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Mammals are born on a precocial-altricial continuum. Altricial species produce helpless
neonates with closed distant organs incapable of locomotion, whereas precocial species
give birth to well-developed young that possess sophisticated sensory and locomotor
capabilities. Previous studies suggest that distinct patterns of cortex development differ
between precocial and altricial species. This study compares patterns of neocortex
neurogenesis and maturation in the precocial guinea pig and altricial dwarf rabbit, both
belonging to the taxon of Glires. We show that the principal order of neurodevelopmental
events is preserved in the neocortex of both species. Moreover, we show that
neurogenesis starts at a later postconceptional day and takes longer in absolute
gestational days in the precocial than the altricial neocortex. Intriguingly, our data indicate
that the dwarf rabbit neocortex contains a higher abundance of highly proliferative
basal progenitors than the guinea pig, which might underlie its higher encephalization
quotient, demonstrating that the amount of neuron production is determined by complex
regulation of multiple factors. Furthermore, we show that the guinea pig neocortex
exhibits a higher maturation status at birth, thus providing evidence for the notions that
precocial species might have acquired the morphological machinery required to attain
their high functional state at birth and that brain expansion in the precocial newborn
is mainly due to prenatally initiating processes of gliogenesis and neuron differentiation
instead of increased neurogenesis. Together, this study reveals important insights into the
timing and cellular differences that regulate mammalian brain growth and maturation and
provides a better understanding of the evolution of mammalian altriciality and presociality.

Keywords: precocial, altricial, cortex development, neurogenesis, neuron maturation, dwarf rabbit, guinea pig

INTRODUCTION

The neocortex is a highly complex and organized structure of the mammalian brain, which has
undergone considerable expansion and specialization during evolution. It consists of six horizontal
neuronal layers with two major types of neurons: glutamatergic projection neurons (~70-85%),
born in the dorsal telencephalon and GABAergic interneurons (~15-30%), originating from the
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(dwarf rabbit) was analyzed. Data are from one brain each.

FIGURE 7 | Hu C/D and Map?2 expression in the developing dwarf rabbit and guinea pig neocortex. (A-D) Double immunofluorescence for Hu C/D (red) and Map2
(green) and DAPI staining (blue) on 30-pum cryosections of day 50 and 60 post-conception (p.c.) dwarf rabbit (A,B) and guinea pig (C,D) neocortex. Scale bars,

50 wm. CP, cortical plate. (E) Quantification of Hu C/D+ cells in d15-50 p.c. dwarf rabbit (light gray) and d20-60 p.c. guinea pig (dark gray) cortical wall, expressed as
the number of cells per 100 wm ventricular surface. The cortical wall corresponding to a total ventricular surface of 3.86-6.02 wm (guinea pig) and 3.08-6.05 pm

p.c. in the dwarf rabbit and day 31 p.c. in the guinea pig
(Figures 8C,]). Intriguingly, these axonal extensions were mostly
oriented parallel to the ventricular surface (Figures 8C-E,J, 9D),
thus, supporting previous studies that have identified the 1Z to
be populated by interneurons that migrate tangentially from the
ventral into the dorsal telencephalon during early embryonic
development (DeDiego et al., 1994; De Carlos et al., 1996; Lavdas
et al., 1999; Letinic et al., 2002; Marin and Rubenstein, 2003;
Wonders and Anderson, 2006; Hansen et al., 2013). In the CP,
axonal processes, which were mainly oriented radially to the
ventricular surface, were already detected as early as day 20 p.c.
in the dwarf rabbit (Figure 8C) and day 31 p.c. in the guinea
pig (Figure 8]); however, they only become numerous with day
40 p.c. in the dwarf rabbit (Figure 9A) and day 50 p.c. in the
guinea pig (Figure 9E), and thus after the end of the main period

of cortical neurogenesis. Similarly, widespread myelination in
the CP was not detected until day 40 p.c. in the dwarf rabbit
(Figure 9A) and day 50 p.c. in the guinea pig (Figure 9E).
Once axonal processes are generated in high abundance, we
observed a widespread formation of synapses, as identified by the
presynaptic marker synaptophysin (Wiedenmann and Franke,
1985; Gil-Loyzaga and Pujol, 1988; Ichikawa et al., 1991), in
the day 40 p.c. dwarf rabbit and day 50 p.c. guinea pig CP
(Supplementary Figure 3).

We further investigated the formation of astrocytes using
immunohistochemistry for GFAP that resembles the hallmark
intermediate filament protein in astrocytes (Figures 10, 11)
(Bignami and Dahl, 1973; Kalman and Hajos, 1989; Eng et al.,
2000; Hol and Pekny, 2015). In both species analyzed, GFAP+
structures were already detected during mid-neurogenesis, i.e.,
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TABLE 1 | Adult brain mass, EQ, and IND of the dwarf rabbit and guinea pig.

Species Adult brain mass (g) EQ IND (%)
Day 30 p.c. Day 60 p.c.
Dwarf rabbit 9.6 0.72 10.58 (time of birth) 60.88
Guinea pig 4.3 0.46 4.85 67.82 (time of birth)

The respective time of birth is indicated in brackets. For details, see the Materials and Methods section. EQ, encephalization quotient; IND, index of neural development;

p.c., post-conception.
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FIGURE 8 | Neurofilament H and MBP expression in the developing dwarf rabbit and guinea pig neocortex. (A=J) Double immunofluorescence for neurofilament H
(NF, red, A=J) and MBP (green, A=J) and DAPI staining (blue, B-E,G=J) on 30-pum cryosections of day 15-35 post-conception (p.c.) dwarf rabbit neocortex and
d15-31 p.c. guinea pig neocortex. Images in (A,F) show NF+ extension (solid arrowhead) surrounded by MBP+ myelin sheath in higher magnification of d50 p.c.
dwarf rabbit neocortex (A) and d60 p.c. guinea pig neocortex (F). Merge images in (A,F) show combined immunofluorescence of NF and MBP. CP, cortical plate. GZ,

at day 20 p.c. in the dwarf rabbit neocortex and day 31 p.c. in
the guinea pig neocortex (Figures 10C,K). As GFAP expression
was mainly observed in the germinal zones close to the lateral
ventricle (Figures 10C,K), our data suggest GFAP be expressed
by distinct NPCs, e.g., radial glial cells, in the developing
dwarf rabbit and guinea pig neocortex, which is in line with
observations in other mammalian species (Noctor et al., 2002;
Kriegstein and Alvarez-Buylla, 2009; Fietz et al., 2010, 2020;
Kelava et al., 2012). Mature GFAP+ astrocytes, which exhibit
a typical star-shaped appearance (Figures 10A,G), were first
detected at high numbers at day 40 p.c., in the dwarf rabbit
(Figure 11A) and day 50 p.c., in the guinea pig neocortex

(Figure 11E). Again, this suggests that major aspects of astrocyte
formation occur after the end of the main period of cortical
neurogenesis in both species analyzed.

Together, our data show that the basic order of neuro- and
gliogenesis and neuron maturation is preserved in the dwarf
rabbit and guinea pig neocortex. In absolute postconceptional
days, the onset of cortical neurogenesis starts at a later time point
in the guinea pig compared with the dwarf rabbit (Figure 12).
However, when expressed concerning the gestation length, the
onset of cortical neurogenesis occurs at a similar time point in
both species analyzed, i.e., at 33% of gestation corresponding to
the end of the first trimester of gestation. In both species, the
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FIGURE 9 | Neurofilament H and MBP expression in the developing dwarf rabbit and guinea pig neocortex. (A=F) Double immunofluorescence for neurofilament H
(NF, red) and MBP (green) and DAPI staining (blue) on 30-pm cryosections of day 40-60 post-conception (p.c.) dwarf rabbit (A-C) and guinea pig (D-F) neocortex.

main period of cortical neurogenesis ends before birth, lasting
until the beginning of the third trimester in the guinea pig
neocortex until the end of gestation in the dwarf rabbit neocortex
(Figure 12). Concerning neuron maturation, dendrite formation
tends to start during early-mid neurogenesis. In contrast,
major aspects of axon formation and myelination together
with astrogenesis seem to occur once neurogenesis is largely
terminated in the neocortex of both species analyzed (Figure 12).
Taken the time of birth into account, both species exhibit a
different cortical growth and maturation status at birth. While
the neocortex of the guinea pig contains neurons that seemingly
exhibit well-developed dendrites and myelinated axons as well
as astrocytes, the dwarf rabbit neocortex seems to lack neurons
exhibiting well-developed and myelinated axons and astrocytes

at the time of birth (Figure 12). This indicates that—in contrast
to the guinea pig neocortex—a greater proportion of growth
and maturation in the dwarf rabbit neocortex will occur during
postnatal development. To test this, we calculated the index of
neural development (IND) as the ratio between developmental
and adult brain mass at the time of birth for both species
analyzed. This shows that the guinea pig achieves an IND >
50% at the time of birth, and thus major brain growth in the
guinea pig occurs during prenatal development. In contrast, in
the dwarf rabbit exhibiting an IND of ~10% at the time of
birth, the overwhelming majority of brain growth is achieved
during postnatal development (Table 1). Interestingly, similar
to the guinea pig, the dwarf rabbit achieves an IND > 50%
at day 60 p.c. (Table 1). Moreover, at day 60 p.c., the dwarf
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FIGURE 10 | GFAP expression in the developing dwarf rabbit neocortex and guinea pig neocortex. (A-K) Immunofluorescence for GFAP (red) and DAPI staining (blue)
on 30-wm cryosections of day 15-35 post-conception (p.c.) dwarf rabbit (A=F) and d15-31 p.c. guinea pig (G-K) neocortex. Images in (A,G) show GFAP+ astrocyte
with soma and extending processes (solid arrowhead) in higher magnification of d60 p.c. dwarf rabbit (A) and d60 p.c. guinea pig (F) neocortex. Merge images in
(A,G) show combined fluorescence of GFAP and DAPI. CP, cortical plate. GZ, germinal zone. IZ, intermediate zone. Scale bars, 10 wm (A,G) and 50 pm (B-F,H-K).

rabbit neocortex is characterized by neurons with structurally
well-developed and myelinated axons and astrocytes as has been
observed for the guinea pig of the same postconceptional day
(Figures 9C,F, 11C,F).

DISCUSSION

This study compares distinct patterns of neocortex development,
specifically neurogenesis, gliogenesis, and neuron maturation,
between the precocial guinea pig and the altricial dwarf rabbit.
By using two mammalian species that show a relatively close
phylogenetic and genetic relatedness and several similarities
concerning adult and birth body weight and biology (e.g., food
uptake and digestion, habitation and social behavior) (King,
1956; Kunkel and Kunkel, 1964; Sachser, 1998; Asher et al.,
2004; McDougall et al., 2009; Thormann, 2012; Varga, 2014;
Upham et al., 2019; Lundwall et al., 2020), we attempted to
minimize the confounding factors that potentially affect brain
development. Our data demonstrate that the basic order of
distinct cortical neurodevelopmental events is preserved in the
altricial dwarf rabbit and precocial guinea pig. Specifically, we
found neurogenesis, e.g., including the sequential generation of
DL and UL neurogenesis, to precede gliogenesis, as observed
in the neocortex of other mammalian species (Lee et al., 2000;
Sauvageot and Stiles, 2002; Kriegstein and Alvarez-Buylla, 2009).
Moreover, we found the principal order of dendrite and axon

formation and myelination to be similar between the altricial
dwarf rabbit and precocial guinea pig neocortex.

Intriguingly, our data show that, in absolute postconceptional
days, the onset of cortical neurogenesis is shifted between the
two species analyzed, starting ~10 days later in the precocial
guinea pig than in the altricial dwarf rabbit. This time shift
corresponds to the translating time between equivalent post
conception dates of rabbit and guinea pig (Workman et al., 2013;
Finlay and Huang, 2020). Moreover, we show that the period
of cortical neurogenesis takes longer in absolute gestational
days in the precocial guinea pig compared with that of the
altricial dwarf rabbit. Thus, our findings are in line with previous
studies suggesting precocial mammals exhibit a delayed onset
and protracted duration of cortical neurogenesis when compared
with phylogenetically closely related altricial mammals (Brunjes
et al., 1989; Brunjes, 1990; Workman et al.,, 2013; Finlay and
Huang, 2020). In this regard, it is interesting to note that other
neurodevelopmental processes, including the transformation of
the neural plate into the neural tube as well as hippocampal
neurogenesis, the generation of olfactory mitral cells, and that
of retinal rods and cones seem to start at a later time point
after conception and to last for a longer absolute duration in
the precocial guinea pig when compared with the altricial rabbit
(DeSesso, 1996; Schnorr and Kressin, 2006; Workman et al.,
2013). Moreover, developmental milestones of the formation of
primitive structures, including the primitive streak and somites,
and other organs such as liver and lung, initiate at a substantially
later time point after conception in the precocial guinea pig than
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in the altricial rabbit (DeSesso, 1996). Together this indicates
that the time-shifted onset and prolonged period of development
is not specific to the nervous system of the precocial guinea
pig but instead a more common feature of its embryonic and
fetal development involving many different tissues and organs.
Given that precocial species, in general, are characterized by
a longer gestation period than closely related altricial species,
it is tempting to speculate that the onset and duration of
distinct developmental processes, e.g., cortical neurogenesis, are
primarily linked to gestation length (rather than life history
patterns at birth, i.e., altriciality and precociality) (Dieterlen,
1963; Martin and Maclarnon, 1985; Derrickson, 1992; Finlay and
Uchiyama, 2017; Scheiber et al., 2017). This is supported by
our findings, showing that the onset of neurogenesis occurs at a
similar time point, when expressed as percentage of gestation, i.e.

— Dwarf rabbit
---Guinea pig
v Partus
Period of neurogenesis ————= _________ P
Dendrite formation e ———————————————————————
Axon formation in 1Z . ————————————
Axon formation in CP —a———
Myelination ————
Astrocyte formation —a——=
SRR S i Q”
Q Q O Q ) \\)
N F & ¥ & 8§

FIGURE 12 | Comparison of specific neurodevelopmental events between the
dwarf rabbit and guinea pig neocortex. Onset and duration of the period of
neurogenesis, dendrite formation, axon formation, myelination, and astrocyte
formation in the dwarf rabbit and guinea pig neocortex between day 10 and 60
post-conception (p.c.). Data for the period of neurogenesis are based on the
development of Tbr2+ NPCs in the SVZ (Figure 4); data for dendrite
formation, axon formation, myelination, and astrocyte formation are based on
immunofluorescence staining (Figures 6-11). For details, see the Results
section. Data for dwarf rabbits are shown in solid black lines, data for guinea
pigs are shown in black dashed lines. Red arrows indicate the respective time
of birth (partus) of the dwarf rabbit (solid line) and guinea pig (dashed line). I1Z,
intermediate zone. CP, cortical plate.

at the end of the first trimester of gestation, in the dwarf rabbit
and guinea pig neocortex. Further evidence for this comes from
recent studies revealing the lengths of neurogenesis and gestation
to be tightly related (Lewitus et al., 2014; Glatzle et al., 2017;
Stepien et al., 2020). Moreover, previously published findings
and unpubhshed data from our laboratory show that within
the order of carnivores, consisting of species with similar life
history patterns at birth, species exhibiting a longer gestation
period, ie., cat, seem to be characterized by later onset and
more protracted period of cortical neurogenesis and other
distinct neurodevelopmental processes when compared with
species with shorter gestation period such as ferret (Fietz et al.,
2010; Reillo et al., 2011; Reillo and Borrell, 2012; Workman
et al,, 2013). Understanding the factors responsible for these
temporal differences and the potential mutual regulation of brain
growth and that of other somatic organ systems during gestation
would lend essential insights into the evolutionary mechanism
involved in the process of speciation within the altricial-precocial
spectrum. In this regard, it would be interesting to compare the
neural developmental data obtained in the dwarf rabbit in this
study to a precocial species of the same order, i.e., the European
hare (Lepus europaeus).

Previous studies have linked a lengthening of the neurogenic
period to higher neuron production and cortex expansion (Florio
and Huttner, 2014; Lewitus et al., 2014; Cardenas and Borrell,
2020; Finlay and Huang, 2020; Stepien et al., 2020). However,
our data reveal that the neuronal output generated during peak
stages of cortical neurogenesis and the absolute and relative
adult brain mass is lower in the guinea pig than in the dwarf
rabbit. Interestingly, we found a marked difference in the BP
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subtype composition between the developing dwarf rabbit and
guinea pig neocortex at peak stages of neurogenesis. Specifically,
we found the proportion of Tbr24 BPs that also express Pax6
to be markedly higher in the dwarf rabbit than in the guinea
pig neocortex. On the assumption that sustainment of Pax6
expression in BPs is linked to higher cell proliferation (Betizeau
et al, 2013; Wong et al, 2015), our data suggest that the
developing dwarf rabbit neocortex contains a higher abundance
of highly proliferative BPs, which might enable the dwarf rabbit
to achieve a higher neuron production and brain size when
compared with that of the guinea pig, thereby counterbalancing
its shorter neurogenesis length. Indeed, the more rapid and
higher expansion of the BP cell pool, which is not accompanied
by an equivalent decrease in the AP cell number, supports
the notion of self-amplifying NPCs being present in higher
abundance in the dwarf rabbit SVZ when compared with that
of the guinea pig. Together, our data provide evidence for the
notion that neuron production in the developing neocortex is
determined by complex regulation of multiple factors, including
the duration of the neurogenesis period, the absolute number of
NPCs, and the relative abundance of each NPC type (Florio and
Huttner, 2014; Lewitus et al., 2014; Cardenas and Borrell, 2020).
Therefore, further studies that use a larger number of animals
and address the mode and rate of cell division of distinct NPC
subtypes are important to directly evaluate their contribution to
neocortex development in the dwarf rabbit and guinea pig.
Strikingly, we observed that the IND of the precocial guinea
pig is considerably higher at the time of birth when compared
with that of the altricial dwarf rabbit, which is in line with
previously published data showing precocial species to give birth
to larger-brained offspring after controlling for body size (Barton
and Capellini, 2011). In this respect, our data indicate that
the guinea pig neocortex exhibits a higher maturation status,
containing more neurons with well-developed dendrites and
myelinated axons and astrocytes, than the dwarf rabbit, in which
major steps of neuron maturation, i.e., axon generation and
myelination, and astrogenesis mainly set in after birth. Thus,
our data provide evidence for the notion that brain expansion
in the precocial newborn is largely due to prenatally initiating
processes of gliogenesis and neuron maturation, instead of
increased neurogenesis as previously discussed (Glatzle et al.,
2017). Moreover, they are in line with previously published data
showing that the precocial index, which characterizes the point
of neural maturation at birth, is higher in the guinea pig (0.841)
than in the rabbit (0.537) and confirm the expected contrast of
the position of birth concerning specific neural milestones for
the precocial vs. closely related altricial mammals (Workman
etal,, 2013; Finlay and Uchiyama, 2017). Given that the offspring
of the precocial guinea pig, in contrast to that of the dwarf
rabbit, is born with advanced cognitive, sensory, and locomotor
abilities, our findings indicate that its offspring has acquired the
morphological machinery required to attain its high functional
state at birth. Interestingly, in the dwarf rabbit, the cortical
maturation status and the ratio between developmental and adult
brain mass largely catch up to those of the guinea pig during
early postnatal development, achieving an IND > 50%, until day
60 p.c., a stage which marks the approximate end of weaning in
the dwarf rabbit with its pups having open ears and eyes and

being motorically competent (Varga, 2014). Further studies using
an additional set of immunohistochemical markers of neuronal
maturation as well as electrophysiological techniques, i.e., patch
clamp, are needed to precisely evaluate the process of neuron and
glia maturation and to demonstrate whether the existing neurons
in the pre- and neonatal guinea pig and early postnatal dwarf
rabbit neocortex are indeed genuine, and thus functional mature.

In conclusion, this study provides comprehensive data on
distinct patterns of brain development between the precocial
guinea pig and the altricial dwarf rabbit, which may serve
as empirical reference data in future studies. While the basic
order of cortical neuro- and gliogenesis and neuron maturation
is the same during early development, their specific timing
markedly differs concerning the postconceptional age and the
time of birth between them. Moreover, our data provide evidence
for the notion that a complex regulation of multiple factors
determines the amount of neuron production in the developing
neocortex of the guinea pig and dwarf rabbit. Together, these
data expand our current understanding of the timing and cellular
differences that regulate patterns of mammalian brain growth
and maturation and provides a better understanding of the
evolution of mammalian altriciality and presociality.
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