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Introduction

The enigma of cerebellar function: beyond motor coordination

The cerebellum has been traditionally viewed as a sensorimotor structure, which is important for
movement control and motor learning (Ito 2006, Kawato 1999, Loewenstein et al 2005, Manto et al
2012, Wolpert et al 1998). Disorders of the cerebellum result in movement disturbance that have been
described in great detail in clinical and animal models studies (Barash et al 1999, Diener & Dichgans
1992, Glickstein et al 2005, Haines & Manto 2007, Holmes 1917, Holmes 1939, Ignashchenkova et al
2009, Markanday et al 2018). The cerebellum as a comparator is a view that has been shared by many
neuroscientists during the last decades. In this model, the difference between the intended movement
and the actual movement is compared and used as a motor error to correct subsequent movements.
The intended movement is sent as an efferent copy from the motor cortex via pontine nuclei, whereas
the sensory inputs provide the afferent feedback and both are then compared within the cerebellum
(Apps & Garwicz 2005, Ito 2013, Oscasson 1980). A more recent adaptation implies that the cerebellum
is built of modules of internal models that provide a sensory prediction of the movement outcome
which is used for comparison with the actual movement for subsequent motor learning (Herzfeld et al

2018).

In the last decades, the cerebellum was also reported to be involved in non-motor functions based on
clinical symptoms of cerebellar patients, functional imaging as well as neuroanatomical studies (Dum et
al 2002, Dum & Strick 2003, Schmahmann & Sherman 1998, Strick et al 2009). However, it remains
unclear how the cerebellum contributes to non-motor function, and whether it uses a similar

computational principle as the one that it uses in motor coordination (comparator/sensory predictor).

Modular organization of the cerebellum

The motor function of the cerebellum is integrating motor commands with somatosensory, vestibular,
visual and auditory information for coordination and motor learning. Specific motor functions can be
ascribed to particular modules within the cerebellum, although the neuronal circuitry of the cerebellum
seems to be homogeneous (Apps et al 2018, Diener & Dichgans 1992, Voogd 2014). The Purkinje cells
are uniformly aligned in the cerebellar cortex and project to the deep cerebellar nuclei (DCN) in a
modular fashion. The DCN is embedded within the white matter and generally, four cerebellar nuclei are
distinguished on either side: the fastigial/medial nucleus (MN), globose/posterior interposed nucleus

(PIN), emboliform/anterior interposed nucleus (AIN) and dentate/lateral nucleus (LN). An additional



nucleus, the interstitial cell group, is distinguished between the fastigial and globose (Buisseret-Delmas
1988). Seven to nine modules were initially identified on both sides of the carnivores’, rodents’ and
primates’ cerebellum (Apps & Hawkes 2009). Each module is composed of one longitudinally organized
Purkinje cell zone, its cerebellar or vestibular target nuclei and inferior olive (I0) subdivision. The
Purkinje cells within a zone receive their climbing fiber (CF) projections from a particular subdivision of
the contralateral 10. In addition the cerebellar or vestibular target nuclei are interconnected with the 10

subdivision in a reciprocal fashion.

For example, the C1 and the adjacent C2 zones in the hemispheres, receive CFs from the rostral dorsal
accessory olive (DAO) and rostral medial accessory olive (MAQ), respectively. Their target nuclei are the
emboliform/AIN and the globose/PIN, respectively. They thereby compose two separate modules only
allowing for interactions via the parallel fibers (PFs) in the cerebellar cortex. Another two examples are
the Purkinje cell zones D1 and D2 in the hemispheres, which target the caudoventral and rostrodorsal
dentate/LN, respectively and make up another two separate modules. They receive CFs from ventral
principal olive (PO) for the D1 zone and the dorsal PO for the D2 zone (Glickstein et al 2011, Oscarsson
1979, Voogd 2014).

The special dentate

Compared to its neighbouring nuclei, the dentate/LN is special in several aspects. It is the most
voluminous cerebellar nucleus in primates, located on both sides most laterally and the newest nucleus
from the evolutionary perspective. During evolution the overall brain size increases at a characteristic
allometric rate with body size (Jerison 1955; Finlay, Darlington et al. 2001). This size increase often
follows a regular scaling of its components and reflects a general trend of the brain parts to enlarge
conjointly (Roth and Dicke 2005). However, deviations from the regular scaling were crucial to the
evolution of the primate brain and the emergence of a different cerebrotype, as different brain parts
evolved at different pace. The emergence of the neocerebellum, which is made up of the cerebellar
hemispheres and the dentate/LN accompanies the emergence of the increased surfaces of cerebral
neocortex. As demonstrated by Sultan, there is a parallel growth in surface area of both cerebral and
cerebellar cortices during evolution (Sultan 2002). Leiner et al have argued that the increase in the size
of the dentate/LN is also paralleled by an increase in the cortical areas influenced by cerebellar output
(Leiner et al 1986, Leiner et al 1991). Unlike in primates, the more medial part of PIN shows the greatest
increase in cetaceans (Voogd & Glickstein 1998). Furthermore, the shape of the enlarged primate

dentate/LN changed in a remarkable fashion to a highly folded structure, while the cetaceans’ PIN
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remained a globous-shaped nucleus (Ogawa 1935). The dentate/LN is the only other highly folded
subcortical region (D'Angelo et al 2015, Fujita & Sugihara 2013) besides its tightly connected partner,
the PO. The joint expansion of cerebral cortex and the cerebellar modular components: the cerebellar

hemispheres, the dentate/LN and the PO, indicates a functional dependence of one upon the other.

The dentate/LN is the main recipient of the Purkinje cell projections from the ipsilateral D1 and D2 zones
of the cerebellar hemisphere and is the main source of efferents from the cerebellum (Benagiano et al
2018). According to the connections with the cerebellar cortex, the macaque dentate/LN can be divided
into a the rostrodorsal region receiving somatotopically organized corticonuclear projections from the
skeletomuscular regions of the cerebellar cortex (i.e., anterior and simplex lobule) and a caudoventral
region, receiving corticonuclear projections from the visuomotor regions (i.e., crus | and crus Il and
paraflocculus) of the cerebellar cortex (Glickstein et al 2011). Strick and colleagues (Strick et al 2009)
suggested that the dorsal portions of the dentate/LN project to the primary motor and premotor areas
of the cerebral cortex while projections to prefrontal and posterior parietal areas of cortex originate
from ventral portions of the dentate/LN (Dum & Strick 2003, Middleton & Strick 2001). This subdivision
within the dentate/LN agrees with the results of functional MRI studies providing evidence of the
activation in distinct regions of the dentate/LN during the execution of either motor or non-motor tasks

(Dimitrova et al 2006, Kim et al 1994, Kuper et al 2011).

The special dentate/LN has led to renewed interest in the specific cerebellar computational abilities.
Braitenberg and Sultan proposed that the cerebellum temporally coordinates sequences in its inputs. A
larger neocerebellum could allow for a larger sequence with more multimodal and diverse input
(Braitenberg et al 1997, Sultan 2014, Sultan & Braitenberg 1993, Sultan & Heck 2003). The quest to
comprehend the evolutionary driving forces that required a larger human neocerebellum has led to a
new hypothesis (Sultan et al 2010): that an enlarged dentate/LN with its folding’s and an enlarged
surface might be required to reduce the overlap between the sequences and thereby rendering them

independent.

Comparative neuroanatomy of the DCN

The dentate/LN connects with the cerebellar hemisphere and 10 subdivisions in a modular fashion.
Studying the interface —the neurons’ soma and dendrites, axons, and synapses—between modular
components comparatively within DCN may provide essential clues which adaptations occurred parallel
to the expanded and flattened dentate/LN due to the evolutionary selection forces. The DCN are built of

a heterogeneous population of neurons, consisting of both large and small projecting neurons and local
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interneurons. The projecting neurons can be of variable size while interneurons are usually small
(Czubayko et al 2001, Sultan et al 2003a). Comparing the neuroarchitecture within DCN, however, has
been limited to Golgi-staining procedure in a qualitative manner in rodents and nonhuman primates
(Chan-Palay 1977). Filling the neurons Intracellularly allowed for analyzing soma and dendrites in a
quantitative manner in rodent dentate/LN (Sultan et al 2003b). Applying this method to non-human
primates is, however, challenging. Therefore, an alternative approach was developed by Sultan and
colleagues using 3D quantitative immunohistochemistry (3D-QIHC) which is applicable to both rodents
and non-human primates. This method uses confocal laser scanning microscopy (CLSM) to 3D
reconstruct fibers on the population level (thereby losing the individual neuronal identity) and extracts
information about fiber diameter and length. This approach showed that the phylogenetically newer
DCN, i.e., the dentate/LN and the PIN, had a higher dendritic length density than the phylogenetically
older parts (MN and AIN) in the rat (Hamodeh et al 2014).

Scaling of dendrites in dentate/LN: from rat to macaque

In general, networks in larger brains have to cover a larger distance with their dendrites and axons
leading to a decrease in neuron density and an increase in the dendritic and axonal wiring. This has been
shown for example for the neocortex (Braitenberg 2001). However, it is not clear how the wiring in the

DCN scales and whether larger DCN have more dendritic and axonal wiring.

In the first study of this thesis (Hamodeh et al 2017) we show that the neuron density is comparable
between dentate/LN and its neighbors within one species and follows a regular scaling rule within
different species (Hamodeh et al 2017). The comparison of the dendritic wiring, however, demonstrates
a specific deviation of the scaling rule within the primates’ dentate/LN. The dendritic length per neuron
in primate/LN is shorter than predicted. This reduction is also associated with a smaller dendritic region-
of-influence (ROI) of these neurons. The smaller dendritic fields would provide an explanation of the
unique folded structure of the primate dentate/LN, and also enable more independent network
modules to be accommodated inside. However, it is not clear whether this dendritic reduction is also

associated with a reduction in the number of synapses.

Excitatory synaptic density in rat DCN

The activity of DCN neurons is jointly regulated by the inhibitory inputs from the Purkinje cells from the
cerebellar cortex and the excitatory inputs from CFs and mossy fibers (MFs) from outside of the
cerebellum. The frequency and accuracy of DCN neurons spiking is controlled by synchronized inhibitory

inputs from the Purkinje cells (Gauck & Jaeger 2000, Gauck & Jaeger 2003). These physiologic property
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of the DCN neurons are reflected in their anatomy with the majority of inhibitory synapses (73% in the
rat (De Zeeuw & Berrebi 1995) and 63% in cats (Palkovits et al 1977)) located close to the axon initial

segment (on the somata and primary dendrites).

The excitatory inputs to the DCN are the collaterals of CFs and MFs and have different sources of origin.
In contrast to the CFs, all of which are derived from 10, the MFs stem from multiple brain stem and
spinal cord regions. These include such nuclei as the basilar pontine nuclei, the nucleus reticularis
tegmentis pontis (Gerrits & Voogd 1987) and the lateral reticular nucleus. Despite the different origins
of the fibers and in contrast to the inhibitory synapses (Hioki et al 2003, Hisano et al 2002), almost all
the excitatory synapses were found to be on the dendrites of DCN neurons (Gerrits & Voogd 1987, van

der Want et al 1987, van der Want & Voogd 1987, Van der Want et al 1989).

Nevertheless, strong excitation through the MFs and/or CFs can directly drive DCN responses and
therefore short-circuit the cerebellar cortical processing (Gauck & Jaeger 2000, Gauck & Jaeger 2003).
The MFs and CFs projecting to the DCN are therefore important components of the modular circuitry,
but have not been quantitatively studied. A previous study has shown that the dendritic length density is
higher in phylogenetically newer DCN than the phylogenetically older counterparts in rat (Hamodeh et al
2014) and the excitatory synapses falls on the dendrites. This could imply a larger excitatory connectivity

within the phylogenetically newer DCN.

MFs and CFs both utilize glutamate as neurotransmitter to signal the DCN neurons. However they
express different vesicular glutamate transporters (vGluTs) to load the glutamate into vesicles for later
release. There are two major types of vGluTs in the brain, vGIuT1 and vGIuT2. Although vGIuT1 and
vGIuT2 have comparable pharmacological properties, they show a complementary expression pattern
with vGIuT1 in cortical and vGIuT2 in subcortical regions. They also correlate with distinct physiological
properties in synapses expressing these isoforms. The vGIuT1 is usually associated with modulatory
synapses with a low probability of vesicular release, while the vGIuT2 is usually associated with driving
synapses with a high release probability, probably due to their distinct trafficking and recycling
mechanisms (Fremeau et al 2001, Li et al 2017, Petrof & Sherman 2013, Sherman 2016, Varoqui et al
2002, Voglmaier et al 2006, Weston et al 2011). The PFs in cerebellar cortex, which express only vGluT1,
show paired-pulse enhancement (Perkel et al 1990). In contrast, the CFs, which express exclusively
vGIuT2 (Hioki et al 2003, Hisano et al 2002), show paired-pulse depression (Konnerth et al 1990, Perkel
et al 1990). Each Purkinje cell forms about 175.000 synapses with PFs which, by far, outnumber the
synapses from CFs (about 300 synapses per Purkinje cell) (Napper & Harvey 1988, Rossi & Borsello 1993,
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Shinoda et al 2000). However the CFs have a powerful effect on the Purkinje cells evoking the so-called
complex spikes, while the PFs can only elicit simple spikes in a weak connection to the Purkinje cells.
Similarly, the thalamocortical synapses in layer 4 of the mouse somatosensory cortex, expressing vGluT2,
is far outnumbered by intracortical synapses utilizing vGluT1. However the differences of release
probability between vGIuT1l and 2 expressing synapses make the thalamocortical connection more

effective than the intracortical connection (Gil et al 1999).

Immunostaining of the vGluT1 and vGIuT2 in the DCN region labels all MF and CF terminals and serves as
a good approach for quantifying the excitatory synapses in DCN. Based on the mRNA expression pattern
of the precerebellar nuclei, we would assume that the vGIuT1 labelled synapses would be mostly from
the basilar pontine nuclei since this precerebellar nuclei is the only one that express strong vGIuT1
MRNA (Geisler et al 2007). The vGIuT2 labelled synapses correspond to the sum of CF terminals from 10
which express only vGluT2 and the terminals from other precerebellar nuclei, such as the external
cuneate nucleus, reticulotegmental nuclei, and spinal trigeminal nucleus, which express strong vGIluT2

and weak vGIuT1 (Graziano et al 2008, Hisano et al 2002).

In the second part of this dissertation (see study 2, Mao et al 2018), | have quantified the excitatory
synapses by using vGluT1 and 2 double staining across the rat DCN. | have shown that there is a higher
excitatory synaptic density (mainly the vGIuT1 type) in phylogenetically newer DCN, where a higher

dendritic wiring was also observed in a previous study.

Scaling of excitatory synaptic density from rat to macaque

Our data shows that 3D-QIHC analysis is robustly able to detect differences in the neuropil of different
brain structures and provide considerable sampling scope to survey a whole brain region in detail. When
transforming the 3D-QIHC to the primate brain, lipofuscin introduces problems. Lipofuscin is a major
source of autofluorescence in the primate brain, even in very young animals and has, for instance,
already been detected in cortical neurons of a 5-year-old human subject (Benavides et al 2002).
Lipofuscin was also detected in the 10 of 3-month-old macaca mulatta. It later appeared in other brain
regions and by the time the macaque reached the age of four, it was found in all brain regions examined
(Brizzee et al 1974). Lipofuscin is generally assumed to be a major polymerization product of lipids and
proteins that accumulates with age in liposomes (Nakano et al 1990, Nakano et al 1989, Oenzil et al
1994). It has a broad excitation and emission spectrum which overlaps with those of the common
commercial fluorophores (Barden 1980, Dowson 1982, Dowson et al 1982), thus making it difficult to

quantify specific immunostaining in the primate brain (Correa et al 1980). Pretreatments of the brain
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sections, such as chemical quenching, photo bleaching, or the combination of the two, were used to
remove the lipofuscin like fluorescence in previous studies. These methods can reduce the fluorescence,
however, they also affect the efficiency of the immunohistochemistry (IHC) staining (Neumann & Gabel
2002, Schnell et al 1999, Viegas et al 2007). Multispectral imaging was also used to distinguish lipofuscin
fluorescence from the stained fluorescence, but this method is very time consuming (Marmorstein et al

2002).

Generally it is difficult to distinguish lipofuscin from the presynapses, given the puncta/granula shape of
both structures. By taking advantage of the specific physical property of lipofuscin, broad excitation and
emission under laser microscope, we used a specific channel to record the lipofuscin signal only and
then masked the lipofuscin signal from our immuno-stained signals. Based on this approach we obtained
pure vGluT1 and 2 signals in macaque DCN. This method can also be applied to human brain tissue
where lipofuscin is abundant. In the third part of the thesis, | have shown that the excitatory synaptic
density (mainly the vGIuT1 type) is higher in phylogenetically newer DCN of the macaque, similar to the
rat. However, the individual neurons in the macaque dentate/LN have fewer excitatory synapses (mainly
the vGIuT1 type) than the rat dentate/LN neurons. Taken together, the hyposcaling of both excitatory
synapses and dendritic length per neuron could be confirmed in the macaque dentate/LN and reflects

its special neuronal architecture.
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Aims of this dissertation

The first aim of this dissertation is to search for deviations from normal scaling that could support the
notion that primate brains have a special architecture and represent a distinct cerebrotype (Clark et al
2001, Haug 1970, Watson et al 2012). The dentate nucleus is unusually large, folded and flattened. The
evolutionary adaptation that led to this special morphology together with the cellular changes that
accompanied it, still remains unknown. To unravel these cellular changes we compared the dentate to
the other DCN. This was done by quantifying several neuronal parameters in a systematic and an
unbiased approach in the DCN of the rat and macaque, the most commonly used animal models in

neuroscience (1% study, Appendix 1).

The second aim of this dissertation is to verify that the structural differences that we observed in the 1*
study reflect the synaptic organization of the DCN. The DCN is a critical component of the modular
organization and the main output of the cerebellum. Special modifications or adaptations in the DCN
could influence the computations of the cerebellum as a whole. In the first study, we showed that the
dendritic length density is higher in phylogenetically newer DCN. The aim of this part of the dissertation
is to check whether the higher dendritic length density is accompanied with higher excitatory synaptic
density in the rat and how these excitatory synapses are quantitatively organized; whether they are of

the vGIuT1 or 2 type (2" study, Appendix 2).

Finally, we also wanted to look at the excitatory synaptic organization of the macaque DCN, especially
the dentate/LN to see whether the phylogenetically newer DCN has also a higher excitatory synaptic
density and compare that between rat and macaque. To achieve this goal we had to design a new
approach to remove lipofuscin like fluorescence on our fluorescence stained tissue (3™ study, Appendix

3).
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Summary of scientific findings

Study 1

Uncovering specific changes in network wiring underlying the primate cerebrotype
Salah Hamodeh, Ayse Bozkurt, Haian Mao, Fahad Sultan
Brain Struct Funct, DOI 10.1007/s00429-017-1402-6

In this study we analyzed the major hub (DCN) connecting the cerebellar with the cerebral cortex and
demonstrate that these hubs could show changes from a predictable scaling (neuron density decrease
and dendritic/axonal length increase) to a different scaling mode, with smaller dendritic regions of
interest allowing for a larger number of modules in the most enlarged DCN of primates, in dentate/LN.
This surprising result, however, is well in keeping with the long known observation of the unique
anatomy of the primate dentate/LN from which its name is derived: the flattening and folding of its grey

matter into a tooth-shaped structure.

Study 2

Quantitative comparison of vesicular glutamate transporters in rat deep cerebellar nuclei
Haian Mao, Salah Hamodeh, Fahad Sultan
Neuroscience 376 (2018) 152-161

In this paper we quantified the excitatory synapses by vGluT1 and vGIluT2 immunolabeling in cerebellar
output region (DCN) systematically in an unbiased fashion and showed that the density of vGIuT1+
boutons differs significantly within these nuclei (in contrast to the vGluT2+ bouton density). Our results
confirmed and extended our previous findings showing that the higher dendritic and axonal wiring in

phylogenetically newer DCN is associated with a higher vGluT1+ synaptic density.

Study 3

Quantitative organization of the excitatory synapses of the primate cerebellar nuclei: further evidence

for a specialized architecture underlying the primate cerebellum
Haian Mao, Salah Hamodeh, Angelos Skodras, Fahad Sultan
Brain Structure and Function, accepted
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In this study we optimized our quantitative approach to the primate brain by using
immunohistochemical staining of defined neuron parts (excitatory presynaptic makers) and by taking
the lipofuscin autofluorescence into account. The lipofuscin like fluorescence was obtained in a specific
channel and subsequently masked from the vGluTl and 2 stained fluorescence signals. We were
therefor able to quantify the excitatory synapses in DCN systematically in an unbiased fashion and
compared one of the two main animal models in neuroscience research (rats and macaca mulata). Our
results provided important clues of the long known observation of the unique anatomy of the primate
dentate/LN and of the difference to its close neighbour, the PIN, a nucleus which is enlarged in

cetaceans and reflects another mammalian cerebrotype in the highly encephalized cetaceans.
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Conclusions and outlook

In primates the dentate/LN is the largest and phylogenetically newest part of the DCN and is of
particular interest because of its morphological changes in shape during evolution. By combining 3D-
QIHC and systematic, random sampling on different neuronal substrates, we compared DCN subregions
(phylogenetically newer vs. older parts) in different species (rat vs. macaque). We found that the
phylogenetically newer DCN increased in dendritic length density and excitatory synaptic density within
the same species. However, when comparing different species, we found a hyposcaling of dendrites and
excitatory synapses in individual neuronal level particular in macaque dentate/LN. The neurons in
dentate/LN tend to occupy smaller dendritic fields and bear less excitatory synapses. Therefore this
hyposcaling in the dentate/LN provides special clues for its morphological changes and for its functional

adaptation by allowing for a larger number of independent modules.

We observed the hyposcaling of dentate/LN neurons from two representative animal models (rat and
macaque). Applying our method to the cerebella of other mammalian orders, such as tree shrews
(scandentia) will allow us to test whether the hyposcalled dendrites are specific for primates.
Furthermore, the relationship between the expansion/folding and the pruning of the dendrites in the
dentate/LN can also be studied. A simplified assumption would be that dendritic pruning are a
secondary effect of increased mechanic tension due to the expansion of the dentate/LN in primates.
Several genes, such as Trnpl and ARHGAP11B were identified in regulating the cerebral cortex
expansion (Florio et al 2015, Stahl et al 2013). Transgenic animal model systems can be built by
searching genes responsible for the dentate/LN expansion and quantifying the dendritic fields when the

expression level of the candidate gene(s) is disrupted to test this assumption.

Our results showed a higher vGIluT1+ synaptic density in phylogenetic newer DCN which fits with the
general distribution pattern of vGIuT1 in the phylogenetically newer and more modifiable parts of the
brain (Herzog et al 2004, Hisano 2003). However, the comparable vGIuT1 and 2+ synaptic density in the
DCN is likely due to the presence of two separate pathways: the CFs and MFs which process information
differently, with the CFs having a much lower firing frequency than the MFs (Delvendahl & Hallermann
2016, Sultan et al 2012). However, the presence of vGIuT2 in a subpopulation of MFs complicates this
view and further studies are required to quantify the proportion of MFs expressing vGIuT2 and clarify
which brain regions they origin from. A study by Boele and colleagues showed an increase of vGluT2 MF
presynapses to the DCN from basilar pontine nuclei following Pavlovian eyeblink conditioning (Boele et

al 2013). So far, it remains unclear whether this kind of learning in the DCN requires the sprouting and
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formation of new vGIuT1 synapses, or whether it is achieved by an increase in vGluT2 levels in vGIuT1
MF collaterals. The former has been shown to underlie synaptic plasticity in other parts of the brain

(Black et al 1990), while the latter would point to a novel mechanism of synaptic plasticity that has not

been described so far.
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Abstract Regular scaling of brain networks during evolu-
tion has been proposed to be the major process leading to
enlarged brains. Alternative views, however, suggest that
deviations from regular scaling were crucial to the evolution
of the primate brain and the emergence of different cerebro-
types. Here, we examined the scaling within the major link
between the cerebellum and the cerebral cortex by studying
the deep cerebellar nuclei (DCN). We compared the major
axonal and dendritic wiring in the DCN of rodents and mon-
keys in search of regular scaling. We were able to confirm
regular scaling within the density of neurons, the general
dendritic length per neuron and the Purkinje cell axon length.
However, we also observed specific modification of the scal-
ing rules within the primates’ largest and phylogenetically
newest DCN, the dentate nucleus (LN/dentate). Our analy-
sis shows a deviation from regular scaling in the predicted
dendritic length per neuron in the LN/dentate. This reduction
in the dendritic length is also associated with a smaller den-
dritic region-of-influence of these neurons. We also detected
specific changes in the dendritic diameter distribution, sup-
porting the theory that there is a shift in the neuronal popula-
tion of the LN/dentate towards neurons that exhibit spatially
restricted, clustered branching trees. The smaller dendritic
fields would enable a larger number of network modules
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to be accommodated in the primate LN/dentate and would
provide an explanation for the unique folded structure of the
primate LN/dentate. Our results show that, in some brain
regions, connectivity maximization (i.e., an increase of den-
dritic fields) is not the sole optimum and that increases in the
number of network modules may be important for the emer-
gence of a divergent primate cerebrotype.

Keywords Cerebellar nuclei - Dentate nucleus -

Motor systems - Purkinje cells - Quantitative
immunohistochemistry - 3D reconstructions - Comparative
neuroanatomy

Abbreviations

AIN Anterior interposed nucleus

asf Area sampling fraction

CI Confidence interval

Dyia Dendritic diameter

Dlyens Dendritic length density

Dl,., Dendritic length per neuron

dROI Dendritic regions of influence

hst Height sampling fraction

LN/dentate Lateral nucleus/dentate nucleus

LVN Lateral vestibular nucleus

MAP2 Microtubule-associated protein 2a, b

MN Medial nucleus

PIN Posterior part of interposed nucleus

PCax PCP2-stained Purkinje cell axons

PCP2 Purkinje cell-specific protein 2

20 Total counted neuron/glia number

ssf Slice sampling fraction

Th, ¢ Section depth used to calculate fiber densities
within 3D-QIHC probes

Vben Volume of DCN per side

Vi iond Volume fraction of dendrites
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«Fig.1 Comparison of the rat and macaque DCN. a Composite
overviews of fluorescent MAP2 immunohistochemistry of the rat
(upper; coronal section) and rhesus monkey (lower; horizontal sec-
tion) DCN. Surface reconstructions of the rat (upper) and macaque
(lower) DCN are also shown. The surfaces are color coded for the
different DCN: MN, yellow; AIN, red; PIN, blue and LN/dentate,
green. Scale bars correspond to 1 mm. b Examples of MAP2 and
PCP2 stains acquired with the laser confocal microscope. Black and
white images are maximal intensity projections through a stack of
slices. Magenta and green images show the outcome of the automatic
fiber and diameter reconstruction (Magenta) overlaid on the maximal
intensity projection (green). The view axis was tilted slightly side-
ways to enable observation of the underlying maximal intensity pro-
jection. Upper two rows are MAP?2 stains, while the lower two rows
are PCP2. Left two columns are images from the rat and 1st and 3rd
rows are from the AIN, while 2nd and 4th are from the LN/dentate.
MAP2-stained somata were manually removed (marked with aster-
isks) from the reconstruction outcome. (Plus) marks lipofuscin that
was also removed manually. Arrow mark subthreshold fibers and
arrow heads mark other structures that the reconstruction algorithm
failed to recognized. Scale bar for the upper two rows is 25 and
15 pm for the lower two rows. ¢ Counts of neurons in rats (n=4) and
macaques (n=2) with the optical fractionator method yielded highly
significant different densities between the two species. A two-way
ANOVA showed significant differences on the species level, but not
on the subnuclei level (F value 28.3, df=1, p<0.0001 vs. F value
0.25, df=3, p>0.86). d Double logarithmic plot of the dependence
of cerebellar neuron density on tissue volume. DCN (red) neurons
show a density drop in larger brains comparable to that observed in
Purkinje cells (blue). Regression fits showed similar results in DCN
neurons and Purkinje cells (DCN: y=—0.38046 (x0.084) x+3.3401;
P =091, p<0.05; Purkinje cells: y=—0.3718 (£0.053) X+ 2.8728;
7 =—-0.86, p<0.001). Arrays of black lines are also plotted for a
comparison with a slope of —1/3. The data for cerebellar granule cells
(square, black) which do not show a drop in density in larger brains:
(y=0.073435 (£0.027)x+6.303; ¥ =0.71, p=0.072666) are also
plotted. Sources of additional neuron densities are listed in “Material
and methods”. e, f Quantification of fibers labeled with MAP2 (den-
drites, E) and PCP2 (Purkinje cell axons: PCax, F) showed higher
values for the axons. In contrast to the neuron densities, DCN clas-
sification now had an additional significant effect, thus explaining
the variability of the dendrites (two-factorial ANOVA with F values
14.5 vs. 19.9, df=1 vs. df=4 and p< 107> vs. p< 10™"! for the factors
DCN class vs. species origin) and the PCax (two-factorial ANOVA
yielded F values 57.6 vs. 5.1 and p=10">" vs. p <.024 for the factors
DCN class vs. species origin) in our probes. The average dendritic
and PCax length densities were generally lower in the phylogeneti-
cally older DCN (i.e., the MN and the AIN), thereby contributing to
the variability in the probes. g Comparison of the dendritic length
per neuron for different subnuclei and for the two species. Dendritic
length densities were normalized by neuron densities for each DCN
to obtain the dendritic length per neuron. Predictions for the mon-
key were derived by multiplying the values obtained from the rat
with the factor of volume increase to the power of 1/3 obtained from
the different subnuclei. Error bars for the rat and monkey show the
95% confidence region obtained from the ratios of the two measured
parameters (e.g., dendritic length density and neuron density). The
prediction for the MN and PIN were well within the CI. The AIN pre-
diction was somewhat higher than the CI of the monkey values. By
contrast, the prediction for the LN/dentate was well above that of the
CI established by our probes (only 4.8 vs. a prediction of 9.7 mm). h
Comparison of the diameter of region-of-influence (dROI) obtained
for rat and monkey dendritic trees. Rat_intra denotes dROI diam-
eters obtained from 3D-reconstructed intracellularly filled neurons
(n=35) and refers to the diameters we obtain when 2D images of

those neurons are analyzed by taking the area from the boundary
spanned by the outer tips of the dendrites. Rat_golgi denotes diame-
ters obtained with the same approach, but from Golgi-stained neurons
(n=27 for the rats; n=>54 for the monkey). The difference between
rat and monkey (Mac_Golgi) was not significant (mean of 227 pym
compared to 196 pm, respectively and # test p=0.059). Inlet to the left
intracellularly stained neuron from the rat. Inlet to the right neurons
showing a small dROI with clustered dendrites from the monkey’s
LN/dentate. Scale bar corresponds to 100 pm for the left and 50 pm
for the right neuron

Introduction

Brains of different sizes can show a remarkable degree
of regular scaling (Finlay et al. 2001; Yopak et al. 2010).
Brain scaling simply refers to the observation that brains
increased in size during evolution. Larger brains can, in
principle, be due to an increase in their constituent ele-
ments or in the size of the elements: two processes that
compete for the limited space available. In addition, most
mammalian networks have a large intrinsic excitatory con-
nectivity that is critical for their function (Abeles 1991;
Braitenberg and Schiiz 1991; Schiiz and Sultan 2009) and
which is, therefore, exploited to the utmost (Chklovskii
et al. 2002). The upscaling of such networks also leads to
an increase in the dendritic and axonal wiring required to
connect larger brains, thereby causing a decrease in neuron
density (Braitenberg 2001).

The mammalian brain, however, is composed of several
different network architectures. One radically different type
of network is found in the cerebellum. Here, the granule
cell axons (the parallel fibers) show a constant length irre-
spective of brain size, and the granule cell density remains
constant (Schiiz and Sultan 2009). This difference in scal-
ing leads to an increase in the proportion of granule cells
of all neurons to 80% in humans (Andersen et al. 2003;
Azevedo et al. 2009), despite the cerebellum occupying
only 15% of the whole volume of the brain.

Precisely how this interlinkage between different scal-
ing networks functions has not yet been established. We
speculated that we could gain important insight on this
question by studying the scaling between the cerebral and
cerebellar cortex at their connecting hub. The DCN are a
major hub which connect the cerebellar cortex with the cer-
ebral cortex (via the thalamic nuclei). The DCN are clas-
sically subdivided into four different nuclei (Fig. 1a): the
medial (MN), anterior interposed (AIN), posterior inter-
posed (PIN), and lateral nucleus. In primates, the latter
is also termed the dentate (LN/dentate). The DCN nuclei
are distinguished on the basis of both their connections
(Glickstein et al. 2011) and their phylogenetic develop-
ment. During evolution, the DCN exhibited a remarkable
change of size and form in different highly encephalized
mammals. The LN/dentate increased considerably in size
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in primates, whereas in cetaceans the more medial PIN
showed the greatest increase (Voogd and Glickstein 1998).
Furthermore, the shape of the enlarged primate LN/dentate
changed in a remarkable fashion to a highly folded struc-
ture, while the cetaceans’ PIN remained a globus-shaped
nucleus. To comprehend the important and remarkable evo-
lution of this major hub, we decided to quantify its major
wiring components in rodents and primates.

Materials and methods

The study supplements our previous analysis (Hamo-
deh et al. 2014) and now includes the data of five adult
(814 years) male monkeys (Macaca mulatta) weighing
8-12 kg. Handling and care of the animals was approved
by the regional authorities (Regierungspraesidium) and
complied fully with the guidelines of the European Com-
munity (EUVD 86/609/EEC). All experiments were carried
out in accordance with the institutional, national, and NIH
guidelines on the use of animals in research. Following the
induction of deep anesthesia (with ketamine/xylazine in
rats and with barbiturates in monkeys), animals were per-
fused through the ascending aorta with 4% paraformalde-
hyde prepared in 0.1 M phosphate buffer (PB), pH=7.4.
Histological processing was carried out as described pre-
viously (Hamodeh et al. 2014). In brief, tissue was mounted
and sectioned to serial transversal slices of either 60 um for
the rats and, in the case of the monkey brains, 40 or 50 pm
for immunohistochemistry and 60 pum for cell counting.
For section orientation in the monkey see next chapter. The
slices were then incubated in either the mouse monoclonal
anti-microtubule-associated protein 2a, b (MAP2; Sigma-
Aldrich, Steinheim, Germany, clone AP-20, Catalog No.
1406) or in the mouse monoclonal PCP-2 (F-3) (Cat. No.
sc-137,064, Santa Cruz Biotechnology, Santa Cruz, CA).
Primary antibodies were diluted at either 1:1000 (MAP2)
or 1:100 (PCP2). The antibodies were visualized with the
secondary antibody Alexafluor 488 goat anti-mouse (Inv-
itrogen, Karlsruhe, Germany) at a concentration of 1:400.

Probe acquisition and 3D reconstruction
of MAP2-labeled dendrites PCP2-labeled axons

Images were acquired with a laser scanning confocal micro-
scope (LSM 510, Carl Zeiss, Jena, Germany) using the
Argon laser (wavelength 488 nm) as described elsewhere
(Hamodeh et al. 2010, 2014). Image stacks were taken for
each probe using a pinhole diameter equal to 1 Airy unit.
Stack matrix size and other details are listed in “Supple-
mentary material Table 1”. Probe scans were deconvoluted
using AutoQuant X3 iterative “blind deconvolution™ with
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maximum likelihood estimation and constrained iteration
(Media Cybernetics, Bethesda, MD).

Probes were taken from each of the DCN in a system-
atic random fashion. In rats, slices were taken from every
4th section of the series. This resulted in a final spacing
of 240 pm. Probes were sampled at xy intervals of 350 pm
within a section. In monkey D98, we took every 8th hori-
zontal cerebellar section (final slice spacing of 320 pm)
and probes were sampled at an xy interval of 800 pm. We
took sagittal sections covering the mediolateral middle
parts of the LN/dentate from the other two monkeys. We
obtained a total of 1041 probes: 323 (MAP2, 3 rats), 361
(MAP2, 3 monkeys), 113 (PCP2, 1 rat) and 244 (PCP2, 1
monkey).

We then used the Cavalieri estimator to cal-
culate the volume of the DCN (VDCN) with
VDCN = Y PixaFxTx 1/ssf, with Pi being points per
section, aF area per point, T block advance and ssf the
slice sampling fraction.

Fibers were quantified by custom-written scripts (Tcl)
and the Amira software package (Amira 4.1.1, Mercury
Computer Systems, Chelmsford, USA). Prior to the appli-
cation of our segmentation and reconstruction algorithm,
preprocessing included 3D Edge-preserving-smoothing
using a time-stop of 50 (in PCP2 case of 100) and step
size of 5 followed by Gaussian filtering using a 5X5X%5
kernel and o=1. Segmentation of the 8-bit gray-level
images into a binary image was performed by testing
difterent threshold values and then choosing a threshold
of 25 for the MAP2 rat data, 40 for the MAP2 monkey
data and 80 for the PCP2 case (0 black and 255 white).
Threshold values were chosen such that nearby dendrites
were prevented from merging. This meant that some very
thin fibers became subthreshold and were, therefore, not
taken into account by our algorithm. We quantified the
occurrence of these subthreshold fibers in a random sub-
selection of the probes. We examined 58 of the rat (18%)
and 60 of the monkey dendritic probes (17%). Our selec-
tion algorithm ensured that equal numbers of probes were
chosen from the different DCN. The results are summa-
rized in Supplementary Table 2. In some instances, our
reconstruction algorithm failed to recover small chunks of
dendrites (Fig. 1b, arrow heads). However, this occurred
rarely (at a magnitude less frequent than the subthreshold
fibers) and, therefore, was not taken into account further.

The final 3D reconstruction steps included chamfer
distance map calculation, thinning process and, finally,
conversion to a skeleton structure as described previ-
ously (Hamodeh et al. 2010). Furthermore, we manually
removed all MAP2-stained somata from the images. In
the monkey probes, we also removed the lipofuscin par-
ticles. The final skeleton structure consisted of dendritic
and PC axonal segments with cylinder nodes spaced at
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intervals of 0.5 pm along the fibers. The fiber radius is
calculated at each node between the center of the node
and the boundary, as obtained by the chamfer map cal-
culation (Hamodeh et al. 2010). The reconstructed fibers
were further thresholded to exclude very small particles
(<0.25 pm) due to spurious labeled voxels.

Quantitative data analysis

The following parameters were extracted from our fiber
segmentation and reconstruction analysis (Hamodeh et al.
2010, 2014): dendritic and PCax diameter (Dg;,) and den-
dritic and PCax length density (Dl,.,,). The average den-
dritic length per neuron (Dl,.,) was obtained by normal-
izing the dendritic length density by the neuron count
density. We used custom-written scripts in Matlab (8.3,
The MathWorks Inc., Natick, MA, 2000) to integrate the
individual probes into data structures. These included the
Zeiss LSM information, probes location, DCN classifica-
tion, segmented fiber parameters and probe volume. We
also systematically evaluated the tissue penetration of the
antibody within each probe by calculating the fluorescence
intensity in relation to the depth of the section. From this
evaluation, and as described in detail previously (Hamodeh
et al. 2010, 2014), we limited the region of fiber analysis to
the stack of optical sections whose maximal intensity was
95.4% of that ascertained within the total probe. We also
accounted for slice shrinkage by checking slice thickness
after staining and embedding. The densities used for our
analysis were obtained by multiplying each of the probes
Th, ¢ with the fraction of microtome tissue block advance-
ment and the total tissue thickness obtained after staining
and embedding. Tissue thickness was measured on the
Zeiss LSM 510 microscope equipped with a z-axis motor-
ized stage. The regions within the DCN showed considera-
ble shrinkage in the thickness of the section to 36% (60-pm
block advancement, 22 pm after mounting), thus confirm-
ing earlier results in which we had obtained a shrinkage to
27% of the original thickness (Sultan et al. 2003).

Neuron and glia counts

Serial Nissl slices from four rats and two monkeys (T00 and
B99) were used for counting neurons in the DCN. Purkinje
cells in the cerebellar cortex were also counted for TOO.
Cells were counted using the optical fractionator (Micro-
BrightField Inc., Williston, VT, USA) as described previ-
ously (Hamodeh et al. 2014). On account of their small and
homogenously dark nuclei lacking surrounding cytoplasm,
the glia cells could be readily distinguished from neurons,
the latter having lightly stained nuclei with a nucleolus
and surrounding cytoplasm with Nissl bodies. In the case
of the rat DCN, we used a counting frame of 50x50 pm

with spacing of 200200 um and counted every 4th slice.
In the monkey DCN, we used a spacing of 400x400 pm
and took every 8th slice into account. Dissector height
was set at 14 pum for the rats and 25 pm for the monkey
with a 2-pm guard zones. This counting procedure yielded
a coefficient of error (CE) of below 0.05 for both species.
Section thickness was measured in each probe and found
to be on average 23.4 ym (std=2.7 pm) in the rats and
29.6 pm (std=0.7 pm) in the monkeys. Neuron numbers
were obtained by calculating N=XQ x 1/ssfx 1/asfx 1/hsf,
where 2Q is the total counted neuron number, ssf the slice
sampling fraction, asf the ratio between frame area and the
area of the sampling grid, and hsf the height sampling frac-
tion (ratio of dissector height and section thickness). Addi-
tional DCN and Purkinje cell counts for other mammals
were obtained from earlier studies (Andersen et al. 1992;
Korbo et al. 1993; Mwamengele et al. 1993; Sultan et al.
2002; Schiiz and Sultan 2009).

Estimating dendritic region-of-influence

The dendritic region of influence (dROI) was estimated for
the rat and the monkey LN/dentate from two sources. For
the rat, we compared the dROI from a previous 3D den-
dritic reconstruction (Sultan et al. 2003) based on neu-
rons filled intracellularly with neurobiotin with calibrated
drawings of Golgi-stained neurons (Chan-Palay 1977).
The dROIs in the 3D reconstructions were calculated with
Matlab’s built-in function convhull. We compared these 3D
estimates with 2D estimates of the same neurons, but now
based on measuring the area of the polygon that connects
the outer tips of the dendritic tree from 2D plots (from
Fig. 5 in Sultan et al. 2003). This comparison of the 3D and
2D data yielded similar results (232 +73 vs. 224 +75 pm,
respectively) and a ¢ test showed no statistical difference
(t=-0.48; df=24; p=0.63). We, therefore, obtained fur-
ther estimates from calibrated drawings of Golgi-stained
neurons (Chan-Palay 1977) for the rat and the monkey by
measuring the area of the polygon that connects the outer
tips of the dendritic tree. Supplementary material Fig. 1
shows examples of such polygon from the two sources.
Finally, we obtained the dROI diameters from the polygon
measurement by taking a circle diameter occupying the
area (dROI diam =2*(polygon area/Pi)"0.5).

Statistical analysis

Statistical analysis was performed within Matlab with
custom-made scripts and built-in routines. Univariate data
were plotted using the boxplot function, with five horizon-
tal lines indicating the 10th, 25th, 50th, 75th, and 90th per-
centiles. The notches display the 95% confidence intervals
for the median. Statistical significance within the group
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was tested with two-way ANOVAs (for difference within
species and DCN classification). Estimates of the dendritic
length per neuron were obtained as ratios of two meas-
ured parameters and were checked for significant differ-
ences by comparing their confidence intervals (Donner and
Zou 2012). In a similar fashion, confidence intervals (CI)
comparing the difference between fiber distributions were
calculated as confidence level=py_ gt +1)_ p nitsnin-g *
(2*MSE/n;,)">, with y,, and u,, the means at the iy, b,
n,,, n;, the sample size at the iy, b,, n;,, the joint sample
size calculated as 2/(1/n;;+ 1/n;;) and MSE; the estimated
standard error calculated as (sd;;*+sd;,)/2. Other statisti-
cal differences were tested with the Student ¢ tests. Linear
fits were performed using the Matlab robustfit routine.

Results

Regular scaling of neuron density and wiring
in the DCN

We analyzed the Purkinje cell axons (PCax) and the den-
drites of the DCN neurons, comparing the rat and rhesus
monkey DCN in a systematic and quantitative fashion. We
used fiber reconstruction and tracking algorithms (Fouard
et al. 2006; Hamodeh et al. 2010, 2014) on immunofluo-
rescent stained material (Fig. la, b), which then enabled us
to semi-automatically extract wiring information on fiber
length density and fiber diameters. We began by comparing
the fiber density estimates with neuron density estimates in
the different DCN. Our results show that the classification
of the DCN does little to explain the neuron density vari-
ability in our samples. By contrast, and as anticipated, the
species classification has a major effect on explaining the
variability (two-factorial ANOVA with F values 0.25 vs.
23.4 with p<0.0001 vs. p=0.86 for the factors DCN class
vs. species origin). The lower neuron density in the rhesus
monkey corresponds to a regular down-scaling of neuron
number in larger brained animals (Fig. lc, d) and is com-
parable to the scaling observed in Purkinje cell numbers.
Our data for the DCN, therefore, lie within the range of the
theoretically expected scaling of neuron number depending
on tissue volume raised to the power of —1/3 (Braitenberg
2001).

We detected a larger influence of the DCN classification
on the variability of the dendritic and axonal wiring than on
the variability of neuron densities (Fig. le). A two-factorial
ANOVA showed a major influence of DCN classification
on the dendritic length density variability (two-factorial
ANOVA with F values 14.5 vs. 19.9, df=1 vs. df=4 and
p<107 vs. p< 10~ for the factors DCN class vs. species
origin). A similar major influence of DCN classification
was also observed in the variability of the PCax (Fig. 1f),
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where a two-factorial ANOVA yielded f values 57.6 vs. 5.1
and p=10""" vs. p <.024 for the factors DCN class vs. spe-
cies origin. One major influence in accounting for the vari-
ability in the DCN wiring is the higher number of dendrites
and PCax length density in the PIN and the LN, the phylo-
genetically newer DCN (Hamodeh et al. 2014). In general,
the DCN have a lower fiber length density than for instance
the cerebral cortex. This has been described previously (see
Hamodeh et al. 2014).

Normalizing dendritic density by cell number:
hypometric dentate dendritic trees

In a next step, we examined the dendritic length density
normalized by the neuron densities, yielding the average
amount of dendritic length per neuron (Fig. 1g). As already
reported previously (Hamodeh et al. 2014), by comparing
our population-based approach with results obtained from
intracellularly stained neurons of the rat LN/dentate (Sultan
et al. 2003), we obtained good agreement for the amount
of dendrite per neuron (2.83 compared with 2.65 mm). As
anticipated, we obtained a larger amount of dendrites per
neuron (rat: 2.1 vs. monkey: 4.8 mm) in the rhesus monkey
DCN. We compared the two species by scaling the rodent
data by a factor derived from the individual DCN volumes
to the power of 1/3. In the case of MN and PIN, the predic-
tions are well within the confidence intervals obtained for
the primate estimate. However, in the case of the primate
LN/dentate, the prediction for a nucleus of its size should
be in the region of 10 mm of dendritic length per neuron.
We obtained a length of only 4.8 mm; about 50% less than
anticipated.

To validate our findings, we compared them to a differ-
ent estimate of dendritic tree size by examining the region-
of-influence (dROI) defined as the polygon drawn by con-
necting the distant dendritic distal tips. We compared the
data obtained in a previous study by intracellularly filling
LN/dentate neurons in rats (Sultan et al. 2003) with Golgi-
stained neurons of rats and rhesus monkeys (Chan-Palay
1977). The comparison of the differently stained rat LN/
dentate neurons yielded a similar dROI diameter. The pre-
diction for the monkey based on the LN/dentate tissue vol-
ume scaling yielded a diameter of ~850 pm. Our measure-
ment, however, was much smaller than expected (190 pm).
This is in agreement with the dendritic length per neuron
result of our population-based analysis, which was also
smaller than expected, and indicates that the majority of
neurons in the primate LN/dentate must exhibit a hypos-
caling with dwarf-like clustered dendrites (Fig. 1h, figure
inlets).

We went on to estimate the potential bias in our recon-
struction algorithm caused by the very thin fibers being
subthreshold (see Supplementary Table 2). An ANOVA
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showed no significant effect on the amount excluded due
to DCN or species classification. Therefore, our finding
of hyposcaling dendrites in the primate LN/dentate is not
explained by this effect.

We also compared the PCax length density to the num-
ber of Purkinje cells in the rat and rhesus monkey. By nor-
malizing the total PCax length of the DCN (see Supple-
mentary data: estimating PCax length in rats and rhesus
monkey), we obtained 7.1-mm PCax length per Purkinje
cell for the rats as opposed to 25.1 mm for the rhesus mon-
key. This is comparable to the rhesus monkey prediction of
27.9 mm based on the factor derived from DCN volumes to
the power of 1/3.

Scaling of dendritic and axonal diameters

Our fiber tracking and reconstruction algorithm also esti-
mated the diameter of the stained dendrites and PCax. As
predicted, we found larger diameter estimates for both fib-
ers in the monkey (Fig. 2a, b). An ANOVA analysis shows
that the dendritic diameter variability was largely due
to differences in species (F=498; p<0.0001) and, to a
smaller degree, to the nuclear origin (F=17.5; p<0.0001).
In the PCax diameters, we also found a larger influence
of species (F=201.9, p<0.0001) versus nucleus (F=8.5;
p<0.0001).

A comparison of the fiber diameter histograms (Fig. 2c,
d) shows that the increase in size differs between the den-
drites and axons: within the dendrite, there appears to be
a general shift to higher diameters in primates. By con-
trast, the diameter range in axons broadens to include
larger diameter axons in primates. For further analyses, we
first examined how the diameters were distributed in the
two species by subtracting them bin by bin for each DCN
(Fig. 2e, f). We confirm that the primate dendritic diameters
in the LN/dentate differ from the other distributions around
the diameters 0.4 um, based on the fact that they do not
overlap with the 99% confidence intervals (CI) of the other
distributions. We then compared a primate and an upscaled
rat diameter distribution. Fig. 2g, h shows the sum of the
rectified differences between the distributions (upscaled rat
vs. primate) for different scaling factors. Although the two
figures show certain similarities (steep descent to factor 1
and gradual rise for values larger than 1.5), the difference
becomes evident in Fig. 2i, j. Here, we plotted the optimal
scaling factor (yielding the smallest difference between
primate and upscaled rat). With regard to the dendrites, a
scaling factor of 1.35 yielded a near-perfect match between
the upscaled rat and the primate. As for the axons, a broad
range of scaling (1-1.5) yielded similar results, with a non-
optimal fit between primates and upscaled rat pointing to a
more complex scaling in axons. Such complexity was to be
expected since the PCax contains both the myelinated and

the unmyelinated axon portions within the DCN. A simi-
lar distribution pattern can be observed for cortical axons
(Wang et al. 2008; Buzsaki and Mizuseki 2014).

On the basis of our observation of hypometric scaling of
the dendritic length in the primate I.N/dentate, we would
have expected a specific change in the dendritic diameter
distribution in this nucleus. In a detailed examination of
the different DCN histograms, we observed that, unlike in
the axons, there was a deviation in the dendritic LN/den-
tate distribution (Fig. 2e), with a high proportion of small
diameters (around 0.4 pm), and a lower proportion of large
diameters (around 2 pm) in the monkey samples. Such a
difference would arise if an isodendritic branching pattern
changes to an idiodendritic pattern (Sultan et al. 2001), the
former having more primary dendrites and the latter more
distal bifurcations (yielding more thin dendrites). An ear-
lier quantitative analysis conducted on the rodent LN/den-
tate neurons revealed a heterogeneous population due to the
presence of two such extreme branching patterns (Sultan
et al. 2001).

In contrast to our findings in the dendrites, the different
DCN histograms of the PCax did not show such differences
between the different DCN for the respective species. This
also supports our interpretation that differences in the mon-
key dendritic distributions are not due to biases introduced
by our reconstruction algorithm.

We also derived a parameter to better capture the dif-
ferences in the dendritic diameter histograms. We took the
ratio of the small dendritic diameter counts (at 0.41 um)
of the rhesus monkey and divided these by the counts at
larger diameters (at 2 um). In the rats, these corresponded
to the diameters 0.35 and 1.35 pm, respectively (Fig. 2e). In
Fig. 3a, b, we plotted this ratio against the dendritic density
to test whether higher dendritic densities lead to thinner
dendrites and higher ratios. We found no significant corre-
lation between the two parameters. Furthermore, we found
a similar pattern for most of the DCN in the two species
with the exception of the LN/dentate. We used a two-way
ANOVA to test the variance explained by species and DCN
classification and discovered that the two factors (F-stat
6.79, DF=1, p<0.01 and F-stat: 8.68, DF=4, p<0.0001
for species and DCN classification, respectively) had a sta-
tistically significant influence. We also performed a post
hoc test and ascertained that the primate LN/dentate had a
significantly higher diameter ratio than all the other subnu-
clei (post hoc HSD test: LN to AIN: p<0.01; LN to NM:
p<0.0001; LN/dentate to PIN: p<0.0005). Furthermore,
we plotted the diameter ratio on a 3D-surface rendering of
the primate DCN (Fig. 3c) and found that the higher den-
dritic diameter ratios within the LN/dentate tended to be
located in the dorsal region.
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«Fig. 2 Fiber diameter in different DCN subnuclei compared to
predictions. a Monkey DCN dendrites exhibited larger diameters
than rats. The thickest dendrites were measured within the monkey
MN. The largest difference was observed within the PIN (factor of
1.7 between monkey and rats), with 1.19 ym (sd=0.22) in monkeys
compared to 0.7 pm in rats (sd=0.08). The second largest difference
was observed in the MN, (x1.5), with 1.25 pm (sd =0.3) in monkeys
compared to 0.81 pm in rats (sd=0.14). The LN/dentate showed the
smallest difference (1.3), with 1 pm (sd=0.23) in monkeys compared
to 0.79 um in rats (sd =0.12). Statistical analysis with a two way-fac-
torial ANOVA showed that both the influence of the species (F=511;
p<0.0001), and the origin of the probes from the different subnuclei
(F=8.76; p<0.0001) were highly significant. b As in the dendritic
diameters, differences were also observed in the PC axons between
the two species. Again, the MN showed the largest increase from 0.54
to 0.75 pm. The differences were statistically significant (two-way
ANOVA yielded F=201.9, p< 107 for species vs. F=8.5; p<10™
nucleus). ¢, d Histograms showing diameter distribution for the den-
drites (c¢) and PCax (d) for different nuclei (color coded) and for the
rats (continuous line) and monkey (dashed line). The dendritic diam-
eters (C) of the monkey are shifted to larger diameters. Within the
rats, the different DCN are indistinguishable from each other. By con-
trast, larger differences between the DCN are found in the monkey:
the LN/dentate has more of the smaller diameter dendrites (~0.4 pm)
and fewer thick dendrites (>1.5 pm). A similar, but smaller pattern
is observed in the AIN. Histograms were normalized by the sum of
all diameter counts for the respective species and subnucleus. Fiber
diameters are plotted as natural logarithms. e Difference calculation
between the rhesus monkey and rat dendritic histograms (c) for each
DCN. The difference calculation is plotted together with the 99% CI
(lighter shaded color). The curves overlie each other and are within
their CI up to a diameter of 0.4 pm, at which point the monkey den-
dritic histogram for the LN/dentate exceeds the others. f Difference
calculation between the rhesus monkey and rat PCax histograms (d)
for each DCN. As in e, the difference calculation is plotted together
with the 99% CI. g, h Sum of the rectified difference curves obtained
for different scaling factors. The rat fiber diameters were multiplied
with varying scaling factors (scaling factors plotted on the abscissa)
and then subtracted from the primate data. The difference was recti-
fied and summed and plotted on the ordinate axis (g dendrites and h
PCax). i, j Results for best scaling factors (i dendrites and j PCax). In
the case of the dendrites, a scale factor of 1.35 yielded optimal scal-
ing. A wide range of values (1-1.5) yielded similar results in the case
of the PCax, i.e., with little difference between the DCN. The opti-
mal dendritic scaling factor, however, also showed an excess of thin
dendrites mainly for the monkey LN/dentate and the number of den-
dritic diameters around 2 pm was lower than predicted. Color code
for DCN: MN: black; PIN: blue; AIN: red; NL/dentate: green

Discussion

In summary, we observed a specific deviation from regu-
lar scaling in the dendrites of the LN/dentate of the pri-
mate brain. We observed a deviation from scaling in the
dendritic length per neuron, together with a smaller than
predicted dendritic region-of-influence in the LN/dentate
neurons. These deviations in scaling support the notion that
the primate brain has a special architecture and represents
a distinct cerebrotype (Haug 1970; Clark et al. 2001; Wat-
son et al. 2012). The presence of neurons with restricted
and clustered branching trees explains our findings of spe-
cial dendritic scaling. These neurons were first described

qualitatively by Chan-Palay (1977) with Golgi staining and
later quantitatively with intracellular staining techniques
(Sultan et al. 2003). The increased presence of such neurons
is also supported by our observation of specific changes in
the dendritic diameter distribution. Such dendritic adapta-
tions could, in principle, be either due to adaptations in the
connectivity of the network or to a change in the compu-
tational role of the neurons. It has already been proposed
that clustered/idiodendritic branching (Ramon-Moliner and
Nauta 1966) allows for more interaction between the syn-
aptic inputs simply because the synapses are closer together
(Koch et al. 1983). This closer interaction could, then, be
more effective in eliciting the well-known rebound bursts
of DCN neurons following Purkinje cell inhibitory inputs
(Llinas and Muhlethaler 1988; Aizenman and Linden
1999). However, such a rebound burst is also present in the
other DCN neurons (Aizenman and Linden 1999) and is,
therefore, in no way unique to the LN/dentate. This agrees
with the general view that the computational operations
within the cerebellum are the same in the different cerebel-
lar subregions (De Zeeuw et al. 2011). The change in net-
work connectivity, therefore, continues to be the principal
explanation of the observed dendritic changes.

A further consequence of the smaller dROIs of the pri-
mate LN/dentate would be that more independent modules
could be packed within the LN/dentate. Our results predict
that the smaller dROIs (by a linear factor of about~4.5
smaller than expected) allow for 90x more modules to be
placed within the LN/dentate volume. We could expect an
even larger increase for the ape and human dentate, with an
even more flattened LN/dentate sheet (Sultan et al. 2010).
The advantage of such an increase in the number of compu-
tational modules is, however, not yet clear. Different views
on the role of the expanded primate cerebellum and LN/
dentate range from sensorimotor elaboration of finger use
or eye-hand coordination (Bower 1997; Glickstein et al.
2005) to non-motor cognitive contributions (Middleton
and Strick 1997; Stoodley and Schmahmann 2009). On the
basis of these two views, it could be predicted that more
cerebellar modules are required for the finer scaled and
more versatile finger movement, or for more combinations
of hand and eye modules. Alternatively, more non-motor
cognitive modules are required for the vast multitude of
human behavior. Either way, our findings provide an addi-
tional handle to tackle the long-debated role of the human
LN/dentate and could enable us to directly relate crucial
evolutionary adaptations to the unique morphology of the
primate LN/dentate.

Another important implication of our observations
concerns the well-established parasagittal organization of
the cerebellum (Glickstein et al. 2011), which is probably
related to different internal models (Wolpert et al. 1998).
An increase in the number of modules might imply an

@ Springer
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Fig. 3 Dendritic diameter ratio. a, b Double logarithmic plot of den-
dritic diameter ratio vs. dendritic length density for the rat (a) and
the rhesus monkey (b). The four vertical subplots are the data for the
MN (black), AIN (red), PIN (blue) and the LN/dentate (green). The
diameter ratio was taken between thin diameters (rat: 0.35; monkey:
0.41 ym) and the thick diameters (rat: 1.35; monkey: 2 ym). The PIN
and LN generally showed higher dendritic length densities on aver-
age. In the primate LN/dentate, a larger number of probes showed a
higher dendritic diameter ratios than in the rat (b, lower panel). An
ANOVA test showed significant effect of species and DCN classifi-
cation for the dendritic diameter ratio (F-stat 6.79, DF=1, p<0.01
and F-stat: 8.68, DF=4, p<0.0001 for species and DCN classifica-
tion, respectively). A post hoc test ascertained that the primate LN/
dentate had a significantly higher diameter ratio than the other sub-

increase in the number of parasagittal strips in the hemi-
sphere connected to the LN/dentate, which would con-
firm a recent prediction (Jorntell 2017). In principle,
one could expect the increase in the number of modules
to occur along one of the two main cerebellar axes: the
medio-lateral or the antero-posterior cerebellar axis.
However, the larger surface increase of the dentate in
the mediolateral axis (Sultan et al. 2010) would provide
more space to accommodate independent modules, which
would, in turn, support the theory of increased parasagit-
tal stripes.

Our approach is based on the analysis of the overall
neuronal population of the DCN and, as such, does not
allow us to draw conclusions about the different neuron
class composition within the DCN. However, we were able
to utilize this approach to extend our analysis beyond the

@ Springer

nuclei (post hoc hsd test comparing monkey LN to AIN: p<0.01; LN
to NM: p<0.0001; LN/ dentate to PIN: p<0.0005). ¢ Surface mod-
els of the rhesus monkey DCN and the dendritic diameter ratio. The
upper left models are surface renditions with the different subnuclei
color coded: MN (yellow), AIN (red), PIN (blue) and the LN/dentate
(green). The left shows the view from dorsal, the upper right from
lateral, and the lower right from posterior. The same views are shown
again in the larger 3D model version with transparent DCN surfaces.
In addition, we plotted the distal-proximal dendritic diameter ratio
as the proportion of 0.41-um diameters divided by the proportion
of 2-um diameters color coded on small spheres, with red for larger
ratios (more small diameters) and blue colors for lower ratios (larger
thicker diameters)

rodent species to that of primates, in which it is challenging
to acquire sufficient information about individual neurons.
In addition, the unbiased approach used in our study can
be difficult to achieve with Golgi staining or intracellular
staining (Hamodeh et al. 2014). Our population approach
nevertheless enabled us to detect changes in the dendritic
bifurcation pattern of DCN neurons.

In summary, our analysis of the major hubs connecting
the cerebellar with the cerebral cortex verifies that these
hubs can show changes from a predictable scaling (neuron
density decrease and dendritic/axonal length increase) to a
different scaling mode, with smaller dendritic ROIs allow-
ing for a larger number of modules in the most enlarged
DCN of primates, in the LN/dentate. This surprising result
is well in keeping with the long-known observation of the
unique anatomy of the primate LN/dentate from which its
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name is derived: the flattening and folding of its gray mat-
ter into a tooth-shaped structure (Voogd 2003; Tellmann
et al. 2015). It has already been suggested that the LN/
dentate dendritic adaptations lead to reduced mechanical
tension with the DCN, thus allowing it to flatten (Sultan
et al. 2003), as was already proposed for the cerebral cor-
tex (Van Essen 1997). Mapping the dendritic diameter ratio
associated with this dendritic adaptation to the dorsal LN/
dentate also agrees well with this proposal, since this so-
called microgyric (dorsal) region (Voogd 2003) (Tellmann
et al. 2015) shows marked flattening in the macaque (Sul-
tan et al. 2010). Our result of the preponderance of clus-
tered dendrites trees in the primate LN/ dentate not only
confirms Chan-Palay’s earlier description of these neurons
(Chan-Palay 1977) but is also the first to relate their special
branching pattern to the unique morphology of the primate
LN/dentate.
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Abstract—The excitatory synapses of the rat deep cerebellar nuclei (DCN) were quantitatively analyzed by vesic-
ular glutamate transporter 1 and 2 (vGluT1 and vGIluT2) immunolabeling. We calculated the number and sizes of
the labeled boutons and compared them between lateral/dentate nucleus (LN/DN), posterior interposed nucleus
(PIN), anterior interposed nucleus (AIN), and medial nucleus (MN). The density of vGluT1+ boutons differs signif-
icantly within these nuclei. In contrast, the vGluT2 + bouton density is more similar between different nuclei. The
phylogenetically newer DCN (LN/DN and PIN) have a 39% higher density of vGluT1+ boutons than the phyloge-
netically older DCN (AIN and MN). The volume of vGluT1+ boutons does not differ between the DCN, however the
average volume of vGluT2 + boutons is larger in MN. In summary, our current results confirm and extend our pre-
vious findings showing that the increase in dendritic and axonal wiring in phylogenetically newer DCN is associ-
ated with an increase in vGIluT1+ bouton density. © 2018 IBRO. Published by Elsevier Ltd. All rights reserved.

Key words: vesicular glutamate transporter, quantitative analysis, bouton density, bouton size, deep cerebellar nuclei.

INTRODUCTION vGluT2) that are utilized within the presynaptic bouton
to load glutamate into the vesicles. These transporters
are largely colocalized with vesicles at the presynapse
, . - . (Bellocchio et al., 1998; Takamori et al., 2000, Herzog
important role in motor skill learning (De Zeeuw and Ten et al., 2001, Varoqui et al., 2002). These two subgroups

Brinke 2015). In addition, the evolution and increase in are generally expressed in a complementary pattern in
size and shape complexity in primates of one part of these the brain (Ni et al., 1994; Ni et al., 1995: Ni et al., 1996
nuclei (the lateral nuclei and in humans termed the den- ' '

The deep cerebellar nuclei (DCN) are the main output of
the cerebellum and have been implicated to play an

. . . Aihara et al., 2000; Fremeau et al., 2001, Herzog et al.,
tate nuclei, LN/DN) has led to continued interest and 2001, Kaneko and Fujiyama 2002; Kaneko et al., 2002;
research (Sultan et al., 2010; Bostan et al, 2013; Hartig et al., 2003; Hisano 2003, Fremeau et al., 2004a,
T_ellmann Ift I‘:l" 20(] SF] H?mlod;eg&t al., 20:]7)' Ig Lt)t:”tptrr?- b). The cerebellum is among the few brain regions that
vious W(I)r .(. amo r? et al ),’ W‘; sfowe ?) " e utilize both classes of transporters, with a small subset
neuronal winng 1S eterogeneous in the our cerebefiar of presynapses co-expressing both transporters (Hioki
nuclei of the rat. Compared to the phylogenetically older et al., 2003). The climbing fibers from the inferior olive
(MI\_I and AIN), the newer DCN (P"\! and LNfdenta.te.) have only use vGIuT2, while mossy fibers from different pre-
a_higher Ier.lgth density of dendrites and Purk"_“_e C'_e" cerebellar nuclei use vGluT1, vGIuT2 or both (Hisano
axons. In “"S_ study, we asked .whether th.e dendnn.c wir- et al., 2002). VGIuT3 is only transiently expressed in the
INg Increase 1s a!so accpmpanled by an increase in the cerebellum during early development (Boulland et al.,
excitatory synaptic density. 2004) and is absent in the adult pre-cerebellar nuclei

| tThet DCN neurorfls receive dthel. b.excitfagory and cerebellum (Gras et al., 2002; Hisano 2003; Costes
glutamatergic synapses from mossy and climbing fibers et al., 2004; Herzog et al., 2004a).

and inhibitory GABAergic synapses from Purkinje cells.
The excitatory synapses are divided into two subsets
according to different vesicular transporters (vGluT1 and

Previous studies have not quantified the excitatory
synapses within DCN. These excitatory afferents are
from different precerebellar nuclei and terminate on the
proximal and distal dendrites of the DCN neurons
*Correqunder_lce to: F. Sultan, Dept. of Integrative Medical Biology, (Angaut and Sotelo 1973). The Purkinje cell GABAergic
lé":a?l gz‘c‘!’reer:;t_yga:ggesﬁ;’:%3;”?10268(7': Ug:ﬁ;n?wede“' synapses terminate on the somata and proximal dendrites
Abbreviations: AIN‘ anterior ir[t_érposéd nudeus; DCN, deep cerebellar (De Zeeuw and Berrebi 1995). It has been reported that
nuclei; LN/DN, dentateflateral nucleus; MN, medial nucleus; PIN, 62% in cat (Palkovits et al., 1977) and 73% in rat (De
posterior interposed nucleus; vGIuT, vesicular glutamate transporter.
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0306-4522{© 2018 IBRO. Published by Elsevier Ltd. All rights reserved.
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Zeeuw and Berrebi 1995) of the DCN synapses are Purk-
inje cell GABAergic synapses, leaving the rest 38% to
27% of the synapses belonging to be excitatory
synapses. In this paper, we used vGluT1 and vGIuTZ2 anti-
bodies to label these excitatory synapses in the DCN and
studied the four sub nuclei systematically. We compared
the vGIuT1- and vGluT2-labeled synaptic terminals and
found significant differences in vGIluT1 + bouton density
within the DCN.

EXPERIMENTAL PROCEDURES
Tissue preparation

All animal experiments were carried out in accordance
with the Society for Neuroscience and German Law
(approved by the Regierungsprasidium Tuibingen).
Brains from three adult rats were used in this study
(body weight 170-300g and age 6-12weeks). A
mixture of ketamin (20 mg/100g body weight) and
xylazine (2mg/100 g body weight) was used to induce a
deep anesthesia. The rats were perfused transcardially
by 0.1 M PB and then by 4% ice-cold paraformaldehyde
in 0.1 M phosphate buffer (PB) at pH 7.4. The brain was
immediately dissected out of the skull and then
cryoprotected in an ascending concentration of sucrose
(10%, 20%, and 30% in 0.1 M PB). The cerebellum was
cut off and mounted on a freezing microtome with the
lateral side facing the platform. Sections of 40 ym were
serially cut and stored in 0.1 M PB. Immunofluorescence
staining was carried out on free floating sections. Before
primary antibody incubation, sections were washed in
0.1 M PB for 3 times, 5min each and then blocked in
0.1M PB with 10% horse serum (PAA Laboratories,
Coelbe, Germany) and 0.3% Triton X-100 at room
temperature for 1 h.

Immunofluorescence

The working concentration and incubation times were
tested for each antibody in single stains. The optimized
conditions were then used for the multiple stains. We
performed a quadruple staining protocol for vGIuT1,
vGIluT2, Purkinje Cell Protein 2 (PCP2), and KCNC3
(Kv3.3). Data of the Kv3.3 were used for a subsequent
publication (Mao et al., in preparation). The sections
were first incubated with goat vGIuT1 (sc-13320, Santa
Cruz Biotechnology, Texas) at 1:1000 at 4 °C for 16 h,
followed by 3x washes in 0.1 M PB and then incubated
with donkey anti goat Alexa Fluor 488 at 1:500 for 2 h at
room temperature. The sections were then washed
again before incubation with the combination of three
antibodies of vGluT2 (1:1000, lot number: 135404,
synaptic systems, North Saanich British Columbia),
Kv3.3 (1:500, lot number: APC-102, Alomone labs,
Israel) and PCP2 (1:200, lot number: sc-137064, Santa
Cruz Biotechnology, Texas) at 4°C for 16 h. The
sections were then washed again and incubated with
the combinations of the three secondary antibodies:
goat anti guinea-pig Alexa Fluor 633 (1:500, A21105,
Invitrogen, California), goat anti rabbit Cy3 (1:500, lot
number: 81-6115, Invitrogen, California) and goat anti

mouse Alexa Fluor 405 (1:500, lot number: A31553,
Invitrogen, California) for 2h at room temperature.
Sections were washed and mounted with Mowiol 4-88
(Merck, Darmstadt, Germany) in glycerol on glass
slides. The slides were stored at 4 °C.

Image acquisition

Images were acquired with the confocal laser microscope
(LSM 510, Carl Zeiss, Jena, Germany). We took overview
images of vGluT1 staining for every section with 488-nm
excitation and emission band pass filtering 505-550 nm
at low magnification of 10x and probe locations were
determined by first marking an identifiable origin (x, y
coordinates: 0,0) and then determining the other probes
location in the DCN region. These were taken at regular
intervals of 250 um x 250 um from two rats and at 200 p
m x 200 pm for the third rat. The location of the origin
point was chosen from an easily identifiable structure
(i.e., vessels) within a core region of the DCN, however,
this location differs from slice to slice and is not related
to the structures to be analyzed. For each probe, a z-
stack was acquired under the 63x magnification, with a
2x zoom. The fluorophores were excited with 405 nm,
Argon or HeNe lasers. We stained and analyzed 16
cerebellar sections (5-6 slices from each rat) and 189
probes were sampled in total (44 from the first rat, 55
from the second rat and 90 from the third rat). Details of
antibodies, excitation wavelength and emission filters
are listed in Table A.1 (see Appendices).

We also determined tissue shrinkage by taking four
random positions within the DCN region for each slice
and determining the upper and lower section boarders
by the staining signal for vGIuT1 at a magnification of
20x dry objective. 64 probes were taken together in 3
rats (16 slices in total). The mean thickness of the slices
after mounting was 26um, while the original sectioning
thickness was 40um. This corresponds to a shrinkage to
65%, less than what we have observed (to 36%) in our
previous studies (Hamodeh et al., 2014).

Classification of the rat DCN was based on the
description in the previous paper (Hamodeh et al., 2014).

Data preprocessing

Data were acquired as 8-bit format and exported as such
in Zeiss Ism format. Stacks were then deconvoluted using
the iterative (n = 10) “blind deconvolution” of AutoQuant
X3 (Media Cybernetics, Bethesda, MD) with the
maximum likelihood estimation and constrained
iteration. After deconvolution data were saved in
Autoquant to 12-bit Zeiss tiff format. Data were imported
and intensity range adjusted in Imaris (Bitplane AG,
Switzerland) to unsigned 8-bit format.

The four antibodies showed slightly different tissue
penetration abilities. Therefore, the deconvoluted image
stacks were manually cropped in Imaris to eliminate the
upper and lower slices that were not well stained. We
performed a within voxel colocalization analysis in
Imaris using Pearson’'s coefficient (Costes et al., 2004)
and with a threshold of 50/255 for all four channels.



154 H. Mao et al. /Neuroscience 376 (2018) 152—161

The surfaces of vGluT1+ and vGIuT2+ boutons
were ftracked in Imaris using different thresholding
methods. For vGIuT1 the Ridler and Calvard (R-C)
algorithm (Ridler and Calvard 1978) was used. The R-C
algorithm uses an iterative estimate to find the optimal
threshold (Ridler and Calvard 1978). This was optimal
for vGluT1 where background and foreground were well
separated. We carefully checked the thresholding out-
come and found that it recognized the weakly stained
boutons located deeper in the section and rarely included
background noise. For vGluT2, the R-C algorithm yielded
on average a lower mean threshold (15.7 compared to
20.5 for vGluT1). This lower threshold was due to the
presence of weaker stained vGluT2 DCN somata (lower
intensity than the vGIluT2+ boutons). Therefore, to
exclude the somata we used a higher fixed threshold at
25/255. We checked the staining of structures which
had a lower intensity than the somata by manually
increasing the image intensity and found that only few of
them have long and thin fibers attached and most of them
cannot be distinguished from background noise. The sur-
faces were smoothed at 0.15um and the diameter of lar-
gest sphere which fits into the objects was estimated at
0.5um. The surfaces were further filtered by size by
excluding surfaces with less than 10 voxels (Haass-
Koffler et al., 2012).

The density of vGluT1+ and 2+ boutons were
obtained by normalizing the surface number of each
probe by the corrected volume of that probe. The probe
volumes were corrected for shrinkage and for the
Abercrombie error (Abercrombie 1946; Braitenberg and
Schiz 1998). Thickness shrinkage was corrected by
dividing the section thickness with the shrinkage factor
(0.65). The Abercrombie correction was applied by adding
the mean diameter of the surface/bouton to the section
thickness (1.38 um for vGIluT1 and 1.02 pm for vGIuT2).
The volume of the probe was then calculated by multiply-
ing the width, length and the corrected depth of that
probe.

Statistical analysis

The 189 probe density values were assigned to one of the
four DCN classes based on its location on the section (45
probes fell into MN, 60 into AIN, 38 into PIN, 46 into LN).
Classification of the rat DCN was based on the description
in the previous paper (Hamodeh et al., 2014). The mean
bouton volume of each nucleus was obtained by averag-
ing the mean surface volumes from the same nucleus cat-
egory. Therefor for each probe we obtained the density
value and mean surface volume for vGluT1 and 2. Values
were power transformed to secure normal distribution in R
(www.r-project.org) with Tukey’s ladder of powers (trans-
formTukey) approach and tested with Shapiro—Wilkes for
normality. We also tested the power transformed data on
variance equality with the levene test. All data (vGIuT1
and 2 density and volume) were normally distributed
and had equal variance after power transformation.

We obtained multiple observations from each subject
and therefor used linear mixed effects model analysis to
account for dependencies within our data sets (Aaris
et al., 2014). The large number of probes obtained per

animal was optimized to cover the variability present
within the DCN based on our previous studies
(Hamodeh et al., 2014; Hamodeh et al., 2017). We calcu-
lated the intra-cluster correlation (ICC) to evaluate the
similarity within our probes. We also calculated eta-
squared for the effect size by taking the ratio of within
group variance and total variance. We applied linear
mixed effects models with restricted maximum likelihood
estimations as implemented in the Imed4 package in R
(www.r-project.org). We took the power transformed den-
sity or volume (for both vGIluT1 and 2) as the models
response. The DCN classification was modeled as a fixed
effect while subject variance was modeled as a random
effect in the model. We also constructed a null model with
only the random effect. We compared the two models
using likelihood ratio test to see whether these two mod-
els were significantly different from each other. If the p
value was smaller than the significance level (0.05), it indi-
cated that DCN classification affected the response signif-
icantly. Differences in means between nuclei were
evaluated through multiple comparisons of means (Tukey
contrasts). The confidence level o was set to 0.05 and
adjusted for multiple comparisons with the Holm-
Bonferroni correction.

We also obtained the individual volume, voxel
intensities and shape parameters (sphericity, oblate and
prolate ellipticity) of each surface (in total there were
67,643 vGluT1 and 51,393 vGIuT2 surfaces) to search
for outliers.

RESULTS
Antibody specificity test on rat cerebellar sections

To test for antibody specificity of the vGIuT2 we combined
the antibody and the antigen which was used for
immunization and provided by the supplier and which
consisted of Strep-Tag fusion protein (Amino acids 510—
582 of the rat vGIluT2). We mixed 2-pg peptide with 1-ul
antibody and 0.5ml 0.1 M PB. The preabsorption test
abolished the immunoreactivity of the antibody in the
cerebellar cortex and DCN (Fig. 1). As a positive control
another section was stained at the same time with the
normal staining protocol. The specificity of vGIuT1,
Kv3.3 and PCP2 was tested in previous studies
(Alonso-Espinaco et al., 2008; Cheng et al., 2011;
Hamodeh et al., 2014).

vGluT1, vGluT2, kv3.3 and Pcp2 staining patterns

An overview of the vGIuT1, vGIuT2, PCP2 channels and
the merged image in the AIN and PIN is shown at low
magnification (Fig. 2). The Kv3.3 channel is not shown.
The staining shows different vGluT1 intensities between
AIN and PIN (Fig. 2A). The vGIuT2 staining shows the
vGIluT2-positive  boutons and in  addition the
glutamatergic neuron somata (Fig. 2B). The Purkinje
cell axons are shown in Fig. 2C. In Fig. 2D the three
images have been merged and little overlap between
vGluT1 and PCP2 or vGIluT2 and PCP2 can be
observed. An example image of the combination of the
four antibodies with high magnification is shown in
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vGluT2, DCN vGIuT2 + Peptide, DCN

Fig. 1. Specificity test of vGIuT2 in cerebellar cortex (CTX) and deep cerebellar nuclei (DCN). (A)
and (C) shows the staining using the vGluT2 antibody. (B) and (D) show the abolished staining
from the vGluT2 antibody preabsorbed with corresponding peptide. (A): in the cerebellar cortex,
the climbing fibers (small arrow) in the molecular layer (ML) and the mossy fiber rosettes (big
arrow) in the granule cell layer (GCL) were stained. (C) shows the staining of vGluT2 in DCN. The
terminals of mossy or climbing fiber (small arrow) and the glutamatergic DCN neuron somata (big
arrow) were stained.

Fig. 2. Comparison of the vGIuT1, 2 and PCP2 staining in rat AIN and PIN at low magnification.
The quadruple staining was done on parasagittal cerebellar sections of the rat. (A): vGluT1
staining shows punctate structures in both AIN and PIN with heterogeneous density. (B): vGluT2
staining also shows in addition stained neuron soma (arrows) in both nuclei, with more intense
staining in the PIN. (C) shows PCP2 staining and (D) shows the merged three channels (A-C). A,
anterior; P, posterior; D, dorsal; V, ventral. Scale bar = 200 um.
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Fig. 3A-E. Unlike vGIuT2, vGIuT1
only stained the bouton structures
(Fig. 3A). However the somata of
the DCN neurons were only weakly
stained for vGIuT2 compared to the
bouton staining (Fig. 3B). The
Purkinje cell axons can be seen
surrounding the DCN neuron
(Fig. 3C). The Kv3.3 staining can be
seen mainly on the Purkinje cell
axons and around the DCN neuron
somata (Fig. 3D), confirming
previous studies (Alonso-Espinaco
et al., 2008; Chang et al., 2007). To
further study the specificity of the anti-
bodies we quantified the overlap
between the different antibody stain-
ing’s by performing a colocalization
analysis using Pearson’s correlation
coefficient (Fig. 3F). Our result
showed that Pearson’s coefficients
for the vGIuT1&Kv3.3,
vGIuT2&Kv3.3, vGIuT1&PCP2 and
vGIuT2&PCP2 are between -0.1
and 0. This indicates no or little colo-
calization between these antibody
pairs. In contrast the Kv3.3&PCP2
colocalization yielded Pearson’s coef-
ficient of 0.24 (data not shown). This
quantitatively confirms previous stud-
ies (Chang et al., 2007; Alonso-
Espinaco et al., 2008; Puente et al.,
2010). Pearson’s coefficient of
vGIluT1 & vGIuT2 is 0.17, which indi-
cates some colocalization of vGIuT1
and vGIuT2, as has been observed
in the spinal cord and superior olivary
complex (Alvarez et al., 2004; Billups
2005).

Density, volumes and shape
parameters of vGluT1 and 2 profiles
in the DCN

Our surface analysis allowed for
visualization and quantification of the
vGIuT1 and vGIuT2 structures. The z-
stacks are shown in a 3-dimensional
view for the vGIuT1 and vGIuT2
labeling from different nuclei (Fig. 4A,
C, E, G). The staining in MN and AIN
has a more clustered pattern than the
ones in LN and PIN, which are more
uniformly distributed. The surface view
preserves the outlines of the
reconstructed objects and removes
the background (Fig. 4B, D, F and H).
Our surface analysis allows for the
following quantification of the number
and volume of the labeled structures.
The surface density estimates for
vGIuT1 ranged from 3.5*10%/mm?3
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vGluT2

Pearson’s coefficient

Fig. 3. An example of quadruple staining of the DCN. (A—-E) shows the individual and merged channel under higher magnification. In (A) and (B),
the vGIuTs are shown as punctate structure (small arrow), and the soma of the DCN neuron is also stained by vGIuT2 (large arrow). (C,D), the
axons from Purkinje cells are stained by PCP2 and most of the Kv3.3 staining has a close relationship with Purkinje cell axons (small arrows in (C)
and (D)). Kv3.3 can be seen on larger DCN neurons which outline the neuronal somata (large arrow in (D)). (F), Pearson's coefficient of within-voxel
colocalization are shown for vGIluT1 colocalization with Kv3.3 or PCP2, and vGIuT2 colocalization with Kv3.3 or PCP2 in DCN. Scale bar in (A) is

20um and also valid for (B-E).

(SEM = 8.5*10°) to 7.2*10°mm® (SEM = 8.6*10°),
while VvGIuT2 ranged from 3.7*10mm® (SEM =
3.2*10°) to 5*10°/mm® (SEM = 6.9*10°) depending on
the DCN sub nucleus. Data were power transformed
and checked for normal distribution (Fig. 5A-D). A
linear mixed effects model was performed (Imer in R)
to test the variance explained by the different nuclei
classification as a fixed effect and between subject
variance as a random effect. The mean vGIuT1
density was significantly higher in phylogenetically
newer DCN: 7.2*10°%mm® (SEM = 8.6*10°) and
6.8*10/mm® (SEM = 7.4*10°%) in LN and PIN versus
3.5*10%/mm?> (SEM = 8.5*10°) and 5.1*10%/mm?® (SEM
= 5.6*10°) in MN and AIN (analysis of variance of
linear mixed effects model, chi-square = 50.339, df =
3, p=6.77"10""", eta squared = 0.21). The mean
vGIuT2 density was similar within most DCN between
3.7*10°/mm® (SEM = 3.2*10°) and 4.5*10°/mm® (SEM
= 4.6*10°). Only the PIN had a slightly higher density
(5*108/mm?3; SEM = 6.9*10%) significantly different from
AIN (analysis of variance of linear mixed effects
model, chi-square = 8.45, df = 3, p = 0.037, eta squa
red = 0.053) (Fig. 5E). The LN had a vGIuT2 density
of 4.5*10°%mm® (SEM = 4.6*10°) comparable to the

MN (4.1*10°/mm? SEM = 2.9*10°%) and AIN (3.7*10°
mm?; SEM = 3.2*10°).

The volumes of vGIuT1+ and vGluT2+ boutons for
all DCN were around 0.69um® (SEM = 6.1*10~2) and
0.51um® (SEM = 3.1*107?), respectively (Fig. 5F). No
significant differences were found for vGluT1 volumes
(analysis of variance of linear mixed effects model, chi-s
quare = 0.79, df = 3, p = 0.85). In contrast vGIluT2
surfaces showed significant differences in size with the
largest profiles found within the MN (analysis of
variance of linear mixed effects model, chi-square = 21.
28, df =3, p = 9.2*1075 eta squared = 0.13). The
results from analysis of variance of the linear mixed
effects models are summarized in Table A.2 and the
post hoc test is summarized in Table A3 (see
Appendices).

We also studied the shape parameters of the surfaces
(sphericity and ellipticity) to detect any outliers within the
vGIuT1 and 2 profiles. In Fig. 6 we plot sphericity and
prolate ellipticity (detects object elongation) against
surface size (diameter obtained from volume estimates).
The 3D plots show a large homogenous cluster with
only some surfaces forming a distinct cluster at low
prolate ellipticity values (<0.2). We also obtained the
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Fig. 4. Comparison of vGluT1- and vGluT2-stained structures and
their surface reconstructions in different nuclei. The first column (A, C,
E and G) are the projection views through a z-stack of confocal
images (perspective at 45 degree). The second column (B, D, F and
H) are the constructed surface views from Imaris. For vGluT1, the red
channel, the thresholding method was based on Ridler-Calvard
algorithm implemented in Imaris, for vGluT2, the green channel, the
threshold level was user defined, at 25/255. Scale bar = 10 umin (A)
and (B) and valid to all the other images.

percentage of the profiles within these distinct small
clusters for the different sub nuclei for vGluT1 (MN:
0.06; AIN: 0.054; PIN: 0.054; LN: 0.051) and vGIuT2
(MN: 0.06; AIN: 0.043; PIN: 0.047; LN: 0.041) and
found comparable proportions in the different subnuclei.

DISCUSSION

Our results show that the subdivisions of the DCN have
distinct organizations that show mainly differences in the
density of vGluT1 immunolabeled profiles. This result

can be related to our previous findings of differences in
dendritic and axonal wiring in the phylogenetically newer
DCN (Hamodeh et al., 2014). However, we will first dis-
cuss the potential bias introduced by our approach to
these differences and thereafter discuss its potential func-
tional significance.

In this study we used systematic random sampling to
obtain a sufficiently large number of probes to cover the
variability between the different parts of the rat DCN.
We took 3D z-stacks of laser confocal images in all
probes to be able to reconstruct vGluT1 and 2 labeled
surfaces with the Imaris software package to obtain
their density and volumes. The size of boutons made by
the climbing fiber collaterals in the DCN which express
vGIuT2 (Fremeau et al., 2001; Hisano et al., 2002) was
estimated by Sugihara and colleagues (Sugihara et al.,
1996) at 0.8-1.4 um comparable to our mean of 1 um.
We have checked the shape parameters of our profiles
and found only a small similar percentage (4—6%) of out-
liers in all DCN that could be due to false detections.
Therefor this would not explain the difference we found
in vGluT1 density in the different DCN.

We also compared our density estimates with values
obtained previously. The density of the excitatory
synapses has not been obtained so far. However, based
on the number of boutons made by the climbing fiber
collaterals in the DCN (54) and the number of climbing
fiber branches to the Purkinje cells of 6.1 (Sugihara
et al., 1996) together with the number of Purkinje cells
(Harvey and Napper 1988), we would estimate a total of
54*3.4*10°/6.1 = 3*10° climbing fiber boutons in the
DCN. For the mossy fibers we would estimate 4*10* fibers
(Sultan and Heck 2003) and 129 boutons per fiber (Wu
et al., 1999) for a total of 5*10°. These two estimates
together are an order of magnitude less than our vGIuT1
and 2 profile estimates of 5.9*107, which we would pre-
sume would be to some larger proportion originating from
climbing fibers and mossy fibers. Our estimate would
yield 240 vGIuT1 and 184 vGIuT2 boutons per DCN neu-
ron (DCN neuron number of 1.4 x 10° (Hamodeh et al_,
2014)). Based on these estimates it is not clear whether
our approach has yielded an overestimate by detecting
small profiles (~0.5 um) or whether the climbing and
mossy fiber boutons estimate by tracer injection
(Sugihara et al., 1996) did not detect the smaller profiles.
We have also taken tissue shrinkage into account and
have found it less than our previous estimate yielding an
additional potential source of bias. A comparison to the
number of Purkinje cell synapses based on the number
of boutons an individual Purkinje cell axon makes in the
DCN (122 (Sugihara et al., 2009)) and the number of
Purkinje cells yields 122*3.4*10° = 4.15*10” Purkinje cell
synapses in the DCN. This would then predict 296 Purk-
inje cell synapses per DCN neuron and an amount com-
parable to the vGIuT1 and vGIuT2 profiles that we
would estimate based on our current approach (i.e., 240
vGIuT1 labeled boutons +184 vGIuT2 labeled boutons
—28 (the vGIuT1 and 2 colabeled bouton number, which
we estimated at 11.6% of vGIuT1 labeled boutons).

We found comparable levels of vGIluT1 and 2
expressions in the DCN (5.6*108/mm? vs. 4.3*108/mm?3).
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-| two separate pathways: the climbing
and mossy fibers which process infor-
mation differently, with the climbing
fibers having a much lower firing fre-
quency than the mossy fibers
(Sultan et al., 2012; Delvendahl and
Hallermann 2016). However, the
presence of vGIuT2 in a subpopula-
tion of mossy fibers complicates this
simplified view and further studies
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Increased vGluT1 density in
phylogenetically newer DCN

Our current analysis also yielded
important differences in the density
of vGIuT1 and 2 profiles. We found a
significantly higher density in the
phylogenetically newer DCN (LN and
PIN) compared to the older DCN
(AIN and MN). The combined
vGIluT1 and 2 excitatory synaptic
density is highest in PIN and LN,
with the value of 11*10° and
10.9*10%/mm?® compared to 7.2%105/
mm® and 8.2*10%/mm?® in the MN
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o 1 and AIN, respectively. Our previous
analysis of dendrites and Purkinje
cell axons showed that the LN and
the PIN had higher fiber density in
comparison to the AIN and MN
(Hamodeh et al., 2014). One interpre-
tation of the higher fiber density
depended on whether the number of
synapses is equally increased in
these regions. Our current results
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= 0.85) while vGluT2 volume is bigger in MN (p = 9.2*1077).

Our quantification confirms previous qualitative
observations that indicate that both transporters are
important in the cerebellum (Hioki et al., 2003). This is
in contrast to most other brain regions where either of
the transporters is expressed and indicates that those
brain regions make specific use of the different properties
of these two transporters. It has been suggested that
vGIuT1 is related to synapses with a low probability of
vesicular release, whereas vGIluT2 is related to high
release probability (Fremeau et al., 2001; Varoqui et al.,
2002; Petrof and Sherman 2013). In the DCN the pres-
ence of both transporters is likely due to the presence of

AIN

Fig. 5. Quantile-quantile plots of the power transformed data (A-D) and boxplots of the density
and volume of vGIluT1- and vGluT2-labeled boutons in different nuclei (E, F). The shapiro p-values
in (A-D) are larger than 0.05 indicating that the transformed vGIuT 1 and 2 density and volume data
are derived from normally distributed populations. (E) shows the density of vGIuT1 and vGluT2
profiles. The vGluT1 density is highest in LN and PIN and lowest in MN and AIN (p = 6.77-10~ ).
The vGIuT2 density is highest in PIN and lowest in AIN (p = 0.037). (F) shows the volumes of
vGluT1 and 2 profiles. The vGIuT1 bouton volumes are not signiﬁcantly different within the DCN (p

PIN LN

show that this is indeed the case for
the excitatory synapses. It is well
established that during brain matura-
tion there is an overshoot in the num-
ber of  synapses at early
developmental stages, which is then
reduced later in the adult stage by
synaptic pruning. This could reflect a
pruning process that is more elabo-
rated in phylogenetically newer parts
of the brain (Petanjek et al., 2011). Our observation impli-
cates that this could affect mainly the vGIuT1 synapses
which is in line with the distribution pattern of this trans-
porter in the phylogenetically newer and more modifiable
parts of the brain (Hisano 2003; Herzog et al., 2004b).
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APPENDICES
See Tables A.1-A.3

Table A.1. Multichannel laser confocal microscopy parameters. Four different secondary antibodies were used with the corresponding primary
antibodies. The fluorophores were excited at their optimal wavelength and the emissions were collected by different band pass or long pass filters. Two
tracks were used during acquisition process in order to minimize channel interference. The pinhole for every channel was optimized to 1 airy unit. XY
voxel size was set to 0.14um X 0.14um by choosing a matrix size of 512 x 512 pixels. The z-stack interval was 0.32um and we took on average 30
optical sections

1st Antibody 2rd Antibody Excitation(nm) Emission(nm) Track number
Goat vGIuT1 Donkey anti goat Alexa flour 488 488 505-550 1
Guinea pig vGIuT2 Goat anti guinea pig Alexa flour 633 633 LP 650 1
Mouse PCP2 Goat Anti mouse Alexa flour 405 405 420-480 2
Rabbit kv3.3 Goat anti rabbit cy3 543 560-615 2

Table A.2. Analysis of variance of linear mixed effects models and summary of post hoc analysis (Tukey) of vGIuT1+ and vGIuT2+ bouton density
and volume size (dependent variables) and DCN classification (fixed effect). Smaller than symbol in the post hoc test means significantly lower while
larger than symbol means significantly higher. df, degrees of freedom; lambda: exponent of power transformation; ICC: intra cluster correlation; chi-
square and p-value for ANOVA test which compares Imer models with and without the fixed effect (nuclei)

Threshold level Dependent variables df Lambda ICC chi-square p-value Summary of post hoc tests
vGIuT1 R-C (20.5 £ 5.7) Density 3 0.6 0.05 50.34 6.77*10~ " MN < AIN < (PIN&LN)
R-C (20.5 £ 5.7) Volume 3 0.68 0.07 0.79 0.85 n.s.
vGluT2 25 Density 3 0.68 0.07 8.45 0.037 AIN < PIN
25 Volume 3 0.58 0.11 21.28 9.2*10~° MN > (AIN&PIN&LN)

Table A.3. Post-hoc analysis (Tukey) of power transformed vGluT1+ and vGluT2+ bouton density and volume size. Estimates of the mean
differences of the power transformed data, standard errors, z-values and p-values between nuclei were obtained from the post hoc analysis. P values
were adjusted with Holm-Bonferroni correction

Contrast Estimate of difference SE z-value p-value (corr.)
vGIuT1 density MN-AIN —0.01 0.0027 -3.92 0.0004
LN-AIN 0.0088 0.0026 3.34 0.0026
PIN-AIN 0.0068 0.0028 2.46 0.027
LN-MN 0.019 0.0028 6.91 2.86*10~""
PIN-MN 0.017 0.0029 5.89 1.99*1078
PIN-LN —0.0020 0.0029 —-0.68 0.50
vGIuT1 volume MN-AIN 0.0030 0.019 0.16 1
LN-AIN —0.0081 0.019 -0.43 1
PIN-AIN -0.013 0.020 —0.66 1
LN-MN -0.011 0.020 -0.56 1
PIN-MN -0.016 0.021 -0.77 1
PIN-LN —0.0048 0.021 -0.23 1
vGIuT2 density MN-AIN 0.00088 0.0016 0.56 0.83
LN-AIN 0.0022 0.0016 1.43 0.61
PIN-AIN 0.0045 0.0016 2.77 0.034
LN-MN 0.0013 0.0016 0.82 0.83
PIN-MN 0.0037 0.0017 210 0.18
PIN-LN 0.0023 0.0017 1.33 0.61
vGIuT2 volume MN-AIN 0.075 0.021 3.54 0.0016
LN-AIN -0.012 0.021 -0.59 1
PIN-AIN -0.017 0.022 -0.78 1
LN-MN —0.088 0.022 -3.95 0.00046
PIN-MN —0.092 0.023 -3.95 0.00046
PIN-LN —0.0048 0.023 -0.20 1

(Received 17 October 2017, Accepted 10 February 2018)
(Available online 17 February 2018)
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Abstract

The cerebellar intrinsic connectivity is of remarkable regularity with a similar build repeated many times
over. However, several modifications of this basic circuitry occur that can provide important clues to
evolutionary adaptations. We have observed differences in the wiring of the cerebellar output structures
(the deep cerebellar nuclei, DCN) with higher dendritic length density in the phylogenetically newer DCN.
In rats, we showed that an increase in wiring is associated with an increase in the presynaptic vesicular
glutamate transporter 1 (vGIuT1). In this study, we have extended our analysis to the rhesus monkey and
can show similarities and differences between the two species. The similarities confirm a higher density
in vGluT1+ boutons in the lateral (LN/dentate) and posterior interpositus nucleus (PIN) compared to the
phylogenetically older DCN. In general, we also observe a lower density of vGluT1 and 2+ boutons in the
monkey, which however, yields a similar number of excitatory boutons per neuron in both species. The
only exception is the vGlutl+ boutons in the macague LN/dentate, which showed a significantly lower
number of vGluT1+ boutons per neuron. We also detected a higher percentage of co-labelled vGIluT1 and
2 boutons in the macaque than we found in the rat. In summary, these results confirm that the
hyposcalled dendrites of the monkey LN/dentate also show a lower number of vGluT1+ boutons per
neuron. These results provide further support of our model relating the dendritic morphology of the
LN/dentate neurons to the morphology of the specially enlarged LN/dentate nucleus in primates.

Key words: vesicular glutamate transporter, lipofuscin fluorescence removal, deep cerebellar nuclei,
quantitative immunofluorescence, comparative neuroanatomy.

Significant statement: We have quantified the excitatory synapses by studying the vesicular glutamate
transporter (vGIuT) 1 and 2 in the primate cerebellar nuclei by using a novel approach to mask lipofuscin
autofluorescence. Our findings confirm our previous data from the rat of a higher vGluT1+ bouton density
in the phylogenetically newer cerebellar nuclei of the macaque. We also find a similar number of
excitatory boutons per neuron comparing rat and monkey pointing to a conserved modular organization
of the cerebellum with similar number of neurons per module. Our findings also confirm our model of
hyposcalled dendrites and vGluT1+ inputs to the specifically enlarged LN/ dentate of primates.
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Introduction
The deep cerebellar nuclei (DCN) are a key component of the cerebellar circuitry and the main output of

the cerebellum. The activity of DCN neurons is controlled by the integration of inhibitory synaptic input
from the cerebellar cortex (i.e., the Purkinje cell axons) and excitatory input from the precerebellar nuclei.
The precerebellar afferents are from a wide source of brainstem nuclei conveying vestibular,
somatosensory, visual, auditory stimuli and from the basilar pontine nuclei conveying cerebral
information. There are two large groups of output neurons within the DCN. An excitatory projection group
that provides glutamatergic inputs to different brain regions within the brainstem (e.g., the red nucleus)
and the cerebral cortex (via specific thalamic relay nuclei). In contrast, the other group is GABAergic and
only targets the inferior olive nuclei. Both paths are also involved in recurrent circuits that feed back to
the DCN and cerebellar cortex either via the collaterals of the mossy fibers or of the climbing fibers. In
classical conditioning learning tasks, such as the Pavlovian eyeblink conditioning, the mossy fibers have
been shown to convey the conditioned stimulus, whereas the climbing fibers provide the unconditioned
stimulus to the DCN and cerebellar cortex [1, 2]. This dichotomy is further underlined by the presence of
two vesicular glutamate transporters (vGluT1 and 2) used by the two paths in different ways: the climbing
fibers exclusively use vGIluT2, while all mossy fiber express vGIuT1. It is noteworthy that a substantial
subpopulation of mossy fibers also co-expresses vGIluT2 [3-5] and it is still unclear what functional role

this colabelling provides.

Based on the expression of vGluT1 and 2 in the climbing and mossy fiber DCN collaterals, immunolabeling
these two transporters is an ideal way of marking all the excitatory axon terminals in the DCN. Using this
approach together with systematic unbiased sampling of the rat DCN we were able to show that both
transporters are expressed in the DCN in similar proportions. However, we also found that vGluT1+
bouton density is significantly higher in the phylogenetically newer lateral nucleus/dentate (LN/dentate)
and posterior interpositus nucleus (PIN) compared to the phylogenetically older DCN (medial nucleus: MN
and anterior interpositus nucleus: AIN). In contrast the vGluT2+ bouton density did not show any
significant difference between the different DCN [6]. These findings is in agreement with the general brain
pattern of vGIuT1 and 2 expression, with the former predominantly expressed in the phylogenetically
newer brain regions (cerebral cortex) and the later in subcortical regions such as the midbrain and
thalamic nuclei [7]. Based on this view our first prediction would be that in primates with an enlarged
neocerebellum the density of vGluT1+ boutons in the LN/dentate should also be increased within this
nucleus. However, it is not clear whether the results from the rat LN/dentate can be generalized to
primates. In fact a different prediction emerges if we look at the wiring components within the DCN. In a
previous study [8], we quantified and compared the wiring components between the rat and rhesus
monkey DCN. We found that although the dendritic length density (dendritic length per tissue volume)

was increased within the LN/dentate, a different picture emerged when we compared the dendritic length
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per neuron (dendritic length density normalized by neuron density). Here we found that the LN/dentate
had less dendritic length per neuron than would have been predicted by the overall volume of the primate
LN/dentate. We termed this observation hyposcaling of dendrites and related it to the flattened shape of
the LN/dentate. Therefore, the quantification of the vGluTs in the primate LN/dentate could clarify

whether we also observe a hyposcaling of the excitatory synapses in this nucleus.

Our immunofluorescence approach that we established in the rodent should also be applicable to the
primate brain tissue on the basis of antigen homology [9]. However, the presence of lipofuscin
complicates this approach [10], due to its broad emission spectrum. In this study, we therefore modified
an approach from flow cytometry [11-13] to remove the lipofuscin emission. This required acquiring an
additional lipofuscin specific channel and using that to mask the vGIluT1 and vGIuT2 signals during

postprocessing.

Experimental procedure

Tissue preparation
All animal experiments were carried out in accordance with the Society for Neuroscience and local

German authorities (approved by the regional authorities (Regierungsprasidium Tibingen). Brain tissue
from two male adult macaques was used in this study (D98: body weight 17kg and 18 years old, HO1: body
weight 9kg and 13 years old). Following premedication with a mixture of ketamine (20mg/100g body
weight), xylazine (2mg/100g body weight) deep anesthesia was induced with pentobarbital (400 mg/kg).
The animals were then perfused transcardially by 0.1M PB and then by 4% ice-cold paraformaldehyde in
0.1M phosphate buffer (PB) at pH 7.4. The brain was immediately dissected out of the skull and then
cryoprotected in an ascending concentration of sucrose (10%, 20%, and 30% in 0.1M PB). The cerebellum
was removed from the brainstem and mounted on a microtome with the lateral side facing the freezing
platform. Sections of 40um (D98) or 50um (HO1) were serially acquired and stored in 0.1M PB.
Immunofluorescence staining was carried out on free floating sections. Prior to primary antibody
incubation, sections were washed 3 times in 0.1M PB for 5 minutes each time and then blocked in 0.1M
PB with 10% horse serum (PAA Laboratories, Coelbe, Germany) and 0.3% Triton X-100 at room

temperature for 1 hour.

Immunofluorescence
The concentration and incubation times were tested for each antibody in single stains. The optimized

conditions were then used for the multiple stains. We performed a quadruple staining protocol for vGIuT1,
vGluT2, Purkinje Cell Protein 2(PCP2), and potassium channel KCNC3/Kv3.3 on HO1, and a further
quadruple staining protocol for vGluT1, vGluT2, MAP2 and KCNC3/kv3.3 on D98. Data of the Kv3.3 were
used for a subsequent publication. The sections were first incubated with goat vGIuT1 (sc-13320, Santa
Cruz Biotechnology, Texas) at 1:1000 and 4°C for 16hrs, followed by 3x washes in 0.1M PB and then
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incubated with donkey anti goat Alexa Fluor 488 at 1:500 for 2hrs at room temperature. The sections were
then washed 3 times in PB before incubation with a combination of three antibodies of vGluT2 (1:1000,
lot number: 135404, Synaptic systems, North Saanich British Columbia) , Kv3.3 (1:500, lot number: APC-
102, Alomone labs, Israel) and PCP2 (1:200, lot number: sc-137064, Santa Cruz Biotechnology, Texas) or
MAP2 (1:200, lot number: M1406, Sigma Aldrich) at 4°C for 16 hrs. The sections were then washed and
incubated with the combinations of the three secondary antibodies: goat anti guinea pig Alexa Fluor 633
(1:500, A21105, Invitrogen, California), goat anti rabbit Cy3 (1:500, lot number: 81-6115, Invitrogen,
California) and goat anti mouse Alexa Fluor 405 (1:500, lot number: A31553, Invitrogen, California) for
2hrs at room temperature. Sections were then washed and mounted in glycerol on glass slides with

Mowiol 4—88 (Merck, Darmstadt, Germany). The slides were stored at 4°C.

Preabsorption test of vGluT2 antibody
To test for vGluT2 antigen-antibody specificity, we mixed 1ul vGluT2 antibody with 2ul of the peptide that

was used for immunization and was provided by the supplier. This consisted of Strep-Tag fusion protein
(Amino acids 510-582 of the rat vGluT2) in 500ul 0.5M PB solution with 2% horse serum and 0.1% tritonX-
100. The mixture was rotated at room temperature for 1 hour to allow for full interaction of the peptide
with the antibody. As a control solution we used 1ul vGluT2 antibody diluted in 500ul 0.5M PB solution
with 2% horse serum and 0.1% tritonX-100. Two adjacent cerebellar sections from the same series of
monkey HO1 were washed and blocked. One section was incubated in the antigen-antibody mixture and
the other in the control solution for 48 hours at 4 degrees with constant rotation. The two sections were
washed and incubated with goat anti guinea pig Alexa Flour 633 1:1000 for 2 hours at room temperature.
The sections were washed, mounted, and scanned with laser confocal microscope LSM 510. VGIuT2
channel was scanned under the excitation of 633nm and emission at 650-750nm, while lipofuscin channel

was scanned under the excitation of 405nm and emission at 650-750nm.

Data acquisition
Images were acquired on a laser scanning confocal microscope (LSM 510, Carl Zeiss, Jena, Germany). We

took overview images of vGluT1 staining for every section with 488nm excitation and emission band pass
filtering 505-550nm at low magnification (10x objective). Probe positions were determined by first
marking an identifiable origin (x, y coordinates: 0,0) and then determining the position of the other probes
in the DCN region at a regular spacing of 1000um X 1000um. The location of the origin point was chosen
from an easily identifiable structure (i.e., vessels) within a core region of the DCN. However, this location
differs from slice to slice and is not related to the structures to be analyzed. A z-stack was acquired using
a 63x (NA1.4, Oil immersion) objective, applying a 2x zoom for each probe. The pinhole was set to 1 airy
unit and subsequently optimized for every detection channel to achieve an equal optical slice thickness

on all channels. XY voxel size was set to 0.14 um X 0.14 um; image digital resolution was set to 512x512
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pixels. The z-stack step size was 0.32um and we took an average of 30 optical sections. We stained and

analyzed 13 cerebellar sections (5 slices from D98 and 8 slices from HO1) and 168 probes in total were

sampled (90 from D98, 78 from HO1). The fluorescence emitted by lipofuscin granules were recorded with

excitation wavelength at 405nm and emission wavelength at 650-750nm. Details of antibodies, excitation

wavelength and emission filters are listed in table 1.

15 Antibody 2" Antibody Excitation(nm) Emission(nm) Track number

Goat vGluT1 Donkey anti goat | 488 505-550 1
Alexa flour 488

Guinea pig vGluT2 | Goat anti guinea | 633 650-750 1
pig Alexa flour 633

Mouse PCP2 Goat Anti mouse | 405 420-480 2
Alexa flour 405

Or mouse MAP2

Rabbit kv3.3 Goat anti rabbit | 543 560-615 2
cy3

None None 405 650-750 3

Table 1:

Multichannel laser confocal microscopy parameters. Four different secondary antibodies were used with

the corresponding primary antibodies. The fluorophores were excited at their optimal wavelength and

the emissions were collected using different band pass or long pass filters. Lipofuscin was excited such as

to obtain maximal difference between excitation and emission wave length, thereby dissociating it from

the other fluorophores. Three tracks were used during the acquisition process to minimize channel

interference.
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We also determined tissue shrinkage in section thickness by taking four random positions within DCN
region for each slice and determining the upper and lower section borders by the staining signal for vGluT1
at a magnification of 20x (NAO.8, dry). Fifty-two probes were taken from 13 sections. The mean thickness
of the slices after mounting was 24.6um for D98 and 26um for HO1, while the original sectioning thickness
was 40um and 50um, respectively. Classification of the macaca DCN was based on the description in an

earlier paper (Hamodeh et al. 2014).

Data preprocessing and analysis
Data were acquired as 8-bit format and saved in Zeiss Ism format. Stacks were then deconvoluted using

the iterative (n=10) “blind deconvolution” of AutoQuant X3 (Media Cybernetics, Bethesda, MD) with the
maximum likelihood estimation and constrained iteration. Following deconvolution, data were saved in

Autoquant to 8-bit Ism format.

Lipofuscin masking and extraction of vGluTs boutons
Lipofuscin has a broader excitation and emission spectrum than commercial fluorophores which are

designed with narrow spectra. We acquired the signals from our own fluorophores by regular microscopic
settings while simultaneously recording lipofuscin fluorescence signal in an additional channel and

subtracted the lipofuscin fluorescence during post-processing.

We performed surface reconstruction to get boundaries of lipofuscin granules using the Imaris software
(Bitplane). The lipofuscin surfaces were smoothed at 0.279um and the background was subtracted using
the Ridler and Calvard (R-C) algorithm [14]) to determine the best thresholding level for this channel. The
thresholding level was about 35/255. The reconstructed lipofuscin surfaces were subsequently used to
mask the vGIuT1 and vGIuT2 channel. The voxels inside the lipofuscin mask were set to 0, while the voxels
outside the lipofuscin mask remained unchanged. The background of the masked vGIuT1 channel was
subtracted. The surface bounding of vGIuT1 boutons was smoothed at 0.15um and the diameter of the
largest sphere fitting into the objects was taken at 0.5um. The masked vGIuT2 channel was similarly
surface-rendered, except that we fitted a Gaussian filter (s.d.=0.3um) beforehand and used a user-defined
fixed threshold of 68/255. The threshold for masked vGIuT1 channel was determined by the Ridler and
Calvard (R-C) algorithm and the resulting mean threshold was 20.1/255 for D98 and 26.2/255 for HO1. We
used Gaussian filter and user-defined threshold for the masked vGluT2 channel to effectively exclude the
background and DCN neuron somata [6]. The surface reconstructed boutons were further filtered

according to size by excluding surfaces with less than 10 voxels [15].

Shrinkage and density calculation
The number of surface reconstructed boutons for each probe was exported and normalized to the

corrected volume of probe in question. First, we obtained the (uncorrected) section thickness by adding
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the average diameter of the contours, 1.12 um for vGluT1 and 1.19um for vGIuT2 in order to account for
boutons being only partly contained within a section [16]. The uncorrected probe volume was then
obtained by multiplying the probe length (71.4um) and the probe width (71.4um) and the corrected depth
(varying from probe to probe). Tissue shrinkage affected the thickness of the section and was therefore
taken into consideration. To determine the extent of the shrinkage, four random positions were chosen
within the DCN region for each stain section. All the values were then averaged and the cerebellar sections
from D98 were shrunk to 24.6um thickness, while those of HO1 were shrunk to a thickness of 26um, the
original sectioning thicknesses being 40um for D98 and 50um for HO1. Finally, we divided the uncorrected

probe volume with 24.6/40 for D98 and 26/50 for HO1 to obtain the corrected probe volumes.
Calculating the co-labelling of vGluT1 and vGluT2 boutons

The quantification of co-labelling of vGIuT1 and 2 was performed by obtaining the intersection of the
surface boundaries of the two vGIuT channels (vGluT1M 2). However, we could only perform channel
subtractions in Imaris. We therefore subtracted vGIluT1 from the vGluT1-only channel. The vGluT1-only
channel was obtained for each probe by subtracting the vGluT2 channel from the original vGluT1 channel
for the rats and from the lipofuscin cleaned vGluT1 channel in the case of the monkey. The number of the
co-labelled boutons were divided by the vGIluT1 bouton number or the vGluT2 bouton number to
ascertain the co-labelled percentage for vGluT1l boutons or vGluT2 boutons. The percentages were

compared between different nuclei and between the two species.

Statistical analysis
The vGIuTl and 2 density and volume values were checked for normal distribution and variance

homogeneity. Quantile-quantile plots (qgnorm in R, www.r-project.org) and Shapiro-tests (package Ime4

in R) indicated normal distribution for vGIluT1 and vGIuT2 volume. Levene’s tests (package Rcmdr in R)
indicated equal variance for vGIuT1 and vGIuT2 volume. The vGIuT1 and vGIuT2 density values were
power transformed by transformTukey (package rcompanion in R) to secure normal distribution and equal
variance. Since multiple data points were obtained in each subject [17], a linear mixed effect model was
used to accommodate the dependence of the data. The linear mixed effects model via restricted
maximum likelihood estimations were performed using Imed package in R. The response was the
transformed density or non-transformed volume (for both vGIluT1l and 2). The nuclei variance was
modelled as a fixed effect, while subject variance was modelled as a random effect in the model. We also
constructed a null model with only the random effect. We then compared the two models using a
likelihood ratio test to ascertain whether these two models differed significantly from each other. Post
hoc multiple comparisons (Tukey contrast) with Holm-Bonferroni correction were performed. The
significance level a was set to 0.05. We also plotted the data with intensity color-coded scatter plots using

matlab scripts [18].
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Results

vGluT1+ and vGluT2+ staining patterns in the cerebellum
The vGIuT2 immunofluorescence showed a puncta pattern organized in a linear beaded fashion in the

molecular layer (ML) and glomeruli-like pattern in the granule cells layer (GCL) of the cerebellar cortex
(small arrows in Fig. S1a). There are also granular structures in the Purkinje cells layer (PCL) as described
for lipofuscin in the literature (big arrow in Fig. S1a, [19]). Not surprisingly, these structures are obtained
again under our setting which is used for lipofuscin fluorescence (big arrow, Fig. S1b). The staining pattern
of vGluT2 after lipofuscin channel subtraction is consistent with our previous study in the rat using the
same antibody (Fig. S1c) [6]. Preabsorption of vGluT2 antibody with its corresponding peptide abolished
the vGluT2 signals in the cortex, pointing to the specificity of the vGIuT2 antibody (Fig. S1d, e, f). Similarly,
the vGluT2 antibody is also specific in the DCN region (Fig. S1g-1). We also controlled the multiple staining
patterns in the cerebellar cortex (molecular layer) and DCN of the monkey. As anticipated, parallel fibers
were stained by vGluT1 only whereas climbing fiber presynapses were stained by vGIluT2 only (Fig. 1a, b).
The vGluT1 and vGluT2 were separated from each other in the molecular layer, as the negative Pearson’s
coefficient indicates (Fig. 1c). We also compared the staining of vGluT1 and 2 with the PCP2 staining in
the DCN and found them to be segregated as in the molecular layer (Fig. 1d, e). However, unlike in the
cortex, the vGIuT1 and vGIuT2 show some colocalization (Pearson’s coefficient: 0.47). These colabelled
boutons may come from mossy fibers that express both vGIuT1 and vGIuT2 [5]. A comparison of labelling
intensity within a voxel confirmed the different patterns: in contrast to the DCN there was no above-
threshold intensity co-labelling of vGIuT1 and 2 in the molecular layer (Fig. 1c, f). The spatial relationship
of the vGIuT1 and 2 labelled puncta with their postsynaptic partner, the dendrites from DCN neurons, was
also examined in a quadruple staining environment. Most of the vGluT1 and 2 labelled puncta can be
observed around the dendrites (Fig. 1g, h). Again, the colocalization of vGluT1 and vGIuT2 in the DCN can

be seen in this example (Fig. 1i).

Comparison of vGluT1+ and vGluT2+ boutons within DCN
To obtain the quantitative data of vGluT1+ and vGluT2+ bouton density and compare between nuclei, the

lipofuscin signal were first detected and eliminated from the vGIluT1l and vGIuT2 channels. First, we
verified the lipofuscin excitation and emission characteristics in unstained macaque cerebellar sections
(see supplementary material and Fig. S2). Then we validated our lipofuscin masking approach in the

vGluT1 and vGIluT2 channels and this is summarized in the supplementary material (see also Fig 52-4).

The structures that are labelled by vGluT1, vGIuT2 or both are shown in different nuclei (Fig. 2). Double
labelled structures can be found in all the different nuclei. However, the vGluT1+ boutons are sparser in
MN and AIN than in LN and PIN. Nevertheless, the vGluT2+ boutons are more similar between nuclei (Fig.

2a, ¢, e, g). The surface analysis allowed for a detailed visualization of vGIuT1 and vGIuT2-labelled



1 structures and quantification of the number and volume of the boutons as well as the co-labelled boutons
2  (Fig. 2b,d, f, h).
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Threshold Dependent |df Lambda | ICC Chisq p-value Post-hoc test
level variables
vGIluT1 R-C (23/255) density 3 0.25 0.0526 [29.38 1.87*10° | MN&AIN< PIN&LN
R-C (23/255) volume 3 1 0.0338 [35.69 8.69*10% | MN<AIN;
MN<PIN<LN
vGIuT2 68/255 density 3 0.05 0.0526 [7.85 0.049 n.s.
68/255 volume 3 0.25 0.0284 9.47 0.023 PIN<LN

Table 2:
Post-hoc analysis (Tukey) of power transformed vGluT1+ and vGluT2+ bouton density and volume size.

The df denotes degree of freedom; lambda denotes the power used for power transformation to ensure
normality and equal variance and ICC is the intracluster correlation (indicates the amount of dependence
in the data). P values were obtained by ANOVA. Post hoc test shows the comparisons which are

statistically significant. P-values were adjusted by Holm-Bonferroni correction.

VGluT1+ and vGluT2+ bouton density and volume within DCN

We quantified the vGIuTs bouton density in the different DCN. The vGluT1+ bouton density is higher in
the PIN and LN, with 1.97*1076 (SEM = 1.78*%1075 ) and 1.84"6/mm*"3 (SEM = 4.96*1075), and lower in
AIN and MN, 1.21*10”6 (SEM = 3.04*10A5) and 1.12*10*6/mm"3 (SEM = 3.3*1075) (ANOVA of mixed
effect model, df: 3, Chi-square: 29.38, p: 1.87*10°). The vGluT2+ bouton density differed less intensely
than the vGluT1 between subnuclei, although there was still a significant difference (ANOVA of mixed
effect model, df: 3, Chi-square: 7.85, p: 0.049), mainly due to the lower density of vGluT2 in AIN. The mean
density for vGluT2 was 1.7A6/mm~"3 (SEM = 8.29*1074) for the total DCN. The vGIuT1 and 2+ bouton
density data were power transformed to secure normal distribution and equal variance to satisfy the
criterion for the statistic tests (Fig. S5a, c). The density and the volume of vGluT1+ and vGluT2+ boutons
is shown for the four nuclei (Fig. 3a, b). The co-labelling of vGluT1 and vGluT2 is comparable in the AIN,
PIN and LN, around 30%, with slightly lower values in MN (Fig. 3c). However, both the rat vGIuT1 and
vGIluT2 co-labelling, which was obtained from our previous study, is significantly lower in the rat DCN than
in the macaque DCN (Fig. 3d). The mean vGluT1+ and 2+ bouton volume is around 0.7um? and 0.9um?,
respectively (Fig. 3b). The vGluT1 volume was slightly larger in the AIN (0.78um?) and LN (0.8um?) than in
the other DCN (MN: 0.61 and PIN: 0.70um?) and the vGIuT2 volumes was larger in the LN (0.97um?) than
in the other DCN (PIN: 0.84, AIN: 0.89, MN: 0.86um?), albeit with a larger variability. A one-way ANOVA

was used to test the variance by different nuclei classification and the results are summarized in Table 2.
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We also scrutinized our reconstructed vGluT1 and 2 boutons for any cluster outliers, such as axonal
regions where the vGIuTs are detected on their way to the presynaptic terminals [20]. These elongated
fragments would have a large ellipticity prolate value (close to 1) and a small diameter. Fig. 4 displays
density color-coded scatter plots of vGluT1l and 2 presynapse diameter versus the shape parameter
ellipticity prolate for the different DCN. Data show one large cluster with diameters larger than 0.5um and
ellipticity prolate larger than 0.2 and one small cluster with ellipticity prolate smaller than 0.2. Based on
these values they cannot be considered as axon fragments, because of their round shape. The number of
boutons in the small cluster in the MN, AIN, PIN and LN amounted to 2.9%, 3.8%, 4.1%, 3.8% for vGIuT1
and 4.2%, 3.8%, 3.6%, 4.2% for vGIuT2, respectively. These boutons may come from a distinct population,

e.g., the intrinsic DCN glutamatergic synapses.

Number of vGluT1+ and 2+ bouton per neuron
We calculated the mean bouton number per DCN neuron on the basis of our vGluT1 and vGIuT2 labelled

boutons in the current study and the neuron density in our previous study [21, 22]. The vGluT1 and 2
bouton number per neuron is similar in rat and monkey. However, the vGIuT1 bouton number per neuron
is significantly lower in the macaque LN/ dentate (Fig.5a). The total excitatory synaptic number per neuron
was calculated by subtracting the co-labelled vGluT1 bouton number per neuron from the total vGluT1
bouton number per neuron and adding the total vGIluT2 bouton number per neuron (Fig. Sc, d). The total
bouton number per neuron in macaque DCN is lower than in the rat, except for the MN. Within the

macaque, PIN has the largest bouton number per neuron (Fig. 5c¢, d).

Discussion

In this study, we quantified vGluT1 and 2 in a region of a primate brain for the first time by also taking the
confounding contribution of lipofuscin autofluorescence into account. Our quantification shows that the
largest differences are observed between the DCN in the vGIuT1 densities. This result is in agreement with
our previous observation finding similar differences in the rat vGluT1l densities [6]. This result also
confirms that our observation of variation in the dendritic length density in the macaque DCN [8, 23] are
accompanied by similar vGluT1 variations, i.e., regions with higher dendritic length densities show higher
vGluT1+ densities. In addition, our results also point to some important differences between the rat and
monkey LN/dentate, also confirming our previous dendritic quantifications showing hyposcalled dendrites
in the LN/dentate. We will first discuss the potential biases and limitations of our method and then return

to the interpretation of our results.

Our quantitative approach used systematic random sampling of series of multiple immunofluorescence-
stained sections. In total we acquired 168 probes with 3D- stacks covering the monkey DCN from two
monkeys. We adopted a new approach that involves recording an additional lipofuscin channel rather
than using chemicals to diminish the lipofuscin autofluorescence. This channel was used to mask the

lipofuscin fluorescence from the other fluorescence channels. Although the 405nm wavelength laser used



G U1 B W N

10
11
12
13
14
15
16
17
18

19
20

21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36

to excite the lipofuscins had the potential to bleach other fluorophores, we did not observe any indications
that this was the case at our laser excitation powers. We generated surfaces from the lipofuscin
fluorescence and used these to mask the other channels. When the lipofuscin regions are masked, their
intensities change to zero. Therefore, if the structure of interest is also located in the cytoplasm, they
could be affected. In our case, this did not occur since the glutamate transporters we quantified were

located in the presynapses.

One of our main finding is that the density of vGIuT1 labelled boutons is higher in phylogenetically newer
parts of DCN, the LN/dentate and PIN, thus confirming our previous findings in the rat [6]. This is also in
agreement with our previous result of higher dendritic length density in these parts of the DCN.
Nevertheless, the comparison of the vGluT1l densities showed that the monkey DCN (1.5*1046 vs.
6.1*1076) had a lower overall synaptic density of about 25% of the rat values [6]. This is comparable to
the reduction in neuronal density (8640 vs. 25300) to 34% of the rat densities and shows that the overall
vGIluT1 synapses per neuron remain comparable. A comparison of the dendritic length density [22] of
monkeys vs. rats (51.5 vs. 39.8m/mm~3), shows a lower reduction to 77% of the rat values and would
point to a general reduction in the number of vGIuT synapses per dendritic length. Excitatory synapses to
the DCN neurons largely originate from the precerebellar nuclei. The largest of these nuclei is the basilar
pontine nuclei which increases considerably in size and neuron number in primates. Therefore, we would
have anticipated a higher number of vGluT synapses per neuron in the LN/dentate and PIN.

Comparable number of excitatory synapses per neuron in rat and monkey DCN
One explanation of the comparable values of excitatory synapses per neuron could be due to the modular

organization of the cerebellum with similar number of units/neurons per module. However, other,
potentially confounding factors may have led to a reduction of vGIuT immunostaining in the monkey. The
antibodies we used were optimized to stain the rodent’s vGIuT c-terminal (unspecified peptide length for
vGIuT1 and amino acids 510-582 for vGIuT2). A comparison of the amino acid sequence of the two
transporters between rat and macaca mulatta shows that vGluT1 has an essentially conserved sequence,
whereas the vGluT2 shows multiple amino acid changes in the last 72 amino acids. It is therefore possible
that the vGluT2 immunostaining in the monkey tissue could be altered, which would also explain the
higher threshold used for vGluT2 compared to the rat. However, a comparison of the staining pattern
within the molecular layer did not show colocalization at above-threshold intensities for the vGluT2+ only
climbing fibers and the vGluT1+ only parallel fibers. Our calculation of the individual excitatory inputs per
neuron were based on different individuals and this may have introduced additional variability in our
results. We used systematic unbiased sampling in both cases and tried to minimize the influence of such
bias. Finally, our two monkeys, aged 13 and 18 years, may have already shown signs of age-related
synapse elimination. As anticipated, our quantification of the lipofuscin did show a higher lipofuscin
density in the older monkey [24] However, we did not observe systematically lower vGIuT densities in the
older monkey (D98 vs. H01:1.5%10%6 vs. 2.3*1076/mm"3 for vGIuT1 and 1.8*1076 vs. 1.2*1076/mm~"3
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for vGluT2). In summary, our data could point to the importance of a rather constant number of excitatory
synapses per DCN neuron, reflecting a limited number of input units per DCN neuron.

Increased vGIuT1 and 2 co-labelling in the monkey DCN

One unexpected finding of our study is that the monkey DCN contain a higher percentage of vGluT1 and
2 co-labelled presynapses than those of the rat DCN (30 vs. 15%). This is probably due to the fact that the
density of vGIuT2 in the monkey is higher than in the rat. The cerebellum is one of the few brain regions
that shows the presence of both kinds of vGluTs (in climbing and mossy fibers), as well as presynapses
with both kinds of vGluTs in a subset of mossy fibers. Developmental studies have shown that, during the
early stages of development, vGluT2 synapses change to vGluT1 following the switch of vGIuT2 mRNA
expression to vGluT1 mRNA expression in the neuron somata [25]. This suggests that a change occurs at
the transcription and translation level of protein synthesis. This could thus imply that the mossy fibers
retain a status comparable to that of the early stages of development, allowing for prolonged modification
from vGIuT2 to vGluT1. A different scenario emerges if we look at a recent learning/plasticity study in the
DCN. The study by Boele and colleagues showed an increase in basilar pontine nuclei vGluT2 mossy fiber
presynapses in the DCN following Pavlovian eyeblink conditioning [1]. So far, it remains unclear whether
this kind of learning in the DCN requires the sprouting and formation of new vGIluT2 synapses, or whether
it is achieved by an increase in vGIuT2 levels in vGIuT1 mossy fiber collaterals. The latter has not been

described so far and therefore currently appears to be the less likely scenario.

Hyposcaling of vGluT1+ inputs to the primates LN/dentate
A further new finding of our study is that there is a lower number of vGluT1+ excitatory synapses per

neuron in the LN/dentate of the rhesus monkey compared to the rat’s LN/dentate. This result tallies well
with the lower dendritic length per neuron that we already reported in the monkey LN/dentate [22] and
lends further support to our model of hyposcalled dendrites that underlie the special architecture of the
LN/dentate. The hyposcaled dendritic arbors [22] and vGIuT1+ inputs (this study) could allow for an
increase in the number of independent/segregated parasagittal strips in the cerebellar hemispheres
connected to the LN/dentate, which would confirm a recent prediction [26]. A theory proposed by van
Essen (1997) on how and why structures in the central nervous system tend to fold was based on the
amount of mechanical tension that arises from the connectivity pattern of a given brain region [27]. If we
assume that the hyposcalled dendrites with smaller region of influence and with less excitatory synaptic
connections would lead to less tightly connected tissue, then these less tightly connected regions would
lead to a reduction of tension, which in turn would lead to some indentation and folding at these sites
during the ontogenetic and phylogenetic volume increase of the nucleus. These changes could then first
lead to the emergence of a torus-like or cup-shaped nucleus, as indeed the rhesus monkey LN/dentate
exhibits [28], whereas, in the nucleus with more similar connectivity tension would be basically the same
all across the nucleus and would help in preserving a globose structure.
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Figure legends

Fig. 1 vGluT1+ and vGluT2+ staining patterns in the cerebellum. The staining pattern of vGIluT1, vGluT2
and MAP2 in the cerebellar molecular layer is shown in (a) and (b). The parallel fibers are detected by
vGluT1 antibody (red), while the climbing fiber terminals are detected by vGIuT2 antibody (green). The
dendrites of Purkinje cells are labelled by MAP2 (Microtubule-associatied protein 2, blue) (a, b). The
colocalization analysis of vGluT1 and vGIuT2 is shown in (c), with Pearson’s coefficient (PC) -0.17. The
vGluT1, vGluT2 and PCP2 staining pattern in DCN is shown in (d) and (e). The Purkinje cell axons are
labelled by PCP2 in blue. The excitatory presynapses are labelled by vGIuT1 (red) or vGIuT2 (green) or
both. The colocalization analysis of the vGluT1 and vGIuT2 in DCN is shown in (f) and yields a PC of 0.47.
Another example from the DCN is shown in (g) and (h). The vGIuT1, vGluT2 and MAP2 staining shows that
the majority of excitatory boutons labelled by vGluT1 (red) or vGluT2 (green) contact the DCN dendrites
labelled by MAP2 (blue) (g and h). The pearson’s coefficient of 0.69 indicates colocalization of vGluT1 and
vGIuT2 in the DCN (i). Scale bar in (h) is 10um and applies also to images (a, b, d, e, g)
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Fig. 2 Examples of vGluT1 and 2 staining in the monkey DCN. Comparison of original microscopic views (a,
¢, e, g) and surface-rendered views (b, d, f, h) from vGIuT1 and vGIuT2 stained boutons in different nuclei.
The Ridler-Calvard algorithm was used for the red channel, vGluT1, while the thresholding for vGluT2 was
user defined at 68/255. Scale bar = 10um in (h) applies to all other images as well.

Fig. 3 Boxplots of the density, volume and co-labelling of vGluT1- and vGluT2-stained boutons in different
nuclei. (a-c) shows the results from the rhesus monkey DCN. (a) shows the density of vGIuT1 and vGIluT2
profiles. The vGIuT1 density is highest in LN/dentate and PIN and lowest in MN and AIN (p= 1.87*10%).
The vGIluT2 density is comparable between nuclei (p= 0.049) except for a lower density in the AIN. (b)
Shows the volumes of vGIuT1 and 2 profiles. The mean vGIuT1 and vGIuT2 bouton volumes are 0.7um?
and 0.9um?, respectively. (c) Co-labelled percentage of vGluT1 and vGIuT2 is compared in different nuclei
of the monkey, with the average value of 30% for vGluT1 and 31% for vGluT2. (d) The co-labelling of
vGIuT1 and vGIuT2 is significantly lower in the rat (around 15%) than in the monkey.

Fig. 4 Intensity color coded scatter plots. Scatter plots of two shape parameters (ellipticity prolate and
diameter) and their relation to the profile diameters for vGluT1 (a—d) and vGIuT2 (e-=h). Plotted are the
values for the different DCN subnuclei. The overall pattern is very similar, with one large cluster
encompassing most of the profiles and one smaller cluster (to the lower left of the larger cluster) showing
special subpopulations. The colabelled boutons show similar shapes between nuclei (i-l). The color coding
indicates the intensity of the scatter plot. Red represents higher and blue represents lower intensities.

Fig. 5 Bouton number per individual DCN neuron. The vGluT1 and vGluT2 labelled boutons are normalized
by the neuronal density and compared in the rat and monkey DCN. The vGluT1 bouton number per neuron
is similar in the rat and monkey, except in the LN in which the (95% confidence intervals) error bars do
not overlap (a). The vGIuT2 labelled bouton per neuron is similar in the rat and monkey DCN (b). The sum
of vGluT1 and vGluT2 (uncorrected total) bouton number per neuron (c) was adjusted to remove the twice
counted double labelled boutons. This was done by subtracting the co-labelled vGluT1 bouton number
per neuron from the total vGluT1 bouton number per neuron and then adding the total vGluT2 bouton
number per neuron (d, “corrected”). In the monkey, the total bouton number per neuron is highest in the
PIN, with a value of 427 boutons per neuron.

Supplementary material

Fig. S1 Preabsorption test for vGIuT2. In the cerebellar cortex the original vGluT2 channel containing
lipofuscin not only detects the beaded-like climbing fiber terminals in the molecular layer (small arrow),
the glomeruli structures in the granule layer (small arrow) but also the lipofuscin signals from Purkinje
cells layer (big arrow) (a). The autofluorescence in the cerebellar cortex is obtained in a separate channel
using excitation at 405nm and emission filters at 650-750nm (b). After channel subtraction, the structures
detected by vGluT2 antibody is confined to the molecular and granule layer (c). In contrast, after applying
the vGluT2 antibody and the peptide antigen mixture we only detect the autofluorescence in the Purkinje
cell layer (d and e). No signal was left after subtracting lipofuscin channel from the vGIuT2 channel (f). In
the DCN, bouton-like structures and big granules were detected in the vGIuT2 channel (g). The
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autofluorescence was also present in DCN (h). Only puncta structures were left after channel subtraction
(i). The preabsorption test also abolished the vGIuT2 staining in the DCN (j-1). Scale bar in (f): 20um and
applies also to (a-e). Scale bar in (I): 10um and applies to (g-k).

Results of masking lipofuscin in vGluT1 and vGluT2 channels
We scanned unstained macaque cerebellar sections by exciting the tissue at 405nm and by collecting the

emission from 650-750nm and detected fluorescent granule-like structures (Fig. S2a). When the
specimens were scanned in lambda mode, these granule-like structures showed a broad emission spectral
range from 450 to 750nm and peaking at around 530nm. This indicates that these structures are lipofuscin
(Fig. S2b). Since the lipofuscin has not only a broad emission spectrum but also broad excitation spectra,
granule-like structures were also obtained under the excitation of 633nm laser (Fig. S2c). Again these
structures have broad emission spectra under lambda mode (Fig. $2d). However, independent of the
granules’ location (inside the neuronal soma ROI 3, Fig. S2a or outside the soma ROI 1,2 and 4, Fig. S2a),
they share the same fluorescence emission properties, thus further endorsing the compositional
homogeneity of these structures. By contrast, the intensity of tissue background fluorescence was lower
than the lipofuscin fluorescence and dropped to baseline at longer wavelengths (ROI 5, Fig. S2a and b, ROI
2, Fig. S2c and d). The lipofuscin fluorescence can also be well segregated from the tissue background
fluorescence from the emission range of 650-750nm (light green rectangle in Fig. S2b and d). We then
tested whether the lipofuscin fluorescence can be segregated from our staining. Alexa 405 was used to
detect Purkinje cell axons in our quadruple staining with optimal excitation at 405nm. The emission
spectrum of the Alexa 405 and lipofuscin differed considerably. The emission range was 405-600nm with
the peak around 450nm for Alexa 405. The Alexa 405 emission range was much narrower than that of
lipofuscin, and most importantly, there was no emission from 650-750nm, indicating that exciting the
lipofuscin at 405nm and obtaining its emission within the range 650-750nm would result in a pure signal
(Fig. S2e-f). This configuration ensured no bleed-through of fluorescence emission of the rest of the
fluorochromes into the lipofuscin emission signal. In a next step, we needed to remove the lipofuscin
staining from the vGluT1 and vGluT2 signal. We used the lipofuscin channel to produce a mask (Fig. S3a),
by creating surfaces fitted to the lipofuscin granules (Fig. S3b). The quantification of lipofuscin volume in
DCN from two monkeys was also obtained on the basis of the constructed surfaces. The amount of
lipofuscin in the DCN of the 18-year-old D98 is about two-fold that of the 13-year-old HO1. However, the
amount of lipofuscin in the subnuclei does not differ (Fig. S4). The lipofuscin mask was subtracted from
the vGIuT1 and vGIuT2 channels and we obtained the masked vGIuT1 and vGIluT2 channels, respectively
(Fig. S3c, e). Finally, the lipofuscin-removed vGIuT1 and vGluT2 channels were surface-rendered for

quantification (Fig. S3d, f).
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Fig. S2 Lipofuscin fluorescence detection and its spectral characteristics. The lipofuscin fluorescence in
the unstained DCN was present both in the neuronal cytoplasm (ROI 3) and outside the neuron (ROI 1, 2,
and 4) under excitation of 405nm (a). The emission spectrum of each region of interest (ROI) selected is
shown in (b). The ROI 5 was tissue background. The spectra of ROl 1-4 were widely spread from 411nm to
752nm, albeit with varying intensities. The maximum emission intensity under 405nm excitation was
around 530nm (b). The unstained section can also be excited at 633nm (c) and the spectra are shown in
(d). The quadruple stained rhesus monkey section was scanned under 405nm excitation in lambda mode
(e). The fluorescence spectra from PCP2/Alexa 405 and lipofuscin differ considerably: ROl of 4 and 5 are
from PCP2 stained structures and ROI 1-3 and 7-8 are from lipofuscin (e, f). In the emission region of 650-
750nm, the PCP2/Alexa 405 was reduced to baseline, while lipofuscin still emits a high-intensity signal (f).
The light green columns in (b) and (d) indicate the emission range 650-750nm.The ROl 6 was tissue
background. Scale bar in (a), (c) and (e) is 10um.

Fig. S3 Workflow to remove lipofuscin autofluorescence (AF) from vGIuT1 and vGIluT2 channels. The
lipofuscin channel signal (a) was surface-rendered in Imaris (b). This mask was then used to subtract from
the original vGIluT1 and vGIuT2 channels (c, e) to obtain the masked vGluT1 and vGluT2 channel (d, f).
Scale bar in (f) and in all other images is 10um.

Fig. 54 Lipofuscin quantification in DCN. The volume of the lipofuscin surfaces was obtained and compared
in different nuclei of two monkeys (D98 (a) and HO1 (b)). The lipofuscin volume fraction was higher in the
older monkey (D98 i.e., a). Lipofuscin density did not differ significantly between the DCN (ANOVA, p=0.28
for D98, p=0.27 for HO1). Examples of microscopic images with lipofuscin (red) is shown in (c) and (d) with
vGIuT1 channel (green).

Fig. S5 Quantile-quantile plots of the power transformed data (a—d). The Shapiro p-values in (a) (c)and (d)
are larger than 0.05, indicating that the transformed vGIuT1 and 2 density and vGIuT2 volume are derived
from normally distributed populations. The vGluT1+ bouton volume data was not power transformed (b)



Figure 1

&MAP2

vGIUT 2&MAP2
DCN

75



Figure 2

76



Figureé

(@)

DCN colabelling

vGluTs bouton density
(#/mmA3)

x106

6

5 . :

4t T £
o LI
RRRTTETT

RATU PSR NENRU PN

0.5

0.4} |

0.3 oy

0.2]

0.1} |‘“

0 || .
WIR IR O T R (R R

b
o)
S
31l |
o I o
§ <‘E 12 [+ + T :.: T : ‘
831nf*988
£ oslm™@®T 0L
Y e
NN I QW R (B o T
d BVGIluT1 JvGIuT2
o 0.5
= 1
o 0.4
3 (3 1
g 0.3
c 0.2;
‘.9 ]
g
@ 0 - —1

Rat Mac Rat Macl

77



Figure 4

Ellipticity prolate @

Ellipticity prolate @

vGIluT1-LN

b
/

0.8
0.6
0.4

vGIuT1-PIN

c vGIuT1-AIN
1

0.8
0.6
0.4

d
0.8
0.6

0.4

vGIluT1-MN

Ellipticity prolate

Diameter [um]

Diameter [um]

78

Diameter [um]

2.0

0

.2.‘- :

Diameter [um]



MN AIN PIN LN

r r
w L =
4] — 5 E—
4 £ E—
2 — S
4] z o 8 I
cl ST T ©
~ 2=
2 — WO —
S S S o S 8 8 8 8 o
o N — 0 <t o N -—
uoinau Jad (p®199.1402) uoinau Jad

Jaquinu uoynog Z1NHA T Jaquinu uoynog [ejo]

400

r I

¥ — 7 2 e ——
e — z G| .
T | E—

][ em— I = —

| - EE— 2| —

4] —> g .

2| < 2 S —

5 8§ 8 o 8§ 8 § o
uoanau Jad (pa10o8.1100un) uoinau Jad

Jaqwinu uoynog L INIOA ©  Jaquinu uoinog |ejo|

MN AIN PIN LN

79



_ vGiuT2 | b ¢ vGluT2 masked

4= -pcL] =

a’Ab~'s«-“—‘“ T “SCL 27 gy WT
Chrtex' +. "3 ¥o THENE

ML

PCL

Ab + Pep GCL
Cortex

Ab
DCN

Ab + Pep
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Results of masking lipofuscin in vGluT1 and vGluT2 channels
We scanned unstained macaque cerebellar sections by exciting the tissue at 405nm and by collecting

the emission from 650-750nm and detected fluorescent granule-like structures (Fig. S2a). When the
specimens were scanned in lambda mode, these granule-like structures showed a broad emission
spectral range from 450 to 750nm and peaking at around 530nm. This indicates that these structures
are lipofuscin (Fig. $2b). Since the lipofuscin has not only a broad emission spectrum but also broad
excitation spectra, granule-like structures were also obtained under the excitation of 633nm laser (Fig.
S2c). Again these structures have broad emission spectra under lambda mode (Fig. S2d). However,
independent of the granules’ location (inside the neuronal soma ROI 3, Fig. S2a or outside the soma
ROI 1,2 and 4, Fig. S2a), they share the same fluorescence emission properties, thus further endorsing
the compositional homogeneity of these structures. By contrast, the intensity of tissue background
fluorescence was lower than the lipofuscin fluorescence and dropped to baseline at longer
wavelengths (ROI 5, Fig. S2a and b, ROI 2, Fig. S2c and d). The lipofuscin fluorescence can also be well
segregated from the tissue background fluorescence from the emission range of 650-750nm (light
green rectangle in Fig. S2b and d). We then tested whether the lipofuscin fluorescence can be
segregated from our staining. Alexa 405 was used to detect Purkinje cell axons in our quadruple
staining with optimal excitation at 405nm. The emission spectrum of the Alexa 405 and lipofuscin
differed considerably. The emission range was 405-600nm with the peak around 450nm for Alexa 405.
The Alexa 405 emission range was much narrower than that of lipofuscin, and most importantly, there
was no emission from 650-750nm, indicating that exciting the lipofuscin at 405nm and obtaining its
emission within the range 650-750nm would result in a pure signal (Fig. S2e-f). This configuration
ensured no bleed-through of fluorescence emission of the rest of the fluorochromes into the lipofuscin
emission signal. In a next step, we needed to remove the lipofuscin staining from the vGIuT1 and
vGIuT2 signal. We used the lipofuscin channel to produce a mask (Fig. S3a), by creating surfaces fitted
to the lipofuscin granules (Fig. S3b). The quantification of lipofuscin volume in DCN from two monkeys
was also obtained on the basis of the constructed surfaces. The amount of lipofuscin in the DCN of the
18-year-old D98 is about two-fold that of the 13-year-old HO1. However, the amount of lipofuscin in
the subnuclei does not differ (Fig. S4). The lipofuscin mask was subtracted from the vGluT1 and vGIuT2
channels and we obtained the masked vGluT1 and vGluT2 channels, respectively (Fig. S3c, e). Finally,
the lipofuscin-removed vGIuT1 and vGIuT2 channels were surface-rendered for quantification (Fig.
S3d, f).
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