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Abstract

Most studies investigating the impact of the cerebral cortex (CC) onto the cerebel-
lum highlight the role of the pons, which provides the mossy fibers to the cerebellum.
However, cerebro-cerebellar communication may also be mediated by the nuclei of the
mesodiencephalic junction (MDJ) that project to the inferior olive (I0), which in turn
provides the climbing fibers to the molecular layer. Here, we uncover the precise topo-
graphic relations of the inputs and outputs of the MDJ using multiple, classical, and
transneuronal tracing methods as well as analyses of mesoscale cortical injections from
Allen Mouse Brain. We show that the caudal parts of the CC predominantly project to
the principal olive via the rostral MDJ and that the rostral parts of the CC predomi-
nantly project to the rostral medial accessory olive via the caudal MDJ. Moreover, using
triple viral tracing technology, we show that the cerebellar nuclei directly innervate the
neurons in the MDJ that receive input from CC and project to the 10. By unraveling
these topographic and prominent, mono- and disynaptic projections through the MDJ,
this work establishes that cerebro-cerebellar communication is not only mediated by

the pontine mossy fiber system, but also by the climbing fiber system.

KEYWORDS
cerebellar nuclei, cerebral cortex, climbing fiber, inferior olive, mesodiencephalic junction

(MDJ), RRID:SCR_001622, RRID:SCR_002798

1 | INTRODUCTION

Cerebro-cerebellar communication can facilitate various forms of
sensorimotor control (Akkal et al., 2007; Brown & Raman, 2018;
Hamada et al., 2012; Popa et al., 2013; Proville et al., 2014;
Quartarone et al., 2020) and cognitive processing (Brissenden &
Somers, 2019; Crippa et al.,, 2016; Depping et al., 2018; D'Mello
& Stoodley, 2015; Gao et al., 2018; Igelstrém et al., 2017; Olivito

et al., 2017). For example, it is required for active exploration during
online coordination (Lindeman et al., 2021; Onuki et al., 2015), as
well as for motor planning, and action perception during social cog-
nition (Abdelgabar et al., 2019; Chabrol et al., 2019; Gao et al., 2018).
Cerebro-cerebellar communication is organized in multiple recipro-
cal loops. The information route from the cerebellum to the cerebral
cortex (CC)includes eitheradirect connection from the cerebellar nu-
clei (CN) onto various subnuclei of the thalamus (Amino et al., 2001;
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Rispal-Padel & Grangetto, 1977; Shinoda et al., 1993), and/or a more
indirect connection from the CN to prethalamic hubs like the zona
incerta (Mitrofanis & deFonseka, 2001; Teune et al., 2000). Instead,
information flow from the CC to the cerebellum is massively re-
layed via the pontine nuclei (Brodal, 1978; Glickstein et al., 1985;
Leergaard, 2003; Legg et al., 1989). The ponto-cerebellar connection
provides mossy fibers to the granule cells in the cerebellar cortex
and collaterals to neurons in the CN (Biswas et al., 2019; Henschke &
Pakan, 2020; Ruigrok, 2011), which is crucial in planning and coordi-
nating fine precision movements of the forelimbs (Guo et al., 2020;
Wagner et al., 2019).

In addition to the mossy fiber route, CC may also control cer-
ebellar processing via their climbing fiber input, which is derived
from the inferior olive (I0) (Burman et al., 2000; Kubo et al., 2018;
Ramnani, 2006; Saint-Cyr, 1983). Whereas decades of neuroana-
tomical research have elucidated the intricate topographical rela-
tionship of the cortico-ponto-cerebellar connections (Brodal, 1978;
Glickstein et al., 1985; Henschke & Pakan, 2020; Leergaard, 2003;
Legg et al., 1989), much less is known about that of the cortico-
olivocerebellar system. Direct cerebro-olivary connections are
sparse (Berkley & Worden, 1978; Saint-Cyr, 1983) and the indirect
connections are diverse, presumably including various secondary
intermediaries in both the lower and higher brain stem (Berkley
et al., 1986; Bull et al., 1990). Of particular interest in this respect
is the mesodiencephalic junction (MDJ), as this area provides a par-
ticularly dense projection to the IO (De Zeeuw et al., 1989; Kubo
et al., 2018; Leichnetz et al., 1984; Linauts & Martin, 1978; Mabuchi
& Kusama, 1970; Nakamura et al., 1983a; Onodera, 1984; Rutherford
et al., 1984; Swenson & Castro, 1983). This area around the fascic-
ulus retroflexus (FR) includes, among others, the medial accessory
nucleus of Bechterew and the nucleus of Darkschewitsch, and it tar-
gets particularly the principal olive and the rostral medial accessory
olive (Figure S1) (De Zeeuw et al., 1989; De Zeeuw & Ruigrok, 1994;
Onodera, 1984; Saint-Cyr, 1987; Voogd & Ruigrok, 2004). Next
to an input from the CC, the MDJ also receives input from the
CN (Bentivoglio & Kuypers, 1982; De Zeeuw & Ruigrok, 1994;
Gonzalo-Ruiz et al., 1990; Rutherford et al., 1989; Saint-Cyr, 1987;
Teune et al., 2000), raising the possibility that CC and CN conjunc-
tively control olivary activity via this central hub in the brain stem.
Despite all the evidence for its central strategic position in cerebro-
cerebellar communication, several critical questions on the input-
output relations of the MDJ remain to be elucidated. It is still unclear
which olivary subnuclei receive inputs from which parts of the CC
via which parts of the MDJ. In addition, it is also unclear whether the
MDJ neurons that do receive input from the CC and project to the
10 also receive a direct input from the CN, and if they do, from which
parts of the CN. Moreover, in addition to these specific questions on
the topography of the connections of MDJ neurons, it is also unclear
how dense they are.

Here, we addressed these questions in mice by exploiting classi-
cal and advanced, retrograde and anterograde tracing approaches as
well as by analyzing mesoscale cases of cortical anterograde injec-
tions from the Allen Mouse Brain Connectivity data set. We provide
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The MDJ forms a central hub for cerebro-cerebellar com-
munication via the olivary climbing fiber system. For the
first time, using transneuronal rabies tracing, we provide
direct evidence that olivary-projecting neurons in the MDJ
receive inputs from both the cerebral cortex and the cere-
bellar nuclei. The inputs and outputs of the MDJ compart-
ments turn out to be topographically organized relaying a
precise organization of the cerebral cortical regions onto
the different olivary subnuclei. Our findings provide fun-
damental, anatomical evidence for how the cerebrum in-
structs the cerebellum during sensorimotor and cognitive

tasks.

CC-MDJ-IO as well as CN-MDJ-10 topographical and density input-
output maps, and we show that CC and CN can converge their
projections onto the same olivary-projecting MDJ neuron. These
data establish the MDJ as an important central hub in widespread
cerebro-cerebellar communication, supporting the integration of
multiple loops engaging the |O.

2 | METHODS AND MATERIALS

2.1 | Animals and viral vectors
Both male and female C57BL/6J mice were used in this study (the
mice used for the Allen Brain data set were already processed).
Animals were 10-20 weeks old and were housed individually in a
12-hr light-dark cycle with food and water ad libitum. All experi-
ments were approved by the institutional animal welfare commit-
tee of Erasmus MC (15-273-146 and 15-273-147) in accordance with
Central Authority for Scientific Procedures on Animals Guidelines.
Adeno-associated virus AAV8-CAG-FLEX-TCB (Addgene plas-
mid #48332), AAV8-CAG-FLEX-oG (Addgene plasmid #74292),
and rabies virus RV-CMV-EnvA-AG-eGFP (Addgene plasmid
#32635) were obtained from Salk vector core. AAV1-CAG-GFP__ -
myc (Addgene plasmid #98926), AAV1-CB7-RFP (Addgene plasmid
#105546), AAVretro-CAG-GFP (Addgene plasmid #105542), and
AAVretro-hSyn-Cre-eBFP (Addgene plasmid #51507) were obtained
from Addgene.

2.2 | Surgical procedures

Animals were anesthetized with 5% isoflurane for induction and
2.5% for maintenance and were fixed on a stereotaxic surgical plate
(David Kopf Instruments). Body temperature was kept at 37 + 0.5°C
constantly during operation. DuraTears (Alcon Laboratories, Inc.)
was used to moisture the eyes, and lidocaine (2.5 mg/ml) was locally
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applied on the skin after removing hair over the scalp. A small verti-
cal incision was applied on the scalp to expose the skull. Animal head
was positioned so that the bregma and lambda were well leveled.
Stereotaxic coordinates (Table S1) were measured for different inject-
ing targets, then a small craniotomy (® = 0.7 mm) was made on the
skull. We gently lowered a glass capillary (@ = 8 um opening) in the
targeted regions and slowly injected about 30 nl cholera toxin B subu-
nit (CTB, 1%, Sigma-Aldrich, C9903) or virus. Capillaries were left on
the injection sites for approximately 2 min before being removed from
the brain. All the intracranial injections were performed unilaterally.
For CTB experiments (Figures 1, 3-5), animals were sacrificed
2 days postsurgically. For monosynaptic rabies experiment (Figure 6),
helper virus (AAV8-CAG-FLEX-TCB and AAV8-CAG-FLEX-0G) and

AAVretro-hSyn-Cre-eBFP were delivered simultaneously 4 weeks

|ensoy

lepnes <

prior to the rabies injection, and mice were sacrificed after 8 days fol-
lowing rabies injection. For the triple-tracing experiment (Figure 7),

mice were allowed to survive for 3 weeks after viral injections.

2.3 | Immunohistochemistry

We deeply anesthetized animals by intraperitoneal injecting
pentobarbital sodium solution (50 mg/kg) and perfused transcar-
dially with saline, followed by 4% paraformaldehyde (PFA)-0.1 M
phosphate buffer (PB, pH 7.4). Brains were freshly removed and
post-fixed in 4% PFA-0.1 M PB for 2 hr at room temperature.
Fixed brains were placed in 10% sucrose overnight at 4°C and
were embedded in 12% gelatin-10% sucrose. After fixation in 10%

CTB injection sites

caudal MAO

Injection sites in 10 (n=7)

Lateral m— Medial

CTB labeling in ipsilateral MDJ

N
o
L

=
U) -
<
<
£
a
=
©
c

=

Rostral Intermediate Caudal

o

FIGURE 1 CTB injections in the IO retrogradely label MDJ neurons. (a) Coronal section of IO from a representative mouse, showing CTB
injection in the MAO. (b) Summary of the 10 injections for seven mice. Magenta, cyan, and gray: injections mainly cover PO (n = 2, magenta),
rostral MAO (n = 3, cyan), and caudal MAO (n = 2, gray). (c) Retrogradely labeled neurons in the MDJ at four anteroposterior levels. Sections
are obtained from the injection in (a). (d) Summary of CTB-labeled neurons in the MDJ regions (upper, overlay of seven mice) and their
anteroposterior distribution (lower). Error bars denote standard deviation. *p < 0.05; **p < 0.01
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FIGURE 2 Viral anterograde tracing demonstrates CC-MDJ topographic and density organizations. (a) Images of an example case from
the Allen Mouse Brain Atlas with an injection in the motor cortex (top) and projections at anteroposterior levels of the MDJ. The number

of asterisks represents cortical axon density in the MDJ (inset, scale bar = 100 um, see quantification in the Materials and Methods). (b)
CC-MDJ topography map of cortical injections on our standard flattened CC representation (Aoki et al., 2019). Each marker represents one
injection in the CC (wild types in circle, n = 83/167; transgenics in squares, n = 6/167); marker size indicates injection volume (see Materials
and Method); color coding suggests axonal projection in the anteroposterior MDJ. (c) CC-MDJ density map of cortical areas projecting onto
the MDJ. The different density levels are represented by the color of the circles and squares on the standard flattened scheme of the CC.
Note that the cases exhibiting no MDJ projection (gray markers, n = 78/167) were not illustrated in panel (b). Amygd, amygdala; Auditory,
auditory cortex; Cg, cingulate cortex; Gust, gustatory cortex; InfraLimb, infralimbic cortex; Insula, insular cortex; M1, primary motor cortex;
M2, secondary motor cortex; ORI, lateral orbital cortex; ORm, medial orbital cortex; ORvI, ventrolateral orbital cortex; Parietal as, parietal
association cortex; Piriform, piriform cortex; PrL, prelimbic cortex; Rhinal, rhinal cortex; RS, retrosplenial cortex; S1, primary somatosensory

cortex; S2, secondary somatosensory cortex; Temp as, temporal association cortex; Visceral, visceral cortex; Visual, visual cortex

formalin-30% sucrose overnight at 4°C, serial coronal sections
were sliced with microtone (SM2000R, Leica) at 50 um and col-
lected in 0.1 M PB.

For CTB immunohistochemistry, slices were incubated in goat
anti-CTB subunit primary antibody (1:15,000, List labs, 703) over
night at 4°C and biotinylated horse anti-goat secondary antibody
(1:2,000, Vector, BA-9500) for 2 hr at room temperature. Slices
were incubated with ABC complex (volume ratio 1:1, Vector, AK-
5200) for 1.5 hr at room temperature. Next, labeling was visu-
alized with DAB staining (1:150), and slices were mounted for
light microscopy. For GFP__-myc signal visualization, slices were
incubated in goat anti-myc primary antibody (1:10,000, Abcam,
ab9132) over night at 4°C, followed by Cy™5 donkey anti-goat sec-
ondary antibody (1:400, Jackson, 705-175-147) at room tempera-
ture. All slices for fluorescent microscopy were counterstained

with DAPI. All antibodies were diluted in 2% normal horse se-
rum-0.4% Triton-0.1M PBS solution.

2.4 | Analyses of the injections from Allen Mouse
Brain data set

For the retrieval analyses of cortical injections from the Allen
Mouse Brain data set (https://mouse.brain-map.org/), we included
167 cortical injections (n = 153 wild type; n = 14 transgenic) that
were accessible before June 2018. The viral vectors AAV-GFP
and AAV-FLEX(DIO)-GFP were used for wild-type and transgenic
mice, respectively. To map the precise cortical-MDJ topography,
we selected the injections which were targeted the reported loca-
tions with least contamination in other regions. For each cortical
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FIGURE 3 CTB retrograde tracing from the MDJ to the CC. (a) Summary of CTB injections in the MDJ regions (n = 9 mice). (b)
Quantification of retrogradely labeled cells in the CC. Light gray and dark gray represent fractions of total labeled cells on the contralateral
and ipsilateral sides, respectively. (c-f) Comparison of retrograde cortical labeling from a caudal MDJ-injected case and a rostral MDJ-
injected case. In the lateral view of injection site reconstruction (bottom, c and e), red: CTB injection site, green: FR, gray: third ventricle,
blue: midbrain contour. Example cortical sections (d and f) show CTB labeling ipsilateral to the injection sites. In the serial plotting of cortical
labeling (d and f), each panel include four consecutive sections. See abbreviations in Figure 2
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FIGURE 4 CC-MDJ-10 topography by injecting CTB in anteroposterior MDJ. (a and b) Example sections (upper) and density maps (lower)
of anterogradely labeled MDJ axons in the 10. (c and d) Density maps of retrogradely labeled neurons in the CC from the caudal and rostral
MDJ injections. (e) Schematic of CC-MDJ-IO topographic organization. DO, dorsal accessory olive; MAO, medial accessory olive; PO,

principal olive
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FIGURE 5 Retrograde CTB labeling from the MDJ to the CN. (a) Summary of CTB-labeled neurons in the CN (n = 9 mice). (b and c)
Comparison of retrograde CN labeling from a caudal MDJ-injected case and a rostral MDJ-injected case. Example sections show labeling in
the contralateral CN. In the serial plotting of CN labeling, each panel is overlayed with two to four consecutive sections. Note the variability
of positional matching in the serial plotting is due to imperfect coronal sectioning. Labeling density is illustrated in the color maps (lower) for

both cases

area, we included at least one wild-type mouse except for the ret-
rosplenial cortex; for this region that there were no appropriate
injections in wild types available at the time, and hence to analyze
this area we included 14 transgenic mice. For detailed information
of each injection, please see the repository https://github.com/
XiaoluOne/MDJ.

Based on the given volume, we transformed the injections into

circles for wild-type mice or squares for transgenic mice with the

radius formula: r = 10 x \3/3 X injection volume/4x. Next, we plot-
ted each injection on a standard flattened cortical map in line with
the stereotaxic coordinates of the injections. To map the MDJ
projection density on the cortical map (Figure 2c), we assessed
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(a) AAV8-CAG-FLEX-TCB
T AAV8-CAG-FLEX-0G

RV-CMV-EnvA-AG-eGFP (C)

Transneuronal labeling in CC

FIGURE 6 Monosynaptic rabies tracing revealing CC and CN inputs on the olivary-projecting MDJ neurons. (a) Schematic of
transneuronal viral-tracing strategy (n = 4 mice). (b) Coronal sections of a representative mouse at the midbrain level (upper, inset suggesting
MDJ, inset scale bar = 100 um), showing rabies primary labeling (lower, TVA and rabies co-labeled) and local secondary labeling. (c) Coronal
section (upper) and plotting map (lower) of transneuronal rabies labeling in layer-5 pyramidal cells (inset, scale bar = 50 um) of motor cortex.
(d) Same as (c), but for labeling in the CN. DN, dentate nucleus; FN, fastigial nucleus; IN, interposed nucleus

the cortical axon density on four coronal sections (two-photon to-
mography at 5,000 x 3,750 resolution) along the anteroposterior
axis of the MDJ by scoring 0-3 for each section, yielding a value
ranging from O to 12 for each mouse (see e.g., in Figure 2a). All in-
jections were color-coded based on the sum of density scores. To
plot topographic organization of the MDJ projections on the cor-
tical map (Figure 2b), we colored each case based on the relative
anteroposterior location of the MDJ sections that exhibiting most
abundant cortical projection (magenta for rostral, mix for interme-
diate, and cyan for caudal MDJ projection). The cortical injections
that provided no labeled axons in the MDJ were represented in
gray in the density plots (Figure 2c) but removed in the topography
plots (Figure 2b) to optimize visualization.

2.5 | Microscopy and analyses

All overview sections were imaged with either a bright-field micro-
scope (Nanozoomer 2.0-RS, Hamamatsu) or a fluorescent micro-
scope (Axio Imager 2, ZEISS), and higher magnification images were
captured with a confocal microscope (LSM 700, ZEISS) for further
quantification. For plotting the brain contours and labeling, we ei-
ther imported brain images (from fluorescent sections) or used an
Olympus microscope equipped with a Lucivid miniature monitor
and manually plotted with Neurolucida software (Microbrightfield,
VT, USA). We used serial sections with 100 pm intervals to plot as

well as quantify labeling in the CN, the IO, and the MDJ areas. Serial
sections with 200 pm intervals were used for quantification and
plotting of cortical neurons. To quantify the CTB-labeled neuros in
the MDJ, we firstly identified the subnuclei of the MDJ (Figure S1),
then manually counted the labeled neurons with ImagelJ.

Standard flattened maps of the CC, the CN, and the IO were made
by transforming the mouse brain atlas (Paxinos & Franklin, 2019),
which was described in detail in our previous work (Aoki et al., 2019;
Ruigrok & Voogd, 2000; Suzuki et al., 2012). To present CTB- and
rabies-labeled cells on color-coded flatten maps of the CC and the
CN, we first reconstructed the contours of these structures and
plotted the labeled cells, then superimposed sections with 200-pm
bins for the CC and 100-pum bins for the CN. Retrogradely labeled
cells were counted in each bin, resulting in numeric matrices for the
MDJ projection cells in the CC and CN. For the 10 colormap, we
first marked the border of MDJ axon on each olivary section; next,
we subjectively scored the axon density as 0-3 and illustrated on
the standard flatten map of the IO. All colormaps were plotted using
MATLAB 2017a (RRID:SCR_001622).

To quantify the fraction of olivary-projecting MDJ cells (GFP)
overlapping with CC and CN axons (Figure 7c), we applied thresh-
olding (85th-95th percentiles) to binarize these images and then
overlayed GFP channel with the other two channels to calculate the
colocalization and overlapping area fraction. To examine the CC/CN
terminations on the olivary-projecting MDJ neurons (Figure 7d), we
acquired z-stack confocal images (0.35 pm sectioning) for the MDJ
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FIGURE 7 Convergence of CC and CN terminations on the olivary-projecting MDJ neurons. (a) Schematic of tracing strategy. Coronal
sections (registered in the Allen CCF) showing injections of retrograde AAV-GFP in the 10, anterograde AAV-myc in the motor cortex, and
AAV-RFP in the cerebellar interposed-dentate complex. (b) Coronal sections of MDJ regions from an example mouse showing retrogradely
labeled cells (olivary-projecting cells, yellow) distributing in the CC (magenta) and CN (cyan) axons. (c) Colocalization quantification

of olivary-projecting cells and CC, CN axons at anteroposterior MDJ levels (n = 3 mice, plotted as mean + SD). (d) Confocal images of

an olivary-projecting MDJ neuron from (b) showing close synaptic contact with CN axon on its soma (inset 1) and with CC axons on its
secondary dendrite (inset 2). Solid arrow: primary dendrite, dashed-line arrow: secondary dendrite. (e) Size comparison of CC and CN
buttons exhibiting close contacts with 10-projection MDJ cells (n = 27 for CC buttons, n = 37 for CN buttons, tien = 367, ***p < 0.001)

regions. Synaptic contacts were defined as colocalizations from or-
thogonal views at more than three different z planes. To quantify
the CC/CN bouton sizes (Figure 7e), we first binarized and applied
threshold (85th-95th percentiles) to the maximum intensity pro-
jection images of these boutons; next, bouton areas (pmz) were
calculated by summing the bright pixels and transformed based on
the image magnification. All image quantification was performed
by using Imagel. Statistical analyses were performed by using
GraphPad Prism 6.0 (RRID:SCR_002798), and statistical significance
was defined as p < 0.05. All graphs are plotted using Tukey method
box and whiskers unless specified otherwise.

3 | RESULTS

3.1 | Projection from MDJ to 1O

In mammals, the MDJ is recognized as a dome-shaped area wrap-
ping around the FR at the border of the mesencephalon and dien-
cephalon (Carlton et al., 1982; Onodera, 1984). In the current study
on the murine MDJ, we adhere to the terminology in higher mam-
mals such as cats (Burman et al., 2000; Onodera, 1984; Onodera
& Hicks, 2009; Strominger et al., 1979), for which the subregions
of the MDJ have been more accurately and consistently described
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than in rats (Brown et al., 1977; Ruigrok et al., , 2004; Rutherford
et al., 1984). More specifically, the MDJ in mice forms a continuous
rostrocaudal cell column, starting rostrally at the prerubral field (PR)
and rostral interstitial nucleus of the medial longitudinal fasciculus
(RI) located ventrally to the FR, dwindling medially covering areas of
the medial accessory nucleus of Bechterew (NB) and the nucleus of
Darkschewitsch (Dk), and ultimately transcending dorsally and cau-
dally on the border of the periaquaductal gray (PAG) in the intersti-
tial nucleus of Cajal (InC) and medial accessory oculomotor nucleus
(MA3) (Figure S1). Instead, the murine IO is located in the ventral
medulla oblongata and consists, just like those of all other mamma-
lian species, of several sheaths of neuropil that form separate subnu-
clei, including the principal olive (PO), medial accessory olive (MAO),
and dorsal accessory olive (DAO) (De Zeeuw et al., 1998).

To uncover the precise topography of the MDJ projection to the IO
in mice, we started with retrograde tracing experiments by injecting
1% CTB solution unilaterally in the different olivary subnuclei (n = 7
mice, Figure 1a,b). In addition to some scattered labeling throughout
the midbrain, we observed compact, yet overlapping, retrogradely la-
beled cell populations distributed across various subregions of the ip-
silateral MDJ, extending for approximately 1.2 mm in the sagittal plane
(Figures 1c,d and S2). In most cases, retrogradely labeled neurons were
situated along the rostrocaudal cell column of the PR, RI, NB, Dk, InC,
and MAS (Figure 1c,d and Video S1). The injections that covered the
PO received the most prominent projections from the rostroventral
subregions of the MDJ, whereas those in the rostral MAO resulted
in more retrograde labeling in the more intermediate and caudal sub-
regions of the MDJ (Figure S2). These findings were corroborated by
analyses of the outcomes of the injections that were made with the use
of different stereotactic coordinates in the rostrocaudal plane.

Notably, no or only very few retrogradely labeled cells were
observed within the confines of the magnocellular red nucleus
(Figure 1c,d), which is in line with an earlier description in rat (Ruigrok
et al., 2004; Rutherford et al., 1984). In addition to the topographical
differences highlighted above, we observed slight differences in the
densities of the projections. When we quantified the CTB-labeled
cells at distinct rostrocaudal levels of the MDJ in the seven mice, we
observed that labeling was most abundant at the intermediate level,
comprising the medial accessory nucleus of Bechterew and nucleus
of Darkschewitsch (Figure 1d, intermediate vs. rostral and caudal
level, one-way ANOVA, Tukey's multiple comparisons test, F (1.2,
7.1)=21.02, p = 0.002).

Given that some of our injections diffused slightly into some of
the adjacent structures of 10, that is, the reticular formation of the
medulla oblongata, we did additional control experiments in which
we injected CTB in the overlying caudal gigantocellular and parame-
dial reticular nucleus, while avoiding the 10 (n = 2 mice, Figure S3a).
In these experiments, we observed only few CTB-labeled cells in the
caudal MDJ (Figure S3b), indicating that the MDJ projections de-
scribed above presumably indeed target virtually exclusively the 10.
All together, we conclude that in the mouse a topographic projection
from the MDJ to PO and rostral MAO can be recognized, similar to
that in the cat (Onodera, 1984).

3.2 | Projection from CC to MDJ

As the projections from the MDJ subregions to the 10 subnuclei are
organized in a topographical manner (Figure 1), we wanted to find
out to what extent the projection from the CC to the MDJ is simi-
larly organized. To this end, we first exploited data gathered for the
generation of the Allen Mouse Brain Connectivity Atlas (Allen Atlas
in short). This data set consists of anterograde AAV-GFP viral trac-
ing from various areas of the CC to downstream structures in both
wild-type (circles) and transgenic mice (squares) (Oh et al., 2014).
In our analyses (n = 167 mice), we focused on the cases in which a
projection from the CC to the MDJ could be observed (n = 89/167
mice), taking the injection volumes into account (see Materials and
Methods for details). We first plotted the CC injections dependent
on the rostrocaudal projection of terminals that they provided in the
MDJ (Figure 2a), yielding the overall topography on a flattened map
of the mouse CC (Figure 2b) (Aoki et al., 2019). Along the 1.2-mm
longitudinal axis of the MDJ, the caudal MDJ, comprising InC and
MAS, receives most of its projections from relatively rostrolaterally
located parts of the ipsilateral CC (e.g., rostral parts of the primary
and secondary motor cortices as well as primary and secondary so-
matosensory cortices; see cyan markers in Figure 2b); whereas axon
terminals in the rostral MDJ, covering parts of the PR and R, origi-
nate mainly from injections in either the medial and caudal parts of
the ipsilateral CC (e.g., cingulate, retrosplenial, and infralimbic corti-
ces as well as specific parts of the auditory and visual cortex; see ma-
genta markers). The intermediate subregions of the MDJ, including
NB and DK, also receive input from parts of the primary and second-
ary motor cortices as well as primary and secondary somatosensory
cortices, but those are situated posterior to the analogous sources
of the CC that project to the caudal MDJ (see structures in Figure 2b
marked with mixed cyan and magenta colors). In addition to all these
prominent ipsilateral projections, there were also many contralateral
projections. Interestingly, the topography of these contralateral pro-
jections was virtually all symmetric to the ipsilateral ones, highlight-
ing the relevance of bilateral control (Figure 2b, right panel).

To estimate the relative prominence of the MDJ projections from
the different cortical regions, we presented the density of these pro-
jections of the Allen Atlas with color coding onto the same map. The
most densely labeled terminal fields covering the MDJ resulted from
mice with injections in the ipsilateral infralimbic, cingulate, second-
ary motor, sensory, lateral orbital, gustatory, and/or visceral cortical
areas, but the injections in many of the other areas also resulted in
some labeling of efferent axons located in the ipsilateral MDJ (n = 89
mice, colored markers in Figure 2c). In contrast, many injections in
various parts of the CC resulted in no labeling of the MDJ; these
included, for example, specific parts of the piriform, visual, auditory,
and parts of the somatosensory cortices (n = 78 mice, gray markers
in Figure 2c). Finally, the contralateral CC-MDJ projections showed
a consistently lower number of efferent fibers than the ipsilateral
ones (Figure 2c). Hence, by evaluating a large number of cases, our
retrieval analyses yielded the CC-MDJ projection maps, establishing
their topographic relations and density “hot spots.”
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Next, we wanted to verify the anterograde approach of the
Allen Atlas with retrograde tracing experiments. To this end, we
performed small unilateral CTB injections (n = 9) targeting the MDJ
region at the various caudorostral levels (Figures 3a and S4) and ex-
amined the retrograde labeling in the CC (Figure 3b). In addition to
some retrogradely labeled cells in the lateral habenular nucleus, pre-
commissural nucleus, parafascicular thalamic nucleus, and posterior
paraventricular thalamic nucleus, CTB-labeled cells were observed
in various CC regions predominantly, but not exclusively, on the ip-
silateral side (Figure 3b). Virtually all labeled cells in the CC were
found in the layer 5 (Figure 3d,f). In terms of distribution density,
cortical labeling was in general most abundant in the motor, cingu-
late, primary somatosensory, insula, prelimbic, and infralimbic corti-
ces, labeling more than 5% of the total CTB-labeled neurons in the
CC (Figure 3b). The injections at the caudal and rostral level of the
MDJ showed relatively high numbers of retrogradely labeled cells in
the rostrolateral and medial areas of the CC, respectively (compare
Figure 3c,d with Figure 3e,f, respectively). For example, the CTB in-
jections in the caudal and rostral MDJ provided particularly robust
retrograde labeling in parts of the motor and cingulate cortices.
These results are in line with the topography and density maps of
the CC-MDJ projection revealed with anterograde tracing (Figure 2).

Given that some of the CTB injections also included the para-
fascicular thalamic nucleus and PAG, which are known to receive
afferent projections from the cingulate, prelimbic, and infralimbic
cortices (An et al., 1998; Cornwall & Phillipson, 1988; Gonzalo-Ruiz
et al., 1990; Mandelbaum et al., 2019; Royce et al., 1991; Teune
et al., 2000), we did additional control experiments by targeting
these nuclei selectively without hitting the MDJ (Figure S5a). In
principle, these nuclei might also constitute an intermediary hub be-
tween the CC and the |O. In these control injections surrounding the
MDJ, we did indeed observe abundant retrograde labeling in the cin-
gulate and limbic cortices as well as in the medial prefrontal cortex,
but we hardly observed any axonal labeling in the IO (Figure S5b,c),
excluding the possibility that the parafascicular thalamic nucleus
and adjacent PAG form major hubs between the CC and IO. Taken
together with the anterograde experiments from the CC described
above (Figure 2), our retrograde tracing experiments highlight that
the projection from the CC to the MDJ concerns very large, but not
all, parts of the CC and that this input is topographically organized
and dense. Additionally, it is essential to use both anterograde and
retrograde tracing methods to elucidate the connectivity of the CC
with the 1O via the MDJ and to avoid potential caveats.

3.3 | Topographic connectivity between CC,
MDJ, and 10

To be able to better compare the topography of the inputs from the
CC to the different MDJ regions with that of the MDJ outputs to
the 10, we next plotted the anterograde labeling in the different
olivary subdivisions (Figures 4 and S4), exploiting the fact that CTB
can be used not only as a retrograde but also an anterograde tracer
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of anterogradely labeled fibers in the ipsilateral PO and rostral MAO,
respectively (compare e.g., Figure 4a,b). Interestingly, the fibers that
traversed from the rostral MDJ to the PO appeared to be routed
via the central tegmental tract, whereas those of the caudal MDJ
traveling toward the rostral MAO were predominantly located in the
medial tegmental tract, which is in line with earlier descriptions in
monkeys and cats (Burman et al., 2000; Ruigrok et al., 2004). When
putting the data provided by the injections in the IO (Figure 1),
the CC (Figure 2), and MDJ (Figures 3 and 4), together, the picture
emerges that the rostromedial and caudal parts of the CC predomi-
nantly project to the PO via the PR and RI, that the rostrolateral
parts of the CC predominantly project to the rostral MAO via the InC
and MAS, and that the in-between parts of the CC predominantly
project to overlapping parts of the PO and MAO via the BN and DK
(Figure 4e).

3.4 | Projection to MDJ from CN

The CTB injections in the MDJ described above also provided sub-
stantial retrograde labeling in the contralateral CN (Figures 5a-c and
S4). More specifically, the rostral and caudal MDJ injections resulted
in retrogradely labeled cells in predominantly the contralateral den-
tate nucleus (DN) and posterior interposed nucleus (PIN), respec-
tively (Figure 5b,c). Each of them resulted in more than 25% of the
total CN labeling (Figure 5a). Approximately 15% of the total CN la-
beling was found in the anterior interposed nucleus (AIN), including
the dorsolateral hump (Figure 5a). Notably, the variability of retro-
grade labeling was relatively high in the fastigial nucleus (FN) (SD in
FN =18.7 vs. 9.2, 9.8, and 7.1 in the PIN, AIN, and DN, respectively).
This may partly reflect the fact that two of the nine injections in the
MDJ regions diffused into the oculomotor area and PAG, which are
known to receive abundant FN input (Fujita et al., 2020; Gonzalo-
Ruiz et al., 1990; Teune et al., 2000). When we excluded these two
animals which the injections largely spread in the oculomotor as well
as the PAG areas, the other seven mice showed less labeling in the
FN (15.1% + 4.9% of the total cerebellar labeling, mean + SD).

3.5 | CCand CN projections converge onto MDJ
neurons projecting to 10

Our CTB injections in the MDJ simultaneously provided retrograde
labeling of cells in the CC and CN as well as anterograde labeling of
axonal fibers in the IO (Figures 3-5). This raises the possibility that
IO-projecting neurons in the MDJ may function as a central hub in
the brain stem, onto which both CC and CN converge. To further
clarify the relationship between MDJ input and output, we used a
gene-modified transneuronal rabies strategy (Callaway & Luo, 2015;
Kim et al., 2016; Wall et al., 2010), in which we retrogradely traced
neurons in the CC and CN that send axon terminals to the MDJ cells
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projecting to the 10 (n = 4 mice). We first injected Cre-dependent
helper virus AAV8-CAG-FLEX-TCB and AAV8-CAG-FLEX-0G in the
MDJ and AAVretro-hSyn-Cre-eBFP in the ipsilateral 10, allowing
MDJ neurons that project to the 10 to express both rabies glyco-
protein (0G) and avian acceptors (TVA) (Figure 6a). Next, following
4 weeks of incubation, we injected glycoprotein gene-deleted rabies
pseudotyped with the avian sarcoma leucosis virus glycoprotein
EnvA (RV-CMV-EnvA-AG-eGFP) in the MDJ to induce cell-specific,
retrograde transneuronal labeling (Figure 6a). Indeed, after another
week of incubation, rabies transfected a group of MDJ neurons
(starter cells) that expressed TVA on their membranes (Figure 6b).
The location of these starter cells was in accordance with that of
the 10-projecting MDJ neurons (Figure 1), that is, a cell column
surrounding the FR (Figure 6b). Transsynaptic retrograde rabies
labeling was found in a variety of regions located at different dis-
tances. At short distance, we observed labeling in the zona incerta,
the prerubral field, and the posterior commissure nuclei (Figure 6b),
while at longer distances, we found labeling in both the CC and CN
(Figure 6c,d). The retrogradely labeled cells in the CC and CN were
located predominantly on the ipsilateral and contralateral side to the
MDJ, respectively. In the CC, these comprised only layer-5 pyramidal
neurons with their characteristic angular-shaped somata, multipolar
dendritic trees, and elongated axons (Figure 6c); these neurons were
distributed in specific parts of multiple cortical regions, including,
for example the sensory, motor, cingulate, and retrosplenial cortices
(Figure 6c). In the CN, these comprised the larger, presumably ex-
citatory, neurons in the DN and PIN (Figure 6d). Thus, in line with the
analyses of the Allen Atlas data and the CTB experiments described
above (Figures 2-5), the transneuronal rabies-tracing experiments
demonstrated the existence of 10-projecting neurons in the MDJ
that receive direct input from the CC and also the existence of 10-
projecting neurons in the MDJ that receive direct input from the CN.

The experiments described above provided supportive evidence
for the MDJ to operate as a CC-CN converging hub, but they did not
allow us to unequivocally address whether individual 10-projecting
neurons in the MDJ can receive input from both the CC and CN.
To explore whether CC and CN axons can converge onto the same
olivary-projecting MDJ neurons, we performed triple viral-tracing
experiments (n = 3 mice) combining retrograde tracing of AAVretro-
GFP from the 10 with anterograde tracing of AAV1-CAG- GFP_ -
myc and AAV1-CB7- RFP in the CC (motor cortex) and CN (DN and
PIN), respectively (Figure 7a). AAVretro-GFP virus was taken up
by the MDJ axons in the IO and subsequently transported retro-
gradely to the somata of neurons in MDJ areas that also received
input from anterogradely labeled axons derived from the CC and/or
CN (Figure 7b). Even though the inputs from the CC and CN to the
most caudal tip of the MDJ were partly segregated, in the more ros-
tral and intermediate subregions of the MDJ there was a prominent
convergence of CC and CN inputs to olivary-projecting neurons (see
e.g., 2nd panel on the left of Figure 7b with prominent triple label-
ing in NB). This conclusion was supported by quantification of the
fractions of 10-projecting MDJ cells that received input from CC or
CN axons at the different rostrocaudal levels (Figure 7c). Moreover,

we found the same topographic distribution of terminals derived
from the various CC areas and CN areas as found following AAV-
GFP and CTB injections (Figures 2 and 5, respectively). It is hard to
exclude that some of the light microscopic profiles in the MDJ were
false-positively interpreted as axon terminals (instead of passing fi-
bers), but we are rather confident that most of the CC versus CN
identifications were correct because of their peculiar postsynap-
tic distribution and size. Indeed, whereas CC boutons were mostly
apposed to secondary dendrites, CN axon terminals preferably
terminated on the somata and primary dendrites of MDJ neurons
(Figure 7d). Likewise, the average size of CC boutons terminating
on |O-projecting neurons in the MDJ (1.07 + 0.76 pmz, mean + SD,
n = 27) was significantly smaller (two-sample t test, tey = 3.67,
p < 0.001) than that of CN boutons (2.22 + 1.48 pmz, mean + SD,
n = 37) (Figure 7e), which is in line with that of previous electron
microscopic studies (De Zeeuw & Ruigrok, 1994). Taken together,
our triple-tracing experiments indicate that axon terminals originat-
ing from the CC and the CN can converge onto the same individual
10-projecting neurons in the MDJ, yet with differential distribution

patterns at the subcellular level.

4 | DISCUSSION

When considering how the CC may influence cerebellar activity, the
first major hub that comes to mind is the pons, which is the main
source of mossy fibers for the cerebellum (Coffman et al., 2011;
Henschke & Pakan, 2020; Ruigrok et al., 2004). The pons receives
prominent topographic projections from a wide variety of cortical
regions (Leergaard, 2003; Leergaard et al., 2000; Wiesendanger
& Wiesendanger, 1982) and has been shown to exert a powerful
control over the lateral hemispheres of the cerebellar cortex and
DN during various types of behaviors, including planning and co-
ordination of limb and eye movements (Chabrol et al., 2019; Guo
etal.,, 2020; Ohmae et al., 2017). Here, we show unique topographic
projections from the CC to the cerebellar cortex via the MDJ and 10,
providing the climbing fibers to the Purkinje cells in the cerebellum.
Exploiting advancements in transneuronal viral-tracing approaches
as well as emerging large-scale databases on brain connectivity
(Allen Atlas), we have been able to elucidate the topography of both
the CC-MDJ-10 loop and the CN-MDJ-IO loop. Our data obtained
in mice expand on existing data on the individual connections be-
tween CC and MDJ, CN and MDJ, as well as between MDJ and 10
in a wide variety of species. More specifically, we demonstrate that
rostromedial and caudal parts of the CC project predominantly to
ventrorostral parts of the MDJ, which in turn provide a dense pro-
jection to the PO, whereas the more rostrolateral parts of the CC
project predominantly to the caudodorsal parts of the MDJ, which in
turn target predominantly the rostral MAO. The topography of this
CC-MDJ-10 loop aligns well with that of the CN-MDJ-10 loop (De
Zeeuw & Ruigrok, 1994). Whereas the DN receiving climbing fiber
collaterals from the PO projects most prominently to the rostral
MDJ, the PIN, which receives its collaterals from the rostral MAO,
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projects most prominently to the caudal MDJ. Together, these find-
ings highlight that the integration of cerebral cortical with cerebellar
information is not only mediated by a loop via the pontine mossy
fiber system, but also by MDJ loops engaging the olivary climbing
fiber system.

4.1 | Topography of CC-MDJ-IO loop

By systematically analyzing a large number of cases with cortical an-
terograde viral injections from the Allen Mouse Brain data set and
verifying this by performing retrograde CTB in the MDJ, we iden-
tified the topography of the cortical regions that provide input to
the MDJ. In general, the rostromedial and caudal parts of the CC
predominantly project to the rostroventral areas of the MDJ and the
more rostrolateral parts of the CC prominently project to the caudo-
dorsal areas of the MDJ. Our CTB injections in the rostral and caudal
aspects of the MDJ in mice are in line with earlier results obtained
in monkey (Leichnetz et al., 1984), cat (Nakamura et al., 1983b;
Onodera & Hicks, 1996; Rutherford et al., 1989; Saint-Cyr, 1987), rat
(Hoover & Vertes, 2007; Murphy & Deutch, 2018), as well as mice
(Kubo et al., 2018; Oh et al., 2014), as the most prominently distribu-
tion of retrogradely labeled cells were found in the somatosensory,
motor, and premotor cortices as well as the cingulate and prefrontal
areas.

Likewise, the topographic connections we showed here between
the MDJ and IO for mice have also been studied in different spe-
cies such as monkey (Burman et al., 2000; Onodera & Hicks, 2009;
Strominger et al., 1979), cat (Mabuchi & Kusama, 1970; Onodera,
1984; Saint-Cyr, 1987; Saint-Cyr & Courville, 1981), and rat (Carlton
et al., 1982; Rutherford et al., 1984; Voogd & Ruigrok, 2004). In
cat, retrograde tracing studies from selective areas of the |O com-
plex have demonstrated subpopulations of labeled neurons in the
MDJ area, distributed over a wide variety of nuclei, including the
parvocellular red nucleus, medial accessory nucleus of Bechterew,
nucleus of Darkschewitsch, supratubal reticular formation, nu-
cleus of the fields of Forel, and interstitial nucleus of Cajal (Condé
& Condé, 1982; Onodera, 1984; Onodera & Hicks, 2009; Saint-Cyr
& Courville, 1981; Walberg & Nordby, 1981). For example, areas
like the medial accessory nucleus of Bechterew and the nucleus of
Darkschewitsch project prominently to the PO and rostral MAO, re-
spectively (Onodera, 1984). Studies in human (Burman et al., 2000;
Massion, 1967; Onodera & Hicks, 2009) and nonhuman primates
(Burman et al., 2000; Onodera & Hicks, 2009; Strominger et al.,
1979) reported results that are largely comparable to those in the
cat. Interestingly, in primates the tract that carries the fibers from
the parvocellular red nucleus projecting to the PO, the central teg-
mental tract, has expanded proportionally, standing out against the
medial tegmental tract that holds the fibers traversing from the nu-
cleus of Darkschewitsch to the rostral MAO (Burman et al., 2000;
Voogd & Ruigrok, 2004). Here, in mice, we find a similar location of
the fibers traversing from the rostral MDJ to the PO, next to those
traversing from the caudal MDJ to the rostral MAO, but this route
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tract seen in higher mammals, such as cats, monkeys, and human.
In our view, the prominent topography in the connectivity between
CC, MDJ, and IO as well as the expansion of the parvocellular red
nucleus and the central tegmental tract in higher mammals under-
scores the emerging relevance of the MDJ as an intermediary hub in

cerebro-cerebellar processing.

4.2 | Topography of CN-MDJ-10 loop

Our tracing experiments showed that the olive-projecting cells in
the MDJ receive not only topographically organized inputs from dif-
ferent areas of the CC, but also inputs from the CN in an analogous
way. In general, our findings in mouse are consistent with previous
tracing results in rat (Bentivoglio & Kuypers, 1982; Berretta et al.,
1993; Ruigrok & Teune, 2014; Teune et al., 2000), cat (De Zeeuw &
Ruigrok, 1994; Fukushima et al., 1986), and monkey (Gonzalo-Ruiz
et al., 1988; Kalil, 1981; Stanton, 1980), showing that the cerebel-
lar projections onto the MDJ nuclei are also topographically organ-
ized. The cells in the rostral MDJ that get input from rostromedial
and caudal parts of the CC receive inputs from predominantly the
DN, whereas the neurons in the caudal MDJ that are more promi-
nently connected with rostrolateral parts of the CC mainly receive
input from the interposed nucleus. These findings on the topogra-
phy were corroborated by the density studies following CTB injec-
tions in the MDJ, in which we found that the amount of retrogradely
labeled cells in the CN was positively correlated with the amount
of anterogradely labeled terminals in the 10. Moreover, the recip-
rocal connections between the different CN and olivary subnuclei
are also in line with the topography described above in that the DN
is mainly connected with the ventral and dorsal lamellae of the PO
(Apps & Hawkes, 2009), which receives input from the rostral MDJ,
and that the interposed nucleus is mainly connected with the rostral
MAO (Apps & Hawkes, 2009), which receives input from the caudal
MDJ. Thus, the two loops, that is, the CC-MDJ-IO loop and the CN-
MDJ-IO loop, are connected with each other in a topographically

consistent way.

4.3 | Convergence of cerebral and cerebellar input
to the MDJ

In addition to elucidating the topography of the CC-MDJ-IO and
CN-MDJ-10 loops, we also show here for the first time that these
two loops share at least in part the same MDJ neurons; indeed, CC
pyramidal cells and contralateral CN projection cells converge upon
the same MDJ neurons that project to the 0. This conclusion was
based on three lines of evidence. First, our small CTB injections in
the MDJ simultaneously provided retrograde labeling of cells in the
CC and CN as well as anterograde labeling of axonal fibers in the 10
(Figure 4); second, our gene-modified transneuronal rabies approach
demonstrated the existence of 10-projecting neurons in the MDJ
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that do receive direct input from the CC as well as the existence of
10-projecting neurons in the MDJ that do receive direct input from
the CN (Figure 6); and third, our triple-tracing experiments (Figure 7)
directly revealed individually retrogradely labeled MDJ neurons that
received anterogradely labeled axonal input from both the CC and
CN, with separately identifiable markers for both inputs. Thereby,
our results in mice expand upon classical tracing studies, in which
some of the components of the MDJ trajectories were studied in iso-
lation in monkey, cat, or rat (De Zeeuw & Ruigrok, 1994; De Zeeuw
etal., 1998; Leichnetz et al., 1984; Mabuchi & Kusama, 1970; McCrea
& Baker, 1985; Nakamura et al., 1983a, 1983b; Saint-Cyr, 1987).

4.4 | Role of MDJ and IO in cerebro-cerebellar
communication

Multiple lines of research have implicated involvement of the
MDJ in CC- and/or cerebellum-dependent behaviors (Halmagyi
et al., 1994; Peschanski & Mantyh, 1983; Shiraishi & Nakao, 1994;
Wiest et al., 1996). Previous physiological studies provide evidence
for direct activation of the 10 or increased complex spike activity
of Purkinje cells following electrical stimulation of CC regions in
awake or anesthetized animals (Crill, 1970; Kato et al., 1988; Pardoe
et al., 2004; Sasaki et al., 1975; Watson et al., 2009). Indeed, the
complex spike activity of Purkinje cells in crus |, crus Il, and vermal
lobule VII can be facilitated by stimulating the prefrontal (Watson
et al., 2009), motor (Ackerley et al., 2006), and/or somatosensory
cortices (Shimuta et al., 2020), in line with the sources in the CC
that provide axonal projections onto the olivary-projecting neurons
in the MDJ (see e.g., Figures 2, 6, and 7).

What might be the function of the CC-MDJ-IO loop? The wide-
spread distribution of the |O-projecting neurons in the MDJ deter-
mines the diverse functions of this pathway in which it might be
involved. Given the role of the olivocerebellar system in oculomotor
behavior as well as the anatomical findings provided by our data, we
speculate that the MDJ-IO pathway could indeed play, among others,
arole in oculomotor control, such as exploring the world and generat-
ing expectations based upon these explorations. An example of this
is reflected by the fact that the rostral MAO receives input from the
nucleus of Darkschewitsch of the MDJ and that the climbing fibers
originating from the rostral MAO project to the flocculus to control
head movements integrated with compensatory eye movements.
Neurons in the interstitial nucleus of Cajal and Darkschewitsch
nucleus were anatomically identified as pre-oculomotor neurons
(Buttner-Ennever & Blttner, 1978; Labandeira-Garcia et al., 1989)
which could diverge the signal to the oculomotor nuclei and the
10, controlling rapid and precise oculomotor movements (Quinet
et al., 2020). Additionally, given the direct projection from the ocu-
lomotor nuclei to the 1O (Figure 1), we speculate that the MDJ could
also mediate oculomotor function by sending an efference copy to
the cerebellum. The climbing fibers arising from the CC-MDJ-1O
loop may provide well-timed, teaching, reward, and/or prediction
signals to the Purkinje cells that can be used for complex motor and/

or cognitive learning (Heffley et al., 2018; Kostadinov et al., 2019;
Ohmae & Medina, 2015). Indeed, an increase in such teacher signals
may be used to enhance acquired motor or cognitive responses that
are mediated by downbound modules, whereas a decrease in them
may be used to drive learning mediated by upbound modules (De
Zeeuw, 2021). The increases in climbing fiber activity and associated
complex spike activity in the downbound modules may decrease
the simple spike activity of Purkinje cells that can drive, for exam-
ple, a conditioned, accelerated (Ohmae & Medina, 2015; ten Brinke
et al., 2015), or delayed (Chabrol et al., 2019; Gao et al., 2018) motor
or cognitive response. Conversely, decreases in climbing fiber activ-
ity and associated complex spike activity in the upbound modules
can increase the simple spike activity of Purkinje cells that can mod-
ulate ongoing motor and/or cortical responses (Romano et al., 2018;
Voges et al., 2017). Thus the intrinsic biochemical properties of
Purkinje cells in downbound and upbound modules that render the
baseline firing frequency of their simple spike responses relatively
high and low, respectively, may also well cause them to go down or
up during learning (De Zeeuw, 2021). Accordingly, it has been hy-
pothesized that the net-polarity of neurotransmissions downstream
of the Purkinje cells in downbound and upbound modules are excit-
atory and inhibitory, respectively, together facilitating bidirectional
control (De Zeeuw, 2021). To what extent the modules of the CC-
MDJ-IO loop are implicated in downbound and/or upbound modules
remains to be elucidated, but given the mixed upbound-downbound
biochemical nature of the D-zones of Purkinje cells in the cerebel-
lar cortex, which receive their climbing fibers from the PO, and the
upbound biochemical nature of the C2 zone, which receives its
climbing fibers from the rostral MAO, bidirectional control of com-
plex motor responses and/or cognitive responses should indeed be
possible (Barmack, 2006; Braak et al., 2003; De Zeeuw, 2021; Fujita
et al., 2020; Larson et al., 1969).

The CN-MDJ-I10O loop may well support the CC-MDJ-IO loop in
serving these timing functions during bidirectional control. Whereas
the MDJ provides a robust excitatory input to the electrotonically
coupled dendritic spines of the PO and rostral MAO, the CN pro-
vides an equally robust inhibitory input to the very same dendritic
spines (De Zeeuw et al., 1989, 1998; Ruigrok & Voogd, 1995). This
configuration of a combined excitatory and inhibitory input to excit-
able spines within a glomerulus renders the activation of olivary neu-
rons particularly sensitive to the timing between these two inputs
(De Zeeuw et al., 1998; Negrello et al., 2019). Moreover, as we have
shown in the current study, the CN apparently also provides a prom-
inent projection to MDJ neurons that is topographically aligned with
their input from the CC. Thus, both at the level of cyto-architecture
of the olivary neuropil and at the level of the network connectivity
of the CN-MDJ-10 and CC-MDJ-IO loops, the climbing fiber system
appears well-designed to facilitate precise timing of neuronal activ-
ity required for complex functions mediated by cerebro-cerebellar
control. It will be interesting to elucidate to what extent processing
in the cortico-ponto-cerebellar mossy fiber system lines up with that
of the cortico-MDJ-10-cerebellar climbing fiber system in regulating
these functions.
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SUPPORTING INFORMATION

Additional supporting information may be found in the online ver-
sion of the article at the publisher’s website.

Table S1. Stereotaxic coordinates of nuclei

Figure S1. Architecture of the MDJ nuclei projecting to the 1O. Areas
on the left and right side represent the more rostral and caudal sub-
regions of the MDJ, respectively. Dk, nucleus of Darkschewitsch; FR,
fasciculus retroflexus; InC, interstitial nucleus of Cajal; MA3, medial
accessory oculomotor nucleus; NB, medial accessory nucleus of
Bechterew; PR, prerubral field; RI, rostral interstitial nucleus of the
medial longitudinal fasciculus

Figure S2. Individual CTB injections in the IO and retrograde la-
belling in the MDJ. Seven mice were injected with CTB in different
subnuclei of the IO providing different sets of retrogradely labelled
neurons in the MDJ at the various rostrocaudal levels. The injections
are ordered according to their densities in the MDJ with the most
prominent labelling in the rostral and caudal subregions at the top
and bottom, respectively. Likewise, the MDJ subregions in the right
column are ordered according to the rostrocaudal level of their core
part. See abbreviations in Figure S1

Figure S3. Retrogradely labelled cells in the MDJ following CTB in-
jection in the medullary reticular formation (MdV). (a) Coronal sec-
tion of the injection site from an example mouse. (b) Serial sections
of anteroposterior MDJ regions, showing sparse retrograde labelling
in the ipsilateral MDJ (insets)

Figure S4. Summary of CTB tracing experiments. In addition to the

two representative cases that are shown in Figures 3-5, we here
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show the results of seven other animals. From left to right: side

Neuroscience

view of three-dimensional reconstruction of injection sites (for color
codes see Figure 3), retrograde labelling in flattened maps of the
cerebral cortical (CC), retrograde labelling in flattened maps of the
cerebellar nuclei (CN), and anterograde labelling in flattened maps of
the subnuclei of the inferior olive (10)

Figure S5. Input and output maps of the PAG. (a and b) Coronal sec-
tions showing CTB injection in the PAG (a) with sparsely labelled
axons in the 10 (b). (c and d) Retrogradely labelled cells in the CC
and the CN. Upper panels: representative sections showing densely
CTB-labelled pyramidal cells in the ipsilateral prefrontal cortical re-
gions and relatively few labelled cells in the contralateral CN. Lower
panels: series of rostrocaudal plots of the labelled cells in CC and
CN. (e) Summary of injection site as well as input and output maps of
PAG. Top panel shows the three-dimensional reconstruction of the
injection site. In red: CTB injection site, blue: midbrain contour, grey:
third ventricle, green: FR. For abbreviations, see Figure 2

Video S1. Reconstruction of the CTB-labled cells in the midbrain re-
gions. Reconstruction was made from a representative mouse as in
Figure 1. Structures in colors, blue: cerebral peduncle; dark yellow:
substantia nigra; green: fasciculus retroflexus; gray: aqueduct; light
pink: red nuclei. Colors for labeling, red: MDJ labeling; grey: other
labled cells in the midbrain

Transparent Science Questionnaire for Authors

How to cite this article: Wang, X., Novello, M., Gao, Z.,
Ruigrok, T. J. H., & De Zeeuw, C. |. (2022). Input and output
organization of the mesodiencephalic junction for cerebro-
cerebellar communication. Journal of Neuroscience Research,
100, 620-637. https://doi.org/10.1002/jnr.24993



https://doi.org/10.1136/jnnp.60.5.579
https://doi.org/10.1002/jnr.24993

