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The cerebellar involvement in cognitive functions such as attention, language, working
memory, emaotion, goal-directed behavior and spatial navigation is constantly growing.
However, an exact connectivity map between the hippocampus and cerebellum
in mice is still unknown. Here, we conducted a tracing study to identify the
sequence of transsynaptic, cerebellar-hippocampal connections in the mouse brain
using combinations of Recombinant adeno-associated virus (rAAV) and pseudotyped
deletion-mutant rabies (RABV) viruses. Stereotaxic injection of a primarily anterograde
rAAV-WGA (wheat germ agglutinin)-Cre tracer virus in the deep cerebellar nuclei (DCN)
of a Cre-dependent tdTomato reporter mouse resulted in strong tdTomato labeling in
hippocampal CA1 neurons, retrosplenial cortex (RSC), rhinal cortex (RC) as well as
thalamic and cerebellar areas. Whereas hippocampal injections with the retrograde
tracer virus rAAV-TTC (tetanus toxin C fragment)-eGFP, displayed eGFP positive cells
in the rhinal cortex and subiculum. To determine the sequence of mono-transsynaptic
connections between the cerebellum and hippocampus, we used the retrograde tracer
RABVAG-eGFP(EnvA). The tracing revealed a direct connection from the dentate gyrus
(DG) in the hippocampus to the RSC, RC and subiculum (S), which are monosynaptically
connected to thalamic laterodorsal and ventrolateral areas. These thalamic nuclei are
directly connected to cerebellar fastigial (FN), interposed (IntP) and lateral (Lat) nuclei,
discovering a new projection route from the fastigial to the laterodorsal thalamic nucleus
in the mouse brain. Collectively, our findings suggest a new cerebellar-hippocampal
connection via the laterodorsal and ventrolateral thalamus to RSC, RC and S. These
results strengthen the notion of the cerebellum’s involvement in cognitive functions such
as spatial navigation via a polysynaptic circuitry.
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INTRODUCTION

The cerebellum was exclusively associated with motor coordination related tasks such as balance,
precise timing of movements or motor learning. However, recent functional brain imaging
studies with cerebellar degenerative disease and cerebellar lesioned patients support the cerebellar
contribution in cognitive functions such as attention, language, working memory, emotion,
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and in visuospatial navigation (Schmahmann and Pandya, 1991;
Timmann and Daum, 2007; Baillieux et al., 2008a,b; Molinari
et al., 2008; Timmann et al, 2010). In support of these
human studies, rodents with impairments in their cerebellum
demonstrated a reduction in hippocampal based behavioral tasks
such as goal-directed and spatial navigation tests (Colombel
et al.,, 2004; Burguiere et al.,, 2010; Rochefort et al., 2011). An
anatomical cerebellar-hippocampal connection in the mouse
brain supporting its participation in spatial navigation has
not been investigated. It is not yet clear whether this is
through a direct monosynaptic projection from the cerebellum
to the hippocampus, or by polysynaptic transmission involving
e.g., the thalamus (Rochefort et al., 2013). Moreover, the exact
sequence and the identity of connected neuronal populations are
not known.

Evidence for a direct, monosynaptic connection between the
cerebellum and hippocampus is weak. In the 1980s transient
direct projection from the cerebral cortex to the deep cerebellar
nuclei (DCN) and cortex in young kittens, rabbit fetuses and
in pouch young North American opossum have been reported
(Tolbert and Panneton, 1983, 1984; Cabana and Martin, 1986;
Tolbert, 1989a,b). Additionally, a sparse projection from the
cerebellum to the neocortex in adult rats was demonstrated (Wild
and Williams, 2000). Direct cerebrocerebellar projections have
also been reported in chicken and zebra finches, however, they
are sparse and temporary (Wild and Williams, 2000; Liu et al.,
2012). Since most of these studies used polysynaptic radiolabeled
amino acids or wheat germ agglutinin conjugated to horseradish
peroxidase (WGA-HRP) as tracers, the interpretation of these
results is difficult.

To explore the neuronal connectivity between structures
in the mammalian brain, recombinant viruses including AAV
and/or modified rabies viruses have presently become the tool
of choice. Recombinant adeno-associated viruses (rAAVs) offer
great advantages in cell-specific labeling due to deletion of
almost all coding sequences resulting in non-pathogenicity,
loss of self-reproduction (Xiao et al., 1997; Biining et al,
2008; Kwon and Schaffer, 2008) and long-term expression of
introduced proteins combined with little to no mammalian
immune reaction (Kaplitt et al, 1994; Xiao et al, 1996,
1997; Chamberlin et al, 1998). The main disadvantage of
rAAVs in tracing studies is their incapability to cross synaptic
junctions, although certain rAAV serotypes have been reported
to support anterograde transsynaptic transport at high titers
(Ohta et al.,, 2011; Deneris and Wyler, 2012). Yet, they can
express proteins that cross synapses (WGA), however, this
strategy can not distinguish between strong polysynaptic from
potential weak direct connections (Wickersham et al., 2007a).
The sequence of traversed synapses can only be roughly
estimated. Thus, only an additional monosynaptically restricted
tracing approach can unequivocally determine the sequence
of synaptic connections. Therefore, we confirmed our rAAV
tracing results with tracings utilizing a deletion-mutant rabies
virus RABVAG-eGFP (EnVA). This modified rabies virus
(RABV) expresses eGFP at the expense of the rabies virus
glycoprotein, limiting its potential for retrograde transsynaptic
transport. To reveal monosynaptic connectivity maps the

glycoprotein has to be transcomplemented in the initially
infected cell population (Ugolini, 1995; Kelly and Strick, 2000;
Wickersham et al., 2007a,b). This transcomplementation can be
accomplished upon rAAV targeted glycoprotein expression in
the source cell population (Niedworok et al., 2012). Therefore
this tracing method can determine the hierarchy of anatomical
connectivity in the brain and a potential cerebellar-hippocampal
monosynaptic connection.

Here, we report a tracing study, identifying a sequential
connectivity map between the cerebellum and the hippocampus
in the mouse brain. Stereotaxic injections with the tracer virus
rAAV CMV-WGA-Cre in the DCN of tdTomato-reporter mice
resulted in stained neurons in the rhinal cortex, subiculum,
hippocampal CA1l region and also to some extent in the
thalamus. In contrast, injections of the same virus in the
hippocampus resulted in fluorescently stained Purkinje cells and
molecular layer interneurons, in addition to stainings in the pons,
thalamus and hippocampus, including CA1 pyramidal neurons,
neurons of the dentate gyrus (DG), pre- and parasubiculum
and lateral entorhinal cortex. However, after injection of the
retrograde tracers TAAV TTC-eGFP in the DG and rAAV
CMV-WGA-Cre in a tdTomato] reporter mouse in cerebellar
CrusI/Crusll region, we detected overlapping fluorescence
in rhinal cortex (RhC), DG and subiculum (S), indicating
that at least the same areas are involved in forming a
cerebellar-hippocampal connection. To finally determine the
hierarchy of monosynaptic connections between the cerebellum
and hippocampus, we applied a modified retrograde RABV,
SADAG-eGFP (EnVA) in the rhinal cortex (RhC), subiculum
(S), DG and retrosplenial cortex (RSC). We found monosynaptic
projections from the laterodorsal and ventrolateral thalamus to
the S and retrosplenial agranular cortex (RSA), of which both
are reported to be involved in spatial navigation (Rochefort
et al,, 2013). eGFP positive neurons were detected in mainly the
contralateral interpositus and fastigial, but not dentate nucleus
of cerebellar DCN. Taken together, our findings suggest a new
projection from the fastigial nucleus to the laterodorsal thalamic
nuclei to S and RSC, which are connected to the hippocampus. In
addition, our results show a potential sequence of polysynaptic
cerebellar-hippocampal connections via the thalamus to various
cortical areas.

MATERIALS AND METHODS

Plasmid Construction

PAAV constructs (pAAV-CMV-WGA-CRE and pAAV-CMV-
TTC-GFP) were amplified by PCR from the original vectors
and cloned into the pAAV-MCS (Stratagene). WGA-Cre
was amplified from pAAV-EFla-mCherry-IRES-WGA-Cre
(University of North Carolina Vector Core, Chapel Hill, NC,
USA). TTC was amplified from psK1-TTC, which was kindly
provided as a gift by Dr. Neil F. Fairweather (Imperial College
London, UK).

Virus Production
rAAVS8 production of virus from pAAV-CMV-WGA-Cre
and pAAV-CMV-TTC-eGFP constructs were performed by a
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modified method (Grieger et al., 2006). Briefly, low passage
293T cells were cotransfected with pAAV-CMV-WGA-Cre
or pAAV-CMV-TTC-eGFP, pAAV-RC, and pHelper using
the Polyethylenimine (PEI) based protocol. Three days after
transfection cells were removed from the dishes, pelleted (3,700 g,
20 min, 4°C), resuspended in 10 ml lysis buffer (150 mN NaCl,
50 mM Tris-HCI, pH 8.5) and lysed via six freeze/thaw cycles in
dry ice/ethanol and 37°C water bath (each 15 min). To get rid
of free DNA, cell suspension was treated with DNase I (Roche)
for 30 min at 37°C. The cell debris was spun down at 3,700 g
for 20 min at 4°C. The supernatant was collected in a syringe
and filtered into a 15 ml falcon tube through a 0.2 um filter to
obtain the crude lysate. Then the supernatant was resuspended
in a polyethylene glycol (PEG) solution overnight at 4°C and
pelleted at 3,700 g for 20 min at 4°C. The pellet was resuspended
in PBS, 0.001% pluronic and aliquots were stored at —80°C until
further use.

SADAG-eGFP (EnVA) and helper plasmids pAAVS-
CBA-mRFP-IRES-TvA and pAAV8-CBA-RG-mCherry were
produced as previously described (Niedworok et al., 2012).
Briefly, BHK cells were plated at a density of 1.5 x 107. The
following day, cells were transfected with 15 mg plasmid
pCAGG/SAD-G by CaP transfection. Twenty-four hours later
rabies virus SADAG-eGFP was added at a multiplicity of
infection (MOI) of 3. Forty-eight hours later the SADAG-eGFP
containing supernatant was equally distributed into four 15 cm
plates containing pCAGGs/SAD-G (15 mg/plate) transfected
BHK cells (1.5 x 107 cells/plate). Two days later the virus-
containing supernatant was applied onto four 15 cm plates
containing BHK-EnvARGCD cells (~1.5 x 107 cells/plate) at
a MOI of 1.5 for pseudotyping. Twelve hours later cells were
trypsinized and replated onto eight 15 cm dishes. Pseudotyped
rabies virus-containing supernatant was harvested 2 days later.
The supernatant was spun at 2,000 rpm at 4°C for 10 min. and
subsequently filtered through a 0.45 mm filter (Nalgene SFCA
Bottletop Filter, Thermo Fisher Scientific, Waltham, MA, USA).
The filtered virus suspension was centrifuged for 90 min at
25,000 rpm (SW28, 4°C) in a Beckmann 80 K ultracentrifuge
(Beckman Coulter, Brea, CA, USA). After centrifugation the
supernatant was discarded and the pellet was aspirated in ice-
cold PBS (pH 7.4). Pseudotyped rabies virus-containing solution
was aliquoted in 6 |l aliquots and frozen at —80°C.

Mice

For the tracing study adult male and female mice
obtained from JAX labs, C57Bl6/] (JAX 000664) and
Gt(ROSA)26Sorm(CAG-tdTomato)Hze /1 (abbreviated as
tdTomato™/*; JAX 007909, Madisen et al., 2010), were used.
Mice were housed in a 12 h light/dark cycle with food and water
ad libitum. The present study was carried out in accordance
with the European Communities Council Directive of 2010
(2010/63/EU) for care of laboratory animals and approved by
a local ethics committee (Bezirksamt Arnsberg) and the animal
care committee of North Rhine-Westphalia, Germany, based
at the LANUV (Landesamt fiir Umweltschutz, Naturschutz
und  Verbraucherschutz, Nordrhein-Westfalen, D-45659
Recklinghausen, Germany). The study was supervised by the

animal welfare commission of the Ruhr-University Bochum.
All efforts were made to minimize the number of mice used for
this study.

Intracranial Injections
Viruses were injected in adult mouse brains for each specified
region tested. Mice were deeply anesthetized with 1.5%-2.0%
isoflurane and placed into a stereotactic frame (Narishige, Japan).
The skin was opened with a sagittal incision along the midline. A
small craniotomy was performed for virus injections. 0.2-1 pl
of viruses were applied in 100 pm steps using pressure injection
in 2 min intervals (see Table 1). A customized glass pipette
attached to a 5 ml syringe was used for virus delivery. At the
end of injection the skin was sutured (Surgicryl Monofilament,
Belgium). After the surgery, animals received subcutaneous
injection of carprofen (2 mg/kg) for analgesia. Animals were
placed individually into their home cages to recover.
rAAV8-CMV-WGA-CRE was injected into the fastigial
nucleus of the DCN, Crusl/Crusll of the cerebellar cortex
and DG, AAV8-CMV-TTC-eGFP in the hippocampus proper
(CA1/CA3) and DG of Gt(ROSA)?6Sertm(CAG-tdTomato)Hze /y ppjce.
Coordinates and volumes of injected viruses are listed in Table 1.
Expression times varied between 3 and 8 months.

The helper viruses for rabies infection (rAAV8-CBA-mRFP-
IRES-TvA and rAAV8-CBA-RG-mCherry, ratio 1:2) were
injected 1 week before the deletion mutant rabies virus
RABVAG-eGFP to allow stable infection and expression of
TVA and RG. Rabies virus was injected into the hippocampus,
RSC, rhinal cortex, laterodorsal and ventrolateral thalamus
of C57BL6/] mice. For injected volumes and injection sites,
see Table 2. Mice were perfused and analyzed 7 days after
RABYV application.

Histology

Mice were anesthetized with ketamine and xylazine (100 mg/kg
and 10 mg/kg, respectively) and perfused transcardially with
ice-cold 4% PFA (paraformaldehyde, Sigma-Aldrich) in PBS
(pH 7.4). Brains were dissected and post-fixed for 1 h in 4%
PFA in PBS, then cryoprotected in 30% sucrose in PBS at 4°C
overnight. Brains were sliced in 35 pm thick sections using a
Leica microtome. The sections were mounted with Roti-Mount
FluorCare (Carl Roth) before analysis for fluorescence.

Imaging

All images were acquired using a Leica TCS SP5 confocal laser
scanning microscope (Leica DMI6000 B, Wetzlar, Germany)
interfaced to a personal computer, running Leica Application
Suite Advanced Fluorescence software (LAS AF 2.6). eGFP
was excited with an Argon laser at 488 nm, while mCherry,
tdTomato or mRFP were excited with a DPSS laser at 561 nm.
Double-fluorescent images were obtained using the alternating
acquisition mode. Sequential z-stacks were made for each section
and crosstalk of the fluorophores was eliminated automatically
with LAS AF software. Images were further analyzed using
Image]. Schematic images show a quantitative localization from
a combination of slices from >3 mice analyzed. Representative
confocal images may be presented from different animals.
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TABLE 1 | Injection site coordinates, number of animals and injected volumes of rAAV8-CMV-WGA-Cre and rAAV8-CMV-TTC-eGFP tracers.

Structure AP* (mm) ML* (mm) DV* (mm) n Volume rAAV (ul)
Hippocampus Dentate gyrus —2.54 +15 1.8-1.6 3 1

CA1/CA3 -2.18 + 2.1 1.9-15 2 1
Cingulate cortex Agranular and granular RSC —2.54 +0.3 0.75-0.25 3 1
Cerebellum Medial (fastigial) nucleus —6.25 +0.7 2.4-2.2 3 1

Crus I/ —-6.4 -2.7 1.7-1.07 2 1

*AR anterior-posterior; ML, mediolateral; DV, dorsoventral (all relative to Bregma).

TABLE 2 | Injection site coordinates and number of animals and injected volumes of rAAV8-CBA-RG-mCherry/rAAV8-CBA- mRFP-IRES-TVA helpers and

RABVAG-eGFP tracers.

Structure AP* (mm) ML* (mm) DV* (mm) n Volume rAAV/RABYV (l)
Hippocampus CA1/CA3 —2.18 +2.1 1.9-1.5 3 11
Dentate gyrus —1.94 +0.75 2.1-1.8 3 0.2/0.2
Subiculum -3.52 +22 1.5-1.3 5 0.2/0.1
Rhinal Cortex Lateral-, ento-, perirhinal —4.84 —-4.2 1.65-0.55 4 0.6/0.3
Retrosplenial cortex Agranular and granular RSC —1.46 +0.25 0.25-0.1 3 0.5/0.5
Thalamus Laterodorsal nuclei —1.46 -1.5 2.25-1.9 4 0.2/0.2
Ventrolateral nuclei —1.58 -1 3.25-2.9 3 0.2/0.2

*AR anterior-posterior; ML, mediolateral; DV, dorsoventral (all relative to Bregma).

Statistics

All statistical analyses were calculated with SigmaPlot software.
Data were initially analyzed for normality by the Shapiro-Wilk
test (p > 0.05), then tested for equal variance with the Equal
Variance Test (p > 0.05). If data sets passed both tests, a ¢-test
for comparison of tow groups or a One-Way analysis of variance
(ANOVA; post hoc t-test) for comparison of more than two
groups was used. If the normality tests failed, data sets were
analyzed using the Mann-Whitney-U test for comparison of two
groups. Significance for comparisons: *p < 0.05, **p < 0.01;
**p < 0.001. Cell counts from specific areas of n > 3 mice
are presented as mean =+ standard error of the mean (SEM)
from all rabies injected mice. For counting, every second slice
was imaged for eGFP* cells followed by manual cell count
using Image].

RESULTS

AAV-Mediated Polysynaptic Circuit Tracing
of the Mouse Cerebellar-Hippocampal

Connections

To  visualize cerebellar-hippocampal  connections, we
first performed polysynaptic circuit tracing utilizing a
Cre-recombinase encoding rAAV injected into the cerebellum
or hippocampus of Cre-dependent tdTomato reporter mice
(Madisen et al., 2010). In this virus, the transsynaptic transporter
protein WGA was fused to the Cre recombinase (Figure 1A) and
expressed under the control of the CMV promoter (Chamberlin
et al, 1998). Since the expression efficiency of WGA-Cre
may be region-specific, rAAV serotype 8 was used due to its
higher efficacy to infect hippocampal and cerebellar neurons
(Heinemann et al, 1991; Broekman et al, 2006). Initially,
rAAV8-CMV-WGA-Cre was injected into the DCN bilaterally
(1 pl, AP: —6.25 mm, MT: —0.7 mm, DV: 2.4-2.2 mm)

from four tdTomato mice to induce tdTomato expression
in WGA-Cre positive cells (Figure 1B). After 5 months of
expression, single tdTomato™ neurons were detected in the
lateral entorhinal cortex (Lent; Figures 1DLI’), parasubiculum
(PaS, Figures 1DILII’), RSC (Figures 1DIILIIT) and also in
parts of the hippocampus, including CA1 pyramidal neurons and
in the stratum oriens layer (Figures 1CI’-III) as represented by
red dots and lines in the brain schemes. Fluorescent fibers and a
few cells were detected in thalamic regions, including bilaterally
in the medial geniculate nucleus (MGV, Figure 1DIII) and the
magnocellular red nucleus (RMC; Supplementary Figure S1B).
We also found fluorescent structures in the periaqueductal
gray (DLPAG), the ventral secondary auditory cortex, frontal
association cortex, olfactory bulb or the C3 posteromedial
cortical amygdaloid nucleus (Supplementary Figure S1).

To trace from the hippocampus to the cerebellum we
injected rAAV8-CMV-WGA-Cre unilaterally in the right
dentate gyrus (DG, AP: —2.54 mm, ML: —1.5 mm, DV:
1.8 —1.6 mm, 1 pl) from three tdTomato] mice (Figure 2).
After 4 months of expression tdTomato™ neurons in the
cerebellum distributed equally over the ipsi-, and contralateral
sides. We found cerebellar Purkinje cells classified by their
typical morphology and location (Figure 2CI’). tdTomato™
neurons were additionally detected in the bilateral simple lobules
and lobules 4 and 5 (Figures 2CILILIILIII’). Additionally,
fluorescently labeled axons in the ipsilateral inferior olive (I10)
and paramedian reticular nucleus (PMn; Figures 2CLDLI’), but
not somata were observed. Numerous neurons were bilaterally
expressing tdTomato in the visual and RSC, close to the
cerebellum at —4.96 mm from Bregma (Figures 2DII-ID).
However, the rhinal cortex was only stained on the ipsilateral
and not the contralateral side (Figures 2DLIII-III). In contrast,
the contralateral central nucleus of the inferior colliculus
(CIC), but not the ipsilateral side showed tdTomato™ neurons
(Figure 2DII). Overall, we found differences in tdTomato
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A polysynaptic circuit tracing
@ = input neuron
@ = targeted neuron
—= Cre transport

tdTomatoJ/BI6

day 0 5months

AAV8-CMV-WGA-Cre

— o G

FIGURE 1 | Mapping recombinant adeno-associated viruse (rAAV) mediated
polysynaptic targets from the deep cerebellar nuclei (DCN) to the
hippocampus using the tracer rAAV8-CMV-WGA-Cre in tdTomatoJ*/* mice.
(A) Schematic of sagittal section from an adult tdTomatoJ+/+ mouse brain

(n = 4) injected bilaterally with 1 I rAAV8-CMV-WGA-Cre in the DCN, (gray
dot) for 5 months to trace the polysynaptic circuit (red line) to the
hippocampus (red dot). (B) Confocal image depicting the injection site from
an adult tdTomatoJ*/* mouse brain in the DCN. Scale bar: 250 wm. (CI-1Il)
Schematic of coronal sections showing quantitative localization of tdTomato™
neuron cell bodies (red dots) or neurites (red lines) at different distances from
Bregma (—3.08 mm, —2.92 mm, —2.46 mm) after rAAV8-CMV-WAG-Cre
injection in the DCN. Squared boxes represent confocal images presented in
(Cr-nr). (Cr-Ir) Single tdTomato* neurons were observed in the
hippocampal pyramidal layer (Py, CP’-IIP’) or stratum oriens (Or, ClII’). Scale
bars: 250 wm. (D) Schematic of coronal sections showing quantitative
localization of tdTomato* neuron cell bodies (red dots) or neurites (red lines)
at different distances from Bregma (—5.02 mm, —4.72 mm, —3.52 mm) after
rAAV8-CMV-WAG-Cre injection in the DCN (DI-I1I). Squared boxes represent
confocal images presented in (DP-IIP). (DPIIP’) tdTomato™ neurons were
found in the parasubiculum (PaS, DIF’) and in both retrosplenial granular
(RSG, DIIP) and agranular (RSA, DIIP) cortex. Scale bars: 250 wm. IntA,
anterior interposed cerebellar nucleus; IntP, posterior interposed cerebellar
nucleus; Lat, lateral (dentate) cerebellar nucleus; LatPC, parvicellular Lat;
Med, medial (fastigial) cerebellar nucleus. The mouse brains in this figure has
been reproduced from Franklin and Paxinos (2001).

A polysynaptic circuit tracing B

@ = input neuron
@ = targeted neuron
—=Cre transport

unilateral

/;)]\ z Eﬁ Cerebellum
2.

)

day 0 4 months

l TAAVE-CMV-WGA-Cre s

\

tdTomatoJ/BI6
-2.54 mm

FIGURE 2 | Mapping rAAV mediated polysynaptic targets from the dentate
gyrus to cerebellum using the tracer rAAV8-CMV-WGA-Cre in tdTomatoJ+/+
mice. (A) Schematic of sagittal section from an adult tdTomatoJ*/+ mouse
brain injected unilaterally with 1 I rAAV8-CMV-WGA-Cre in the dentate gyrus
(gray dot) for 4 months to trace the polysynaptic circuit (red line) to the
cerebellum (red dot). (B) Confocal image of a coronal section from an adult
tdTomatoJ*/* mouse brain injected with rAAV8-CMV-WGA-Cre showing the
injection site in the DG and hippocampus proper. Scale bar: 250 pm. (CI-IlI)
Schematic of coronal sections showing quantitative localization of tdTomato™
neuron cell bodies (red dots) or neurites (red lines) at different distances from
Bregma (—6.00 mm, —5.68 mm, —5.34 mm) after rAAV8-CMV-WGA-Cre
injection in the dentate gyrus. Squared boxes represent confocal images
presented in (CP-IIP’). (CP-lII’) Example single tdTomato™ neurons were
imaged from the cerebellar lobulus simplex (Sim, CI’) and lobes 4 and 5,
(4&5Cb, CIP-IIP). Scale bars: 250 wm. (DI-lll) Schematic of coronal sections
showing quantitative localization of tdTomato™ neuron cell bodies (red dots)
or neurites (red lines) at different distances from Bregma (—7.32 mm,

—4.96 mm, —3.80 mm) after rAAV8-CMV-WGA-Cre injection in the dentate
gyrus. Squared boxes represent confocal images presented in (DP=IIP).
(DP’-1IP’) Representative tdTomato™ axons were imaged from the ipsilateral
side of injection from the paramedian reticular nucleus (PMn) and parts of the
inferior olive (10, DI), while tdTomato™ cells were seen in primary visual cortex
(V1) and retrosplenial agranular cortex (RSA, DIP), lateral entorhinal (LEnt) and
perirhinal cortices (PRh, DIIP’) and subiculum (S, DIIP). Scale bars: 150 pm.
The mouse brains in this figure has been reproduced from Franklin and
Paxinos (2001).
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FIGURE 3 | Continued

(AV) and internal capsule (ic, DIIP) that are expressing tdTomato™ neurites.
Scale bars: 150 um. The mouse brains in this figure has been reproduced
from Franklin and Paxinos (2001).

A polysynapic circut racing

@ = input neuron bilateral
@ = targeted neuron

—= Cre transport Retrosplenial

Cortex

D QW

expression in the thalamus following injection of WGA-Cre

T Sy in the hippocampus vs. the cerebellar DCN. Injection in the
— ow VG- cerebellar DCN showed more labeling in the thalamus, except for
c ) in the lateral posterior thalamus (Supplementary Figure S2C),

suggesting the existence of different pathways connecting the
cerebellum with the hippocampus in a loop, as was reported
for motor-related areas (Dum and Strick, 2003; Kelly and
Strick, 2003). We also found tdTomato+ neurites crossing the
MGD/MGYV (medial geniculate nucleus, dorsal and ventral parts;
Supplementary Figure S2B) and dorsal raphe nucleus (DRN,
Supplementary Figure S2B’). Some tdTomato+ expressing cells
were seen in the medial septal nucleus (MS, Supplementary
Figure S2D) and neurites in the lateral septal nucleus (LSI,
Supplementary Figure S2D’).

Since both injections of rAAV8-CMV-WGA-Cre virus in
the cerebellar DCN (Figure 1) and hippocampus (Figure 2)
demonstrated tdTomato™ neurons in the RSC, we injected
the RSC, granular (RSG) and agranular (RSA) parts of two
tdTomato] mice bilaterally (Figure 3) to further dissect the
synaptic connections between the cerebellum and hippocampus
(AP: —2.54 mm, ML: &+ 0.3 mm, DV: 0.75-0.25 mm; 1 pl per
site). Four months of expression and tracing time, we observed
tdTomato™ cerebellar Purkinje cells (Figures 3CDLII’) with
their positive axons (arrows) and molecular layer interneurons
(Figure 3CIII’) equally distributed over the cerebellar lobules
(Figure 3C). We also detected tdTomato™ neurites in the
right dorsal hippocampal commissure (dhc), alveus of
the hippocampus (alv) and external capsule (ec) but not in

FIGURE 3 | Mapping rAAV mediated polysynaptic targets from the the ectorhinal cortex (Ect) at —4.36 mm from Bregma, close
retrosplenial cortex (RSC) to cerebellum using the tracer to the cerebellum (Figures 3DI—I’). thomato]* neurites
AAVB-CMV-WGA-Cre in tdTomato,*/* mice. (A) Schematic of sagittl crossed the superior cerebellar peduncle (scp), thalamic deep
section from an adult tdTomatoJ*/* mouse brain injected bilaterally with each ) . ) 3

1 I rAAVS-CMV-WGA-Cre in the RSC, granular (RSG) and agranular (RSA) mesencephalic nucleus (DpMe) and medial lemniscus (ml) in the
parts (gray dot) for 4 months to trace the polysynaptic circuit (red line) to the thalamus at —3.08 mm from Bregma (Figures 3DII-II’), while
cerebellum (red dot). (B) Confocal image of a coronal section from an adult tdTomato™ cell somata were also seen in the right laterodorsal

tdTomatoJ*/* mouse brain injected with rAAV8-CMV-WGA-Cre showing the
injection sites in the retrosplenial cortices (RSC). Scale bar: 250 wm. (Cl-lll)

Schematic of coronal sections showing quantitative localization of tdTomato™
neuron cell bodies (red dots) or neurites (red lines) at different distances from

thalamic nuclei, dorsomedial (LDDM) and ventrolateral
(LDVL) and bilateral anteroventral thalamic nuclei (AV;
Figures 3DIII-IIT).

Bregma (—7.64 mm, —6.00 mm, —5.52 mm) after rAAV8-CMV-WGA-Cre To further explore the cerebellar-hippocampal circuitry as
injection in the RSC. Squared boxes represent confocal images presented in reported previously for motor-related areas, we jnjected the
(Cr-1Ipr). (Cr-Ir) Example single tdTomatot neurons were imaged from the anterograde tracer TAAV8-CMV-WGA-Cre in left cerebellar
cerebellar lobule 7 (7Cb, CP), cerebellar Crus2 (CIP’) and lobes 4 and 5, .

(485Cb, CIIP). Arrows pointing to tdTomato™t axons. Scale bars: 250 pm Crusl/Crus2 (Figures 4A,BIl; AP: —6.4 mm, ML: —2.7 mm,
(I,IP), 100 wm (I””). (DI-ll) Schematic of coronal sections showing DV: 1.7-1.07), which may be involved in sequence-based
quantitative localization of tdTomato* neuron cell bodies (red dots) or neurites navigation, and the retrograde tracer rAAV8-CMV-TTC-
(red lines) at different distances from Bregma (—4.36 mm, —3.08 mm, eGFP in the left DG of tdTomato] mice (Figures 4A,BI;
—1.06 mm) after rAAVS—CMV—WGA—Cre injection in the RSC. Squareq boxes Burguiére et al., 2010; Igléi et al, 2015)’ Since rAAVS-
represent confocal images presented in (DI’-1II). (DI’-1II’) Example single . . . .
tdTomato™ neurites were imaged from the left dorsal hippocampal CMV-TTC-eGFP requires a longer expression time in the
commissure (dha), alveus of the hippocampus (alv) and external capsule (ec, hippocampus compared to WGA-Cre, it was initially injected
DP’), thalamic deep mesencephalic nucleus (DpME), superior cerebellar 3 months prior to rAAV8-CMV-WGA-Cre (Figure 4A).
peduncle (scp) and medial lemniscus (ml, DIP), laterodorsal thalamic nuclei, Unilateral injection of TAAVS8-CMV-TTC-eGFP in the DG

dorsomedial (LDDM) and ventrolateral (LDVL), anteroventral thalamic nucleus

. + . . » . .
Continued) resulted in eGFP™ neurons in the DG (Figure 4CI”), perirhinal

(PRh) and LEnt (Figures 4CLCT’), the subiculum (S) and
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A polysynaptic circuit tracing B
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FIGURE 4 | Mapping the shared circuit between the dentate gyrus and cerebellar cortex with an rAAV retrograde and anterograde tracer. (A) Schematic of sagittal
section from an adult tdTomatoJ*/+ mouse brain injected with 1 i of the retrograde specific rAAV8-CMV-TTC-eGFP (green dot) in the dentate gyrus for 8 months
and rAAV8-CMV-WGA-Cre (1 ) in the cerebellar Crusl/Crusll (gray dot) for 5 months to determine the common polysynaptic circuits (red and green lines). The
viruses were injected at different time points to allow better expression of rAAV8-CMV-TTC-eGFP. (B) Confocal image of a coronal section from an adult
tdTomatoJ*/+ mouse brain injected unilaterally with rAAV8-CMV-TTC-eGFP in the dentate gyrus [DG, green, upper (1)] and rAAV8-CMV-WGA-Cre in cerebellar
Crusl/Crusill [red, lower (l)]. Cell bodies stained with tdTomato are evident in the dentate gyrus. Scale bars: 250 wm. (Cl,Il) Schematic of coronal sections showing
quantitative localization of tdTomato™ (red dots) and eGFP* (green dots) neuronal cell bodies or neurites (red lines) at different distances from Bregma (—3.40 mm,
—2.80 mm). Squared boxes represent images in (CI’-CIP’). (CI’-II’) Example images from squared boxes in (CI’-II’) of tdTomato™ and eGFP* positive cell bodies in
perirhinal cortex (PRh, P’), dentate gyrus (DG, 1”) and presubiculum (PrS, IP’) where circuits are shared. Scale bars: 250 um. The mouse brains in this figure has been
reproduced from Franklin and Paxinos (2001).

presubiculum (PrS; Figures 4CILCII’), but failed to label  astrocytes, in similar areas such as the PRh (Figure 4CI’) and PrS
structures beyond these areas. The injection of WGA-Cre  (Figure 4CII’), but no neurons were identified expressing both
in cerebellar Crusl/Crus2 resulted in tdTomato™ cells, likely  fluorescent proteins.
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Retrograde Monosynaptic Tracing of the
Mouse Hippocampal-Thalamic-Cerebellar
Circuitry Using Deletion Mutant Rabies

Virus

To determine the sequence of connections between the
cerebellum and hippocampus in more detail, we used the
retrograde mono-transsynaptic tracer RABVAG-eGFP (EnvA),
allowing a retrograde step-by-step tracings to the cerebellum,
starting from the hippocampus (Wickersham et al., 2007a,b).
To allow efficient infection, as well as transsynaptic traversal
of neurons by our modified RABV we first infected the
hippocampus proper and DG of 6 C57/Bl6 mice (three
mice/area) with two rAAV expressing the rabies virus
glycoprotein and the TVA receptor (Niedworok et al., 2012).
One week later we injected into the same site RABVAG-EGFP
(EnvA). We injected both the hippocampus proper and DG
for two reasons (Figure 5). First, the connectivity of this
structure is well described and serves as a valuable control for
obtained tracings results. Second, we wanted to test a possible
existence of a weak but monosynaptic cerebellar projection
to the hippocampus. After 1 week of RABV expression in the
hippocampus (DG and CA1/CA3, see Table 2 in the “Materials
and Methods” section for coordinates), eGFPT neurons
appeared in the rhinal cortex (RC), including entorhinal (Ent),
PRh, LEnt and parts of the medial entorhinal (MEnt) cortex,
PrS and S (Figure 5C), lateral and medial supramammillary
nuclei, mammillary tract and medial septal nucleus, as well as
nuclei in the dorsal raphe and horizontal limb of the diagonal
band (HDB; Supplementary Figure S3). We found significantly
more eGFP™ neurons in the RC (5,517 cells) compared to RSC,
S and PrS/PaS (p = 0.001; p = 0.002; p = 0.016, each t-test n = 3;
Figures 5DLEI). Graphical illustration of the distribution of
eGFP™T neurons depending to their distance to Bregma of the
RC showed that the LEnt provides strongest synaptic input to
the hippocampus (2,261 cells), followed by Ect (1,476), PRh
(1,452) and MEnt (328; Figures 5DIIL,DIV; analyzed with
One-way ANOVA). Notably, we did not detect fluorescence in
the cerebellum or in the thalamus.

Since the hippocampus receives inputs predominantly via the
dentate gyrus, we next bilaterally injected only the DG with
the above-mentioned viruses (each 0.2 pl) to differentiate the
synaptic inputs to the hippocampus proper and DG (Figure 6).
Similarly, eGFP™ neurons were found in the same areas as after
rAAV8-CMV-WGA-Cre injections into the CA1/CA3 region,
including PRh and LEnt (Figures 6CIII’) but also ectorhinal
cortex (Repapi et al,, 2009), PaS (Figure 6CI’), S and CAl
(Figures 6CIILIII”), suggesting a monosynaptic input from
these regions to the DG. We also found eGFP* cells in
the lateral and medial supramammillary nuclei medial raphe
nucleus and nuclei in the horizontal limb of the diagonal band
(Supplementary Figure S4). We confirmed that neurons of the
PRh synapse onto DG and the CAl neurons, as previously
reported by Agster and Burwell (2013). Projections from Ect,
LEnt and MEnt to the DG have already been described in mice,
as well as the input from the supramammillary nuclei but a
monosynaptic projection from the PaS to the DG as observed
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FIGURE 5 | Inputs into the hippocampus using a monosynaptic, retrograde
modified RABV tracer. (Al) Schematic of sagittal section from an adult mouse
brain injected with the retrograde specific modified RABV tracer (green dots)
and pH in the hippocampus (1 pl). The pHelper viruses
rAAV8-CBA-RG-mCherry and rAAV8-CBA-mRFP-IRES-TVA were injected
7 days prior to the SADAG-eGFP (EnvA) rabies virus (1:2 ratio, 1 l/site).
Animals were sacrificed 7 days after RABV injection. (All) Overview of the
bilaterally injected hippocampus. The framed area represents the
hippocampus shown in (B). Scale bar: 1 mm. (B) Higher magnification of the
right injection site (Bregma —1.94 mm) showing hippocampal neurons
infected with the Helper virus (RFP*; BI) or rabies virus (€GFP; BII). Scale
bar: 250 wm. Merge (BIll) of images in (B’) and (B”) showing
double-fluorescent neurons in the dentate gyrus. Scale bar: 250 pm. (CI-lI)
Schematic of coronal sections showing quantitative localization of eGFP*
(green dots) neuronal cell bodies at different distances from Bregma
(—4.96 mm, —3.64 mm, —3.40 mm) in all analyzed mice (n = 3). Squared
boxes represent images in (CP-11I”). (CP-11I”) Example images from squared
boxes in (CI-Ill) demonstrate that eGFP* cell bodies represent inputs into
the dentate gyrus from the parasubiculum (PaS, I’), ectorhinal cortex (Ect, I),
lateral entorhinal cortex (LEnt, I’), perirhinal cortex (PRh, IP’), subiculum (S, 1IP°)
(Continued)
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FIGURE 5 | Continued

and RSC, agranular and granular parts (RSA, RSG, III”). (D) Graphical
illustration showing the representative number of eGFPT neurons found at
different mm from Bregma in Para-, and Pre-subiculum, S (PaS, Pre; DI) and
the RSC (DII), with each line representing the count in one mouse. (DILII) A
total of 2,477 eGFP expressing cells were count in PaS/Pre of n = 3 mice
(dotted lines), while only 204 eGFP™ cells were detected in the S (DI) and
117 cells in the RSC (DII). A total of 2281 eGFP+ cells were found in the Ent,
followed by 1476 eGFP+ cells in the Ect and 1452 cells in the PRh (DIV). (El)
Statistical analysis comparing all input areas to the Hippocampus. With a total
of 5,517 eGFP* cells, the rhinal cortex (RC) provides significantly more input
to the murine Hippocampus compared to RSC (p = 0.001, t-test), S

(o = 0.002, t-test) and Pre/PaS (p = 0.016, t-test). Pre/PaS significantly
increased projections compared to S (p = 0.008, t-test) and RSC (p = 0.002,
t-test). (DIN) Graphical illustration showing the representative number of
eGFP* neurons found at different mm from Bregma in Ect (1,476 neurons),
PRh (1,452), LEnt (2,261) and medial entorhinal cortex (MEnt, 328). All areas
that provide monosynaptic input to the hippocampus as revealed by eGFP+
cells. The RC provides strongest synaptic input to the hippocampus
compared to RSC (p = 0.001, t-test), S (p = 0.002, t-test) and PaS/PrS

(o = 0.016, t-test). A total of 2477 eGFP+ cells were found in the PaS/PrS,
which is significantly more compared to S (p = 0.003, t-test) and RSC

(p = 0.002, t-test). (EH) Total number of eGFP* neurons in the rhinal cortex of
n = 8 mice showing significantly more projections (One-way analysis of
variance, ANOVA), post hoc Tukey (p < 0.05) from the Ect (1,476 cells) PRh
(1,422) and LEnt (2,261) compared to the MEnt (328). Significance for
comparisons: *p < 0.05; **p < 0.01; **p < 0.001. DG, dentate gyrus; Ect,
ectorhinal cortex; LEnt, lateral entorhinal cortex; MEnt, medial entorhinal
cortex; PaS, parasubiculum; PRh, perirhinal cortex; PrS, presubiculum; Py,
pyramidal cell layer of the hippocampus; RSA, agranular retrosplenial cortex;
RSC, retrosplenial cortex; RSG, granular retrosplenial cortex; RC, rhinal
cortex; S, subiculum; V2L, secondary visual cortex, lateral area. The mouse
brains in this figure has been reproduced from Franklin and Paxinos (2001).

here has not been reported (Figure 6CI’; Vertes and McKenna,
2000; van Groen et al., 2002b,c; Hartley et al., 2013). Thus,
injections of modified RABV in the hippocampus and DG both
confirmed already known projections, but also revealed a new
projection from the PaS to the DG. Analysis revealed that the
DG receives most input from the RC (4,889 cells in >3 mice,
Figure 6F), when compared to CAl and S (p < 0.001, t-test),
which is in accordance with our results presented in Figure 5D.
With these findings, we show that RC input to the hippocampus
is delivered via the DG. Within the RC, the LEnt contributed the
most synaptic input to the DG (n = 3,122 cells) compared to the
PRh (n = 1,141 cells), Ect (n = 440 cells) and MEnt (n = 186 cells,
One-Way-ANOVA, Figures 6D,FII).

To further explore whether the cerebellum synapses directly
on other hippocampal input regions including the S (Figure 7),
RSC (Figure 8) and Ent (Figure 9), the modified RABV was
injected in these areas of C57/Bl6 mice. Bilateral injection of
RABV AG-eGFP virus in the S (AP: —3.52 mm, ML: & 2.2 mm;
DV: 1.5-1.3 mm, n = 5) resulted in double-fluorescent
neurons in the subiculum resulting from infection from both
rAAV helper viruses (mCherry/RFP, 0.2 1) and rabies virus
(eGFP, 0.1 pl; Figure 7AII). The laterodorsal thalamic nucleus,
dorsomedial (LDDM) and ventrolateral parts (LDVL) showed
eGFP™ neurons, representing direct monosynaptic input to the S
(Figure 7BID’). Only 2-5 eGFP™ cells were observed in the PRh of
each S injected mouse, thus confirming sparse input from the RC
to the S. Additionally, we found a total of 28,093 CA1 pyramidal
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FIGURE 6 | Mapping monosynaptic input areas to the dentate gyrus in
C57/BI6 mice using the retrograde SADAG-eGFP tracer. (Al) Scheme of a
sagittal section from an adult mouse brain injected with the retrograde
specific RABV tracer (green circle) in the dentate gyrus of C57/BI6 mice
(n = 3). The pHelper viruses rAAV8-CBA-RG-mCherry and
rAAV8-CBA-MRFP-IRES-TVA (1:2 ratio, 0.2 wl) were injected 7 days prior to
the SADAG-eGFP (EnvA) rabies virus (0.2 ). (B) Confocal image showing
one exemplary injection site in the left DG with rabies virus (€GFP, BI) and
pHelpers (mcherry, BIl) in the DG. Overlay reveals coinfected starter neurons
for monosynaptic retrograde tracing (BIll). Scale bars: 250 um. (CI-III)
Coronal brain sections at —4.72 mm, —3.64 mm and —2.80 mm from
Bregma depicting eGFPT neurons (green dots) by retrograde monosynaptic
transport from the DG. (CI-III”) Confocal image from boxed area presented
in Cl representing several eGFP™ neurons in the outer layers of the RC,
including Ect, PRh and LEnt (CP’-II’), the S (CIII’) and pyramidal CA1 cells of
the hippocampus (CIII”), representing input to the DG. Scale bars: 250 wm.
(D) Line plots mapping the individual distribution of eGFP* neurons by
retrograde monosynaptic transport from the DG to the Ect (DI), PRh (DII),
LEnt (D) and MEnt (DIV) in all mice. Each line represents the count of
eGFP* cell bodies in one mouse. (E) Line plots mapping the individual
distribution of eGFP™ neurons by retrograde monosynaptic transport from the
DG to the S (ElI) and CA1 (El). (FI) Compared to S and CA1, the RC
provides the most input to the DG revealed by monosynaptic retrograde
transport (t-test, for S: p < 0.001; for CA1 p < 0.001). (FIl) Within the RC,
(Continued)
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FIGURE 6 | Continued

the LEnt forms significantly more synapses with the DG with a total of

3,122 eGFPT cells compared to PRh (p < 0.001), Ect (p < 0.001) and MEnt
(o < 0.001, all One-Way-ANOVA). In the PRh a total of 1,141 cells was
counted and is the second strongest input source to the DG compared to Ect
(o = 0.006) and MENt (p = 0.001, One-Way-ANOVA). Significance for
comparisons: **p < 0.01; **p < 0.001. DG, dentate gyrus; Ect, ectorhinal
cortex; LEnt, lateral entorhinal cortex; MEnt, medial entorhinal cortex; PRh,
perirhinal cortex; Py, pyramidal cell layer of the hippocampus; RC, rhinal
cortex; S, subiculum; TeA, temporal association cortex; V2L, secondary visual
cortex, lateral area. The mouse brains in this figure has been reproduced from
Franklin and Paxinos (2001).

cells at various distances from Bregma (Figures 7BI”,DI) and
1,034 cells in the RSC (Figures 7BI;DIII). To our knowledge, the
LDDM has not been reported before to synapse on the subiculum
directly and a total of 639 cells were counted in all mice in the
laterodorsal thalamus. These are significantly more compared to
the LPMR (p < 0.001) and LPLR (p = 0.006) or VL (p = 0.024,
One-Way-ANOVA, Figure 7CIV).

The RSC has been previously proposed to connect the
cerebellum with the hippocampus via a polysynaptic circuitry
(Rochefort et al., 2013). To identify these circuits, we bilaterally
injected the monosynaptic RABVAG-eGFP (0.5 |1l each rAAV
helpers and RABV) in the retrosplenial cortex, granular (RSG)
and agranular (RSA) areas (Figure 8A) at —1.46 mm from
Bregma (ML: £ 0.25 mm; DV: 0.25-0.1 mm; n = 3). An average
of nine neurons in both regions were co-expressing both helper
(mCh/RFP) and RABV (eGFP, Figure 8AII). Although there was
no tracer observed in the cerebellum, staining in the left LDDM
and LDVL, as well as in the ventrolateral thalamic nucleus (VL) at
—1.22 mm from Bregma (Figure 8BIII’) was evident, indicating
a direct monosynaptic input from the thalamus to the RSA as
reported for the LDDM in rats (Sripanidkulchai and Wyss, 1986).
In all mice analyzed, the thalamic nuclei equally project to the
RSC, except the AV, which has significantly less eGFP™ cells
than the LDDM (p = 0.027, One-Way-ANOVA, Figure 8EII).
We also found eGFP™ cells in the S and hippocampal CAl
(Figures 8BIII’), with the S forming more synapses on the
RSC than the CAl cells (p = 0.011, t-test). Additionally, few
eGFP™ neurons in the medial and median raphe nuclei, lateral
supramammillary nucleus, dorsal secondary auditory cortex
and the pontine reticular nucleus (Supplementary Figure S5)
were detected.

Since the RC provides strong monosynaptic input to the
dentate gyrus in mice (Hartley et al., 2013), we wanted to test the
possibility of a monosynaptic connection between the RC and the
cerebellum. Injection of the modified RABV (0.3 1) in the left
rhinal cortex at —4.84 mm from Bregma (ML: —4.2 mm, DV:
1.65-0.55, n = 4) revealed co-expressing neurons distributed in
the LEnt (Figure 9AII). Many eGFP+ neurons were observed
at the ipsilateral side, predominantly in hippocampal CAl,
CA2 and CA3 region (Figures 9BLILII’) and S (Figure 9BI’)
and RSC (Figure 9BII), indicating direct monosynaptic input
from these areas to the RC. eGFP" expressing neurons were
also detected in the DG bilaterally and in the ipsilateral LPMR
and medial geniculate nucleus, dorsal (MGD) and ventral
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FIGURE 7 | Identifying a monosynaptic circuit to the subiculum from the
thalamus using the retrograde, modified RABV tracer. (A) Schematic of a
coronal section at Bregma —3.52 mm (Al) from an adult mouse brain injected
bilaterally with the retrograde specific, modified RABV tracer (green circle,
0.1 wl, All”) and pHelper mixture (red circle, AlIP) in the subiculum (S) and
presubiculum (PrS) of n = 5 mice. The pHelper viruses
rAAV8-CBA-RG-mCherry and rAAV8-CBA-mRFP-IRES-TVA (1:2 ratio, 0.2 pl)
were injected 7 days prior to the SADAG-eGFP (EnvA) rabies virus. Animals
were sacrificed 7 days after modified RABV injection. (All) Confocal image
showing co-expression of both pHelper and rabies viruses. Scale bars:
250 pm. (BI) Coronal brain scheme at —2.18 mm from Bregma showing
eGFP* neurons (green dots) by monosynaptic retrograde transport from the
S and PrS to the (RSG, BP’) and hippocampal CA1 (BI”). (BIl) Coronal brain
section at Bregma —1.34 mm depicting eGFP* neurons by monosynaptic
retrograde transport from the S and PrS to hippocampal CA1 and laterodorsal
and ventrolateral thalamus (LDDM/LDVL, BIP). Scale bar: 250 wm. (CI-lll)
Line plots mapping the individual distribution of eGFP* neurons by retrograde
monosynaptic transport from the S and PrS to the lateral posterior thalamic
nucleus, mediorostral and laterorostral parts (LPMR/LPLR, Cl), ventrolateral
thalamus (VL, Cll) and LDDM and LDVL (CIHl). (CIV) With total 398 eGFP*
cells, the LDVL provides strongest synaptic input to the S and PrS compared
to LPMR (p < 0.001), LPLR (p = 0.006) and VL (p = 0.024, analyzed with
One-Way-ANOVA; DI) Line plots mapping the individual distribution of eGFP*
neurons by retrograde monosynaptic transport from the S and PrS to the
CA1 (DI) and DG (D) region of the hippocampus and to the RSC (DIII).
eGFP* cells in the DG were found in two of the five analyzed mice.
(Continued)
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FIGURE 7 | Continued

(DIV) Compared to the thalamic nuclei (CI-Ill) and RSC (DI, the
hippocampus exhibited a total of 28,228 eGFP* cells, which is significantly
more than in the thalamus (p = 0.008, Mann-Whitney U) and RSC (p < 0.001,
t-test). Significance for comparisons: *p < 0.05; **p < 0.01; **p < 0.001.
DG, dentate gyrus; LDDM, dorsomedial laterodorsal thalamic nucleus; LDVL,
ventrolateral laterodorsal thalamic nucleus; LPLR, laterorostral lateral
posterior thalamic nucleus; LPMR, mediorostral lateral posterior thalamic
nucleus; PrS, Presubiculum; RSC, retrosplenial cortex; RSG, granular
retrosplenial cortex; S, Subiculum; VL, ventrolateral thalamus. The mouse
brains in this figure has been reproduced from Franklin and Paxinos (2001).

parts (MGV; Supplementary Figure S6). Furthermore, the RC
receives less synaptic input from the Barrington’s nucleus and the
gigantocellular reticular nucleus in the pons, the ipsilateral motor
cortex M2, the medial septal nucleus, the lambdoid zone and the
ipsilateral nucleus of the horizontal limb of the diagonal band
(Supplementary Figure S$6). eGFP' cells were also detected
and analyzed in the thalamus, including LDDM/LDVL and
VL (Figures 9BIII,CIII). Within the thalamus, the VL forms
more synapses with the RC compared to LDVL (p < 0.001),
LPMR (p = 0.002) and LPLR (p = 0.002, One-Way-ANOVA;
Figure 9D). However, the hippocampus innervates the RC
to a greater extent than the S (p = < 0.001, t-test), RSC
(p = 0.029, Mann-Whitney-U-test) and thalamus (p = 0.029,
Mann-Whitney-U-test; Figure 9EIII). Since we injected the RC
unilaterally, we are able to differentiate between inputs from
ipsi-, and/or contralateral sites (Supplementary Figure S7). We
observed a tendency of ipsilateral rather than contralateral cells
projecting to the RC from the RSC and DG (Supplementary
Figures S7A,B). Interestingly, significantly more ipsilateral cells
from the CA3 hippocampus proper (p = 0.002, t-test) and S
(p = 0.029, Mann-Whitney-U-test) synapse on the RC compared
to contralateral cells. However, no eGFP" neurons were seen in
the cerebellum.

In this article, we show that LDDM/LDVL and VL in
the thalamus is involved in the polysynaptic connections
between the cerebellum and hippocampus via the S, RSC and
RC utilizing both polysynaptic tracers, rAAV8-CMV-WGA-
Cre and rAAV8-CMV-TTC-eGFP (Figure 3) and a modified
RABV (Figures 7-9). It has been reported that the LDDM
participates in spatial learning and memory, while the VL
is known to receive fastigial nucleus input in non-human
primates (van Groen et al., 2002b; Kelly and Strick, 2003).
Based on these data we injected the modified RABV in these
thalamic nuclei to identify a potential three-synapse projection
pathway from the cerebellum to the hippocampus via relay in
the thalamus, RSC and/or S and RC. Unilateral injection in
the LDDM and LDVL regions of C57/Bl6 mice (n > 4) at
—1.46 mm from Bregma (Figure 10) revealed co-expression
of both helper (mCh/RFP, 0.2 pl) and RABV (eGFP, 0.2 pul)
in neurons from both regions (Figure 10AII). We were able
to identify a new projection pathway to the LDDM/LDVL
from only contralateral areas of the DCN, the medial (fastigial,
Med) nucleus (Figures 10BI-IV,C). Neurons of the interpositus
nucleus (IntP) and lateral (dentate, Lat) nucleus of the DCN
also provide strong monosynaptic input to the LDDM/LDVL
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FIGURE 8 | Mapping the circuit between the RSC and thalamus. (Al)
Schematic of coronal section at Bregma —1.46 mm and confocal images of
rabies infection site (All”) and pHelpers (AIl’) depicting virus spread to the
RSA and RSG areas (All). Green dots represent the retrograde specific,
modified RABV tracer expression. The pHelper viruses
rAAV8-CBA-RG-mCherry and rAAV8-CBA-mRFP-IRES-TVA (1:2 ratio, 0.5 pl)
were injected 7 days prior to the SADAG-eGFP (EnvA) rabies virus (0.5 pl).
Mice (n = 3) were sacrificed 7 days after modified RABV injection. Double
infected neurons represent starter neurons for retrograde transport in RSA
and RSG (arrows, All). Scale bars: 150 pm. (BI-Ill) Coronal brain sections at
Bregma —3.08 mm (BI), —2.70 mm (BIl) and —1.22 mm (BIll) depicting
eGFP* neurons (green dots) undergoing monosynaptic retrograde transport
from the RSC. (BI’-II’) Images from boxed areas in (BI-BIIl). eGFP*
neurons outside the injection site were detected in the S (BI’), CA1 pyramidal
cells (BIP) and in the LDDM and LDVL (BIIF’). Scale bars: 250 um. (C) Line
plots mapping the distribution of eGFP* neurons per mouse by retrograde
monosynaptic transport from the RSC to the S (Cl) and CA1 (CIl) and their
distance to Bregma. (D) Line plots mapping the distribution of eGFP*
neurons per mouse by retrograde monosynaptic transport from the RSC to
AV (DI), LDDM (DII), LDVL (DINI) and VL (DIV). (El) A total of 846 eGFP*
cells was found in all mice in the S, showing significantly more input from the
S to the RSC compared to the CA1 region (p = 0.011, t-test), but not the
(Continued)
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FIGURE 8 | Continued

thalamus (p = 0.473, t-test). (Ell) Within the thalamus, the LDDM showed
significantly more eGFP* cells then the AV (p = 0.027, One-Way-ANOVA), but
no other significance was found between the nuclei (LDVL p = 0.185; VL

p = 0.273). Significance for comparisons: *p < 0.05; *p < 0.01. AV,
anteroventral thalamic nucleus; DLG, dorsal lateral geniculate nucleus;
LDDM, dorsomedial laterodorsal thalamic nucleus; LDVL, ventrolateral
laterodorsal thalamic nucleus; LPLR, laterorostral lateral posterior thalamic
nucleus; LPMR, mediorostral lateral posterior thalamic nucleus; MDL, lateral
mediodorsal thalamic nucleus; Po, posterior thalamic nuclear group; Py,
pyramidal cell layer of the hippocampus; RSA, agranular retrosplenial cortex;
RSG, granular retrosplenial cortex; S, Subiculum; VL, ventrolateral thalamic
nucleus. The mouse brains in this figure has been reproduced from Franklin
and Paxinos (2001).

(Figures 10B,C). A total of 732 cells were seen in the DCN in
all mice (Figure 10D), however, the Med forms less synapses
with the LDDM/LDVL than IntP and Lat (p < 0.001, One-Way-
ANOVA; Figure 10D). Injection of 0.2 ul RABV in the VL at
—1.58 mm from Bregma (Figure 11A) revealed co-expressing
starter neurons only in the desired area (Figure 11AII).
We found both ipsi- and contralateral staining in the DCN
(Figure 11BI) that was present through all slices analyzed. The
contralateral Lat and IntP of the DCN were identified as a
strong synaptic input source to the VL (Figures 11BI’,BII),
but significantly fewer cells were seen in the Med (p <
0.001 compared to IntP, One-Way-ANOVA; Figure 11D).
In general, the contralateral DCN had more eGFP' neurons
than the ipsilateral sites (Figure 11D, each f-test). We also
found several eGFPT neurons in the pons, equally distributed
(Figure 11BI).

Taken together, we were able to identify a polysynaptic
cerebellar-hippocampal connection by use of monosynaptic
retrograde and polysynaptic anterograde and retrograde virus-
based tracing. We found a new projection pathway from the
medial cerebellar nucleus to the laterodorsal thalamic nuclei,
which has not been reported. We also found that the Med
projects to the ventrolateral thalamic nuclei in mice, as well
as the interpositus cerebellar nuclei synapse on laterodorsal
and ventrolateral thalamic nuclei which has been described
partially in other species. Both thalamic nuclei synapse on either
the subiculum, rhinal cortex and RSC may communicate via
direct monosynaptic connections, as well as projecting to the
hippocampus (Figure 12).

DISCUSSION

The cerebellum assists in spatial navigation by participating in
building the hippocampal spatial map (Rochefort et al., 2011).
The vestibular system plays a vital role in stabilizing gaze
during head movements in addition to controlling posture and
spontaneous reflexes. Impairments in vestibular inputs diminish
learning and memory in particular spatial learning by affecting
the proper function of head direction, place and grid cells.
Moreover, loss of the vestibular system leads to degeneration
of the hippocampus and its dendritic branches and impaired
spatial memory in humans (Brandt et al., 2005; Smith et al,
2005; Cronin et al.,, 2017). Consequently, the cerebellum must
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FIGURE 9 | Identifying inputs into the rhinal cortex from the subiculum,
hippocampal CA1 region and thalamus using the retrograde, modified RABV
tracer. (Al) Schematic of coronal section at Bregma —4.84 mm depicting the
injection site in n = 4 mice. Confocal images show exemplary infection of
pHelpers (AIP’) and rabies virus (All”) depicting virus spread in the rhinal
cortex including lateral (Lent) and medial (MEnt) entorhinal cortices (RC).
Overlay reveals coinfected starter cells (arrows in All) of retrograde
monosynaptic transport. Green dots represent the retrograde specific,

modified RABV tracer expression (0.3 wl). The pHelper viruses

rAAV8-CBA-RG-mCherry and rAAV8-CBA-mRFP-IRES-TVA (1:2 ratio, 0.6 pl)
were injected 7 days prior to the SADAG-eGFP (EnvA) rabies virus. Mice
were sacrificed 7 days after RABV injection. Scale bar: 150 wm. (BI-III)
Coronal brain section at Bregma —3.40 mm (BI) and —2.18 mm (BII) and
(BIll) —1.34 mm depicting eGFP* neurons (green dots) by monosynaptic
retrograde transport from the rhinal cortex. Rabies infected cells were present
in the S (BI’), CA1 region of ipsilateral hippocampus and RSC (BIF’). (BIII’)
Single eGFPT neurons were found in ipsilateral LDDM and LDVL, but also
centrolateral thalamic nucleus (CL) Scale bars: 250 wm. (C) Line plots
mapping the distribution of eGFP* neurons per mouse by retrograde
monosynaptic transport from the RC to different thalamic nuclei. eGFP* cells
were found in the mediorostral and laterorostral lateral posterior (LPMR/LPLR,
Cl), ventrolateral and dorsomedial laterodorsal (LDVL/LDDM, CII) and
ventrolateral (VL, Clll) thalamic nuclei. (D) Compared to all thalamic nuclei,

(Continued)
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FIGURE 9 | Continued

the VL had a total of 177 eGFP* cells and thus provides strongest
monosynaptic input to the RC compared to LDVL (p < 0.001), LPLR

(o = 0.002) and LPMR (p = 0.002; One-Way-ANOVA). (E) Line plots mapping
the distribution of eGFPT neurons per mouse by retrograde monosynaptic
transport from the RC to S (EI) and CA1 (EN). (Elll) Compared to all areas
where eGFPT cells were found, the hippocampus (including CA1, DG and
CAS (shown in Supplementary Figures S6, S7) provides strong synaptic
input to the RC revealed by monosynaptic retrograde transport compared to
S (p < 0.001, t-test), RSC (p = 0.029, Mann-Whitney-U-test) and thalamus
(p = 0.029, Mann-Whitney-U-test). Significance for comparisons: *p < 0.05;
**p < 0.01; **p < 0.001. CL, centrolateral thalamic nucleus; LDDM,
dorsomedial laterodorsal thalamic nucleus; LEnt, lateral entorhinal cortex;
LDVL, ventrolateral laterodorsal thalamic nucleus; LPLR, laterorostral lateral
posterior thalamic nucleus; LPMR, mediorostral lateral posterior thalamic
nucleus; MEnt, mendial entorhinal cortex; PrS, Presubiculum; Py, pyramidal
cell layer of the hippocampus; RSC, Retrosplenial cortex; RSG, granular
retrosplenial cortex; S, Subiculum; VL, ventrolateral thalamic nucleus. The
mouse brains in this figure has been reproduced from Franklin and Paxinos
(2001).

synaptically communicate with the hippocampus, either directly
or indirectly through other brain regions, possibly involved in
navigation such as the subiculum (S) or RSC. Previous studies
already showed a functional connectivity between cerebellum
and hippocampus in both human and mice (Fischer et al., 2008;
O’Reilly et al., 2010; Igloi et al., 2015; Onuki et al., 2015; Watson
etal., 2019), but the identification of a neuronal pathway remains
to be determined. To improve our understanding of how the
cerebellum synaptically communicates with the hippocampus,
we used both polysynaptic anterograde and retrograde and
monosynaptic retrograde virus-based approaches. Based on
our tracing results, we here propose a polysynaptic circuitry
from cerebellar fastigial nucleus (Med) with a relay in the
LDDM/LDVL and VL, which in turn synapses on S, RC and
RSC, which all project to the hippocampus (Figure 12). We,
however, failed to identify a monosynaptic projection between
cerebellum and hippocampus. This seems reasonable since the
cerebellum has been shown to connect with the cerebral cortex
via only polysynaptic circuits in primates (Evarts and Thach,
1969; Middleton and Strick, 1994, 2001; Kelly and Strick, 2003).
Moreover, the involvement of the laterodorsal and ventrolateral
thalamic nuclei has been confirmed in other studies, as each
known cerebellar projection synapses onto the thalamus, that
functions as a relay (Buckner et al., 2011).

Both tracer viruses, modified RABV and rAAV8-CMV-
WGA-Cre/rAAV8-CMV-TTC-eGFP  failed to  identify
a monosynaptic projection from the cerebellum to the
hippocampus. However, we cannot exclude the possibility
that a weak monosynaptic transneuronal connection between
both structures exist, which is not detectable with our tracing
methods. In agreement with our findings, tracing studies
using rabies virus as a retrograde, polysynaptic, transneuronal
tracer in the dentate gyrus of the hippocampus, found a
multisynaptic pathway to restricted regions of the cerebellum
which include lobules VI/VII, Crus I, lobule IX and paraflocculus
(Watson et al., 2019). Additionally, they performed cerebello-
hippocampal LFP coherence recordings in combination with
spatial navigation tests in mice to confirm the synchronization
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FIGURE 10 | Retrograde modified RABV expression in the laterodorsal
thalamus revealed monosynaptic input from the contralateral DCN. (Al)
Schematic of coronal section at Bregma —1.46 mm and confocal images
from an exemplary adult mouse brain injected unilaterally with pHelpers (AIl’)
and rabies virus (All”) in the laterodorsal (dorsomedial and ventrolateral)
thalamus (LDDM/LDVL n = 4). Green dots represent the retrograde specific,
modified RABV tracer expression. The pHelper viruses
rAAV8-CBA-RG-mCherry and rAAV8-CBA-mRFP-IRES-TVA (0.2 l) were
injected 7 days prior to the SADAG-eGFP (EnvA) rabies virus (0.2 ). Animals
were sacrificed 7 days after RABV injection. (All) Double stained neurons
were only seen in the desired area as indicated by arrows and indicate starter
neurons of retrograde monosynaptic transport. Scale bars: 250 wm. (BI-IV)
Schematic of coronal brain sections at Bregma —6.64 mm (BI), —6.48 mm
(BIl), —6.24 mm (BIll) and —6.00 mm (BIV) depicting eGFP* neurons (green
dots) by monosynaptic retrograde transport from the laterodorsal thalamus.
Confocal images showing rabies-infected cells in the contralateral cerebellar
interpositus (IntP, BI’-BIV’), medial (Med, fastigial, BI’-IV’) and lateral (Lat,
BIIP,BIV’) nuclei. Scale bars: 250 wm. (C) Line plots mapping the distribution
of total eGFP™ neurons per mouse by retrograde monosynaptic transport
from the LDDM/LDVL to the DCN, medial (green lines), interposed (orange
lines) and lateral (blue lines) and their distance to Bregma. (D) A total of

333 eGFP* cells were counted for the IntP/IntA and 302 cells were detected
in the Lat of all animals, thus showing significantly more input from these two
nuclei compared to the Med (97 cells, each p < 0.001, One-Way-ANOVA).
Significance for comparisons: ***p < 0.001. IntA, anterior interposed
cerebellar nucleus; IntP, posterior interposed cerebellar nucleus; Lat, lateral
(dentate) cerebellar nucleus; LatPC, parvicellular Lat; LDDM, dorsomedial
laterodorsal thalamic nucleus; LDVL, ventrolateral laterodorsal thalamic
nucleus; Med, medial (fastigial) cerebellar nucleus; MedDL, dorsolateral
protuberance of the Med. The mouse brains in this figure has been
reproduced from Franklin and Paxinos (2001).

of LFP activity between CrusI and the dorsal hippocampus (DG)
during these tasks. In the 80s tracing studies using polysynaptic
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radiolabeled amino acids or wheat germ agglutinin conjugated to
horseradish peroxidase (WGA-HRP) reported a transient direct
projection from the cerebral cortex to the DCN and/or cerebellar
cortex in young Kkittens, rabbit fetuses and in pouch young
North American opossum (Tolbert and Panneton, 1983, 1984;
Panneton and Tolbert, 1984; Cabana and Martin, 1986; Tolbert,
1989a,b). In addition transient hippocampal projections to the
cerebellum in chicken, from areas of the hippocampal formation
project to lobules VI-VIII in young but not adult animals were
observed (Liu et al., 2012). Direct cerebrocerebellar projections
have also been reported in zebra finches and rats (Wild and
Williams, 2000), however, they were sparse and temporary. Note
that most of these studies used radiolabeled amino acids or
WGA-HRP tracers, which cannot distinguish between mono-
and polysynaptic connections thus, the interpretation of these
results are error-prone.

In the last decade, more advanced WGA tracing tools have
been developed combining the CRE and rAAV systems to
optimize the specificity and expression of the WGA tracer
in the brain (Jarvik et al., 1981). Despite these advances, the
interpretation of the data is limited. For example the transduction
of rAAV tagged with a fluorescent protein show conflicting
reports in the literature, depending on the serotype, region of
interest or titer used (Ohta et al, 2011; Espallergues et al.,
2012). Moreover the serotype AAVS8 used in this study was
previously demonstrated to have a higher efficacy to infect
hippocampal and cerebellar neurons (Heinemann et al., 1991;
Broekman et al., 2006), but in addition has been observed
to transport minimally in the retrograde direction via axonal
terminals (Hastings et al., 1981; Carlson et al., 2016). Similarly,
WGA has also been reported to be bidirectional depending on
the serotype and brain region, although it has a preference
for anterograde transport (Whitney et al., 2016). In this study,
we used a rAAV-WGA-Cre vector, which transduced in the
cerebellar and hippocampal regions. However, due to the high
expression levels needed of WGA-Cre in transduced cells for
transneuronal labeling over multiple synapses, long incubation
times were required (Hendricks et al, 2003). In order to
circumvent these bidirectional, polysynaptic pitfalls using the
rAAV-WGA-Cre system, we implemented and confirmed the
initial connections using the AAV system with the deletion-
mutant rabies virus system. The advantages of this system are
that one can track not only the injection site and spread of the
virus but also monosynaptic, retrograde connections. However,
we are limited to the interpretation of our results with trisynaptic
connections (A to B to C). For example, we can determine a
projection from A to B but not with certainty A to B to C
because, we cannot assume that A is connected to C via B. The
cells traced in B may be connected with other local cells in B
expressing the rabies virus, which receive input from cells in
C. Moreover, the rAAV helper viruses could be presynaptically
transferred from axons projecting into the injection site. To
control for this, we screened for mCherry/RFP fluorescence
outside the injection site and found that only in one case
(Supplementary Figure S6B), red fluorescence was seen in a
synaptically connected area. However, no eGFPT cells were
observed due to the high expression of glycoprotein and TVA
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FIGURE 11 | Retrograde, modified RABV expression in the ventrolateral
thalamus revealed monosynaptic input from the contralateral and ipsilateral
cerebellar nuclei. (Al) Schematic of coronal section at Bregma —1.58 mm
and confocal image (All) from an exemplary adult mouse brain injected
unilaterally with pHelpers (All’) and rabies virus (All”) in the ventrolateral
thalamus (VL, n = 3). Green dots represent the retrograde specific, modified
RABYV tracer expression. The pHelper viruses rAAV8-CBA-RG-mCherry and
rAAV8-CBA-MRFP-IRES-TVA (1:2 ratio, 0.2 pl) were injected 7 days prior to
the SADAG-eGFP (EnvA) rabies virus (0.2 wl). Mice were sacrificed 7 days
after modified RABV injection. (All) Double stained neurons indicate
coexpression were only seen in the desired area as indicated by arrows and
indicate starter neurons of retrograde monosynaptic transport. Scale bars:
250 um. (B) Confocal image of a coronal brain section at Bregma —6.36 mm
(BI) showing eGFPT neurons in the DCN. Boxed regions indicate magnified
images in (BI’) and (BI”). The contralateral cerebellar nucleus interpositus
strongly projects to the VL (BI”), supported by weaker input from the ipsi-,
and contralateral fastigial nucleus (BI’-1”). The monosynaptic projection from
the IntP to the VL resembles a new projection pathway of the cerebellum to
the contralateral thalamus, which has not been reported yet. Scale bar:
250 um. (BII,BII) Schematic of coronal brain sections at Bregma —6.48 mm
(BIl) and —6.24 mm (BIII) showing monosynaptic projections from the ipsi-,
and contralateral Med (BII,BIIIL,BIP’) and contralateral Lat (BIIF’). (C) Line
plots mapping the distribution of total eGFP* neurons per mouse by
retrograde monosynaptic transport from the VL to the Med, IntP and Lat,
ipsi-, (dashed lines) and contralateral (thick lines) sites. (D) Contralateral nuclei
generally provide more synaptic input to the VL than ipsilateral nuclei (p <
0.001, all t-test). However, contralateral IntP and Lat provide more synaptic
input to the VL than the Med (for IntP p < 0.001; for Lat p = 0.006,
One-Way-ANOVA). Significance for comparisons: **p < 0.01; ***p < 0.001.
IntA, anterior interposed cerebellar nucleus; IntP, posterior interposed
cerebellar nucleus; IntDL, dorsolateral hump of IntP; Lat, lateral

(Continued)
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FIGURE 11 | Continued

(dentate) cerebellar nucleus; LatPC, parvicellular Lat; Med, medial (fastigial)
cerebellar nucleus; MedDL, dorsolateral protuberance of the medial cerebellar
nucleus; VL, ventrolateral thalamic nucleus; VPM, ventral posteromedial
thalamic nucleus. The mouse brains in this figure has been reproduced from
Franklin and Paxinos (2001).

receptor required for RABV transcomplementation (Ugolini,
1995; Kelly and Strick, 2000; Wickersham et al., 2007a,b).

We describe here the first tracing study between the
cerebellum and hippocampus in mice using a mono-
transsynaptic, retrograde tracer system based on a modified
rabies virus and well-established polysynaptic tracers rAAVS-
CMV-WGA-Cre and rAAV8-CMV-TTC-eGFP (summarized
in Figure 12). Our observations strengthen the notion of a

polysynaptic circuitry between the cerebellum and hippocampus,
that utilizes the thalamus as a relay center to cortical areas as first
described in monkeys by the Strick lab (Middleton and Strick,
1994). This and work from others suggests that the RSC connects
to the cerebellum with the hippocampus via polysynaptic
circuits as it receives projections from the vestibular nuclei
in the pons via the lateral thalamic nuclei which have been
shown to receive cerebellar input (Sripanidkulchai and Wyss,
1986; Middleton and Strick, 1994, 2001; Rochefort et al,
2013). The injection of rAAV8-CMV-WGA-Cre in the RSC
resulted in a strong staining, predominately in the thalamus,
including the dorsomedial laterodorsal thalamus (LDDM),
anteroventral thalamic nucleus and other areas (Figure 3). This
is not surprising, since these two nuclei have been reported to
project to RSA and RSG in rats and receive projections from

Hippocampus

~

medial
geniculate lateral posterior  laterodorsal ventrolateral
xS ’ 4
Thalamic nuclei

Lat Med g
Cerebellum/DCN

FIGURE 12 | Summary of the mouse cerebellar-hippocampal circuit. Known (black arrows) and observed (green) monosynaptic projections between the cerebellum
and hippocampus via the thalamus, retrosplenial (RSC) and rhinal (RC) cortices and/or subiculum (S). A step by step injection of rabies virus started in the DG
confirmed monosynaptic input from S, RC and RSC. While the S projects to and receives input from CA1/CA3 and DG, RSC, and RC, monosynaptic input was
confirmed from the laterodorsal, ventrolateral and lateral posterior thalamic nuclei. Injections in the RSC confirmed monosynaptic input from these thalamic nuclei,
too. By injecting these thalamic nuclei, new monosynaptic projections (red arrows) from the medial cerebellar nucleus to the laterodorsal and ventrolateral thalamus,
as well as a new monosynaptic projection from the posterior interpositus cerebellar nucleus to the ventrolateral thalamus were identified in this study. Injecting the RC
confirmed additional monosynaptic input from the medial geniculate thalamic nucleus which was not injected with rabies and can only be hypothesized to connect
the cerebellum with the hippocampus (black circles). Thickness of arrows indicate strength of observed projections. IntP, posterior interposed cerebellar nucleus; Lat,
lateral (dentate) cerebellar nucleus; Med, medial (fastigial) cerebellar nucleus; DG, dentate gyrus; S, subiculum; RC, rhinal cortex; RSC, retrosplenial cortex.

—_» =monosynaptic projections

——— = new monosynaptic projection

""" * =known projections (not confirmed in this study)
= cerebellar — hippocampal connective areas
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the RSC (Sripanidkulchai and Wyss, 1986; Vann et al., 2009).
Injections of the WGA-Cre tracer in the DCN (Figure 1) and DG
(Figure 2) only resulted in little to no cells expressing tdTomato
in the thalamus, instead more neurites were seen crossing these
thalamic nuclei. Both the LDDM and ventrolateral (LDVL)
thalamic nuclei participate in spatial learning and memory but
there is no projection from the cerebellum reported (van Groen
et al., 2002a). rAAV8-CMV-WGA-Cre injections in the RSA
stained the LDDM and cerebellar lobules IV, V, VI, VIII and
X, as well as right PFl, Crusl, Crusll and left simple lobule,
suggesting a cerebellar connection to the LDDM. Since the
LDDM and LDVL are known to project to the RSC, which in
turn projects to the subiculum and dentate gyrus, the RSA might
serve as relay between the cerebellum and the hippocampus
(van Groen and Wyss, 1990, 2003; Wyss and Van Groen, 1992;
Aggleton et al., 2014). The same principle may be applied to the
subiculum, which was shown in this study, but also by other
scientists to project to the DG and RSC (Hartley et al., 2013; Sun
etal., 2014) and receives input from the LDDM/LDVL. Thus, the
subiculum might also serve as a linker between cerebellum and
hippocampus via the laterodorsal thalamic nucleus.

Additional injections with our mono-transsynaptic RABV in
the RSC (Figure 8), rhinal cortex (Figure 9) and subiculum
(Figure 7) demonstrated projections from the laterodorsal
medial and ventral (LDDM, LDVL) thalamic nuclei. These lateral
posterior regions of the thalamus are known to connect with the
fastigial nucleus. Furthermore recently published work by Rondi-
Reig’s lab confirmed a polysynaptic cerebello-hippocampal
pathway both anatomically and functionally, implementing a
Crusl/fastigial nucleus/dentate gyrus pathway important for
spatial navigation in mice (Pearlstein et al., 2011; Watson et al.,
2019). Thus, injecting the laterodorsal (Figure 10) thalamic
nuclei, which are involved in spatial learning and memory (van
Groen et al., 2002b) revealed innervation of the contralateral
cerebellar interpositus and fastigial nucleus (Figure 10), which
has not been reported before (van Groen et al., 2002a). The
ventrolateral thalamic nucleus (VL) was stained after modified
RABV injection in the RSC (Figure 8), S (Figure 7) and RC
(Figure 9) and although there were only a few neurons expressing
eGFP, they verify monosynaptic projections from the VL to these
areas, which is involved in spatial navigation (Alexander and
Nitz, 2015; Chrastil et al., 2015). The VL was shown to receive
projections from the fastigial nucleus in non-human primates
and shown to serve as a relay of these axons to the primary
motor cortex (Kelly and Strick, 2003). Moreover lesion of the FN
resulted in degenerated hippocampal fibers in different species
suggesting a FN projection to the hippocampus of unknown
relay (Harper and Heath, 1973; Heath and Harper, 1974).
Injection of modified rabies virus in the VL (Figure 11) revealed
contralateral innervation from all DCN, but also ipsilateral
input from the fastigial nucleus. Thus, we were able to confirm
fastigial nucleus input to the hippocampus with a relay in the
ventrolateral thalamus.

Surprisingly, we did not observe tdTomato™ cells in the
LDDM/LDVL or the VL following rAAV-WGA-Cre injections
in the DCN. Instead, we found a few cells in the lateral
posterior thalamic nuclei. Moreover, rAAV-WGA-Cre injections

in the DCN revealed the most tdTomato expression in the
medial cerebellar nucleus. However RABV injections in the
LDDM/LDLV (Figure 10) and VL (Figure 11) showed that
the medial cerebellar nucleus provides significantly less input
to these regions than interposed or lateral cerebellar nucleus.
This may explain why we did not see tdTomato expression after
rAAV-WGA-Cre injection in the DCN. The projection from the
cerebellum to the hippocampus proposed by our data is mostly
based on step-by-step retrograde monosynaptic transport, which
may differ from an anterograde hippocampal-cerebellar pathway.

Several studies suggested cerebellar participation in spatial
navigation (Rochefort et al., 2011; Igléi et al., 2015; Onuki et al,,
2015). Although these studies support cerebellar involvement in
spatial navigation, a direct neuronal projection pathway is still
elusive. We here present a tracing study in mice that shows
a cerebellar-hippocampal polysynaptic projection pathway via
the laterodorsal and ventrolateral thalamus to RSC, subiculum
and rhinal cortex. We were able to show new projections from
the cerebellar interpositus and fastigial nucleus to contralateral
LDDM/LDVL and VL, but also ipsilateral projections from the
cerebellar fastigial nucleus to the VL. In contrast to Watson
et al. (2019), who found retrogradely-labeled rabies-infected
cells mostly in the dentate and fastigial nuclei, we here report
monosynaptic input from mostly interpositus and dentate nuclei
to LDDM/LDVL and VL, with 3-4 times fewer cells in the
fastigial nucleus. However, our results further strengthen the
notion of a cerebellar participation in hippocampal-based spatial
navigation processing, however functional studies to confirm this
polysynaptic connection needs to be investigated.
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FIGURE S1 | Additional polysynaptic targets observed after injection of the
polysynaptic anterograde tracer AAV8-CMV-WGA-Cre in the DCN of tdTomato™
mice. (A) Example single tdTomato™ cell bodies were imaged from the dorsal
raphe nuclei [dorsal part (DRD), ventral (DRV), ventrolateral (DRVL), the raphe cap
(RC) and ventrolateral periaqueducal gray (VLPAG)] and the lateral lemniscus,
dorsal (DLL) and intermediate nucleus (ILL; A’) at —4.60 mm from Bregma. Scale
bars: 250 pm. (B) Example single tdTomato™ cell bodies were imaged from the
magnocellular red nucleus (RMC) and superior cerebellar peduncle (scp) and right
dorsal and ventral medial geniculate nucleus (MGD, MGV; B’) at —3.80 mm from
Bregma. tdTomato™ neurites were additionally seen in the posterior intralaminar
thalamic nucleus (PIL), suprageniculate thalamic nucleus (SG) and the medial part
of the medial geniculate nucleus (MGM). Scale bars: 250 wm (C) Example single
tdTomato™ cell bodies imaged from the prerubral field (PRI; C) and lateral
secondary visual cortex (V2L; C’) at —2.54 mm from Bregma. Scale bars:

250 um. (D) Polysynaptically tdTomato™ cells at 2.58 mm from Bregma seen in
the granular cell layer of the olfactory bulb (GrO) and internal plexiform layer of the
olfactory bulb (IPl) and frontal association cortex (FrA; D’) Scale bars: 250 wm.
The mouse brains in this figure has been reproduced from

Franklin and Paxinos (2001).

FIGURE S2 | Additional polysynaptic targets observed after injection of the
polysynaptic anterograde tracer AAV8-CMV-WGA-Cre in the dentate gyrus of
tdTomato™ mice. (A) Polysynaptic tdTomato™ cells at —4.36 mm from Bregma in
the external cortex of the inferior colliculus (ECIC), nucleus of the brachium of the
inferior colliculus (BIC) and the brachium colliculus (bic). (A’) tdTomato™t neurites in
the lateral lemniscus, intermediate (ILL) and ventral nuclei (VLL). Scale bar:

100 pm. (A”) tdTomato™ cell bodies and neurites in the tectospinal tract (ts),
median raphe nucleus (MnR) and paramedian raphe nucleus (PMnR) and the
reticulotegmental nucleus of the pons (RtTg). Scale bars: 100 pm. (B) Exemplary
tdTomato™ neurites in the medial geniculate nucleus, dorsal (MGD), ventral (MGV)
and medial (VGM) parts and the suprageniculate thalamic nucleus (SG) at

—3.28 mm from Bregma. Scale bar: 100 um (C) Exemplary tdTomato™ neurites in
the lateral posterior thalamic nucleus, mediorostral (LPMR) and laterorostral parts
(LPLR). (C’) tdTomato™ cell bodies in the secondary visual cortex, mediolateral
area (V2ML). Scale bars 100 um. (D) At 0.74 mm from Bregma, tdTomato™ cell
bodies were seen in the medial septal nucleus (MS) and in the nucleus of the
vertical limb of the diagonal band (VDB). Scale bar: 250 wm. (D’) Intense
tdTomato™* neurites in the lambdoid septal zone (Ld) and dorsal (LSD) and
intermediate nuclei of the lateral septal nucleus (LSI). Scale bars: 250 wm. The
mouse brains in this figure has been reproduced from Franklin and Paxinos (2001).

FIGURE S3 | Additional monosynaptic connected areas observed after injection
of the retrograde tracer SADAG-eGFP in the Hippocampus of C57/Bl6 mice. (A)
Coronal brain section at —3.88 mm from Bregma depicting an eGFP* neuron
(green dots) in the rostral linear nucleus of the raphe (RLi) and interpeduncular
nucleus, rostral subnucleus (IPR, A’) by retrograde monosynaptic transport from
the hippocampus. Scale bar: 100 um. (B) Confocal image from boxed area
depicting eGFPT cell bodies in the medial and lateral supramammillary nucleus
(SuML, SuMM) at —2.70 mm from Bregma. Scale bar: 500 um. (C) Confocal

image of eGFP* neurons in the nucleus of the horizontal limb of the diagonal
band (HDB) at — 0.34 mm from Bregma. Scale bar: 200 wm. (D) Confocal image
of a multiple eGFPT cell bodies in the medial septal nucleus (MS) and medial
preoptic area (MPA). Scale bar: 250 um. The mouse brains in this figure has been
reproduced from Franklin and Paxinos (2001).

FIGURE S4 | Additional monosynaptic connected areas observed after injection
of the retrograde tracer SADAG-eGFP in the Dentate Gyrus of C57/BI6 mice. (A)
Coronal brain section at —6.12 mm from Bregma depicting a eGFP* neuron
(green dots) in the alpha part of the gigantocellular reticular nucleus (GiA) by
retrograde monosynaptic transport from the dentate gyrus (DG). Scale bar:

250 pm. (B) Confocal image from boxed area depicting a single eGFP* cell body
in the ventrolateral periaqueductal gray (VLPAG) at —4.72 mm from Bregma.
Scale bar: 250 um. (C) Confocal image of eGFP* neurons in the lateral
supramammillary nucleus (SuML) at —2.80 mm from Bregma. Scale bar: 250 um.
(D) Confocal image of a multiple eGFP* cell bodies in the nucleus of the ventral
limb of the diagonal band (VDB). Scale bar: 250 um. The mouse brains in this
figure has been reproduced from Franklin and Paxinos (2001).

FIGURE S5 | Additional monosynaptic connected areas observed after injection
of the retrograde tracer SADAG-eGFP in the retrosplenial cortex of C57/BI6 mice.
(A) Coronal brain section at —5.68 mm from Bregma depicting a eGFPT neuron
(green dots) in the pontine reticular nucleus (PnC) by retrograde monosynaptic
transport from the retrosplenial cortex (RC). Scale bar: 100 um. (B,B’) Confocal
images from boxed areas depicting eGFP* cell bodies in the medial raphe
nucleus (MnR; B, Scale bar: 250 um) and B9 serotonergic cells (B’, Scale bar:
100 um) at —4.48 mm from Bregma. (C) Confocal image of eGFPT neurons in
the lateral supramammillary nucleus (SuML) at —3.16 mm from Bregma. Scale
bar: 250 pwm. (D) Confocal image of a single rabies-infected cell in the secondary
auditory cortex (AuD). Scale bar: 100 um. The mouse brains in this figure has
been reproduced from Franklin and Paxinos (2001).

FIGURE S6 | Additional monosynaptic connected areas observed after injection
of the retrograde tracer SADAG-eGFP in the rhinal cortex of C57/BI6 mice. (A)
Confocal image showing higher magnification of a eGFP* neuron in the
Barrington’s nucleus (Bar) in the pons at —5.52 mm from Bregma. Scale bar:
250 pm (A’) Single eGFP* cell in the alpha part of the gigantocellular reticular
nucleus (GiA) in the pons at —5.52 mm from Bregma. Scale bar: 250 pm. (B)
Several pyramidal cell-like neurons in the CA1 region and pyramidal cell layer (Py)
at —3.80 mm from Bregma on the ipsilateral side. Scale bar: 250 wm. (B’) Only
one cell in the Py was seen on the contralateral side. Scale bar: 250 pm. (B”)
Confocal image showing several eGFP* cells in the dorsal (MGD) and ventral
(MGV) parts of medial geniculate nucleus at —3.40 mm from Bregma. Scale bar:
scale bar: 250 um. (C) Brain scheme at —1.82 mm. Green dots represent eGFP+
cells in all analyzed mice in the RSC, ipsilateral CA1 and CA2. High magnification
image showing one representative single eGFP* neuron found in the ipsilateral
mediorostral lateral posterior (LPMR) of the thalamus. Scale bar: 250 um (D)
Brain scheme at 0.86 mm from Bregma showing representative summarized
eGFPT cells. Squared boxes represent areas of confocal images of the ipsilateral
secondary motor cortex (M2, D), ipsilateral nucleus of the horizontal limb (HDB,
D”) and medial septal nucleus (MS) and lambdoid zone (Ld; D). Scale bars:
250 pm. The mouse brains in this figure has been reproduced from Franklin and
Paxinos (2001).

FIGURE S7 | Additional statistical analysis of all eGFP* neurons observed in
different regions on the murine brain after injection of the retrograde tracer
SADAG-eGFP in the rhinal cortex of C57/Bl6 mice. (A) eGFPT cells that were
found in the RSC at different mm from Bregma. The four traces represent the
analyzed n = 4 mice. (Al) A total of 275 eGFP* cells were found in the ipsilateral
RSC, while only 76 cells were found in the contralateral RSC (All). (Alll) No
statistical difference was found between ipsi., and contralateral sites. T-test,

p =0.069. (B) Summary of eGFP* cells that were found in the DG and CAS3 at
different mm from Bregma. The four traces represent the analyzed n = 4 mice.
(BI) A total of 207 eGFP* cells were found in the ipsilateral DG, while 145 cells
were found in the contralateral DG. No statistical difference was found between
sites. T-test, p = 0.249 (BIlI). (BII) Traces of all eGFP* cells observed in the
ipsilateral (orange thick lines, 2,472 cells) and contralateral (dashed lines, 698)
CAB region of the hippocampus. Three-thousand one-hundred and seventy cells
were found in all analyzed mice, with significantly more input on the RC from the
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ipsilateral CA cells (t-test, p = 0.002; BIII). (BIll) A total of 28,082 eGFP™ cells
were found in the CA1, with only eight cells found on the contralateral site (data
not shown). Significantly more cells from the CA1 region are connected to the RC
when compared to all CA3 cells (t-test, p = < 0.001) and all cells from the DG
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