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Abstract

The cerebellum has a highly conserved internal circuitry, but varies greatly in size and
morphology within and across species. Despite this variation, the underlying volumetric
changes among the layers of the cerebellar cortex or their association with Purkinje cell
numbers and sizes is poorly understood. Here, we examine intraspecific scaling
relationships and variation in the quantitative neuroanatomy of the cerebellum in
Japanese quail (Coturnix japonica) selected for high or low reproductive investment. As
predicted by the circuitry of the cerebellum, the volumes of the constituent layers of the
cerebellar cortex were strongly and positively correlated with one another and with total
cerebellar volume. The number of Purkinje cells also significantly and positively co-
varied with total cerebellar volume and the molecular layer, but not the granule cell layer
or white matter volumes. Purkinje cell size and cerebellar foliation did not significantly
covary with any cerebellar measures, but differed significantly between the selection
lines. Males and females from the high investment lines had smaller Purkinje cells than
males and females from the low investment lines and males from the high investment
lines had less folded cerebella than birds from the low investment lines. These results
suggest that within species, the layers of the cerebellum increase in a coordinated fashion,
but Purkinje cell size and cerebellar foliation do not increase proportionally with overall
cerebellum size. In contrast, selection for differential reproductive investment affects
Purkinje cell size and cerebellar foliation, but not other quantitative measures of

cerebellar anatomy.



Introduction

The cerebellum has a highly conserved internal circuitry, but it can vary
tremendously in size and shape [Yopak et al., 2016]. This diversity in cerebellar size and
shape is evident when comparing different vertebrate species, classes and orders and is
thought to underlie variation in motor control and sensorimotor integration across taxa
[Larsell, 1967, 1970; Iwaniuk et al., 2006, 2007; Lisney et al., 2008; Yopak et al., 2008;
Smaers et al., 2018]. One of the underlying mechanisms responsible for differences in
relative cerebellar size across species is the number of neurons [Herculano-Houzel et al.,
2015a; Olkowicz et al., 2016]. That is, species with a larger, more folded cerebella have
more neurons than species with smaller, less folded cerebella. Ultimately, this
interspecific variation is often thought to be mediated by different lifestyles or ecological
niches and differential selection pressures on motor control and/or sensorimotor
integration [Jerison, 1973]. Neuroanatomical variation in the cerebellum is also
associated with species differences in cognition and learning [Iwaniuk et al. 2009; Hall et
al., 2013; Smaers et al. 2018], further supporting a link between anatomy and function in

the cerebellum.

Cerebellar size and shape not only vary across species, but also within species
[e.g. humans: Berquin et al., 1998; Fan et al., 2010; Bernard et al., 2015; non-human
animals: Airey et al., 2002; Kihslinger and Nevitt, 2006; Cnotka et al., 2007). Yet the
underlying neuroanatomical changes responsible for intraspecific cerebellar variation has
remained largely unstudied. In mutant strains of lab mice (Mus musculus), such as
lurcher, woozy, and Purkinje cell deterioriation (pcd), a reduction in cerebellum size and

foliation is often due to neuron loss [Vogel et al., 1989; Wang and Morgan, 2007;



Hayashi et al., 2017]. However, all three of these strains, and others that experience
Purkinje cell loss, are characterized by ataxic gaits and significantly impaired motor
performance on a variety of tasks [Lalonde and Strazielle, 2001; Hayashi et al., 2017], so
they are unlikely to represent natural variation in animal populations. Further, the
relationship between cerebellar foliation and motor performance across mouse strains is
currently unclear [Le Roy-Duflos, 2001] and data on cerebellar neuron numbers or sizes
within and across mouse strains is wanting. The only study of intraspecific variation in
cerebellum size that has examined neuron numbers focused on a single mouse strain
(Swiss) and found that the number of neurons, excluding Purkinje cells, was weakly
correlated with cerebellar mass [Herculano-Houzel et al., 2015b]. This suggests that
neuron numbers are not the sole determinant of intraspecific variation in cerebellum size
[Herculano-Houzel et al., 2015b], but data on the volumes of the different cerebellar
layers and variation in Purkinje cell sizes or numbers is lacking. Thus, it is unclear how
neuron numbers, neuron sizes and other measurements relate to intraspecific variation in

cerebellar size and shape.

A recent artificial selection experiment in Japanese quail (Coturnix japonica)
offers a novel means of determining what underlying cellular changes are responsible for
intraspecific variation in cerebellum size. In this experiment, high and low maternal
investment lines of Japanese quail were developed based on egg size [Pick et al., 2016a].
The female quail selected for high maternal investment had significantly smaller
cerebella, in relative and absolute terms, than females from the low maternal investment
line [Ebneter et al., 2016]. As with any brain region [Striedter, 2005], there are several

potential changes that could be responsible for these strain differences in cerebellar size.



The entire cerebellum could become smaller in a concerted fashion such that all of the
cellular layers of the cerebellum decreased in size proportionally to one another.
Alternatively, the size difference could arise primarily from a change in a specific layer
or neuronal population within the cerebellum. For example, Purkinje cell loss is one of
the mechanisms that contributes to decreases in cerebellar size and foliation in mutant
mice [Vogel et al., 1989; Wang and Morgan, 2007; Hayashi et al., 2017]. Changes in
Purkinje cell sizes or numbers could also contribute to cerebellar size in quail without
affecting the sizes of the molecular or granule cell layers. Finally, cerebellum size and
foliation are correlated with one another in birds [Iwaniuk et al., 2006] such that quail
with smaller cerebella are likely to have a less folded cerebellar cortex. Here, we
quantified the cerebellar anatomy of Japanese quail from the maternal investment
artificial selection lines [Ebneter et al., 2016; Pick et al., 2016a] to determine what
specific neuroanatomical effects have arisen from divergent selection on reproductive
investment and explore intraspecific allometry of cell layers and Purkinje cell numbers

and sizes.

Materials and Methods

Selection lines for divergent reproductive investment

Japanese quail were selected for high (H-line, two replicates) and low (L-line, two
replicates) female reproductive investment using relative egg mass (i.e., egg mass
corrected for female body mass and size) as the selection criterion [see Pick et al. 2016a
for details]. After five generations of directional selection, the replicated H- and L-lines

differed in egg mass by one standard deviation (mean + 1SD: H: 12.5+ 1.3, L: 11.3+



0.9, F 1,50 =13.100=P < 0.001). H- and L-lines did not, however, differ in number of
eggs laid, indicating that there was no correlated response between egg mass and
numbers of eggs laid [Pick et al., 2016a]. In addition to differences in egg mass, the H-
line females have larger reproductive organs than L-line females [Pick et al., 2016b] and
H-line quail tend to be larger [Pick et al., 2016b, 2016¢] with higher offspring
survivorship than L-line quail [Pick et al., 2016c]. Further H-line males experience
higher reproductive success than L-males, which is associated with higher testis
asymmetry in H-line males [Pick et al., 2017].

For this study, males (H: N =11, L: N = 11) and females (H: N =13, L: N = 8)
from the fifth generation of the selection experiment were euthanized (gas mixture: 31%
COz, 2% O3 and 67% Ar), weighed and their brains extracted. The cerebellum was
dissected by cutting through the cerebellar peduncles. It was fixed in 4%
paraformaldehyde for two weeks, cryoprotected in a 30% sucrose phosphate buffered
saline (PBS) solution and then stored in antifreeze at -20°C until it was processed. All
procedures complied with all relevant ethical regulations and were conducted under
licenses provided by the Veterinary Office of the Canton of Zurich, Switzerland (permits

195/2010, 14/2014, 156).

Cerebellum histology

After removal from the antifreeze, the cerebella were placed in 20% sucrose PBS
for at least 24 hours at room temperature and then transferred to 30% sucrose PBS
solution until they had sunk. The sucrose PBS washes were needed to ensure that the

antifreeze was removed prior to embedding in gelatin. The cerebella were then embedded



in gelatin and sectioned sagittally on a freezing stage microtome at a thickness of 40 pm.
All sections were collected and stored in PBS until mounting. Every second section was
then mounted onto gelatinized microscope slides, stained for Nissl substance using

thionin and cover slipped with Permount.

Quantitative measurements of the cerebellum

We used unbiased stereology [West, 2012] to quantify the volume of the
cerebellum, its constituent layers and the size and number of Purkinje cells. All
measurements were done blind to sex and selection line. Volumes of the entire
cerebellum as well as the individual layers, the molecular, granule and white matter
layers, were measured using the Cavalieri method [West, 2012] as implemented in Stereo
Investigator (v11.07, MBF Bioscience, Williston, VT USA). The molecular and granule
cell layers are readily distinguishable from one another and the intermediary Purkinje cell
layer is identified based on cell size and density (Fig. 1a). We did not measure the
volume of the Purkinje cell layer as it is only a single cell layer thick and gaps between
cells makes it difficult to measure its volume effectively. Our measurement of the inner,
white matter layer includes the cerebellar nuclei because it was not possible to reliably
estimate their volumes. This is due to the highly irregular distribution of neurons within
the cerebellar nuclei when viewed in the sagittal plane. For all three layers and the total
cerebellar volume, the grid size was set to 358x358 pum and every 6" mounted section
(i.e., every 12" section) was sampled through the medio-lateral extent of the cerebellum.
Coefficients of error [West, 2012] ranged between 0.003 and 0.017 for our volumetric

measurements.



The optical fractionator [West, 2012] was used to estimate the total number of
Purkinje cells, also using Stereolnvestigator. We set the grid size at 358x358 um and the
counting frame at 80x80 um. Section thickness was measured at each sampling site to
account for variation in shrinkage within and across specimens [Schmitz and Hof 2005].
Purkinje cells were identified as large cells with a rounded, teardrop shape within the
Purkinje cell layer (Fig. 1a). Other neuron types in the cerebellar cortex are found in the
outer molecular layer or inner granule cell layer, lack a teardrop shape to their cell bodies
and are significantly smaller than Purkinje cells. Coefficients of error ranged between
0.03 and 0.05 for Purkinje cell counts.

Finally, Purkinje cell size was estimated using the nucleator probe [West, 2012]
and the same settings for grid and frame sizes as the optical fractionator. We used the
optical fractionator workflow to ensure that our sampling of Purkinje cells was
randomized and systematic. The rays of the nucleator (# rays = 4) were placed on the
centre of intact Purkinje cells, again defined as large cells with a teardrop shape and
clearly visible nucleus. 30-50 Purkinje cells were measured for each subject for a total of
1,537 cells across all subjzcts. Coefficients of error were all < 0.01 with an average

coefficient of variation of 0.211 across all subjects.

Cerebellar foliation

Following Iwaniuk et al. [2006], we measured the degree of cerebellar foliation
by tracing the outline of the Purkinje cell layer of midsagittal sections as well as an
idealized envelope that only follows the outermost aspects of the cerebellar folia along

the Purkinje cell layer (Fig. 1b). The ratio between these two linear measurements yields



the degree of folding, termed the cerebellar foliation index (CFI), which is similar to the

gyrification index used in studies of mammalian isocortex [Pillay and Manger, 2007].

Statistical analysis

All analyses were performed in the R statistical framework version 3.3.3 [R
Development Core Team, 2015]. First, we calculated pairwise Pearson correlation
coefficients among our cerebellar measurements. We then used linear models to test for
differences in cerebellar morphology between selection lines and sexes. Sex, selection
line, their interaction and line replicate were included as fixed effects. The interaction

term was removed from the final models if it was non-significant.

Results
Correlations among cerebellar measures

We observed strong positive correlations among total cerebellar volume,
molecular layer volume, granule layer volume and white matter volume (Table 1, Fig. 2a-
f). Furthermore, the number of Purkinje cells was significantly positively correlated with
total cerebellar volume and molecular layer volume (Table 1, Fig. 2g). No other
cerebellar measures were significantly correlated (Table 1, Fig. 2h,i) and none of the

cerebellar measures was significantly correlated with body mass (Table 1).

Differences in cerebellar measures between selection line and sexes
We observed a pronounced difference in the size of Purkinje cells between the

divergent selection lines (Table 2), with birds selected for high reproductive investment



10

having significantly smaller Purkinje cells (Fig. 3a). This difference in Purkinje cell size
between the divergent lines was similar in both independent line replicates (Line replicate
1: Cohen’s d = 0.80; Line replicate 2: Cohen’s d = 0.94). The line difference remained
significant when including the number of Purkinje cells as a covariate in the analysis
(selection line: t 1,33 = 2.807, P = 0.008, Purkinje cell number: t 1,33 =-0.410, P = 0.684),
highlighting that there was no indication of a tradeoff between number and size of
Purkinje cells. Furthermore, the line effect was similar in males and females (Table 2).
In addition, we observed a significant interaction effect between selection line and
sex on CFI (Table 2, Fig. 3b). Males had a significantly higher CFI than females in the
lines selected for low reproductive investment (contrast: P = 0.037), whereas no
significant sex difference in CFI was observed in the lines selected for high reproductive
investment (contrast: P = 0.243). Furthermore, males from the low reproductive
investment lines had higher CFI values than males from high reproductive investment
(contrast: P =0.062), whereas no difference was observed in females from the divergent
lines (contrast: P =0.137; Fig. 3b). No significant difference between selection lines and

/or sexes was observed for any of the other cerebellar measures (Table 2).

Discussion

Across selection lines and sexes, our volumetric data yielded strong correlations
among the layer volumes, and between the layer volumes and total cerebellar volume.
Thus, larger cerebella are due to coordinated increases across the layers in quail. Given
the highly conserved circuitry of the cerebellum [Yopak et al., 2016], these scaling

relationships are unsurprising. In contrast, the number of Purkinje cells varied
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significantly with total cerebellar volume and molecular layer volume, but not any of the
other measurements. Further, Purkinje cell size and CFI did not vary significantly with
any of the measurements. Thus, a larger cerebellum had coordinated changes across
cerebellar layers and more Purkinje cells, but not necessarily larger Purkinje cells or a
more folded morphology. This in turn suggests that allometry cannot explain all of the
inter-individual variation in our quantitative measurements of the cerebellum and that
factors other than cerebellum size are related to Purkinje cell size and CFI. Intra- or
interspecific allometry of Purkinje cell numbers or sizes has yet to be examined
systematically, so it is difficult to interpret these findings other than to conclude that
allometric constraints do not affect all of our measurements equally. The lack of an
allometric effect on Purkinje cell size and CFI also suggests that our selection line-
specific effects on these two measurements are not simply a product of cerebellum size.
Although cerebellum size varied across the individuals sampled, in contrast to
Ebneter et al. [2016], we did not detect a significant selection line effect on cerebellum
size. This may be due to a smaller sample size in the current study (total n = 43)
compared with that of Ebneter et al. [2016] (total n = 277). Despite this smaller sample
size, we detected a significant effect of selection line on average Purkinje cell size; high
investment quail of both sexes had significantly smaller cells than low investment quail.
The extent to which Purkinje cell soma size reflects the size of the dendritic tree is
unknown, but a change in soma size could reflect physiological activity. In the songbird
premotor nucleus, robust nucleus of the arcopallium (RA), neuron soma sizes increase
during the breeding season [Smith et al., 1997] and this is associated with enhanced

spontaneous firing activity and an increase in singing behaviour [Park et al., 2005].
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Although this is a highly specific example from outside of the cerebellum, it is possible
that a similar relationship between Purkinje cell activity and size applies here. That is,
the smaller Purkinje cells of the high investment quail are less active. In mammals,
motor learning and coordination are dependent on Purkinje cell activity [Thach et al.,
1998; Nguyen-Vu et al., 2013] and motor learning induces an increase in the number of
Purkinje cell synapses [Black et al., 1990; Kleim et al., 1998], which would expand the
size of the dendritic tree. If the same phenomena apply here, then we predict that low
investment line quail would perform better than high investment quail in tests of motor
function [Metz and Whishaw, 2002; Cnotka et al., 2007; Spence et al., 2009] and that the
dendritic tree of the Purkinje cells will be larger in the low investment than the high
investment strain.

The degree of cerebellar folding, as measured with CFI, also differed between the
selection lines, but this marginal effect was only evident in males. It should be noted that
the degree of cerebellar foliation was more variable among males than females (Fig. 3b),
even though there was comparable variance between the sexes in Purkinje cell sizes (Fig.
3a) and other measurements. This sex difference in CFI variability within both selection
lines is unexpected and the underlying cause unknown at this time. Why we found a
significant difference between the two selection lines in males is also unexpected,
particularly when one considers that maternal egg investment was selected to create the
divergent lines [Pick et al., 2016a]. However, previous work in this system demonstrated
correlated responses of selection for female reproductive investment on male
reproductive performance, as well as changes in testes morphology in males from the

divergent lines [Pick et al., 2017]. Differences in Purkinje cell size and cerebellar folding
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in males could thus be a direct consequence of different reproductive strategies (i.e.
plastic resource allocation) and / or reflect (sex-specific) genetic correlations between
reproductive performance and cerebellar morphology.

Cerebellar foliation arises from a combination of specific signalling pathways,
Bergmann glia acting as anchoring points, and the physical structure of the three-layered
cerebellar cortex [Sudarov and Joyner, 2007; Lejeune et al., 2016; Leung and Li, 2018].
Perturbations to the signalling mechanisms often results in either a misfolded or less
folded cerebellar cortex [Leung and Li, 2018] and aberrant cerebellar foliation is a feature
of several neurological disorders [Demaerel, 2002]. Across birds, species with more
folded cerebella are more likely to use tools [[waniuk et al., 2009] and build more
complex nests [Hall et al., 2013], suggesting that cerebellar foliation is also associated
with sensorimotor integration and/or fine motor skills. Similarly, mutant mice with less
folded cerebella exhibit a range of motor coordination deficits [Lalonde and Strazielle,
2007] and inbred mouse lines with subtle changes in cerebellar foliation vary in motor
coordination [Le Roy-Dufols, 2002]. Based on differences in CFI, we would therefore
predict that high investment line males might be less coordinated than low investment
line males, similar to what we predict based on our Purkinje cell size data. However, this
prediction should be tempered by a relatively weak effect and the large variation in CFI
among males (Fig. 3b).

One potential mechanism related to development that could be partially
responsible for the differences observed between strains is neurogenesis. The external
granular layer is the source of granule cells in the avian cerebellum and proliferation of

these cells extends well past hatching [Stamatakis et al., 2004]. Differences in
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reproductive investment could alter the length of this period of proliferation and increase
the number of granule cells. Although we did not detect significant differences in granule
cell layer or total cerebellar volume between the two strains, we were unable to count
granule cells. It is therefore possible that the packing density of the granule cells is
greater in the low investment quail, which could then result in higher CFI (at least in
males) and larger Purkinje cells due to a higher density of parallel fibers. This is highly
speculative, but future studies of neurogenesis could provide some valuable insights into
the mechanisms that underlie differences in cerebellar anatomy between these strains and
strains within other species [e.g., Henriksen et al., 2016].

Regardless of the possible functional consequences of the differences between the
selection lines, it is clear that selection for differential maternal investment has caused
specific cellular and morphological changes in the cerebellum. Further, these changes are
not manifested at the level of volumetric data or Purkinje cell numbers. From this we
conclude that the addition or subtraction of neurons is not the only way that selection can
act on the anatomical structure of a brain region. A similar conclusion was reached by
Herculano-Houzel et al. [2015b] in their analysis of neuron and non-neuronal cell
numbers within a mouse strain. In contrast to interspecific datasets where the majority of
brain region differences among species reflect neuron numbers [Herculano-Houzel et al.,
2015a], differences in cerebellum size among individual mice within a strain were not
significantly correlated with number of neurons or neuronal density [Herculano-Houzel et
al., 2015b]. In fact, the strongest predictor of individual cerebellum size was number of
non-neuronal cells [Spearman p = 0.57, Herculano-Houzel et al., 2015b]. Our data also

reveals the complexity of neuron size, neuron number and brain region volume inter-
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relationships in that Purkinje cell numbers were correlated with cerebellum size across all
quail, but Purkinje cell size and not numbers varied between strains. Thus, in accordance
with the conclusion of Herculano-Houzel et al. [2015b], selection acted on neuron size
rather than neuron numbers. Whether this differs from interspecific scaling or not
remains to be determined, but based on our results, diversity in cerebellar size and shape
is likely to be a product of increasing both neuron numbers and neuron sizes [Herculano-

Houzel et al., 2015b].
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Figures

Fig. 1. a. A photomicrograph through one of the cerebellar folia showing the cell dense
granule cell layer (gcl) and cell poor molecular layer (ml). The intervening Purkinje cell
layer is comprised on large, teardrop shaped cell bodies, one of which is indicated by the
arrow (Pc). The scale bar = 50 microns. b. A midsagittal section through a quail cerebellum
to illustrate how cerebellar folding was measured. The green line indicates the Purkinje cell
layer whereas the black line is the outer contour if the cerebellum was an idealized sphere.

The ratio between these two lengths provides the cerebellar foliation index [Iwaniuk et al.,
2006]. The scale bar = 1 mm.
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Fig. 2. Scatterplots depicting allometric relationships among volumes, Purkinje cell
numbers, Purkinje cell sizes and cerebellar foliation across all of the quail examined. The
scatterplots are as follows: a. molecular layer volume against total cerebellar volume; b.
granule cell layer volume against total cerebellar volume; ¢. white matter volume against
total cerebellar volume; d. granule cell layer volume against molecular layer volume; e.
white matter volume against molecular layer volume; f. white matter volume against
granule cell layer volume; g. number of Purkinje cells against total cerebellar volume; h.
Purkinje cell soma size against total cerebellar volume; and i. cerebellar foliation index
against total cerebellar volume. All of the volumes were significantly correlated with one
another and Purkinje cell numbers were significantly correlated with total cerebellar
volume, but neither Purkinje cell sizes nor cerebellar foliation index were significantly
correlated with total cerebellar volume (see Table 1).
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Pairwise correlations among cerebellar measures and body mass (N = 43 individuals). All

variables were standardised before analysis. Pearson’s correlations coefficients are

shown, with significant values highlighted in bold.

CBV MLV GLV WMV | PCN PCS CFI
MLV 0.967
GLV 0.918 0.825
WMV | 0.746 0.629 0.619
PCN 0.364 0.389 0.279 0.265
PCS -0.187 |-0.209 |-0.071 |-0.251 |-0.015
CFI -0.212 | -0.154 | -0.203 |-0.273 |-0.024 | 0.058
BM -0.098 | -0.106 | -0.087 |-0.009 |0.089 -0.038 | 0.060

CBV: cerebellar volume; MLV: molecular layer volume; GLV: granule layer volume;

WMV: white matter volume; PCN: number of Purkinje cells; PCS: Purkinje cell size;

CFI: Purkinje cerebellar foliation index; BM: body mass



Table 2
Differences in cerebellar morphology between male and female birds selected for

divergent reproductive investment. Significant P values are highlighted in bold.

Estimate t df P
Cerebellum volume
Selection line (L) -7.427 -1.748 1,39 0.088
Sex (M) 7.821 1.853 1,39 0.072
Line replicate (2) 6.882 1.638 1,39 0.109
Selection line x sex -1.041 -0.121 1, 38 0.905
Molecular layer volume
Selection line (L) -3.453 -1.392 1,39 0.172
Sex (M) 4.637 1.882 1,39 0.067
Line replicate (2) 3.624 1.478 1,39 0.147
Selection line x sex -1.189 -0.236 1, 38 0.814
Granule layer volume
Selection line (L) -2.814 -2.012 1,39 0.051
Sex (M) 2.207 1.588 1,39 0.120
Line replicate (2) 2.135 1.544 1,39 0.131
Selection line x sex 1.653 0.585 1, 38 0.562
White matter volume
Selection line (L) -1.381 -1.637 1,39 0.110
Sex (M) 0.698 0.832 1,39 0.410
Line replicate (2) 0.829 0.993 1,39 0.327
Selection line x sex -1.274 -0.749 1, 38 0.458
Purkinje cell number
Selection line (L) 8258 0.670 1,39 0.507
Sex (M) -1143 -0.093 1,39 0.926
Line replicate (2) -4142 -0.340 1,39 0.736
Selection line x sex 1698 0.068 1, 38 0.946
Purkinje cell size
Selection line (L) 28.902 2.809 1,39 0.008
Sex (M) -6.336 -0.620 1,39 0.539
Line replicate (2) -5.202 -0.511 1,39 0.612
Selection line x sex 6.179 0.296 1, 38 0.769
Purkinje CFI




Selection line (L) -0.105 -1.521 , 0.137
Sex (M) -0.075 -1.187 , 0.243
Line replicate (2) 0.030 0.620 , 0.539
Selection line x sex 0.232 2.424 0.021
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