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ABSTRACT

The geometry of the glutamatergic mossy-parallel fibre and climbing fibre inputs to cerebellar cortical Purkinje
cells has powerfully influenced thinking about cerebellar functions. The compartmentation of the cerebellum
into parasagittal zones, identifiable in olivo-cortico-nuclear projections, and the trajectories of the parallel
fibres, transverse to these zones and following the long axes of the cortical folia, are particularly important.
Two monoaminergic afferent systems, the serotonergic and noradrenergic, are major inputs to the cerebellar
cortex but their architecture and relationship with the cortical geometry are poorly understood.
Immunohistochemistry for the serotonin transporter (SERT) and for the noradrenaline transporter (NET)
revealed strong anisotropy of these afferent fibres in the molecular layer of rat cerebellar cortex. Individual
serotonergic fibres travel predominantly medial-lateral, along the long axes of the cortical folia, similar to
parallel fibres and Zebrin Il immunohistochemistry revealed that they can influence multiple zones. In contrast,
individual noradrenergic fibres run predominantly parasagittally with rostral-caudal extents significantly longer
than their medial-lateral deviations. Their local area of influence has similarities in form and size to those of
identified microzones. Within the molecular layer, the orthogonal trajectories of these two afferent systems
suggest different information processing. An individual serotonergic fibre must influence all zones and
microzones within its medial-lateral trajectory. In contrast, noradrenergic fibres can influence smaller cortical
territories, potentially as limited as a microzone. Evidence is emerging that these monoaminergic systems may

not supply a global signal to all of their targets and their potential for cerebellar cortical functions is discussed.
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INTRODUCTION

There are several types of neuromodulatory afferents to the cerebellum including four that express the
monoamines: 5-HT, dopamine, histamine and noradrenaline. By afferent number, the two most significant are
serotonergic (5-HT) and noradrenergic (NA) (Ito 1984; Kerr and Bishop 1991; Schweighofer et al. 2004).
Serotonergic and noradrenergic fibres distribute widely across the cerebellar cortex, through each of its three
layers, and through the cerebellar nuclei (see for example: Bishop and Ho 1985; Bloom et al. 1971; Chan-Palay
1975; Di Mauro et al. 2003; Hokfelt and Fuxe 1969; Takeuchi et al. 1982). Both types are “beaded” afferents
with varicosities along their lengths. It is generally assumed that propagated activity will lead to release from
all varicosities along the entire afferent axon. These afferents can exert a wide influence on the cerebellum
because the main cerebellar cortical neuronal types all express either 5-HT receptors (reviewed by Geurts et al.
2002), or NA receptors (Hirono et al. 2008; Papay et al. 2006; Papay et al. 2004; Paschalis et al. 2009). These
serotonergic and noradrenergic afferents are significant inputs to cerebellar neurons but the contribution of
these potentially information-rich monoaminergic signalling systems to cerebellar functions is not well-

understood.

Here, we have examined the patterning of noradrenergic and serotonergic afferent systems and how they
relate to the precise and regularly-repeating neuronal arrays of the cerebellar cortex (Eccles et al. 1967). This
repeating structure suggests that a similar computation may be implemented in each cortical array (Albus
1971; Gilbert 1974; Ito 1982; Marr 1969; Yeo and Hesslow 1998) such that functional differences between
regions of the cerebellar cortex mainly depend upon their different afferent and efferent connections (Porrill
et al. 2013). The glutamatergic mossy fibre (MF) and climbing fibre (CF) afferents to these arrays have been
characterised in great detail and provide evidence of functionally-specific, anatomically-mapped territories
within which the monoaminergic systems distribute. MF and CF afferent systems provide indirect and direct
input to Purkinje cell dendrites, respectively (Fig. 1A). Climbing fibres from different sub-nuclei of the inferior
olive terminate in discrete, rostral-caudal zones (Fig. 1B)3. The zones are further subdivided into microzones
that are innervated by subsets of CFs with similar response properties that relate to the sensory inputs of their
olivary source neurons (Andersson and Oscarsson 1978; Buisseret-Delmas and Angaut 1993; Ekerot and Larson
1979a; Ekerot and Larson 1979b; Garwicz and Ekerot 1994; Hesslow 1994a; Hesslow 1994b; Oscarsson 1979;
Sugihara and Shinoda 2004; Voogd and Bigare 1980). Mossy fibres terminate on granule cells, the axons of

which ascend to the molecular layer, bifurcate and extend several millimetres medio-laterally as parallel fibres

3 For simplicity, we here describe anatomical arrangements and orientations as they appear in the midline vermis, which
was the source of the experimental material. Thus rostral-caudal is equivalent to a parasagittal plane and is orthogonal to
the long-axes of the cerebellar folia. Medial-lateral is equivalent to a transverse plane and is parallel to the long axes of the
cerebellar folia. The anatomical relationships we go on to describe strictly relate to the foliar axes, which diverge laterally
and into the hemispheres. Hence, the terms parasagittal, transverse and longitudinal refer to the foliar long axes
throughout, rather than to strict, Cartesian coordinates



(PFs) (Coutinho et al. 2004; Napper and Harvey 1988; Pichitpornchai et al. 1994). Because of their long
trajectories, PFs pass through several hundred PC dendritic arbours and make synaptic contact with many
(Harvey and Napper 1988). Thus, a single MF afferent can provide input to PCs across several zones and

multiple microzones.

This characteristic architecture of the MF and CF glutamatergic afferent systems has inspired many leading
theories of cerebellar function (Albus 1971; Dean et al. 2010; Gilbert 1974; Ito 1982; Marr 1969; Miles and
Lisberger 1981). But the monoaminergic afferent systems have received less theoretical attention. Gilbert
(1975) was the first to suggest a role for NA in cerebellum-dependent memory consolidation; later it was
suggested that NA provides a global signal that gates plasticity mechanisms (Schweighofer et al. 2004). In both
accounts, plasticity processes are initiated only in neurons that receive contingent activation of contiguous MF
and CF glutamatergic inputs, so the NA signal could be global with no necessity for individual NA fibres to be
restricted in their distribution. This view of NA signalling is consistent with the traditional view that NA
afferents provide a diffuse and homogenous signal across much of the brain (Aston-Jones and Cohen 2005;

Berridge and Waterhouse 2003; Bouret and Sara 2005; Sara and Bouret 2012).

Each of the main cerebellar neuronal types express NA and 5-HT receptors with subtypes mostly identified.
There has been particular interest in exploring 5-HT influences on information processing in the cortex,
through its modulatory action upon Purkinje cells and upon inhibitory interneurons, including basket and
stellate cells ( Dieudonné and Dumoulin 2000) and Lugaro cells (Dean et al. 2003; Dieudonné and Dumoulin
2000). In their theoretical account of cerebellar monoamine functions, Schweighofer et al. (2004) suggested
that 5-HT signalling coordinates processes across a set of multiple microzones that together could provide an
internal model for a single action. At present, there is less empirical evidence to support this proposal. If, as
might be expected, a set of microzones needed for control of a single action were distributed across non-
contiguous cerebellar cortical territories (Apps and Garwicz, 2005) it is not clear how 5-HT release from the

entire length of a beaded fibre might be capable of selecting such non-contiguous regions.

The presence of cerebellar noradrenergic and serotonergic afferents has been reported widely (Beaudet and
Sotelo 1981; Bishop and Ho 1985; Felten et al. 1986; Hokfelt and Fuxe 1969; Kimoto et al. 1981; Kitzman and
Bishop 1994; Landis and Bloom 1975; Landis et al. 1975; Mugnaini and Dahl 1975; Verney et al. 1982; Walker
et al. 1988; Yamamoto et al. 1977). Some of these accounts noted that the trajectories of 5-HT afferents are
similar to those of parallel fibres (Hokfelt and Fuxe, 1969; Chan-Palay, 1975; Sur et al. 1996) and others
recognised that this similarity to parallel fibres was lobule-dependent and different patterns can be seen,
especially in flocculus and paraflocculus (Takeuchi et al. 1982; Bishop and Ho 1985). Noradrenergic fibres are

reported to form a more diffuse plexus with no clear trajectory preferences (Hokfelt and Fuxe 1969). To date,



there has been no systematic analysis of the geometrical organisation of these serotonergic and noradrenergic

afferents in relation to known zonal and microzonal architecture of the cerebellar cortex.

Antibodies raised to the serotonin reuptake transporter (anti-SERT) and noradrenaline transporter (anti-NET)
are reliable markers of 5-HT and NA fibres, respectively (Nielsen et al. 2006; Qian et al. 1995; Schroeter et al.
2000; Zhang et al. 2013). Here we have used SERT and NET immunoreactivity (IR) of cerebellar vermis to reveal
the full trajectories of the afferent fibres and the geometry of their distribution relative to the zonal and
microzonal architecture of the cerebellar network. We reveal remarkable orthogonal anisotropies in the
trajectories of these two afferent fibre types that give strong clues to functional properties of these different

neuromodulatory systems.

EXPERIMENTAL PROCEDURES

Animals and preparation of materials

Seventeen adult female Sprague Dawley rats (weight: approximately 250g) were used. All procedures were
approved by the local ethical review panel of University College London and were in accordance with the UK

Animals (Scientific Procedures) Act 1986 and associated guidelines.

Each rat was anaesthetised with isoflurane by inhalation (4% in O2) then killed by barbiturate overdose (200
mg/kg i.p,) of Euthatal (pentobarbitone sodium, 200 mg/ml, Merial, Essex, U.K.). Rats were perfused
transcardially, first with normal saline solution (0.9 % w/v) containing heparin sodium (1000 IU/I) and then
with fixative (4% w/v paraformaldehyde (PFA)/ 0.5 % w/v picric acid in 0.1 M phosphate buffer, pH 7.5). The
brains were removed and post-fixed overnight in PFA solution (4% w/v paraformaldehyde in 0.1 M phosphate
buffer, pH 7.5), then transferred to 20 % w/v sucrose in 4% PFA and stored for ~72 hours for cryoprotection

and further fixation.

Preliminary results had indicated that serotonergic and noradrenergic afferents differed markedly in their
overall trajectories. To capture these distributions, it was necessary to measure trajectories in sections cut in
at least two orthogonal planes. We cut serial sections of 6 frozen cerebellums at 40 um in the coronal plane
and of 6 more frozen cerebellums at 40 um in the parasagittal plane, using a sledge microtome (Leitz 1400;
Leica, Germany). For true parasagittal sections close to the midline, fibre trajectories perpendicular to the long

axis of the folium (perpendicular to parallel fibres) can be estimated with accuracy because the fibres will be



contained for most of their length within the section. The same is not true for measures of fibre trajectories
along the long axis of the folium (similar to parallel fibre trajectories) made in coronal sections. Such fibres can
exit the coronal sections because of additional foliar curvature in the rostral-caudal direction so thicker
sections can reduce measurement error. For this reason, we also made serially-sectioned 5 frozen cerebellums

at 200 um, in the coronal plane (see below).

Immunohistochemistry

Prior to beginning conventional immunohistochemistry procedures, the 200 um sections underwent treatment
to help improve antibody penetration. They were put through three freeze-thaw cycles at -50 °C for 20
minutes and then 45 minutes at ambient temperature. They then underwent a mild and short treatment with
a low concentration of proteinase K (10 pug/ ml, for 15 minutes). Finally they were washed with 0.1 M Tris-

buffered saline (TBS) three times for 20 minutes to remove residual proteinase K.

The blocking solution used in all subsequent procedures contained normal goat serum (2.5 % w/v), Tween 100
(0.05 % w/v), bovine serum albumin (1 %) and Triton X (0.8 % w/v for 200 um sections or 0.2 % w/v for 40 um
sections). All antibodies were diluted using the 0.2 % w/v Triton X blocking solution to concentrations detailed
in Table 1 (Supplementary Material). Washes were three x 10 minutes in 0.1 M TBS for 40 um sections and

three x 40 minutes for 200 um sections.

40 pum sections were incubated in blocking solution for one hour at room temperature (RT), then incubated in
primary antibody solution for 6 hours at RT plus overnight at 4 °C, then washed. Biotinylated secondary
antibodies were applied for 2 hours at RT. They were anti-mouse Biotin-XX (for NET IR) or anti-rabbit Biotin-XX
(for SERT IR). Where the serotonergic or noradrenergic afferents were double labelled together with either
Zebrin Il (mouse monoclonal antibody, Brochu et al, 1987) or aldolase C (rabbit polyclonal antibody, Sugihara
and Shinoda, 2004), an Alexa-Fluor 594 coupled secondary antibody was added alongside the Biotinylated
secondary (anti-mouse Alexa-Fluor 594 for Zebrin Il and anti-rabbit Alexa-Fluor 594 for Aldolase C). Sections
were washed and then received a tertiary treatment with Alexa-Fluor 488-conjugated Streptavidin. The
tertiary incubations were for one hour at RT before a final set of washes (see Table 1 in Supplementary
Material for a full details of all antibodies). Sections were mounted onto microscope slides in VECTASHIELD

(Vector Laboratories) mounting medium and coverslipped.

200 um sections were incubated in blocking solution overnight at RT, then incubated in primary antibody for

24 hours at RT and then washed. Secondary antibodies were applied for 6 hours at RT plus overnight



incubation at 4 °C. Sections were then washed and incubated in Alexa-Fluor 488-conjugated streptavidin for

four hours at RT, then washed and mounted on microscope slides as above.

Confocal and multi-photon microscopy

For the 40 um sections images were collected using an Olympus FV-1000 TIRF confocal laser scanning
microscope and for the 200 um sections images were collected using a Leica TCS SP8 MP (multiphoton)
microscope. The multiphoton microscope allowed for deeper penetration of the excitation-laser in the thicker

sections.

The long axes of individual cerebellar folia only run truly medial to lateral in the midline. Therefore, coronal
sections are only strictly parallel to the medial-lateral axis at the midline. Similarly, parasagittal sections are
only strictly transverse to this axis in the midline. For this reason, our analyses focused on regions at, and close
to, the midline vermis of lobules IV, V and VI where the foliar curvature is least pronounced and where foliar
and zonal/microzonal orientations are most easily defined. Using optical epifluorescence, the vermis lobules
were first located in the sections. Multiple laser confocal image montages that encompassed a large region of
the chosen lobule/ folium were collected using the tracking stage. Montages from coronal sections covered
the whole width of the vermis of the lobule of interest. Parasagittal sections from one side of the midline
vermis, through the midline and beyond to the other side were imaged and, for each section, the entire
parasagittal extents of the lobule of interest were covered. All confocal images used for measurement of fibre
extents were collected using a x20 objective giving a resolution of 0.625 um per pixel. For coronal and
parasagittal section images, each x-y image within the montage was itself a z-stack series at 0.8 um steps

through the entire depth of the section.

Image analysis and data analysis

All confocal digital images were analysed and prepared for presentation using Fiji/ ImageJ2 (Rueden et al.

2017; Schindelin et al. 2012).

For all coronal and parasagittal sections, a collapsed z-stack image was used to construct a smooth, continuous
line through the centre of the Purkinje cell layer (PCL). At 300 um intervals along this line, perpendiculars were
constructed through the molecular layer (ML) to the pial surface. These perpendiculars and the PCL line were

then projected down through the original z-stack to produce a set of transect plane surfaces perpendicular to



the ML and a Purkinje cell plane surface (yellow planes, Fig. 2A). For coronal sections, the perpendicular planes
were transverse to the long axis of the folium. For sagittal sections, these planes were parallel to the long axis
of the folium. These transect planes were used to provide an unbiased sample of the fibres in the ML. We
measured only fibres crossing these ML transect planes. Every such fibre crossing a ML transect plane was
selected and highlighted using the tracing tool Simple Neurite Tracer Plugin (Longair et al. 2011). If there were
clear and minor discontinuities (typically 2 um and never > 5 um), they were connected. Any discontinuities of
>5 um were considered to be ends of fibres. This tracing routine left a permanent axon highlight identifier

which ensured that any axon that crossed multiple perpendicular ML transect planes was measured only once.

The tracing through the z-stack generated lengths of ML noradrenergic and serotonergic fibres in three
dimensions within the ML. This measure of the actual length of each fibre does not however indicate the
rostral-caudal or medial-lateral folial extents because the fibre orientation may be either radial, oblique or
with a tortuous path. Additionally, the folia have convexities or concavities as viewed from the surface, so
afferent fibres of similar lengths can have interactions with different numbers of Purkinje cell dendrites within
the molecular layer dependent upon the degree of curvature of the folium and their depth within the
molecular layer. To measure fibre extents in planes relevant to the foliar axes, the underlying zonal
architecture and to the Purkinje cells that are the output monolayer of the cerebellar cortex, we used the 3D
trajectory analysis to measure the relationship of the fibre to its underlying Purkinje cells. At the two ends of
each measured fibre, lines perpendicular to the PCL line were constructed and the distance between them
along the PCL line was measured (see Fig. 2B). These measures were obtained in the coronal and parasagittal
sections and for both fibre types to provide effective PCL extents (PCLE) in the coronal (medial-lateral) and

parasagittal (rostral-caudal) planes.

All images presented in the Results section are of z-stack maximum intensity projections, as were used in the

creation of the PCLE constructions.

Descriptive statistics are presented for PCLE fibre length measurements of SERT/40 um/coronal, n = 6; SERT/40
um/parasagittal, n = 6; SERT/200 um/coronal, n = 5; NET/40 um/coronal, n = 6; NET/40 um/parasagittal, n =6;
NET/200 pm/coronal, n = 5. For planned group comparisons, the number of cases per group indicated the use
of non-parametric tests and Mann-Whitney tests were used (SPSS 19, IBM). The group data were non-

overlapping, so each test gave the maximum U-statistic of 0.



RESULTS

SERT and NET immunoreactive fibres (SERT* and NET*, respectively) were observed in all three cortical layers
(Fig. 3) and both fibre types were present across all regions of the cerebellar cortex. SERT* and NET* fibres
display the distinctive varicosities (Fig. 3B and 3D, respectively) characteristic of monoaminergic ‘beaded’
fibres (Bishop and Ho 1985; Bishop et al. 1985; Chan-Palay 1975; Kerr and Bishop 1991; Powers et al. 1989;
Takeuchi et al. 1982).

All afferent fibre trajectory lengths are described with reference to the underlying PC layer as PCLE values (see

Methods) of mean, median and Standard Error of Mean (X, X, SEM) in um.

Serotonergic afferent distribution: 40 pm coronal sections

In coronal sections SERT* fibres were seen to ascend perpendicularly, or slightly obliquely, to the PCL and pass
through it into the ML where they either bifurcate or bend at approximately 90° to extend parallel to the PCL
along the long axis of the folium for up to several hundred microns in the medial-lateral plane (Fig. 4A) (X =

143.16, X'= 152.54, SEM = 7.72, um).

Approximately 10% of these SERT* fibre PCLEs are >300 um, 50% are in the range of 150-300 um, and 40% are
<150 um (see Fig 4C for details). Overall, these trajectories are very similar to those of the granule cell
ascending axon and parallel fibres. The small number of punctate SERT" entities (Fig. 4A) suggest that very few

SERT* fibres pass perpendicular to the plane of section.

In the granule cell layer (GCL) many SERT* fibres are short with a wide range of orientations. The small number
of longer fibres that appear in the GCL are mostly oriented radially, probably as segments of fibres destined to

terminate in the ML.

Serotonergic afferent distribution: 40 um parasagittal sections

In parasagittal sections, the appearance of SERT" fibres in the ML (Fig. 4B) is very different from that in coronal
sections. Long fibres along the foliar axis are largely absent and the labelled fibres appear short or punctate

The PCLEs of these fibres are much shorter (X = 30.58, X'=37.84, SEM = 7.74 um) than those seen in coronal



sections with more than 90 % <150 um (see Fig 4D for details). The distributions of PCLEs of SERT* fibres in
coronal and parasagittal sections are essentially non-overlapping; so the lengths in parasagittal sections are

significantly smaller (U =0, n1=n2=6, p <0.01. See Fig. 4E).

These data reveal a significant anisotropy in the distribution of serotonergic afferents in the cerebellar cortex;
their trajectories are very similar to those of parallel fibres. Individual serotonergic fibres travel extensively in
the medial-lateral plane, along the long axis of the folium, and deviate only very slightly in the rostral-caudal

plane, transverse to the foliar axis.

Noradrenergic afferent distribution: 40 um coronal sections

In coronal sections, NET* fibres in ML at the midline vermis appear entirely different from SERT* fibres in the
same plane (see Fig. 5A). Most NET" fibres are short or punctate, a small number are longer and radially-
oriented and very few are long and along the folial axis. In this plane of section, only 1% of NET* fibre PCLEs are
>300 um and 5% are in the range of 150-300 um with the remaining 94% measuring <150 um; overall,
approximately 35% of all NET* fibres are <20 um (Fig. 5C) (X = 53.64, X'= 50.53, SEM = 3.27 um). Most NET*
fibres in the GCL and PCL are short or punctate but those that are radially-oriented are longer and extend

towards the ML.

Noradrenergic afferent distribution: 40 um parasagittal sections

In parasagittal sections, NET* fibres have longer trajectories (Fig. 5B) than those in coronal sections (Fig. 5A). In
general, these longer NET* fibres perpendicular to the foliar axis are slightly more prevalent at the deeper
levels of the ML, closer to the PCL, and they are less prevalent in the more superficial levels of ML than foliar
axial SERT* fibres (Compare Fig. 5B with Fig. 4A). PCLE measures reveal that these NET* fibres are moderately
long (x = 133.6, X'=130.27, SEM = 17.07um) with around 15 % >300 um and 50% in the range of 150-300 pum.
The distributions of NET* fibre PCLEs in parasagittal sections and coronal sections are essentially non-

overlapping and significantly greater in the parasagittal plane (U =0, n1=n2=6, p <0.01,see Fig. 5E).

Analysis of maximum fibre extents in 200 um coronal sections

As discussed in the Methods, the length of fibre trajectories along the long axis of the folium may be

underestimated in coronal sections when the folium passes out of the plane of section. To check potential

10



underestimation 40 um sections, which could be greater for the SERT* fibres, 200 um coronal sections were

also analysed.

Serotonergic afferent distribution: 200 um coronal sections

As in the 40 um sections, SERT* fibres in 200 um sections are predominantly parallel to the PCL and long (Fig.
6A), as revealed by PCLE analysis (X = 349.59, X'= 331.3, SEM = 16.09 um). SERT* fibre PCLEs in 200 pm coronal
sections (n = 5) are significantly longer than in 40 um sections (U = 0.000, n1 =5, n2 =6, p < 0.01, see Fig. 6C).
The maximum fibre length is greater (898 um and 757 um, respectively) and there are higher proportions of
long fibres (200/40 um sections: 10/1% >600; 40/9% 300-600 um; 30/50% 150-300 um. See Fig 6B). This
comparison demonstrates that measurements made in 200 um coronal sections better estimate the true

lengths and therefore the range of influence of SERT" fibres in the medial-lateral plane (Fig. 7B).

Noradrenergic afferent distribution: 200 um coronal sections

In 200 um and 40 um coronal sections there is a similar mixture of horizontal, radial and punctate NET* fibres
(Fig. 6B). The mean PCLE of NET* fibres in 200 um sections is around 100 um (X = 98.46, X'=93.85, SEM = 7.5
um). As is the case for SERT* fibres, NET* fibre PCLEs are significantly greater in the 200 um sections (U =0, n1
=n2 =6, p<0.01, see Fig. 6F). However, most of the fibres measured are still <150 um, though the proportion
of fibres >150 pum is increased (200/40 um sections: 3/1 % >300 um; 20/5 % 150-300 pum; 77/94 % <150 um;
Fig. 6E).

These measurements from 200 um coronal sections indicate that those from 40 um sections slightly
underestimate the length of NET* fibres but even in 200 um section analysis, 97% have PCLEs of less than 300
pm. Published accounts suggest microzone widths of approximately 100-300 um in rat (Apps and Hawkes
2009) and cat (Andersson and Oscarsson 1978; Ekerot and Jomtell 2003; Ekerot and Jorntell 2001; Ekerot et al.
1991; Jorntell and Ekerot 2002; Jorntell and Ekerot 2003). Thus, the range of dimensions of cortical spread for

individual NET* fibres is similar to the reported dimensions of some cortical microzones.

Summary of anisotropies in serotonergic and noradrenergic fibres

Measurement of SERT* and NET* fibre lengths in coronal and parasagittal sections reveal strong anisotropies in

the trajectories of both fibre types. For SERT* fibres, trajectories with limited rostral-caudal extents and

11



substantial medial-lateral extents indicate that serotonergic afferents principally travel along the long-axis of
the folium as do parallel fibres. For NET* fibres, trajectories with extents significantly larger in the rostral-
caudal than in the medial-lateral plane indicate that noradrenergic afferents travel transverse to the folium in
approximate alignment with the well-known, parasagittal, olivo-cortical zones. In this way, these two
monoaminergic afferent fibre systems have trajectories that are orthogonal to each other to form a grid-like

pattern for possible modulatory influences in the molecular layer (see Fig. 7).

5-HT afferents: relationship to Zebrin Il expression and transverse zones in 40 um sections

In the rat anterior vermis, single zones have widths up to approximately 1 mm (Apps and Hawkes 2009;
Jorntell et al. 2000; see also Oscarsson 1979; Oscarsson and Sjélund 1977 for measurements in cat) and the
maximum length of SERT* fibre measured here was ~0.9 mm. If this is a true upper-limit then the 5-HT
projection could certainly cross multiple microzones (microzone width: ~100-300 um) within a zone and may

bridge at least two adjacent zones (see the Discussion for further analysis).

The zonal and microzonal organization of the cerebellar cortex is marked by the expression of specific
molecules in subsets of Purkinje cells. One such molecule, Zebrin Il (aldolase C) is expressed in sets of Purkinje
cells that immunohistochemistry reveals as Zebrin I+ or Zebrin II- longitudinal stripes. The stripes are highly
consistent within and between species and there is clear relationship between the Zebrin Il +/- stripes and
zonal boundaries (Apps and Hawkes 2009; Cerminara et al. 2013; Jorntell et al. 2000; Pijpers et al. 2006;
Sugihara and Shinoda 2004; Voogd and Ruigrok 2004) (see Fig. 8D). Because of their considerable lengths along
the foliar axis, SERT* fibres could in principle traverse multiple cortical zones and so we combined
immunohistochemical labelling of Zebrin Il (Brochu et al 1987) and aldolase C (Sugihara and Shinoda, 2004)

and SERT to reveal the relationship between 5-HT afferent fibres and functional cerebellar compartments.

Zebrin Il immunohistochemistry at midline vermis in lobules IV-VI (locations of the regions shown in Fig. 8A-C
are mapped in Fig. 8D) enabled clear identification of several zones — A, AX, X (in lobule V1) B and A2. Multiple
SERT* fibres occupied two of these zones and two SERT fibres are shown with distribution across three zones
(Fig. 8C). Since the total extents of these two fibres are approximately 600 um and 900 um and these lengths

are likely towards the maximum measurable in 40 um sections due to foliar curvature, it is possible that these

or similar SERT* fibres may cross even more zones than seen here.
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DISCUSSION

Our demonstration of serotonergic and noradrenergic fibres in all three cerebellar cortical layers is consistent
with earlier reports of their presence from studies using a range of techniques (Bishop and Ho 1985; Chan-
Palay 1975; Felten et al. 1986; Hokfelt and Fuxe 1969; Kimoto et al. 1981; Pickel et al. 1974; Takeuchi et al.
1982). But here we have also shown for the first time that there are strong anisotropies in the distributions of
serotonergic and noradrenergic fibres in the cortical molecular layer and that the major axes of orientations of
the serotonergic and noradrenergic fibres are orthogonal to each other. In the molecular layer, individual
serotonergic afferents run extensively in the medial-lateral plane but are highly restricted in their rostral-
caudal extents whilst the opposite is true for noradrenergic fibres (distribution summarised in Fig. 9). Because
glutamatergic afferents of the climbing fibre and mossy/parallel fibre systems also have orthogonal
anisotropies, the organisation patterns of these monoaminergic afferents are likely to have important

implications for understanding the roles of 5-HT and NA in cerebellar information processing.

The distributions of cerebellar serotonergic afferents and mossy /parallel fibre afferents have similarities.

Individual serotonergic fibres were revealed to extend over long distances medio-laterally, with many reaching
up to 600 um and some considerably longer. It should be noted that our estimates of serotonergic afferent
lengths were limited by the application of planar imaging to the curved folia. Even 200 um sections do not

capture the complete curvature of a single folium, so total fibre lengths may be higher still.

Thus, most serotonergic afferents will cross multiple microzones, which have typical widths of 100 - 300 um
(Andersson and Oscarsson 1978; Apps and Hawkes 2009; Ekerot and Jomtell 2003; Ekerot and Jorntell 2001;
Ekerot et al. 1991; Jorntell and Ekerot 2002; Jorntell and Ekerot 2003) and some can cross zones, as do the
glutamatergic parallel fibres arising from granule cells. Mean parallel fibres lengths in these territories are
4.7mm and 4.2 mm for superficial and deep fibres, respectively with a small class of shorter parallel fibres with
deep locations and with a range of lengths from 0.5mm to 1.1mm (Pichitpornchai et al 1994). The measured
serotonergic fibre lengths are similar to those of this deep, short parallel fibre class. Further work free from

planar imaging limitations could reveal whether they approach the lengths of the longer parallel fibre class.

Transzonal serotonergic afferent fibres: functional implications

Consistent with previous observations, serotonergic fibres were seen to have varicosities along their entire

lengths and they are known to release 5-HT at these varicosities along their full extents. There are no
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identified mechanisms by which release is differentially regulated across the varicosities to a propagated
axonal depolarization, so a single 5-HT afferent is likely to release from all varicosities and so modulate activity
in all microzones and zones that it traverses. That property is not well-suited to the selective modulation of an
individual microzone or a specified set of non-adjacent microzones. Modulation of a set of heterogeneous
microzones by serotonergic afferents might be useful in binding the activity of multiple effectors in a single
action, as has been proposed by Schweighofer et al. (2004), but the afferent distributions we have seen are
unlikely to support it. Instead, their strongly medial-lateral arrangement and their long extents are consistent
with the suggestion that these fibres are more suited to providing a common signal to micozones identified by

their contiguity rather than any functional relationships.

At present, there are few empirical studies that provide insights into the functional role of serotonergic
afferents to the cerebellum at a behavioural level. Some have investigated 5-HT function in a model form of
cerebellum-dependent learning, the acquisition of nictitating membrane response conditioning in rabbits (see
Harvey, 2003 for a review). Activation of 5-HT2A receptors by systemic application of selective ligands
enhanced rates of learning but conclusions about mechanism must be limited because the drugs would have

affected not only the cerebellum but also a wide range of extracerebellar targets.

An earlier view that the Raphe nuclei are a major source of serotonergic afferents to the cerebellum is not
supported by later empirical evidence because the substantial Raphe nuclei projections to the cerebellum do
not co-localise with tryptophan hydroxylase (Bishop and Ho 1985; Kerr and Bishop 1991; Walker et al. 1988).
The sources of serotonergic afferents to the cerebellar cortex are diverse and include a number of brainstem
regions and nuclei in the rat and cat (Bishop and Ho 1985; Kerr and Bishop 1991, respectively). Kerr and Bishop
(1991) showed serotonergic cerebellar innervation from the lateral reticular nuclei (LRN), lateral tegmental
field (LTF) and paramedian reticular nuclei (PRN). Combined tracing and immunohistochemistry revealed that,
within the LRN, LTF and PRN, only a small proportion of afferents are serotonergic together with a much larger
population of non-serotonergic afferents, likely glutamatergic MFs. Via synaptic relay in the granule cell layer,
information from these MF inputs is then distributed within the molecular layer by the medial-lateral PF
system (see Fig. 1B). In principle, the medial-lateral distribution of information via these serotonergic and
glutamatergic MF/PF systems means that related information from several brainstem regions can reach a
cerebellar cortical territory via both afferent systems (Dieudonné, 2001) but the presence and functional
implications of this dual representation, with opportunities for additional coincidence detection, are currently

unknown.
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Single cerebellar noradrenergic afferents map to small molecular layer territories

From our planar analyses of 40 um sections, the noradrenergic afferent trajectories occupied small patches of
molecular layer territory with a mean medial-lateral width of around 50 um and a mean rostral-caudal extent
of around 130 um but with a large range of values up to 600 um and more. The analysis of 200 um coronal
sections revealed mean medial-lateral widths of around 100 um, so the planar analysis of 40 um parasagittal
sections could have underestimated the rostral-caudal extents of some these fibres. Nonetheless, the
molecular layer patches occupied by fibres are clearly longer in the rostral-caudal direction with spatial extents
similar to the dimensions of a cortical microzone. One exciting implication of this arrangement is that a single
NA afferent to the molecular layer could modulate function in an individual microzone. Thus, groups of
functionally associated but non-adjacent microzones could be modulated by patterned activity in the locus

coeruleus (LC) or other noradrenergic precerebellar source nuclei (Robertson et al. 2013).

Functional implications of single noradrenergic afferent supply to small molecular layer territories

The suggestion that NA afferents might control individual microzones or specified sets of microzones would
contrast with a contemporary view of the NA network in which afferents originating in the locus coeruleus
transmit a broad signal that would regulate a more global function such as directed attention or modulation of
behavioural arousal (Aston-Jones and Cohen 2005; Berridge and Waterhouse 2003; Bouret and Sara 2005; Sara
and Bouret 2012). This view of the NA network was influenced by earlier observations that a comparatively
small number of NA neurons in the LC innervate much of the brain and that a single neuron in the LC can
supply two or more brain structures. Nagai et al. (1981) and Steindler (1981) found that significant proportions
of LC neurons project both to the cerebellum and also to one of a number of forebrain structures. A recent
study (Schwarz et al. 2015) using viral-genetic tracing found that many individual LC noradrenergic neurons
project to a large number of target structures but that a small number of LC neurons have much more specific

projection targets.

However, a growing body of evidence suggests that the functional organisation of the LC may be more
complex. Fallon and Loughlin (1982) showed two populations of LC neurons: the LC core contains neurons with
axons that collateralize many times, innervating multiple divergent brain structures, but the LC periphery
contains neurons with fewer collaterals and target fields. Tracing from individual forebrain sub-regions has
also revealed organization within the LC. LC afferents to the orbitofrontal, medial prefrontal, anterior cingulate
and primary motor cortices arise from quite discrete and separate sets of LC neurons (Chandler and
Waterhouse 2012; Chandler et al. 2014a; Chandler et al. 2013; Chandler et al. 2014b). Using a novel mRNA-

based tracing technique Kebschull et al. (2016) traced the projection patterns of very large numbers of
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individual noradrenergic LC neurons simultaneously. Each LC neuron has a specific preferred target in the
cortex or olfactory bulb, though its collaterals also provide weaker innervation of other regions. Other tracing
methods may not differentiate between these strong and weak innervations. Similar fine-grain analyses of
organisation within the LC projection to the cerebellum are not yet available, but the parasagittal patterning of
individual noradrenergic afferents in the molecular layer suggests that there could be value to heterogeneity in

these noradrenergic inputs.

Recent studies have also demonstrated a previously unappreciated complexity in the activity of the LC itself.
Multiple single unit recordings by Totah et al. ( 2018) revealed that only a small number of LC neurons
exhibited simultaneous spontaneous and salient stimulus-evoked discharges, in contrast to earlier studies
suggesting concerted LC activity, particularly in response to salient stimuli (Aston-Jones and Bloom 1981).
Aversion learning and behavioural flexibility (Uematsu et al. 2017) and nociception and aversion behaviour
(Hirschberg et al. 2017) engage non-overlapping populations of LC neurons that are specifically distributed,

exhibit task-dependent response properties and make distinct contributions to behaviour.

Thus, there is growing evidence that activity in LC neurons is heterogeneous and that their outputs are
regionally selective. Our finding that each noradrenergic afferent occupies a small territory within the
molecular layer that may correspond to a functional microzone suggests that noradrenergic modulation of
cerebellar cortical function may be fine grain. But with a mere 3200 noradrenergic neurons in the LC of the rat
(Sara and Bouret 2012), and a considerably larger number of noradrenergic fibres in the molecular layer of our
analysed material, further analysis will be needed to understand whether the information content of the

noradrenergic system is distributed within the cerebellum at the microzonal level.

In summary, the two most significant neuromodulatory afferents to the cerebellar cortex display contrasting
arrangements of their fibres that indicate they probably fulfil distinct roles within the cerebellar cortical
network. The arrangement of the 5-HT afferent fibres is similar in several respects to that of PFs that travel
along the long axis of the folium and can cross multiple cortical zones. This distribution suggests that the 5-HT
afferents may provide a diffuse signal to multiple, functionally-independent regions simultaneously. In
contrast, the arrangement of NA afferent fibres is indicative of a far more targeted signalling role in which NA
afferent fibres may selectively modulate the activity of a small cortical territory, perhaps as discrete as a single

microzone, a fundamental functional unit of the cerebellar cortex.
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FIGURE LEGENDS

Fig 1. Organization of cerebellar longitudinal zones and afferent fibre orientations in the cerebellar cortex.
A: Organisation of glutamatergic afferents to Purkinje cells (PC - blue). Mossy fibre afferents (MF- black)
synapse upon granule cells, whose axons ascend and then project widely in the medial-lateral direction as
parallel fibres (PF - orange) passing through and making synaptic contact with large numbers of different
Purkinje cell dendritic trees. Climbing fibres (CF - red) contact PCs in a one-to-one manner; climbing fibres from

the same olivary sub-nucleus terminate in a restricted parasagittal territory giving rise to a longitudinal zone.
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B: The positions of the longitudinal zones and transverse lobules in the rat cerebellar cortex on a simplified,
flattened map of Lobules IV to VII. The figure is based on published data (Voogd and Ruigrok, 2000; Jorntell et
al, 2000; Sugihara and Shinoda, 2004; Voogd and Ruigrok, 2004; Pijpers et al, 2006; Sugihara et al, 2009;
Cerminara et al, 2013). Abbreviations: M: Medial, L: Lateral, R: Rostral, C: Caudal

Fig 2. Sampling and measurement processes for PCLE analysis. A: Transect planes, spaced at 300 um intervals
were projected through the Z-plane to sample all fibres crossing them at any height or depth in the section. B:
A PCL midline was also projected through the Z-plane. The traced fibres were measured on a collapsed
projection of the z-stack. Two lines were projected down and perpendicular to the PCL midline from the ends
of each measured fibre. The proposed functional extent of the fibre on the PCL midline was measured as the

PCL extent (PCLE).

Fig 3. SERT* and NET" fibres are present throughout the cerebellar cortex. SERT* (A,B) and NET* (C, D) fibres
are present in all three layers of the cerebellar cortex: the molecular layer (ML), Purkinje cell layer (PCL) and
granule cell layer (GCL). Characteristic monoaminergic ‘beaded’ fibres are revealed with anti-SERT (B) and anti-
NET (D) antibodies (examples highlighted within dotted line ellipses). All images of 40 um sections, scale bars
50 um (A, C) and 25 um (B, D).

Fig 4. SERT" fibres project extensively in the medial-lateral plane but their trajectories are restricted in the
rostral-caudal plane. Analysis of 40 um sections. A: Coronal section. In this section plane many SERT" fibres
extend for long distances medio-laterally in the molecular layer (blue and pink highlight two examples).
Radially oriented fibres (pointers show two examples) and a small number of punctate fibres (example circled)
are also seen in coronal sections (scale bar: 150 um). B: Parasagittal section. In this section plane, the majority
of molecular layer SERT* fibres are punctate or very short; they have restricted rostral-caudal projections (scale
bar: 150 um). C and D: Distribution of SERT* fibre PCLEs (100 um bins) in coronal and parasagittal sections

respectively. E: Comparison of means (+ 1 SEM) of SERT* fibre PCLEs for both section orientations.

Fig 5. NET* fibres have restricted medial-lateral projections. Analysis of 40 um sections. A: In coronal
sections, the majority of NET* fibres in the molecular layer are short or punctate (examples circled). There is a
small number of radial fibres (pointer shows one example) and longer horizontal fibres (pink highlights two
examples). Thus, NET* fibres have restricted medial-lateral extents. Scale bar: 200 um. B: In parasagittal
sections, long NET* fibres are common (pink highlights two examples) revealing that their trajectories are

extensive in the rostral-caudal plane. Punctate fibres are scarce (example circled) Scale bar: 200 um. C and D:
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Distribution of NET* fibre PCLEs (100 um bins) in coronal and parasagittal sections, respectively. E: Mean (+ 1

SEM) of NET* PCLEs measured in both section orientations.

Fig 6. 200um coronal sections better estimate SERT* and NET* fibre lengths in the medial-lateral plane. A: In
200 um coronal sections, long horizontal fibres (examples highlighted) are still the predominant SERT* fibre
type. Scale bar: 200 um. B: Distribution of SERT* fibre PCLEs (100 um bins) in 200 um coronal sections. C: Mean
(£ 1 SEM) of SERT" fibre PCLEs in 200 pm and 40 um sections. D: Higher number of longer horizontal NET* fibre
PCLEs measured in 200 um coronal sections than in 40 um sections (examples highlighted, scale bar: 200 um)
and low numbers of short or punctate fibres. E: Distribution of NET* fibre PCLEs (100 um bins) in 200 um
coronal sections. F: Mean (+ 1 SEM) of NET" fibre PCLEs in 200 um and 40 um sections.

Fig 7. Mean PCLEs reveal significant anisotropy in SERT* and NET* afferent fibre trajectories. A: PCLEs in the
rostral-caudal and medial-lateral planes for SERT* (green) and NET* (red) fibres measured in 40 um sections. B:
PCLEs in the rostral-caudal and medial-lateral planes for SERT* (green) and NET* (red) fibres measured in 40
pm parasagittal sections and in 200 pum coronal sections. The 200 um coronal sections captured more
extended medial-lateral trajectories by partially compensating for foliar curvature away from the plane of
section. The directional anisotropies seen for SERT* and NET* afferent fibres are orthogonal and significant in

analyses of both section thicknesses.

Fig 8. SERT* fibres bridge zonal boundaries identified by Zebrin Il immunohistochemistry. SERT" fibres (green
fluorochrome) are seen to cross putative zones (yellow dashed lines and text) identified on the basis of Zebrin
Il */- stripes (red fluorochrome, white bars and text). Zonal boundaries for rat cerebellum were identified on
the basis of Sugihara and Shinoda (2004) classifications. A: Highlighted fibre bridges zones AX and B (and
potentially crosses into zone A) in lobule IV (scale bar: 200 um; region analyzed is “a” in panel D). B: In lobule V
two highlighted SERT" fibres bridge zone A and AX and one bridges zone AX and B (scale bar: 200 um, region
analyzed is “b” in panel D). C: In a more lateral region of Lobulve VI, two highlighted SERT" fibres cross zones X,
AX and B and one bridges zone X and AX (scale bar: 150 um; region analyzed is “c” in Fig D). D: Zebrin |l stripe

pattern in cerebellar vermis, projected on a flattened map of cerebellar zonal architecture.

Fig 9. Summary: Organization of NA and 5H-T afferent fibres in the cerebellar cortex. Serotonergic fibres (5-
HT) ascend to the molecular layer before bifurcating and projecting for relatively long distances in the medial-
lateral plane, in a manner reminiscent of parallel fibres though with more rostral-caudal and dorsal-ventral
deviation than is seen in parallel fibres (range indicated by crossed arrows* ). Serotonergic fibres can certainly
cross three longitudinal zones in the vermis and may cross more. Noradrenergic fibres (NA) project longer
distances in the rostral-caudal plane than the medial-lateral plane, though the orientation preference is less

complete than is seen in serotonergic fibres. The medial-lateral and dorsal-ventral deviations of noradrenergic
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fibres are much smaller than their rostral-caudal extents (range indicated by crossed arrows t) but are larger
than the equivalent rostral-caudal and dorsal-ventral deviations of the 5-HT fibres. The limited medial-lateral
extents of the NA fibres could restrict their influence to a single zone or pair of zones if the fibre runs close to a
zonal border. In many instances, the medial-lateral extent restriction could be sufficient to confine influence to

a single microzone.

Highlights

e Serotonergic (5-HT) and noradrenergic (NA) afferent systems to the cerebellar cortex have
unique and different geometries.

e 5-HT and NA fibre trajectories are strongly anisotropic and orthogonal to each other.

e Each 5-HT afferent runs along the long axis of its cortical folium crossing multiple zones and
potentially signals to all.

e Each noradrenergic afferent runs parasagittally with small medial-lateral extent and may
signal to one or few microzones.

e The geometry of these monoaminergic afferent systems suggests very different roles in
cerebellar information processing.
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