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Abstract

injecting the anterograde tracer BDA into them.

Anterograde tracing

Background: Serotonergic raphespinal neurons and their fibers have been mapped in large mammals, but the non-
serotonergic ones have not been studied, especially in the mouse. The present study aimed to investigate the termi-
nation pattern of fibers arising from the hindbrain raphe and reticular nuclei which also have serotonergic neurons by

Results: We found that raphespinal fibers terminate in both the dorsal and ventral horns in addition to lamina 10.
There is a shift of the fibers in the ventral horn towards the dorsal and lateral part of the gray matter. Considerable
variation in the termination pattern also exists between raphe nuclei with raphe magnus having more fibers terminat-
ing in the dorsal horn. Fibers from the adjacent gigantocellular reticular nucleus show similar termination pattern as
those from the raphe nuclei with slight difference. Immunofluorescence staining showed that raphespinal fibers were
heterogeneous and serotoninergic fibers were present in all laminae but mainly in laminae 1, 2, medial lamina 8, lami-
nae 9 and 10. Surprisingly, immunofluorescence staining on clarified spinal cord tissue revealed that serotoninergic
fibers formed bundles regularly in a short distance along the rostrocaudal axis in the medial part of the ventral horn
and they extended towards the lateral motor neuron column area.

Conclusion: Serotonergic and non-serotonergic fibers arising from the hindbrain raphe and reticular nuclei had
similar termination pattern in the mouse spinal cord with subtle difference. The present study provides anatomical
foundation for the multiple roles raphe and adjacent reticular nuclei play.

Keywords: Hindbrain, Raphe nuclei, Reticular nuclei, Serotonin, Spinal cord, Raphespinal tract, CLARITY,

Background

Raphespinal neurons in the hindbrain are the major
source of serotoninergic fibers to the spinal cord and they
have been well known for the involvement of biphasic
pain modulation [1-5]. Physiological and pharmacologi-
cal studies have demonstrated the increased release of
serotonin in the dorsal horn of the spinal cord after elec-
trical stimulation of the raphe nuclei in the hindbrain [3,
6, 7]. Retrograde tracing studies also have shown that
raphe nuclei in the hindbrain project to the entire spinal
cord [8—12]. During the development, the raphe nuclei
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are among the early groups of neurons projecting to
the spinal cord, which suggests their involvement in the
development of locomotion at the early stage of life [13].

It has been reported that in the rat and opossum sero-
tonergic raphespinal fibers terminate heavily not only in
the dorsal horn [14—16] but also in the intermediate zone
[15, 17, 18] and the ventral horn [15, 19], even lamina 10
[14, 15].

Apart from serotoninergic neurons, raphe nuclei also
contain other phenotypes of neurons [20-22], such as
GABAergic [23, 24] and peptidergic neurons [21]. These
non-serotoninergic neurons are about 1/3 of the raphe
magnus (RMg) neurons which project to the spinal cord
[20]. Their fibers are present in all laminae of the rat spi-
nal cord [15]. However, the distribution of fibers aris-
ing from these non-serotonergic neurons has not been
studied in the mouse. In the retrograde study on the
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mouse, it has been shown that the alpha/ventral part
of the gigantocellular reticular nucleus (GiA/V) and
the lateral paragigantocellular reticular nucleus (LPGi)
(these neurons are more likely to be in the lateral part
of GiA/V) also contain serotonergic spinal cord project-
ing neurons [22]. We aimed to map the termination pat-
tern of the non-serotonergic fibers arising from these
raphe nuclei as well as those from the adjacent reticular
nuclei in the mouse spinal cord by injecting biotinylated
dextran amine (BDA) and double labelling these BDA
labelled fibers with serotonin antibody. In comparison,
the serotonergic fibers were demonstrated with immu-
nofluorescence and CLARITY on the mouse spinal cord
segments.

Results

BDA labeled fibers in the spinal cord

After injecting BDA to the raphe pallidus nucleus (RPa)
and raphe obscurus nucleus (Rob) nuclei at the level of the
rostral vagus nerve nucleus (10N) (Figure la—c), labeled
fibers were found in the ventral portion of the ventral
funiculus, and to a lesser extent, in the lateral funiculus
bilaterally in the cervical segments (Figure 1d—f). In the
thoracic and lower segments, the density of labeled fib-
ers in the ventral funiculus decreased (82 + 9 in cervi-
cal, 43 £ 7 in thoracic, 40 £ 6 in lumbar, 15 £ 3 in sacral
cord), whereas the density of labeled fibers in the dorso-
lateral funiculus increased (19 =+ 4 in cervical, 33 & 6 in
thoracic, 35 & 5 in lumbar, 41 £ 5 in sacral) (Figure 1g-1).

In the gray matter, labeled fibers and boutons were
constantly found in the medial part of laminae 7-10 (Fig-
ure 1d-1). These fibers and boutons were more laterally
distributed in more caudal segments and density of them
tapered caudally. In the ventral and lateral motor col-
umns, boutons were also constantly observed though the
density of labeled fibers was low. In the cervical cord, a
small number of fibers extended from the medial lamina
7 to the lateral part of lamina 6, and even laminae 4 and
5 (Figure 1f). In the thoracic and lower segments, there
were more fibers and boutons in these regions and they
were continuous with those densely labeled fibers and
boutons surrounding the central canal (Figure 1g—k). In
the thoracic cord, some terminals were also observed in
the intermediolateral column though the density of the
labeled fibers and boutons was low (Figure 11).

BDA injections into the rostral raphe nucleus- RMg
(Figure 2a—c) led to similar results as those from RPa
and ROD injections. However, there were much more
fibers and boutons in laminae 1-5 in the lumbar and
sacral segments though there were few fibers and bou-
tons in lamina 3 (Figure 2g-1). In the lumbar and sacral
segments, there were also more fibers and boutons in the
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medial part of laminae 7-10 (7 & 2 in cervical, 9 + 2 in
thoracic, 13 & 2 in lumbar, and 14 £ 3 in sacral cord in a
100 pm x 100 pm area) (Figure 2g-1).

In contrast to raphe nuclei injections, BDA injections
to the adjacent GiV led to more labeled fibers on the ipsi-
lateral side (Figure 3a—c). In the white matter of the cer-
vical cord, there were more fibers in the ventral funiculus
than in the lateral funiculus (Figure 3d). The density of
labeled fibers dropped in lower segments and there were
more of them in the dorsolateral funiculus than in the
ventral funiculus in the lumbar and sacral cord (Figure 3j,
0). In the gray matter, BDA labeled fibers and boutons
were similar to those arising from RPa and Rob. How-
ever, there were more fibers and boutons extending from
the medial laminae 7 and 8 towards the lateral laminae 6
and 7 (Figure 3d—o). In addition, there was a larger num-
ber of fibers and boutons in the medial laminae 7-10
compared to that of fibers and boutons arising from RPa
and Rob (Figure 3d-g, j—-m, o). Furthermore, there was
a small band of fibers extending from the lateral lamina
6 towards the medial part of laminae 4 though the den-
sity of their boutons was low (Figure 3j, k, 0). In laminae
1-3, labeled fibers were hardly found. Double labeling
with serotonin antibody showed that there was no over-
lap between Alexa fluor 488 labeled serotonin fibers
and Alexa fluor 594 labeled raphespinal fibers (data not
shown).

BDA injections to the rostral portion of the GiA
resulted in similar fiber distribution in the spinal cord
except that there were more BDA labeled fibers in the
entire dorsal horn (Figure 4a-1).

Double labeling with serotonin antibody on BDA
labeled fibers did not show any overlap (Figure 5a—c).
This will be discussed later in the “Discussion”.

Control injections into the cerebellum labeled few fib-
ers in the contralateral spinal cord. BDA injections into
the cisterna magna did not reveal label fibers in the spinal
cord (data not shown).

Serotonergic fibers in the spinal cord
Immunofluorescence staining showed that serotonin-
ergic fibers and boutons were mainly present in lami-
nae 1, 2, 10, and the area surrounding the motor neuron
columns. In other laminae of the spinal cord, labeled
fibers and boutons were widely spread and the den-
sity of them was low (ranging from 35 + 6 to 74 + 9
axons/200 pm x 200 pm area) (Figure 6).

In the CLARITY (Clear, Lipid-exchanged, Acrylamide-
hybridized Rigid, Imaging/immunostaining compatible,
Tissue hYdrogel) spinal cord, serotonergic fibers entered
the gray matter from both the lateral and ventral funiculi.
Densely labeled fibers were also found in laminae 1, 2,
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Figure 1 Termination pattern of BDA labeled fibers arising from RPa and ROb. a-c An injection site in RPa and ROb, which involved the dorsal para-
gigantocellular reticular nucleus (red dashed circle). d A C8 section showing the labelled fibers in both the ventral and lateral funiculi (red arrows).

e A (8 section showing labeled fibers in both the ventral and lateral funiculi (red arrows) and the medial lamina 7, and 8, and lamina 10. f A higher
magnification of the rectangular area in e. Note labeled fibers in medial laminae 7, 8, and 9, and 10. g An L4 section showing labeled fibers in both
the ventral and lateral funiculi (red arrows). Note there are more fibers in the lateral funiculus than in the ventral funiculus. h An L4 section showing
labeled fibers in the lateral funiculus and in laminae 6-10. i A higher magnification of the rectangular area in h. j An S1 section showing labeled fib-
ers in the lateral and ventral funiculi and in laminae 6-10. Note there are more fibers in the lateral funiculus than in the ventral funiculus. k A higher
magnification of the rectangular area in j. 1 AT4 section showing labeled fibers in laminae 7-10 (red arrows). The scale bar 500 p.m in a—¢, 400 wm in
dand g, 200 umin e, h,and j, 100 umin f, i, k, I and the microphotograph in c.

10, and in areas surrounding the motor neuron columns.
Those fibers in the gray matter travelled along the rostro-
caudal axis and terminated along their path (Additional
file 1: Video S1). In the dorsal horn, the majority of the fib-
ers were thin and only a small number of thick fibers were
observed, especially in lamina 4 (Additional file 2: Video
S2). In laminae 5-8, a small number of thick fibers were

also found and they were mainly found in the lateral half
of the gray matter. In lamina 9, densely packed fibers were
found in the medial part of it. These fibers formed a bun-
dle along the rostrocaudal axis of the spinal cord and issued
the first branch at a regular distance, which gave off smaller
branches and formed an axonal tree with its terminals in
the motor neuron columns (Additional file 3: Video S3).
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Figure 2 Termination pattern of BDA labeled fibers arising from RMg. a—c an injection site in RMg (red dashed circle). d A C6 section showing the
labeled fibers in both the ventral and lateral funiculi (red arrows). @ A C6é section showing labeled fibers in the lateral funiculi (red arrows) and lamina
7,8,9,and 10. f A higher magnification of the rectangular area in e. Note labeled fibers in laminae 7-10. g An L4 section showing labeled fibers in
both the ventral and lateral funiculi (red arrows). h An L4 section showing labeled fibers in bilateral dorsal horn and the dorsal part of the ventral
horn. i A higher magnification of the right rectangular area in h. Note labeled fibers in laminae 1, 2,4, and 5. j A higher magnification of the left
rectangular area in h. Note few labeled fibers in lamina 3. k An S1 section showing labeled fibers in the lateral and ventral funiculi and in all laminae.
Note there are more fibers in the lateral funiculus than in the ventral funiculus. I A higher magnification of the rectangular area in k. The scale bar
500 pwm in a-¢, 400 pm ind, 300 wm in g and k, 200 wm in e, and h, 100 um in f, i, j, I, and the microphotograph in b.

e ® e

Discussion

The present study showed that raphespinal fibers were
widely distributed in the gray matter of the entire spinal
cord. There was some variation between the fiber termi-
nals arising from different parts of the raphe nuclei, but
those in the medial laminae 7—10 were constantly present

in all segments. Adjacent reticular nuclei had similar fiber
distribution in the spinal cord with an ipsilateral predomi-
nance. Fiber terminals in medial laminae 7-10 and the
fiber stripe in the lateral laminae 4—7 were always present
in all segments. Serotonergic fibers were slightly different
from these fibers revealed by BDA injections. They were
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(See figure on next page.)

Figure 3 Termination pattern of BDA labeled fibers arising from GiV. a-c An injection site in GiV (red dashed circle) which involved the ventral part
of the Gi. d A C6 section showing the labeled fibers in both the ventral and lateral funiculi (red arrows). Note the ipsilateral predominance, especially
in the ventral funiculus (the right is the ipsilateral side and the left is the contralateral side). @ A C6 section showing labeled fibers in both the ventral
and lateral funiculi (red arrows) and in lamina 6-10 on the ipsilateral side. f A higher magnification of the rectangular area in e. Note densely labeled
fibers in medial laminae 7 and 8, and 9, and 10. g A C6 section showing labeled fibers in both the ventral and lateral funiculi (red arrows) and lamina
6-10 on the contralateral side. h A higher magnification of the rectangular area in g. Note labeled fibers in medial laminae 5-7 and 10. i A T9 section
showing labeled fibers in both the lateral and ventral funiculi and in laminae 5, 7-10 (red arrows). Note the density of labeled fibers in the ventral
funiculus is higher than that of the lateral funiculus. j An L5 section showing labeled fibers in both the ventral and lateral funiculi (red arrows). Note
the similar density of labeled fibers in the ventral and lateral funiculi. k An L5 section showing labeled fibers in the ipsilateral dorsal horn (the top
right rectangular area in j). Note labeled fibers in laminae 3-6, and to a lesser extent in laminae 1-3.1 An L5 section showing labeled fibers in the
ipsilateral ventral horn (the lower right rectangular area in j). Note more labeled fibers in laminae 8 and 9 than those from raphe nuclei. m An L5
section showing labeled fibers in the contralateral dorsal horn (the top left rectangular area in j). Note labeled fibers in laminae 4-6, and to a lesser
extent in lamina 3. n An L5 section showing labeled fibers in the contralateral ventral horn (the lower left rectangular area in j). Note labeled fibers in
laminae 7-9. 0 An 52 section showing labeled fibers in the lateral and ventral funiculi and in all laminae except in the ipsilateral laminae 1-3. Note
the density of labeled fibers in the lateral funiculus is higher than that in the ventral funiculus. The scale bar 500 wm in a-c, 400 umin d, 300 pwm in

i,j,and 0,200 umin e, g, k,and m, 100 wm in f, h, I, n, and the microphotograph in b.

mainly present in the superficial layers of the dorsal horn,
the area surrounding the central canal and the motor neu-
ron columns. In the ventral part of the spinal cord, the sero-
tonergic fibers were forming big bundles regularly. They
extended from the medial part of the lamina 9 towards the
lateral motor neuron column and gave collaterals along the
path.

Fiber terminals arising from the raphe nuclei

The present study showed that raphespinal fibers origi-
nating from different raphe nuclei varied slightly in their
distribution in the spinal cord. While RPa and ROb in the
caudal hindbrain terminated heavily in the medial part of
laminae 7-10, RMg in the rostral hindbrain gave rise to
fiber terminals in laminae 1-4 in addition to the ample
terminals in the medial laminae 7-10. This is very similar
to the findings in the rat [15]. The distribution of fibers
arising from these nuclei are summarized in (Table 1).

In the rat, raphespinal fibers and boutons are present
in all laminae of the lumbar cord with a predominance
in laminae 5-10. However, immunohistochemical stain-
ing with serotonin antibody revealed that only a small
proportion of raphespinal fibers was serotonergic. This
indicates that raphe nuclei are composed of heterogene-
ous neurons [14, 15]. Our immunofluorescence staining
with serotonin antibody also showed few overlap of BDA
labeled fibers and serotonergic ones. A retrograde study
on the opossum showed that after injecting HRP into
the lumbar cord with the lateral funiculus of the thoracic
cord transected, the majority of labeled neurons were
in ROb and adjacent reticular formation, whereas injec-
tions of HRP into the dorsolateral funiculus of the cer-
vical cord resulted in more labeled neurons in RMg and
the ventral part of the gigantocellular reticular nucleus.
Anterograde tracer injections into different parts of the
raphe nuclei confirmed that raphespinal fibers mainly
travel in the lateral funiculus [19], which is similar to the

serotonergic fibers in the Xenopus laevis [13]. Their fib-
ers terminate in all laminae except those from RPa and
RODb, which do not terminate in laminae 1-3. In addition,
some fibers terminate in the parasympathetic nucleus of
the sacral cord [19]. This is similar to our results in the
mouse except that raphespinal fibers mainly travel in the
ventral funiculus in the upper segments of the spinal cord
and there is shift of these fibers to the lateral funiculus
in the lower segments. In the CLARITY preparation, the
densely packed fiber bundle was observed in the ven-
tromedial part of the gray matter and it issued branches
along the rostrocaudal axis. These branches further gave
collaterals along their paths towards the lateral motor
neuron column. This has never been shown in previous
studies. The serotonergic fibers were similarly distributed
as those labeled by BDA but none of them were labeled
by serotonin antibody. This indicates that serotonergic
and non-serotonergic fibers share similar characters in
their termination pattern.

In a study in the cat, it is shown that the bistability
of a-motor neurons in the acute spinal transected cat
restored after intravenous 5-hydroxytryptophan injec-
tions. This indicates the termination of serotonergic fibers
on motor neurons [25]. The present immunofluorescence
staining and CLARITY also showed the proximity of sero-
toninergic fiber terminals to motor neurons. In another
study in the cat, muscle injections with wheat germ agglu-
tinin conjugated HRP (WGA-HRP) revealed that neurons
projecting to the motor neurons of the spinal cord in the
raphe nuclei are non-monoaminergic [26]. This confirms
that raphespinal neurons are heterogeneous in its compo-
sition as demonstrated by other studies [15, 22].

Fiber terminals arising from the reticular formation
adjacent to raphe nuclei

The present study showed that reticulospinal fibers aris-
ing from the alpha or ventral part of the gigantocellular
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reticular nucleus travel in both the ventral and lateral  spinal cord, which is similar to those fibers arising from
funiculi with a shift of predominance from the ventral the raphe nuclei. However, the increased number of fib-
funiculus to the lateral funiculus along the axis of the ers and their terminals in the medial ventral horn and
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P ity

Figure 4 Termination pattern of BDA labeled fibers arising from the rostral part of GiA. a-¢ An injection site in GiA, which involved the medial por-
tion of the caudal part of the pontine reticular nucleus (red dashed circle). d A C5 section showing the labelled fibers in both the ventral and lateral
funiculi (red arrows) on both sides with an ipsilateral predominance (the right is the ipsilateral side and the left is the contralateral side). e A higher
magnification of the dorsal rectangular area in d showing labeled fibers in laminae 1-6 with a low density of fibers in lamina 3 on the ipsilateral
side (red arrows). f A higher magnification of the ventral rectangular area in d showing densely labeled fibers in laminae 8, 10, and the medial part
of laminae 7, 9 on the ipsilateral side (red arrows). g AT5 section showing labeled fibers in both the ventral and lateral funiculi (red arrows). Note
the density of labeled fibers in the dorsolateral funiculus is higher than that in the cervical cord. h A higher magnification of the dorsal rectangular
area in g showing labeled fibers in laminae 1-7, and 10 with a low density of fibers in lamina 3 on the contralateral side (red arrows). i A higher
magnification of the ventral rectangular area in g showing densely labeled fibers in laminae 7-10 with an ipsilateral predominance (red arrows). j
An L5 section showing labeled fibers in the lateral and ventral funiculi and in all laminae of the gray matter. Note there are more fibers in the lateral
funiculus than in the ventral funiculus. k A higher magnification of the left rectangular area in j showing labeled fibers in laminae 7-10 with more
fibers in the lateral lamina 9 (red arrows). I A higher magnification of the right rectangular area in j showing densely labeled fibers in laminae 7, 8, 10,
and the medial lamina 9 with few fibers in the lateral lamina 9 (red arrows). The scale bar 500 wm in a-¢, 400 wm in d and j, 300 wmin g, 100 wm in
e, f h,i k|, and the microphotograph in c.

the ipsilateral predominance distinct them from those
arising from the raphe nuclei. This is similar to previous
studies [11, 27-30]. However, the opossum has a slightly
different termination pattern of the reticulospinal fibers,
which are more laterally distributed in the gray matter

[19]. In the rat, these reticulospinal fibers mainly travel
in the lateral funiculus but they terminate similarly as
those fibers in the mouse [31]. The alpha and the ven-
tral parts of the gigantocellular reticular nucleus showed
great similarity in their fiber termination. However, an
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Figure 5 Double labeling of BDA labeled fibers with serotonin antibody. a A section showing serotoninergic fibers in the medial ventral horn of C5.
b The same section in a showing BDA labeled fibers. ¢ Overlap of a and b. The scale bar 200 pm.

Figure 6 Immunofluorescence staining with serotonin antibody in
a C5 section (a photomerged section under 10 times magnification).
Note densely labeled fibers in laminae 1, 2, the medial lamina 8, and
9 (motor neuron column area), and 10 (the central canal area). All the
other laminae also have sparsely labeled fibers. The scale bar 500 pm.

apparent difference also existed, which is shown by the
presence of BDA labeled fibers in the superficial layers
of the dorsal horn after BDA injections into the former
nucleus.

Immunohistochemical and immunofluorescence stud-
ies have shown that the reticular formation adjacent to
the raphe nuclei also contain serotonergic neurons and
some of them project to the spinal cord [19, 22]. Based
on the chemical staining of the raphe nuclei and the
reticular formation, and the fiber distribution pattern in
the spinal cord, it might be possible that these nuclei are
functioning as an entity, responsible for pain perception,
locomotion, and modulation of the sympathetic and par-
asympathetic activities.

Technical consideration

The present study did not find any overlap between
Alexa fluor 488 labelled serotonergic fibers and Alexa
fluor 594-BDA labeled fibers, this might be due to the
following reasons. Firstly, the number of fibers labeled
by BDA-avidin-HRP complex is much bigger than that
of BDA-avidin-Alexa fluor 594 complex. This suggests
that the efficiency of Alexa fluor 594 conjugated avidin
is much lower than HRP conjugated avidin. Secondly,
only about half of the serotonergic neurons in the raphe
nuclei project to the spinal cord [11]. In the immuno-
fluorescence preparation, only a small number of neu-
rons are positive for serotonin in a single section [22].

Table 1 Distribution of fibers arising from raphe nuclei and adjacent reticular formation in the mouse spinal cord

Segment\nucleus RMg RPa/ROb GiV GiA
Cervical 7-10>5,6 7-10>4-6 6-10>4,5 1,2,4-10>3
Thoracic 7-10, IMM, ICI > 4, 5 7-10, IML, ICI, IMM > 5 6-10, IMM, IML, ICI > 3-5 1,2,4-10, IMM, IML, ICI > 3
Lumbar 1-2,4-10>3 7-10>4-6 4-10>1-3 1-10
1

Sacral 1-2,4-10,SDCom, SPSy, ICl, > 3

7-10, SPSy, ICl, SDCom > 4-6

4-10,1Cl, SDCom, SPSy > 1-3 -10, ICI, SDCom, SPSy
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Therefore, the number of serotonergic neurons which
project to the spinal cord might be small and the major-
ity of these neurons are in a ventral portion of the raphe
nuclei. It is likely that the anterograde tracer BDA was
only uptaken by non-serotonergic neurons when the
injection site did not involve the ventral part of the
raphe nuclei. However, the CLARITY and immuno-
fluorescence data provide complementary information
about the serotonergic fibers in the spinal cord based
on the fact that all these fibers are from hindbrain raphe
nuclei.

Functional significance

Raphe nuclei have been well known for their involvement
in pain perception and modulation [1, 3-5, 32]. Other
studies have shown that they are involved in other physi-
ological activities.

Hentall et al. [7] pointed out that stimulating the area
0.5 mm lateral to the midline does not change the effec-
tiveness of 5-HT release in the dorsal horn. It is also
reported that RPa and its surrounding magno and gigan-
tocellular reticular nuclei project to the motor neurons
of the deltoid muscle [26]. Some raphespinal fibers arise
from large neurons, which suggests that raphespinal
might be part of the reticulospinal system involved in the
locomotion control. In the frog, a pharmacological study
showed that the serotonergic fibers are involved in the
development of locomotor circuit [33].

It is reported that stimulating RMg results in increased
release of excitatory amino acids, glycine and seroto-
nin [3]. Others reported that the serotonergic system
controls the terminal excitability of a variety of affer-
ent groups [34—36]. In combination with the raphespi-
nal sympatho-inhibitory fiber terminals in the cervical
cord [18], it is suggested that raphe nuclei are involved
in diverse physiological activities not only through their
direct connections with the spinal cord, but also through
connections with other brain regions.

The reticulospinal neurons of the gigantocellular retic-
ular nucleus (including GiA and GiV) play an important
role in sleep wake cycle, especially in rapid eye move-
ment (REM) phase [37]. These neurons are active dur-
ing this REM phase, and their activity increased in awake
animals as their motor activity increases [38—40]. This
might be explained by their the axonal terminals in the
motor neuron columns. Due to their termination in the
medial motor neuron column, they might be important
for axial motor activity control and orientation response
as observed by [38—40].

Conclusion
Serotonergic and non-serotonergic fibers arising from
the hindbrain raphe and reticular nuclei had similar
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termination pattern in the mouse spinal cord with subtle
difference.

Methods

Animals

All animal procedures were reviewed and approved by
the Animal Care and Ethics Committee of The University
of New South Wales (14/94A-Mammalian Brain Struc-
ture in Health and Disease) in accordance with the Coun-
cil Directive 2010/63EU of the European Parliament and
the Council of 22 September 2010 on the protection
of animals used for scientific purposes. Twenty-eight
C57BL/6 mice of 12—-14 weeks of age, weighing 25-30 g
were used. The mice were obtained from the Animal
Resource Center in Western Australia.

Anterograde tracing

Mice were anaesthetised with an intraperitoneal injec-
tion of ketamine (80 mg/kg) and xylazine (5 mg/kg) before
being positioned into a mouse stereotaxic head holder
(Kopf Instruments, Tujunga, CA, USA). After drilling
the skull above RMg, raphe pallidus nucleus (RPa), and
raphe obscurus nucleus (ROb), 20-40 nl of BDA solution
(10,000 MW, Invitrogen) was injected into them with a 5 .l
Hamilton syringe (15 mice). Control animals received the
same tracer BDA injections either into the cisterna magna
(2 mice), the adjacent medial part of the gigantocellular
reticular nucleus (Gi) and the GiA/GiV (6 mice), and the
cerebellum (2 mice). In each case, the syringe was left in
place for 15 min after the injection. At the end of the pro-
cedure, the skin was sutured, buprenorphine was injected
subcutaneously, and topical tetracycline was sprayed over
the incision. Another 3 mice were used for CLARITY.

Tissue preparation

After a survival time of 3 weeks, mice were anesthe-
tised with a lethal dose of pentobarbital solution (0.1 ml,
200 mg/ml) and perfused through the left ventricle with
4% paraformaldehyde in 0.1 M phosphate buffer (PB).
Brains and spinal cords were removed and put into 30%
sucrose for 2 days before being sectioned at 40 pm using
a Leica CM 1950 cryostat.

For CLARITY, mice were anaesthetised as above and
perfused with the ice cold hydrogel solution by following
the protocol of Chung et al. [41] (4% acrylamide, 0.05%
Bis, 0.025% VA-044 initiator, 4% PFA in 1x PBS). After
removing the mouse brain and spinal cord, the spinal
cord was cut into 2-5 mm segments and kept in 5 ml
plastic tubes at 4°C for overnight on a rotator. Subse-
quently, the tissue was degassed by replacing the air with
nitrogen in a fume hood for 10-15 min. The tissue was
then transferred to a 37°C oven for incubation on a rota-
tor. The tissue was then removed from the gel the next
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day and washed with the clearing solution (0.2 M boric
acid, 4% sodium dodecyl sulfate, and PH was adjusted to
8.5) until the tissue was transparent. The following pro-
tocol was based on the published one by Tomer et al.
[42] and modified. After washing the lumbar cord tissue
with PBST (0.1% Triton X-100) for 24 h, the tissue was
incubated in the serotonin antibody solution (1:100) for
3 days on a rotator at 37°C. The tissue was subsequently
washed with PBST and incubated in the Alexa fluor 594
conjugated goat anti rabbit IgG solution for 3 days before
it was washed again with PBST. After 24 h, the tissue
was put into 80% glycerol for homogenizing the refrac-
tive index before it was imaged with a Leica TCS SP5
multiphoton microscope using a 20x objective with NA
0.7 and a 63x objective with NA1.4 oil. Helium neon
laser was used detecting the secondary labelling system.
The image was scanned at 400 Hz speed at zoom 1 and
dimensions of 1,024 x 1,024 (760 nm x 760 nm) with
step size of 3 um for 20x and 1 pm for 63x objective.
Emitted signal was collected into HyD detectors with line
accumulation of 4-8x. 3D reconstructions were pro-
cessed in OsiriX software [43].

Immunohistochemistry/immunofluorescence staining

Sections were washed in 0.1 M PB and treated with 1%
H,0O, in 50% ethanol for 30 min, then they were incu-
bated in extravidin peroxidase solution (Sigma, 1:1000)
for 2 h. Sections were then visualized with 3,3/-diamin-
obenzidine (DAB) reaction complex (Vector lab, Burl-
ingame, CA, USA). For immunofluorescence staining,
sections were incubated in serotonin antibody (Merck
Millipore, produced in rabbit, AB938, 1:2000) and sub-
sequently in Alexa fluor 488 conjugated anti-rabbit IgG
and Alexa fluor 594 conjugated extravidin (Sigma, 1:500)
for 3 h. At the end of the procedure, the DAB stained
sections were rinsed, mounted onto gelatinized slides,
dehydrated in gradient ethanol, cleared in xylene, and
coverslipped. Fluorophore labeled sections were cover-
slipped with a DAKO fluorescent mounting medium.

Data analysis

DAB labeled sections were scanned with an Aperio
scanner (ScanScope XT) under 20x magnification
(NA = 0.75). Scanned images were opened with Imag-
escope software and images of different magnifications
were extracted and opened with Adobe Illustrator CS6.
Brain and spinal cord sections were then compared with
the diagrams of the mouse brain [44] and spinal cord [45]
atlases, respectively. For fluorophore labeled sections,
they were imaged with a Zeiss fluorescent microscope.
Two images with green and red labels of the same field
were merged with Adobe Photoshop CS6.
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Additional files

Additional file 1: Video S1. A general view of a lumbar segment in
CLARITY. Note serotonergic fibers are found in all laminae of the gray mat-
ter but mainly in laminae 1, 2,9, and 10.

Additional file 2: Video S2. A higher magnification of the dorsal horn.
Note serotonergic fibers travelled along the rostrocaudal axis and termi-
nated along their path.

Additional file 3: Video S3. A higher magnification of the ventral horn.
Note the fiber bundle is formed in the ventromedial part of the gray
matter and it gives off the first branch which extends laterally towards the
lateral motor neuron column. This branch then issues smaller branches
and they form an axonal tree. Up is the rostral end and right is the lateral
motor neuron column.
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10N: vagus nerve nucleus; BDA: biotinylated dextran amine; CLARITY: Clear,
Lipid-exchanged, Acrylamide-hybridized Rigid, Imaging/immunostaining
compatible, Tissue hdrogel; DAB: diaminobenzidine; Gi: gigantocellular
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