induced
locomotion may be 5-HT dependent. However, the details
of the interaction between serotonergic and glutamatergic
systems for initiation or control of locomotion in the MLR
remain unknown. Using ePet-EYFP transgenic mice, whole-
cell patch-clamp, and immunofluorescence techniques we
investigated electrophysiological and morphological prop-
erties of 5-HT neurons in the MLR, analyzed the anatomic
distribution of 5-HT neurons in this region, and explored
the modulation properties of 5-HT neurons by NMDA. Our
study indicated that 5-HT neurons were heterogeneously
scattered in the PPN. They were electrophysiologically dif-
ferent from the adjacent non-5-HT neurons, and NMDA
increased the neuronal excitability of the 5-HT neurons.
Preliminary data was published in abstract form (Ge et al.
2017).

Materials and methods
Animals and ethical approval

The animal protocols were reviewed and approved by the
East China Normal University Laboratory Animal Center
and Animal Experiment Ethics Committee. Pet-1, an ETS
domain transcription factor, was a precise marker of devel-
oping and adult 5-HT neurons. The ePet-EYFP transgenic
neonatal mice of either sex were used in this study. In order
to minimize the influence of neuron maturation on morpho-
logical and electrophysiological properties, all the neurons
recorded in this study were collected from mice of 4-6 days,
and mice of 1-11 days were used to qualitatively and quan-
titatively study the distribution of serotonin neurons in the
MLR. Five mice (p 4-6) were used for immunofluorescence.
The mice were bred through male ePet-cre transgenic mice
crossing with female R26-stop-EYFP mice (Jackson Lab,
USA ePet-cre: Stock No:012712; R26-stop-EYFP: Stock
No:006148).

Preparation of slices

The procedure for the preparation of mouse brain slices
was similar to that previously reported (Dai et al. 2009a;
Dai and Jordan 2011). Briefly, the mice were anesthetized
by the diethyl ether, quickly decapitated and brains were
dissected. Cerebral cortices and cerebellums were removed
and the mesencephalons remained. 200 pm transverse
slices and 150 um sagittal slices were cut using Leica (VT
1000E Germany) vibrating microtome. CnF and PPN were
the two core constituents of the MLR. According to the
brain stereogram of the mice plotted by George Paxinos
et al. (2014), the brain 200 um transverse slices containing
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CnF and PPN (3.0-3.4 mm caudal to bregma, Fig. 1a—c)
were transferred to the recording aCSF for at least 1 h at
room temperature before the patch-clamp recordings. In
addition, a series of consecutive 30 um transverse slices

ePet-EYFP

ChAT

ePet-EYFP

ePet-EYFP

ChAT

Fig. 1 Distribution of 5-HT neurons in the MLR. a Schematic draw-
ing of the mouse brain. The transverse brain slices containing MLR
were collected from the area (3.0-3.4 mm caudal to bregma) indi-
cated by dotted lines, which were marked 1 and 2, respectively, from
caudal to rostral. b, ¢ Example fluorescence images were collected
from the sites indicated in a. The positions of the CnF and PPN were
delineated by dotted lines. The green spots in the pictures were EYFP
positive 5-HT neurons. 5-HT neurons sparsely distributed in the PPN,
rarely in the CnF as shown in low images (b, ¢) and high-magnifi-
cation images (Fig. 1b, c enlarged images in the lower right corner).
d EYFP positive neurons were 5-HT positive by staining TPH2. d1
Fluorescence image of staining of TPH2 (1:200, ab184505, Abcam).

were cut for study of distribution of 5-HT neurons in the
MLR. The number of 5-HT neurons was estimated by sum-
ming up the 5-HT neurons in the MLR from all the slices
for each mouse.

d2 Fluorescence image of EYFP positive neurons. d3 Merged image
of dl and d2. d4 Enlarged image in d3 showed colocalization of
EYFP and TPH2 positive neurons in PPN, and arrowheads showed
these neurons. e Identification of PPN by staining ChAT (red, 1:1000,
ab6168, Abcam) and localization of EYFP positive neurons (green)
in this region. Arrowheads showed 5-HT neurons in PPN. f Enlarged
image in Fig. le showed existence of EYFP positive neurons in PPN.
g An example fluorescence image of 150 um thickness sagittal brain
slice of ePet-EYFP transgenic neonatal (P8) mice. Enlarged image
in the upper right corner showed the distribution of 5-HT neurons in
PPN
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Whole-cell patch-clamp recording

The slices were transferred to a recording chamber mounted
in the stage of an upright Olympus BX50 microscope fit-
ted with differential interference contrast (DIC) optics and
epifluorescence. The chamber was perfused with recording
aCSF at a rate of 1-2 mL/min via a gravity drive irrigation
system, bubbled with 95% O, and 5% CO,. Anatomical posi-
tions of the CnF and PPN were identified at 10 X magnifi-
cation according to the brain stereogram of the mice in the
present study (George Paxinos et al. 2014). For instance, the
center of PPN in Fig. Ic is approximately 3.2 mm caudal to
bregma, 0.7 mm lateral to the midline and 2.1 mm below the
dura mater, and the center of CnF is 1 mm lateral to the mid-
line and 1.3 mm below the dura mater. The EYFP positive
5-HT neurons in the CnF and PPN were identified at 40x
magnification using epifluorescence and images were col-
lected (Hamamatsu camera controller C2400 and ARGUS
image processor). The visualized neurons were patched. The
pipette electrodes were pulled from borosilicate glass (WPI
1B150F-4) using a VT1000S Sutter puller and had resist-
ances of 5-8 MQ when filled with intracellular solution.
A MultiClamp 700B patch-clamp amplifier, Axon Digi-
data 1550 A/D converter, Minidigi 1B, and pClamp (10.7)
software (all from Molecular Devices) were used for data
acquisition.

Measurement of membrane parameters

The membrane properties measured and calculated in this
study had been described in our previous studies (Dai et al.
2002, 2009a). Briefly, the rheobase was determined by step
currents with 0.5 s duration and 5 pA for each step. The
minimum step which could evoke a single spike or repeti-
tive firing was taken as rheobase. The voltage threshold
(Vth) was defined as the membrane potential at which the
rising rate of dV/dt>10 mV/ms. The Vth reported in this
study was calculated from the spike averaged from the first
three spikes of firings evoked by rheobase. The resting
membrane potential (Em) was monitored throughout the
recordings. The reported Em in this paper was calculated
from the membrane potentials averaged over 100 ms prior
to the step currents used for determining the rheobase. The
measurements of action potential (AP) and afterhyperpo-
larization (AHP) properties were based on the averaged
spike evoked by rheobase. The Vth was used as reference
value to measure the AP height and half-width and AHP
depth and duration. The input resistance (R;,) was calcu-
lated by the mean value of membrane potentials divided
by the amplitude of the corresponding negative step cur-
rent (0.5 s duration, —5 pA step). The membrane time
constant (t,,) was determined by fitting an exponential

@ Springer

function with form of f(f) =A,+ A1*Exp (—t/t,,) to the
averaged voltage responses to a train of 5 pulses (0.5 ms,
—500 pA, 250 ms interval). Membrane capacitance (C,,)
was calculated by formula C,, =7 /Rin. Step currents
with duration of 3 s and step of 10 pA were injected into
the cells to determine the F—/ relations. The ITh-mediated
depolarizing sag was recorded through a series of 1.5 s
step currents with step of — 10 pA. The sag was defined as
the voltage difference between the instantaneous voltage
(Vi,s) and steady state voltage (V) and calculated by the
formula: sag =V, — V, . (Fig. 5e). The sag elicited in the
—30 pA, —20 pA and — 10 pA steps were calculated in all
cell (n=7), respectively. (Dai and Jordan 2010a). The per-
sistent inward currents were recorded by applying a series
of slow voltage bi-ramps with a duration of 10 s, a step
of 20 or 30 mV, and a holding potential of —70 mV. The
leak current was subtracted from the recordings before the
biophysical parameters of PIC were calculated, including
PIC amplitude, onset voltage. Difference of PICs between
conditions (control, drugs, washout, etc.) were calculated
from the PICs evoked by the same slope of voltage ramp
in each individual condition. Whole-cell patch recordings
were made in voltage-clamp mode with series resistance
(10-30 MQ) compensation by 80-85% and in current
clamp mode with bridge balance and capacitance com-
pensation. The liquid junction potential was calculated as
6.7 mV with pH value of recording solution adjusted to
7.3 by KOH, osmolarity adjusted to 305 mOsm by sucrose.
This value was corrected in the reported data. Data were
low-filtered at 3 kHz and sampled at 10 kHz. During the
experiment, the recording protocols were repeated three to
five times in each condition (control, drugs, and washout,
etc.) with 30—60 s between two successive recordings and
1-5 min between two successive protocols.

The screening criteria for electrophysiological data
analysis in present study was that the resting membrane
potential was lower than — 55 mV, input resistance bigger
than 400 MQ, and the overshoot of the action potential
(above zero) higher than 10 mV. Clampfit 10.7 was used
to analyze the data. All recordings were made at room
temperature (20-22 °C).

In this study, a MultiClamp 700B patch-clamp amplifier
was used to acquire intracellular data. The access resist-
ances of the recordings were corrected by bridge balance
in current clamp mode and by 80-95% series resistance
compensation in voltage-clamp mode before the intracel-
lular recordings. Therefore, no correlation could be estab-
lished between the access resistances and the parameters
we calculated, suggesting that the membrane properties
and firing patterns of the neurons characterized in this
study should reflect the intrinsic properties of the neurons
rather than variations in recording quality.
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Imaging and Sholl analysis

For morphological analysis, the EYFP positive 5-HT neu-
rons were patched and labeled using pipette electrodes
filled with intracellular solution containing 3% tetra-
methylrhodamine. After 5-10 min of staining, images of
the labeled neurons were immediately taken by a Nikon
Eclipse Ni fluorescence microscopy with a Nikon DS-Ri2
color digital camera at 540-580 nm and 465—-495 nm exci-
tation wavelengths, separately.

The Sholl analysis was used to quantify neuronal dendritic
complexity. It created a series of concentric circles around the
focus of a neuronal dendritic arbor, and counted how many
times connected voxels defining the dendritic arbor intersect
the sampling circles as well as the length of each dendritic
arbor segment within each radii. In addition, the dendritic
branches, dendritic terminals, diameter of soma, and primary
dendritic segments were analyzed in the same labeled neu-
ron. For Sholl analysis in this study, the center of concentric
spheres was defined as the center of the soma, and a 25 pm
radius interval was used. The Sholl analysis was obtained
using Image J software (1.52 g) loaded with Sholl Analy-
sis (http://imagej.net/Sholl_Analysis) and Neuron J plugins
(http://imagej.net/Sholl_Analysis) (Meijering et al. 2004).

Immunofluorescence

The neonatal mouse brainstem tissues were fixed with 4%
paraformaldehyde at 4 °C for 6 h. After fixation, tissues
were embedded in low-melting agarose, and cut into 30 pm
transverse sections with Leica vibrating microtome (VT
1000E, Germany). Sections were permeabilized with 0.3%
Triton X-100 (Sinopharm Chemical Reagent Co., Ltd) and
blocked with 5% bovine serum albumin (BSA, Sinopharm
Chemical Reagent Co., Ltd) in 0.1 M PBS (Sinopharm
Chemical Reagent Co., Ltd) for 30 min. The sections were
incubated with primary antibodies: rabbit anti-TPH2 (1:200,
ab184505, Abcam) or rabbit anti-ChAT (1:1000, ab6168,
Abcam) diluted in 5% BSA in PBS at 4 °C overnight. After-
wards, the sections were washed with 0.1 M PBS (3 times,
5 min each time) and incubated with secondary antibodies:
goat anti-rabbit IgG (1:100, A-11012, Invitrogen) diluted in
5% BSA in PBA for 1 h at room temperature. After washing
with 0.1 M PBS, the stained neurons were photographed
with a fluorescence microscope using 10 X and 20 X objec-
tives (Nikon Eclipse Ni fluorescence microscopy).

Solutions and chemicals

Dissecting artificial cerebrospinal fluid (aCSF) contained
(in mM): NacCl (25), sucrose (188), KCI (1.9), NaH,PO,
(1.2), MgSO, (10), NaHCO; (26), kynurenic acid (1.5),
glucose (25), and CaCl, (1.0).

Recording aCSF containing (in mM): NaCl (125), KCl1
(2.5), NaHCO; (26), NaH,PO, (1.25), glucose (25), MgCl,
(1), and CaCl, (2.0), TEA (10, only in voltage-clamp mode).

Intracellular solution containing (in mM): K-gluconate
(130), NaCl (10), HEPES (10), MgCl, (2), Mg-ATP (5),
and GTP (0.5), TEA-CI (20, only in voltage-clamp mode).

The pH of these solutions was adjusted to 7.3 with HCI.
Osmolarity was adjusted to 305 mOsm by adding sucrose
to the solution.

Drugs

NMDA (10-15 pM, Sigma) was agonist of NMDA receptor.
Fluorescent dye Dextran, tetramethylrhodamine (3%, Ther-
mofisher) was used to intracellularly label the 5-HT neurons.

Statistical analysis

Microsoft Excel (Office 2016) was used for data formatting
and statistical analysis was carried out using IBM SPSS sta-
tistics (version 22). The data were presented in mean + SD.
Unpaired two tailed Student’s ¢ test was conducted for analy-
ses involving the comparison of two groups. Paired student’s
t test was used to compare before and after applying NMDA.
A one-way or two-way analysis of variance (ANOVA) with
Bonferroni post hoc test was performed the comparison of
three or more groups. In all cases, p <0.05 was considered
statistically significant.

Results

Distribution and morphology of 5-HT neurons
in the MLR

Although the distribution of 5-HT neurons in the brain
has been extensively studied, no research is focused on
the distribution of 5-HT neurons in the MLR, and even if
the existence of serotonin neurons in this region is contro-
versial. In this study, we studied the distribution of 5-HT
neurons in the MLR by using transgenic mice and immu-
nofluorescence technology. Results showed that 5-HT
neurons existed in the MLR, and differentially distributed
across the rostro-caudal axis, densely concentrated in
caudal PPN and extended dorsally into rostral cuneiform
nucleus which could be seen in transverse slices (Fig. 1b,
c¢) and sagittal slices (Fig. 1g). Immunofluorescent results
confirmed that EYFP positive neurons in the MLR were
THP2-expressed neurons (Fig. 1d1-d4), and these neurons
existed in the region of PPN by staining ChAT (Fig. le, f).
The number of 5-HT neurons in the MLR were estimated
as 100-200 through analyzing the transverse and sagittal
slices.
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We studied morphology of 5-HT neurons through intra-
cellular fluorescent dye of Dextran tetramethylrhodamine.
Fluorescent images were analyzed using Sholl analysis tech-
nology. Figure 2a, b shows the process of Sholl analysis.
Number of intersections, branch points, terminal points,
diameter of soma, primary segments were used to describe
the neuronal morphology in this study. Results showed that
100% 5-HT neurons (n=12) in the MLR were multipolar
neurons and could be divided into two types based on their
dendritic morphology. One type was pyramidal neuron with
conic shaped soma, a large apical dendrite (Fig. 2c, cell
1-3). Another type was stellate neuron with radial dendrites
(Fig. 2c, cell 4-6). Statistical results indicated that number
of intersections of stellate neurons were more than that of
pyramidal neurons, especially in the range of 150-200 pm
apart from soma (Fig. 2d, p <0.05). The somatic diameter
of two type neurons had no statistical difference (10—16 pm,
Fig. 2e) but the branch points, terminal points, and primary
segments of stellate neurons appeared to be bigger than
those of pyramidal neurons (Fig. 2f, p > 0.05).

Figure 3 shows location and morphology of two type
neurons in the PPN, where two pyramidal neurons (cell 1,
2 in Fig. 3b, ¢) and one stellate neuron (cell 3 in Fig. 3d)
were labeled with intracellular tetramethylrhodamine (cells
1-3 in right side of Fig. 3a). These neurons were located in
PPN with dendrites overlapped. Details of the morphology
of the neurons showed that 5-HT neurons in the MLR were
diversified. Stellate neurons might receive more information
from neurons nearby the soma, whereas pyramidal neurons
could communicate more with distant neurons. These results
suggested that function of 5-HT neurons in the MLR might
be different.

Different membrane properties between 5-HT
and non-5-HT neurons

The passive membrane properties demonstrate the physi-
cal characteristics of the neurons such as the cell size and
shape. Parameters E,, C,,, R;,, and T, were used to describe
the passive membrane properties. A total of 63 neurons
(5-HT neurons =35, non-5-HT neurons =28) in the MLR
were measured in this study. The E, of 5-HT neurons were
significantly more hyperpolarized than that of non-5-HT
neurons by 4.2+ 1.5 mV (5-HT neurons —69.2+4.2, non-
5-HT neurons —65.0+1.9 mV, p<0.05, Fig. 4a). 5-HT
neurons had a very significantly smaller Rin compared to
non-5-HT neurons by 711.1 +194.1 MQ (5-HT neurons:
1410.1 +£616.9 MQ, non-5-HT neurons: 2121.2 +866.2 MQ,
p<0.01, Fig. 4b). There was no significant difference in Cm
between the 5-HT (36.4 + 14.9 pF) and non-5-HT (31.9+9.5
pF) neurons (Fig. 4c). The t, of 5-HT neurons were
14.4 +5.5 ms significantly smaller than that of non-5-HT
neurons (5-HT neurons 49.7 + 19.4 ms, non-5-HT neurons:
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Fig.2 Morphology of 5-HT neurons in the MLR. a An example»
of 5-HT neuron labeled by Fluorescent dye Dextran, tetramethyl-
rhodamine. al An image of the same neuron which was merged by
green and red fluorescent image. b Schematic diagram of the Sholl
analysis to obtain the morphological parameters such as number of
intersections, branch point, terminal points. ¢ Representative recon-
structions of fluorescent dye dextran-labeled neurons analyzed using
Sholl analysis. 5-HT neurons could be divided into two types based
on their morphology. Cell 1-3 with conic shaped soma, a large apical
dendrite were classified into pyramidal neuron group. Neurons with
radial dendrites were classified as stellate neuron group (cell 4-6).
d Statistic result showed that intersections were obviously different
between the two type neurons especially in the range of 150-200 pm
(p<0.05). e The soma of most neurons was oval. Statistic result
showed that there was no difference in short or long diameter between
two type neurons. f The number of branch points, terminal points,
and primary segments of stellate neurons tended to be more than that
of pyramidal neurons (p>0.05). * Represented significant difference
(p<0.05)

64.1+24.6 ms, p<0.05, Fig. 4d). The above results gener-
ally exhibited significant difference in passive membrane
properties between the 5-HT and non-5-HT neurons, sug-
gesting that 5-HT neurons in the MLR might be larger than
non-5-HT neurons in terms of cell soma size, the number of
dendrites, or potassium-meditated leak conductance which
contributed to building of E,, (Fig. 4a).

The AP threshold, AP amplitude, AP half-width,
Rheobase, AHP amplitude and AHP half-decay were used
to describe the active membrane properties of neurons in this
study. 5-HT neurons had a more depolarized AP threshold
by 5.4+ 1.9 mV compared to non-5-HT neurons (5-HT neu-
rons —32.1 +7.4 mV, non-5-HT neurons —37.5+7.8 mV,
p <0.05, Fig. 4e). No significant difference was found in AP
amplitude (5-HT neurons 58.9 +12.8 mV, non-5-HT neu-
rons 53.5+10.3 mV, p>0.05, Fig. 4f) and AP half-width
(5-HT neurons 4.7 + 1.1 ms, non-5-HT neurons 4.5 + 1.6 ms,
p>0.05, Fig. 4g) between 5-HT and non-5-HT neurons.
5-HT neurons had a higher rheobase than non-5-HT neu-
rons (5-HT neurons 21.3 +12.4 pA, non-5-HT neurons
12.3+6.5 pA, p<0.01, Fig. 4h). AHP amplitude of 5-HT
neurons were 5.3 +2.0 mV bigger than that of non-5-HT
neurons (5-HT neurons 23.6 +10.4 mV, non-5-HT neurons
18.3+5.4 mV, p<0.05, Fig. 4i). There was no significant
difference in AHP half-decay between 5-HT and non-5-HT
neurons (5-HT neurons 331.6+157.7 ms, non-5-HT neu-
rons: 300.0+121.1 ms). These results indicated that the
excitability of 5-HT neurons in the MLR was lower than
that of non-5-HT neurons.

Different firing patterns and membrane properties
of the 5-HT neurons

In this study, stable firings were evoked by injecting double
amount of theobase and 1.5-s step current into the 5-HT neu-
rons (n=235) in the MLR. These neurons could be divided
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Fig.3 Location and morphology of two type neurons. a A schematic
view of the pyramidal neurons (cell 1, 2) and stellate neuron (cell
3) in the MLR. b Fluorescence images (bl, green; b2, red; and b3,
merge) of a pyramidal neuron (cell 1) were collected. ¢ Fluorescence

into three types with respect to their firing patterns. 11% of
the neurons (4/35) were classified as single-spike type which
generally elicited 1 or 2 spikes (Fig. 5a, top) and 31% as
phasic-firing type (11/35) which discharged briefly at begin-
ning of current injection and exhibited a spike frequency
adaptation (Fig. 5a, middle-upper). The majority of neurons,
58% (20/35), fired repetitively over the entire current injec-
tion and were classified as tonic-firing type (Fig. 5a, mid-
dle-lower). Furthermore, the tonic-firing neurons could be
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images (cl, green; c2, red; c3, merge) of another pyramidal neuron
(cell 2) were collected. d Fluorescence images (d1, green; d2, red, d3,
merge) of a stellate neuron (cell 3) were collected

further divided into two subtypes based on their variation of
firing frequency. 40% (8/20) tonic-firing neurons displayed
a spike frequency adaptation (Fig. 5b, top) and 60% (12/20)
neurons fired with a steady frequency (Fig. 5b, middle).
Among these three type neurons, significant differences
were found in some of their intrinsic membrane proper-
ties. The V,;, of single-spike neurons (—21.1+3.8 mV)
was 11.4+3.0 mV and 13.1+3.6 mV more depolar-
ized than that of phasic-firing (—32.5+5.6 mV) and
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Fig.4 The membrane properties of 5-HT (n=35) and non-5-HT
(n=28) neurons in the MLR. a The Em of 5-HT neurons was more
hyperpolarized than that of non-5-HT neurons (p<0.05). b The
Rin of 5-HT neurons was smaller than that of non-5-HT neurons
(p<0.01). ¢ There was no significant difference in Cm between
5-HT and non-5-HT neurons. d The 7, of 5-HT neurons was smaller
than that of non-5-HT neurons (p <0.05). e The AP threshold of
5-HT neurons was more depolarized than that of non-5-HT neu-
rons (p<0.05). No significant difference was found in AP ampli-

tonic-firing neurons (—34.0+ 7.0 mV), respectively
(p <0.05, Fig. 5c¢). Tonic-firing neurons showed a
3.5+2.3 mV and 3.1 +£ 1.5 mV higher Em than other two
type neurons, respectively (single spike —71.3+3.3 mV;
phasic —70.9 +3.3 mV; tonic —67.8 +4.4 mV, p <0.05,
Fig. 5d). Except for the V,, and E_, no significant differ-
ence was found in other membrane properties among the
three type neurons. The detailed results are summarized
in Table 1. These results showed that single-spike neurons

non-5-HT 5-HT

(n=28)
Rheobase

non-5-HT S-HT

(n=28)  (n=25)
AHP Amplitude

(n=35)

tude (f) and AP half-width (g) between 5-HT and non-5-HT neurons
(p>0.05). h 5-HT neurons had a higher rheobase than non-5-HT
neurons (p<0.01). i The AHP amplitude of 5-HT neurons was big-
ger than that of non-5HT neurons (p<0.05). * represented signifi-
cant difference (p <0.05), ** represented highly significant difference
(p<0.01). The open circle represented the measured value of each
non-5-HT neurons, and the solid square represented the measured
value of each 5-HT neurons

had the lowest excitability among the three type neurons
whereas the excitability of tonic-firing neurons were the
highest.

H-current (Th) is a nonselective cation current activated
by hyperpolarization of membrane potential. The Ih-medi-
ated depolarizing sag was examined in the present study.
Our results showed that 20% 5-HT neurons (7/35) exhib-
ited depolarizing sags which were triggered by hyperpolar-
izing step currents of — 10 pA and 1.5 s duration (Fig. 5e).
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Fig.5 Different firing patterns and membrane properties of the 5-HT
neurons. a 1.5 s, double amount of rheobase current was injected into
the neurons to evoke stable firing (a, bottom). 5-HT neurons could be
divided into single spike, phasic-firing, and tonic-firing types based
on firing patterns. Single-spike type neurons generated only 1 or 2
spikes during the current stimulation (a, top). Phasic-firing neurons
fired at the beginning period of current injection, and then had obvi-
ous spike frequency attenuation (a, middle-upper). Continuous firings
were recorded in tonic-firing neurons over the entire current injection
(a, lower-middle). b: Examples of two subtypes in tonic-firing neu-
rons. One subtype displayed a spike frequency adaptation (top), and
another subtype fired with a steady frequency (bottom). The bar indi-
cated the ratio of the two type neurons, and the white part represented
the adapting type and the grey part represented the steady type. ¢ Sta-
tistic results showed that single-spike neurons had a more depolar-

The amplitude of ITh-mediated sags were shown as current-
dependent with mean amplitude ranging from 1.8 (elicited
by the — 10 pA step) to 5.4 mV (elicited by the — 30 pA
step) (n=7, Fig. 5f). In fact, the injected step currents
determined the extent of hyperpolarization of membrane
potential which determined the amplitude of the sags. In
the present study, the persistent inward currents (PICs)
were also examined in 35 5-HT neurons in the MLR. PICs
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ized Vy;, than phasic and tonic-firing neurons (p <0.05). d The Em of
tonic-firing neurons was more depolarized than that of other two type
neurons (p <0.05). e Hyperpolarizing current (1.5 s, —40 pA, —30 pA)
could trigger H-current-mediated depolarizing sags. f Statistic result
showed that H-current-mediated depolarizing sags, triggered by hyper-
polarizing step currents of —10 pA and 1.5 s duration, were shown as
current-dependent (n=7). g Two type persistent inward currents (PICs)
were observed in 5-HT neurons. One type had a slow-shape shown as
g (top), and another type had a sharp-shape (g, middle). The bar indi-
cated the ratio of the two type PICs. h Onset of slow-PIC was signifi-
cantly hyperpolarized that sharp PIC. i Amplitude of the slow-PIC was
very smaller than sharp PIC (p <0.01). *Represented significant differ-
ence (p<0.05). ** Represented very significant difference (p <0.01).
The open circle represented single-spike neurons; solid square: phasic-
firing neurons; and solid triangle: tonic-firing neurons

were observed in 95% 5-HT neurons. Moreover, the PICs
could be divided into slow-PIC (26/33, Fig. 5g, top) and
sharp-PIC (7/33, Fig. 5g, middle) types. The PIC onset of
slow-PIC type neurons were significantly lower than that
of sharp-PIC type neurons by 4.8 +2.0 mV (slow-PIC type
—52.2+1.0 mV, sharp-PIC type —47.4+2.0 mV, p<0.05,
Fig. 5h). The PIC amplitude of slow-PIC type neurons
were much smaller than that of sharp-PIC type neurons by
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Table 1 Membrane properties of 5-HT neurons classified in cell types

Single spike (S, n=4) Phasic firing (P, n=11) Tonic firing (7, n=20) SvsP SvsT PvsT
E,, mV -713+33 —-709+3.3 —67.8+4.4 NS * *
R;, MQ 1457.5+893.8 1392.1+582.4 1410.5+612.9 NS NS NS
Cy» PF 31.0x4.1 40.1+15.2 35.5=+16.1 NS NS NS
T, MS 53.5+9.8 51.9+18.9 4774214 NS NS NS
Vip mV —-21.1+3.8 —32.5+5.6 —-34.0+7.0 * * NS
Rheobase, pA 30.8+20.6 23.4+14.8 18.3+7.8 NS NS NS
AP amplitude, mV 51.4+15.0 61.0+10.1 59.3+13.8 NS NS NS
AP half-width, ms 5.1+1.3 5.0+£0.9 44+1.1 NS NS NS
AHP amplitude, mV 334+5.2 21.8+10.1 22.7+10.6 NS NS NS
AHP 1/2 decay, ms 384.4+72.3 301.1+215.2 337.9+134.8 NS NS NS

*Significant difference with p <0.05

NS not significant difference

495.1 +56.9 pA (slow-PIC type 188.9 +27.2 pA, sharp-
PIC type 684.0+59.7 pA, p<0.01, Fig. 5i). All these
results indicated that 5-HT neurons in the MLR displayed
diverse firing patterns and membrane properties. The
diversity of 5-HT neurons in the MLR provided potential
insight into the cellular basis for multifunctional control
in this region.

Effects of NMDA on the 5-HT neurons

NMDA modulation of 5-HT neurons in MLR was inves-
tigated in this study. Three types of 5-HT neurons were
recorded with bath application of 10-15 pM NMDA.
The effects of NMDA on these neurons are summarized
in Table 2 and illustrated in Fig. 6. As shown in Fig. 6a,
NMDA induced an obvious depolarization (~ 10 mV) of
resting membrane potential. These changes could be recov-
ered through washout (15-20 min). Since the single-firing

Table 2 The effects of NMDA on 5-HT neurons

neurons accounted for a small proportion (n=2) of the
total neurons recorded with NMDA (n=20), the statis-
tical results were mainly focused on phasic and tonic-
firing neurons. Statistical analysis showed that NMDA
induced significant depolarization of the resting membrane
potential (p <0.05, Fig. 6b) and hyperpolarization of V,;
(p<0.05, Fig. 6d) in tonic-firing neurons. A typical exam-
ple is shown in Fig. 6¢, where a 10 pM NMDA induced a
4.5 mV hyperpolarization of V,;, in a tonic-firing neuron.
We examined the relation of firing frequency and injected
current (F—I relation) in phasic and tonic-firing neurons in
the present study. NMDA generally shifted the F—I curve
to the left and reduced the F-I slope (Fig. 6e). Statisti-
cal results showed that the main effects of NMDA on F-/
relation were to shift the F—I curve to the left (p <0.05,
n=38, Fig. 6f) with a small decrease in slope (p > 0.05,
Fig. 6g). The effect of NMDA on AHP was investigated
in the present study. Our data showed that NMDA could

Single (n=2) Single (change) Phasic (n=6) Phasic (change) Tonic (n=12) Tonic (change)
control NMDA control NMDA control NMDA
E,, mV —-69.6+3.7 5.1+39 —-69.7+4.1 5123 —-68.5+4.6 49+1.8%
R, MQ 1409.5+19.1 —-61.0+226.0 1162.3+£227.1 —119.4+87.3 1533.9+686.2 —1332+164.8
C,.pF 33.4+3.7 -04+8.6 46.9+9.6 —11.4+4.7 35.6+12.6 -15+3.0
T, IS 46.9+43 —-35+45 522+155 —-152+2.6 49.9+24.8 7.5+22.2
Vi mV -18.1+£0.1 3.5+4.6 —-30.0+6.5 -15+1.1 —-339+53 -32+1.0%
Rheobase, pA 39.0+29.7 10.0+10.0 29.2+14.6 -4.1+£23 18.8+8.6 -5.6+34
AP amplitude, mV 42.3+16.0 -09+129 62.0+7.7 -5.0+3.8 59.9+13.5 -2.1+£39
AP half-width, ms 48+04 -0.5+0.5 4.1+0.9 -03+0.3 45+13 —-0.1+0.2
AHP amplitude, 30.2+0.3 -1.6+0.6 23.1+13.5 -32+1.7 23.2+10.0 -1.8+1.0
mV
AHP 1/2 decay, ms  333.7+15.2 —210.2+69.2 370.6+109.9 —61.8+26.5 339.5+125.4 —58.3+13.8%

*Significant difference with p <0.05
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Fig.6 Effects of NMDA on the 5-HT neurons. a Continuous record
displayed that 10 pM NMDA induced~10 mV depolarization of
the resting membrane potential. This change could be recovered
through washout (15-20 min). b Paired ¢ test statistic results showed
that 10-15 pM NMDA induced significant depolarization of rest-
ing membrane potential in tonic-firing neurons (n=12) (p <0.05).
¢ A typical example showed that NMDA induced hyperpolarization
of Vg, in a tonic-firing neuron. d The V;, of tonic-firing neurons was
significantly hyperpolarized by NMDA (p <0.05). e An example of
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tonic-firing neuron that NMDA shifted the F—I curve to the left and
reduced the slope. f The statistic results showed that NMDA signifi-
cantly reduced the intercept between the F—/ curve and the x axis (A,
n=8, p<0.05). g NMDA tended to reduce the slope of F-I curve
(n=8, p>0.05). h AHP half-decay in tonic-firing neurons signifi-
cantly decreased after application of NMDA (p <0.05). i The firing
pattern of one 5-HT neuron was changed from single-spike pattern to
phasic-firing pattern by NMDA. The effect of NMDA on firing pat-
tern of this neuron was washable after 15-min washout
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produce significant reduction of AHP half-decay in tonic-
firing neurons (p < 0.05, Fig. 6h). Except for Em, Vth and
AHP half-decay, NMDA did not produce any significant
change in other membrane properties of 5-HT neurons in
the MLR (Table 2). NMDA-induced alteration of firing
pattern was observed in our experiments. An example is
shown in Fig. 6i, where NMDA changed a single-spike
5-HT neuron to phasic-firing neuron accompanied by a
9 mV depolarization of E, . The effect of NMDA on firing
pattern in this neuron was washable after 15-min washout.

All these results demonstrated that NMDA increased
the neuronal excitability and enhanced the output of 5-HT
neurons via hyperpolarizing V,;, reducing AHP half-decay
and shifting F—I curve to the left. Furthermore, the excita-
tory effects of NMDA on 5-HT neurons were shown to
be dependent on the firing pattern of the neurons. In gen-
eral, tonic-firing neurons appeared to be more sensitive to
NMDA in terms of hyperpolarization of V,, and reduction
of AHP half-decay, suggesting that tonic-firing neurons
might play a key role in mediating modulation of NMDA
in the MLR.

Discussion

Since Shik and colleagues discovered that electrical stimu-
lation of the MLR could induce locomotion in decerebrate
cats in 1966 (Shik et al. 1966), the MLR has been considered
as a crucial region for initiation and control of locomotion
via descending pathways (Noga et al. 1995). These path-
ways start from the MLR, bilaterally descend to reticulo-
spinal neurons of the pons and medulla (Steeves and Jordan
1984; Ryczko et al. 2016; Takakusaki et al. 2016; Brown-
stone and Chopek 2018), and then go through the ventral
funiculus (Noga et al. 2003) to activate the CPGs for control
of locomotion. However, the cellular and molecular path-
ways remain unclear, and in particular, the distribution and
intrinsic membrane properties of 5-HT neurons in the MLR.
Using transgenic ePet-EYFP mice and immunofluorescence
we confirmed that 5-HT neurons sparsely distributed in the
MLR, and for the first time we investigated the electro-
physiological and NMDA-modulatory properties of these
5-HT neurons. Also, we made a comparison of membrane
properties between the 5-HT and non-5-HT neurons in the
MLR and found that the 5-HT and non-5-HT neurons were
significantly different in both passive and active membrane
properties. NMDA enhanced the excitability of 5-HT neu-
rons and this enhancement of excitability depended on the
firing patterns of the neurons. This study formed a basis for
further study of functional roles of the MLR in initiating and
controlling locomotion.

Existence of 5-HT neurons in the MLR

Serotonin (5-HT), a major neuromodulator in the nerve
system, is released from serotonergic neurons that largely
concentrate in midline of brainstem. The detailed distribu-
tion and connectivity of the 5-HT neurons have been well
studied via using histofluorescence technique (Dahlstroem
and Fuxe 1964), immunohistochemical method (Takeuchi
et al. 1982; VanderHorst and Ulfhake 2006), and rabies virus
tracing approaches (Ogawa Sachie et al. 2014). The majority
of serotonin neurons (75%) are located within raphe nucleus
(Wiklund et al. 1981), which can be divided into nine groups
(B1-B9) (Dahlstroem and Fuxe 1964). 5-HT neurons in the
dorsal raphe nucleus (B6, B7) and median raphe nucleus
(B8) have extensive afferent and efferent connections to
other regions of brain and contribute to generation of various
behaviors such as reward, sleep—wake cycle, major depres-
sion, and movement disorders (Kawashima 2018). 5-HT
neurons in raphe pallidus (B1), raphe obscurus (B2) and
raphe magnus (B3) are involved in motor control (Schmidt
and Jordan 2000; Jordan and Slawinska 2011). Previous
studies mainly focused on these 75% of 5-HT neurons which
distribute in raphe nucleus, and little is known about the
other 25% of the 5-HT neurons which are located outside of
the raphe nucleus in brainstem (Wiklund et al. 1981). Distri-
bution, morphology and function of these neurons are rarely
studied. Because these neurons are adjacent to the raphe
nucleus, they are thought to belong to the latter. But some
studies indicate that 5-HT neurons are heterogeneous in cen-
tral nervous system and that the physiologic and functional
properties of 5-HT neurons in raphe nucleus are different
(Abrams et al. 2004). The cuneiform nucleus (CnF) and the
pedunculopontine nucleus (PPN), adjacent to dorsal raphe
nucleus and median raphe nucleus, are two core components
of the MLR. It has been a controversial issue whether 5-HT
neurons exist in the MLR. Pose and coworkers reported that
cuneiform nucleus (CnF) did not contain serotonergic neu-
rons in cat (Pose et al. 2000). However, Beitz discovered
that 5-HT neurons existed in cuneiform nucleus (CnF) and
projected to nucleus raphe magnus in rat (Beitz 1982). In
this study, we hypothesized that 5-HT neurons exist in the
MLR in neonatal rodents. To address this issue, we used
ePet-EYFP mice in which the ePet-driven yellow fluorescent
protein was expressed specifically in 5-HT neurons (Scott
et al. 2005; Hawthorne et al. 2010) to visually analyze the
qualitative and quantitative distribution of 5-HT neurons in
the MLR. Our results showed that 5-HT neurons dispers-
edly distributed in the MLR, especially in caudal-ventral
PPN in transverse slices. Interestingly, 5-HT neurons were
differentially distributed across the rostro-caudal axis from
a sagittal perspective, and densely concentrated in caudal
PPN and extend dorsally into rostral cuneiform nucleus,
similar to the distribution of glutamatergic neuron in PPN
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(Mena-Segovia and Bolam 2017). Similar results were
obtained in Calizo and coworkers study, in which glutamate
neurons were intermixed and co-localized with 5-HT neu-
rons within raphe subfields (Calizo et al. 2011). In an earlier
study it was shown that cultured rat mesopontine serotoner-
gic neurons co-released serotonin and glutamate (Johnson
1994). These results demonstrated that 5-HT neurons exist
in the MLR, and there is a relationship between serotonergic
neurons and glutamatergic neurons. In order to confirm that
the EYFP positive neurons are serotonergic neurons, we did
extra experiments for staining of tryptophan hydroxylase 2
(TPH2), the main marker of 5-HT neurons, in EYFP positive
neurons. The immunofluorescence results confirmed that
EYFP positive neurons in PPN were THP2 positive neu-
rons and thus verified the reliability of ePet-EYFP transgenic
mice for study of 5-HT neurons in midbrain (Fig. 1d1-d4).
Furthermore, we defined the borders of the PPN by staining
for choline acetyltransferase (ChAT) and confirm the exist-
ence of 5-HT neurons in the PPN (Fig. le, f). In summary,
we confirmed the existence of 5-HT neurons in the MLR
in neonatal mice and solved this controversial issue which
might be related to the different methods, species or the age
of the animals.

Neuronal heterogeneity in the MLR

The mesencephalic locomotor region (MLR), a brainstem
structure capable of modulating locomotion, has been stud-
ied extensively over past decades. Results from numerous
studies show that MLR is mainly composed of the peduncu-
lopontine nucleus (PPN) and the cuneiform nucleus (CnF).
The MLR controls locomotor activity through descending
pathways from MLR to medullary reticular formation and
spinal cord. The MLR also receives a wide range of inner-
vations from cerebellum, motor cortex, basal ganglia and
hypothalamus, and adjusts motor commands to adapt to dif-
ferent behavioral circumstances such as exploratory, appe-
titive, and defensive behaviors (Jordan 1998; Jordan et al.
2008). In addition to motor control, MLR performs impor-
tant roles in many other functional behaviors such as sleep,
attention, and emotion (Ros et al. 2010). Multiple functions
predict the neuronal heterogeneity in the MLR. However, the
neuronal populations and circuit organizations that underlie
such complicated functions remain unclear. In this study,
we verified the existence of 5-HT neurons in MLR and for
the first time we investigated the electrophysiological and
morphological properties of these neurons and explored
difference in both passive and active membrane properties
between 5-HT and adjacent non-5-HT neurons in the MLR.
We further reported that 5-HT neurons in MLR could be
divided into three subtypes, similar to the results from recent
study of 5-HT neurons in brainstem (Dai et al. 2016).
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Differences in membrane properties between 5-HT and
non-5-HT neurons in the raphe nucleus, a nucleus adjacent
to the MLR, have been reported in previous studies (Calizo
et al. 2011). Our results were consistent with these stud-
ies and indicated that the excitability of 5-HT neurons was
lower than that of non-5-HT neurons in the MLR, suggest-
ing that 5-HT neurons would be less responsive to excita-
tory input than non-5-HT neurons. Immunohistochemical
data showed that these adjacent non 5-HT neurons in MLR
were potential candidate for glutamatergic and GABAergic
neurons (Calizo et al. 2011) and might be more excitable
than 5-HT neurons in the same region. In fact, moderate
release of 5-HT was sufficient to modulate locomotion and
enhance the excitability of motoneurons by activating 5-HT2
receptors, while stronger release inhibited locomotion and
motoneuron excitability due to activating extra synaptic
5-HT1A receptors, which secured rotation of motor units
(Cotel et al. 2013; Perrier and Cotel 2015). These results
provided evidence that serotonergic system could perform
broader dynamic function in modulating locomotion.

In addition to the three firing patterns, the Ih (shown as
depolarizing sag) and PIC were also observed in 5-HT neu-
rons. The PIC was shown as multiple patterns (sharp- and
slow-PIC) in 5-HT neurons in the MLR, similar to the report
in spinal interneurons (Dai and Jordan 2010a, 2011). The Th
and PIC are two ionic currents playing crucial, multifunc-
tional roles in generating locomotion (Kjaerulff and Kiehn
2001; Powers and Binder 2003; Robinson and Siegelbaum
2003; Heckman et al. 2008) and can be enhanced by 5-HT
(Dai and Jordan 2010b). The expression of Ih and PIC in
5-HT neurons in the MLR suggested that multiple channels
could contribute to regulation of excitability and output of
the 5-HT neurons. Our findings implicated that the MLR
was composed of heterogeneous neurons and that the diver-
sity in discharge patterns of 5-HT neurons could provide
nervous system with more dynamic properties for perform-
ing multi-functions in the MLR.

NMDA increased the excitability of the 5-HT
in the MLR

It was shown in early studies that NMDA alone could initiate
locomotion in vitro (Kudo and Yamada 1987) and in vivo
preparations (Takakusaki et al. 2003). With advances in
mouse genetics, optogenetics and viral tools it becomes
easier for us to manipulate discrete groups of neurons in
mice and investigate their functions in motor control. Results
from a series of studies indicated that glutamatergic neurons
in MLR (Roseberry et al. 2016; Caggiano et al. 2018; Jos-
set et al. 2018b) and the lateral paragigantocellular nucleus
(LPGi) (Capelli et al. 2017) were essential to speed and gait
selection. However, combination of NMDA and 5-HT could
induce more robust fictive locomotion than NMDA alone
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(Whelan et al. 2000). NMDA-induced locomotion could be
blocked by serotonin receptor antagonist (MacLean et al.
1998) and the voltage-sensitivity of NMDA receptor on
motoneurons could be modulated by 5-HT (MacLean and
Schmidt 2001). These results indicated interaction between
glutamatergic and serotonergic modulations in motor
system. However, the cellular basis for this interaction is
unclear. In this study, we investigated NMDA modulation
of 5-HT neurons in the MLR. Glutamate receptors (NMDA,
AMPA, and kainite receptors) were important for rhythmic
generation in mammalian spinal motor system (Kiehn et al.
2008), while 5-HT also play an essential role in controlling
rhythmicity (Dai and Jordan 2010b), oscillatory behavior
(Carlin et al. 2006), and coordination of locomotion (Noga
et al. 2009). Our results showed that NMDA increased the
excitability of 5-HT neurons. This interaction between 5-HT
neurons and NMDA modulation included membrane oscil-
lation, Vth hyperpolarization, lowering of rheobase, reduc-
tion of AHP half-decay and left-shift of F-I relation. Simi-
lar changes in membrane properties had been reported in
spinal neurons during fictive locomotion (Brownstone et al.
1992; Dai et al. 2002, 2018) or in neuromodulations (Fed-
irchuk and Dai 2004, Dai et al. 2009b). The current studies
mainly focus on the role of co-application of NMDA and
5-HT in the producing locomotor-like activity in the spinal
cord. However, recent evidence shows that the 5-HT neu-
rons of nucleus raphe magnus (RMg) and the parapyramidal
region (PPR) of the medulla are activated when locomotion
is initiated by MLR stimulation (Noga et al. 2017b). Recent
studies have identified glutamatergic neurons in the mes-
encephalic locomotor region—medulla pathway that initiate
and accelerate locomotion (Yoo et al. 2017; Caggiano et al.
2018; Josset et al. 2018a). These results suggested that glu-
tamatergic neurons may play a role in release of 5-HT in the
spinal cord during locomotion. In addition, by perfusion of
calcium-free aCSF, we confirmed that NMDA acted directly
on the NMDA receptor on 5-HT neurons (data not shown).
Serotonergic neurons in the dorsal raphe nucleus (DRN) of
mice received monosynaptic functional glutamatergic input
(Zhou et al. 2017). Optogenetic activation of DRN 5-HT
neurons rapidly suppressed locomotion speed (Correia et al.
2017). These results showed that there was an interaction
between serotonin neurons and glutamate neurons in brain-
stem. Therefore, our results suggested that NMDA might
indirectly regulate rhythmic behavior via activation of 5-HT
neurons in the MLR.

In this study we did not examine the mechanisms respon-
sible for the increase in excitability after adding NMDA.
However, our previous modeling study demonstrated that
modulation of transient sodium current and/or delayed-recti-
fier potassium current could hyperpolarize the V,;, (Dai et al.
2002) and that reduction of AHP current could induce the
reduction of AHP half-decay (Dai et al. 2018). Therefore,

modulation of transient sodium current, delayed-rectifier
potassium current or calcium-dependent potassium SK cur-
rent could be the potential cellular mechanisms underlying
the increase in excitability seen on adding NMDA. A further
study is required to address these issues.

Conclusions

Using ePet-EYFP transgenic mice and immunofluorescence
technique, we demonstrated that 5-HT neurons sparsely
distributed in the MLR, the pedunculopontine nucleus in
particular. Furthermore, we revealed the unique membrane
properties of 5-HT neurons in the MLR, which were dif-
ferent from those of non-5-HT neurons in the same region.
Characterization of 5-HT and non-5-HT neurons in the MLR
provided insights into the cellular basis for multifunctional
roles of the MLR in initiating locomotion. NMDA increased
excitability of the 5-HT neurons especially tonic-firing 5-HT
neurons in the MLR, suggesting that the serotoninergic and
glutamatergic systems could interact with each other in the
MLR for generation and control of locomotion.
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