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Abstract

In the mouse, two telencephalic signaling centers orchestrate embryonic patterning of the cerebral
cortex. From the rostral patterning center in the telencephalon (RPC), the Fibroblast Growth
Factor, FGF8, disperses as a morphogen to establish the rostral to caudal (R/C) axis of the
neocortical area map. FGF8 coordinates with Wnt3a from the cortical hem to regulate graded
expression of transcription factors that position neocortical areas, and control hippocampal
development. Whether similar signaling centers pattern the much larger cortices of carnivore and
primate species, however, is unclear. The limited dispersion range of FGF8 and Wnt3a is
inconsistent with patterning larger cortical primordia. Yet the implication that different
mechanisms organize cortex in different mammals flies in the face of the tenet that developmental
patterning mechanisms are conserved across vertebrate species. In the present study, both
signaling centers were identified in the ferret telencephalon, as were expression gradients of the
patterning transcription factor genes regulated by FGF8 and Wnt3a. Notably, at the stage
corresponding to the peak period of FGF8 signaling in the mouse neocortical primordium (NP),
the NP was the same size in ferret and mouse, which would allow morphogen patterning of the
ferret NP. Subsequently the size of ferret neocortex shot past that of the mouse. Images from
online databases further suggest that NP growth in humans, too, is slowed in early cortical
development. We propose that if early growth in larger brains is held back, mechanisms that
pattern the neocortical area map in the mouse could be conserved across mammalian species.

Graphical Abstract

Embryonic morphogens, including FGF8, initiate functional division of mouse cerebral cortex. In
ferrets, the cortex is far larger, but at the critical developmental stage, the cortical primordia of the
mouse and ferret are the same size, suggesting that morphogens with a limited range can pattern
ferret and even human cortex.

Corresponding Author: Elizabeth A Grove, Department of Neurobiology, University of Chicago, Chicago, Illinois,

ggrove@bsd.uchicago.edu.
Present address: William D. Jones, Biomedical Graduate Studies, Cell and Molecular Biology. Developmental, Stem Cell, and

Regenerative Biology, University of Pennsylvania, Philadelphia, Pennsylvania



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Jones et al.

Keywords

Page 2

mouse E9.5 rostral view

- i . R

RPC-®  OfP

Fgfs @ e

Ferret; mouse; cerebral cortex; neocortical area map; FGF8; Wnt3a; morphogen; embryonic
patterning; RRID: AB_514497; RRID:SCR 003070

1.

INTRODUCTION

The major components of the mammalian cerebral cortex are the neocortex and
hippocampus, which, in turn, are subdivided into areas or fields. In neocortex, distinct areas
mediate higher brain functions such as perception, decision, and complex motor control.
These areas form a map across the sheet of the neocortex that is relatively consistent from
one individual to another in the same species, and shares common features across species
(Krubitzer & Stolzenberg, 2014; Nauta & Feirtag, 1986). The hippocampus comprises four
fields with functions in memory consolidation and spatial navigation, and its field
organization is conserved from mouse to human (Moser & Moser, 1998; Squire, 1987;
Wallenstein, Eichenbaum, & Hasselmo, 1998).

Correct subdivision of the cerebral cortex is essential to brain function. Changes in the size
of individual neocortical areas or hippocampal fields cause behavioral, cognitive and
memory deficits in mice and humans (Caronia, Wilcoxon, Feldman, & Grove, 2010; Cooper
et al., 2015; Leingartner et al., 2007; Rubenstein, 2010; Scearce-Levie et al., 2007; Zola-
Morgan, Squire, & Amaral, 1986). Despite considerable investigation, however, the
mechanisms that subdivide the cortical primordium are still far from understood (O’Leary,
Chou, & Sahara, 2007; O’Leary & Sahara, 2008; Simi & Studer, 2018).
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The prevailing model of how the neocortical area map is generated is based largely on
research in the mouse, and findings support a version of the “protomap” model of intrinsic
neocortical patterning, first proposed three decades ago (Rakic, 1988). That is, signaling
events intrinsic to the embryonic neocortical primordium (NP) initiate area division of the
neocortex, and subsequently neural signaling from thalamus to cortex refines area
boundaries and area-specific features (Chou et al., 2013; Rakic, 1991; Rakic, Suner, &
Williams, 1991; Simi & Studer, 2018).

Two signaling sources initiate patterning of the mouse cerebral cortex: the rostral
telencephalic patterning center (RPC), which produces several FGFs (Borello et al., 2008;
Cholfin & Rubenstein, 2007; Hoch, Clarke, & Rubenstein, 2015), and the cortical hem, in
the dorsomedial telencephalon, rich in Wingless/Integrated (Wnt) proteins (Grove, Tole,
Limon, Yip, & Ragsdale, 1998). From the RPC, FGF8 disperses through the NP in a rostral
to caudal (R/C) gradient, providing progenitor cells with positional information
(Assimacopoulos, Kao, Issa, & Grove, 2012; Cholfin & Rubenstein, 2008; Fukuchi-
Shimogori & Grove, 2001; Garel, Huffman, & Rubenstein, 2003; Sato, Kikkawa, Saito, Itoi,
& Osumi, 2017; Toyoda et al., 2010). Supporting the hypothesis that FGF8 sets up the R/C
axis of the neocortical area map, experimentally augmenting the FGF8 source enlarges
rostral areas at the expense of caudal areas, whereas depleting FGF8 has the opposite effect
(Assimacopoulos et al., 2012; Cholfin & Rubenstein, 2008; Fukuchi-Shimogori & Grove,
2001; Garel et al., 2003; Sato et al., 2017). Most striking, introducing a second, caudal FGF8
source into the early NP reverses the local R/C axis, inducing the formation of mirror-
reversed duplicate areas (Assimacopoulos et al., 2012 {Cholfin, 2007 #1489; Fukuchi-
Shimogori & Grove, 2001; Huffman, Garel, & Rubenstein, 2004). Meanwhile, the (Wnt)-
rich cortical hem is required for development of the hippocampus and caudomedial
neocortex, and influences the medial to lateral (M/L) axis of the NP (Caronia-Brown,
Yoshida, Gulden, Assimacopoulos, & Grove, 2014; Grove et al., 1998; Lee, Tole, Grove, &
McMahon, 2000; Mangale et al., 2008; Muzio, Soria, Pannese, Piccolo, & Mallamaci,
2005).

Together, FGF8 and Wnt3a shape NP expression gradients of transcription factor genes,
including Sp8, Emx2, Dmrt5and Nr2f1, which control the size and position of areas in the
neocortical map, as well as hippocampal development (Armentano et al., 2007; Bellefroid et
al., 2013; Cholfin & Rubenstein, 2008; De Clercq et al., 2016; Fukuchi-Shimogori & Grove,
2003; Garel et al., 2003; Hamasaki, Leingartner, Ringstedt, & O’Leary, 2004; Muzio et al.,
2005; Saulnier et al., 2012; Storm et al., 2006; Storm, Rubenstein, & Martin, 2003;
Zembrzycki, Griesel, Stoykova, & Mansouri, 2007). For example, FGF8 represses Nr2f1
expression, which is accordingly strongest in the caudal NP. Nr2f1 suppresses rostral area
identities, and balances the relative amount of the NP allotted to rostral versus caudal area
fates (O’Leary et al., 2007). Conditional deletion of Ar2f1 causes a massive expansion of
rostral areas, including motor cortex, and a severe contraction of caudal primary sensory
areas (Armentano et al., 2007). Emx2 expression is downregulated by FGF8 and upregulated
by Wnt3a, and consequently appears in a high caudomedial to low rostrolateral gradient in
the NP (Caronia-Brown et al., 2014; Fukuchi-Shimogori & Grove, 2003; Garel et al., 2003;
Muzio et al., 2005). Emx2 actively promotes caudal area fate, and £mx2 overexpression in
the NP enlarges caudal sensory areas and reduces rostral areas (Hamasaki et al., 2004).
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Because in each of these experimental manipulations rostral areas expand at the expense of
caudal areas, or vice versa, the cortical hemisphere maintains a normal overall size. Further
supporting a protomap model, protodomains in the cortical primordium, identified by the
activity of small enhancer elements that regulate expression of patterning genes, give rise to
discrete regions in the mouse neocortex and hippocampus (Pattabiraman et al., 2014).

The original protomap model was based on observations of primate neocortex (Rakic, 1988),
a reminder that the ultimate goal is to discover mechanisms that pattern cerebral cortex in all
mammals, including humans. Whether the processes that pattern the small lissencephalic
mouse cortex also shape the larger, gyrencephalic brains of carnivores and primates remains
unknown. Patterning molecules, or morphogens, such as FGF8 and Wnt3a, have limited
dispersion ranges of a few hundred microns (Farin et al., 2016; Parchure, Vyas, & Mayor,
2018; Scholpp & Brand, 2004). Larger, more complex cortices presumably derive from
larger cortical primordia whose sheer size could prevent adequate morphogen dispersion.
Yet, different basic mechanisms for neocortical patterning in different mammalian species
does not fit with a central finding in developmental biology, namely the high conservation of
patterning mechanisms across vertebrates (Alberts B, 2015). Consistent with conserved
patterning processes primary sensory and motor areas take up similar relative positions in
the neocortical maps of a wide range of mammals (Krubitzer & Stolzenberg, 2014; Nauta &
Feirtag, 1986).

One way around the problem of patterning a larger brain would be to hold back growth at an
early stage so that morphogen gradients can be effective in specifying individual brain
components. We tested this possibility by determining if there is early restraint on the
growth of the NP in the gyrencephalic carnivore, the ferret, Mustela putorius furo, whose
mature brain is several times the volume of the adult mouse brain. The ferret was
specifically selected for study because it belongs to a different mammalian superorder,
Laurasiatheria, from primates and rodents. The latter are members of the superorder
Euarchontoglires (Murphy et al., 2001). Ferrets and other carnivores are thus more distantly
related phylogenetically to mice than are humans and other primates, suggesting that if
cortical patterning mechanisms are similar in mouse and ferret, they hold for primates too.

In the present study, we focus on the stage in ferret telencephalic development that
corresponds to the peak of morphogen-driven area patterning in the mouse embryo. At
embryonic day (E) E9.5, FGF8 protein disperses in a classic morphogen gradient (Lander,
Nie, & Wan, 2002; Wolpert, 1996), through the entire R/C extent of the NP (Toyoda et al.,
2010), and, just after E9.5, Whit3ais first expressed in the cortical hem (Lee et al., 2000).
The area map remains malleable to manipulations of FGF8 until at least E11.5 (Fukuchi-
Shimogori & Grove, 2001), however, and genetic ablation of the hem as late as E10.5 causes
loss of the hippocampus and reduction of caudomedial neocortex (Caronia-Brown et al.,
2014; Yoshida, Assimacopoulos, Jones, & Grove, 2006). The critical time of morphogen
patterning in the mouse cortical primordium seems close to E9.5, though experimental
manipulations can change regional fate for a short time afterwards.

The stages of mouse embryonic development, from implantation to birth, have been well-
defined by examining features of both body and brain (Theiler, 1989). In contrast, only one
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study has described features of the ferret embryo over a substantial period of embryogenesis,
concentrating on development of the body, and largely excluding the CNS (Gulamhusein &
Beck, 1981). We therefore compared features of the body and brain in mouse embryos from
E9.0 to E12.5 with ferret embryos from E17 to E23, generating a rough guide for equating
ferret and mouse embryonic ages during early neural development. The cortical hem and
RPC were identified in the ferret NP by gene expression, as was the graded expression of
patterning transcription factor genes downstream of FGF8 and Wnt3a. Finally, the R/C
extent of the NP was measured along its outer curved surface, and measurements compared
between age-equivalent ferret and mouse. We found that at the stage at which FGF8 initiates
patterning of the area map in mouse, the NP is a similar R/C length in the two species, and
that, soon after, growth of the ferret telencephalon accelerates past that of the mouse.

METHODS

2.1 Animals

All animal procedures were conducted in accordance with the University of Chicago
Institutional Animal Care and Use Committee (IACUC), and National Institutes of Health
regulations. Timed-pregnant ferrets were obtained from Marshall BioResources (North
Rose, NY) and were housed at the University of Chicago Animal Resources Center for 72
hours before use. The University of Chicago Transgenic Mouse and Embryonic Stem Cell
Facility bred timed-pregnant CD-1 mice (from Charles River) in-house. CD-1 mice are the
mice in which the cortical hem was originally identified, and in which the rostral FGF8
source was manipulated to alter the area map (Assimacopoulos et al., 2012; Fukuchi-
Shimogori & Grove, 2001; Grove et al., 1998). Mice and ferrets were kept on the same
12:12 hour day/night cycle. Mice breed during the night, but ferrets at the beginning of the
day. Therefore, for mouse timed-pregnancies, noon on the day a vaginal plug was seen was
designated embryonic (E) day 0.5 (E0.5), and for ferrets, the day of mating was designated
EO. Ferret and mouse embryos were collected at a range of ages and immersed in 4%
paraformaldehyde at least overnight before further processing. Fixative may cause the
embryonic tissue to contract, but both ferret and mouse embryos were treated in the same
way, and as in a previous study in which FGF8 dispersion in the dorsal telencephalon was
estimated (Toyoda et al., 2010). Whole embryos were used for anatomical observations, or
processed with in situ hybridization (ISH) to show expression of specific genes, or both.
Ferrets embryos were assessed at E17, E18, E19, E22 and E23. Mouse embryos were
collected at E9.0, E9.5, E10.0, E10.5, E11.0, E11.5, E12.0 and E12.5. Numbers of animals
examined at each age are given with the relevant observations in Results, and were obtained
from at least two litters per age for ferrets, and at least three litters per age for mice.

2.2 cDNA preparation

Mouse cDNAs for riboprobes were generated previously, obtained from other laboratories or
ordered from the IMAGE Consortium. All were sequenced before use. Mouse cDNAs for
riboprobes included: Fgf8 (gift of G. Martin, UCSF); Emx2 (gift of P. Gruss, University of
Gottingen); Wnt8b (Image Consortium #AA170920); Nr2f1 (gift of S. Tsai, Baylor College
of Medicine). The Wnit3ariboprobe was previously generated in the senior author’s
laboratory (Grove et al., 1998). Riboprobes for ferret were newly generated: cDNA was
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synthesized from minced, unfixed brains at ferret age E22. Total RNA was extracted using
Trizol Reagent (Ambion), and cDNA was synthesized using the Superscript 111 15t strand
cDNA kit (Fisher Scientific)], following manufacturer instructions.

2.3 Molecular cloning

The full Mustela putorius furo genome has not yet been published so relevant DNA
sequences were obtained through databases of partial sequences curated by the National
Center for Biotechnology Information (NCBI). Polymerase chain reaction (PCR) primers
were designed with Primer3 online software (bioinfo.ut.ee/primer3-0.4.0/). PCR reactions
were performed with a GeneAmp 9700 (Applied Biosystems). 50ul PCR reaction mixtures
contained 2uL cDNA, Platinum 7ag DNA Polymerase (Invitrogen), and other standard
reagents at concentrations following manufacturer instructions. Reaction solutions were
heated to 94°C for 2 min, followed by 35 cycles of 94°C for 30 sec, 50-55°C for 30 sec, and
72°C for 1 min per kilobase of predicted product length. A final elongation step was
performed at 72°C for 15 min. PCR products were ligated into plasmids and were sequenced
at the University of Chicago Comprehensive Cancer Center DNA Sequencing Facility. For
in situ hybridization (ISH), plasmids were linearized with appropriate restriction
endonucleases and subjected to run-off /n vitro transcription to prepare antisense RNA
probes. Probes were purified, analyzed using gel electrophoresis to confirm successful
transcription and concentration, re-suspended in RNase-free water and stored at -20°C
before use.

Sequences of the ferret gene fragments (f) that were cloned and used to generate riboprobes
were:

fFgf8 (1041 bp)—5’
GCTCGGCGCTCAGCTGCCTGTGAGTACGGCCGCCGCCCCCCGCGTCCCCGCCGG
CCCCGCGCCGCCGCGCCCTCTCCGCTCACCCCGCGCCCTCTCTCTCCCGCCCGCT
TTTGTCTCCCACAGGCTGTTGCACTTGCTGGTTCTCTGCCTCCAAGCCCAGGTAA
GGCGCATTGCGCGGCGGCGGGGCCCGGGCGGGTCGGCGGGGGCCGCCAGTTGE
CAAGGTCGGGCAGGGGCCCAAGGACCGACCCTGCGGCCAGCGCTGCAGGGCTG
GGAGGAACCTTAGAAATCTAGCCCCGAACCTGCTTGGAGGGAGCCCGGGAACAG
AGAGGGAGCGCCCTGCCTAAGGTAACACAGCTAGTGTGCAGCGAGGCTCGAACC
CAAGGTTTCGGGCTCCAGCGCTGTCTCTCACACCTCCTAGCCAGGTTAGGGTGGA
TGGGGAACTCTACAGGCAGCCACACCTGGCTGCCGAGGAAGGCGGGGGAGCTGG
GGCCAGGGAGCGTTCGTTGTCACAAGTCCCCGGGACGGCCGCAGGGACTCCCTT
CGTGGCTCTCTGGGGAGACTTGTGGCGGGTCTGGCCGAAAGATCAGGTGCCTAG
GCTCTCTGCGCTCTCAACATTTGCTCTGTAAATTTGTCTTTATAAATGTCAGCGGTT
GGGTAGCGCTGCCTCCCTACTTAGAAGCGCCCTGCTTTTCTAGGAAGGCGTAGGG
AGGGGGCGAGGGGCGGCCGCTCTGGGCAGAGAACTTGCTTCCCTGATCGGAGCT
GGCGGGGAGTCCCAGGGTGTTTCCCAACAGGTAGGTCCATCCAGATCGGTCCAAG
CTCATCCTTGCTAGGCTGGGTCTGCTCCACTTTCCTGGATTGGGTGCTGGGGCCTG
AGCTGGCTTGTTGTGAGGGTAACCCCCCTCCAAGTTCTTGTAGGCTGCTTGGGGC
AGTGGAGGCGTGTGCAGGGTGATGGGGGCCACTTGGGCCCCTGGGCAGAGTAGC
ATTATAACTGTTCAGTCCTCACCT-3’

J Comp Neurol. Author manuscript; available in PMC 2020 May 15.


http://bioinfo.ut.ee/primer3-0.4.0/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jones et al.

Page 7

fNr2f1 (724 bp)—5'-
CATCCAGTGCTCCTAGACCTTGGGCGCTCCCCACCTGCCCCCGCCCCCCTAGAGA
CTCACTGGACCGGCGGGGGCCATGGACTCCAAAGCTGCGGGGACATCAGGCGGC
TGTTGCAGGGTGCAGCCAGGCAGGGGGGAGGTGGGCCGGGCCGACAGGAGCAG
CCCACCCTGCAGAAATGCAACCCGAGCTGCAAACCAGGAGAAAAAGAGACTCTC
TTTAGGATCAGATCTGTGAACATGTTGGAAAGGAAAGAAAAAGGACTTTGTGTCT
GGTGAGAAAAGGAAAAAAAAAATTGGAAGAGAGGACCATGAAAATTTTAATAAA
ACAGAAGGAGACTAATGGACCTTCCAGGATTTATTGTGGACGGATGTGGATATATT
CTGTACAGAAAACAACACATGGAAGTGGACTGAATTCTATGTAGAAACACACACA
CACGCCCCAAACATTGTTATTCATTTTGTAAAATACTAGTCTTTATTTTCATTTTTTT
GTAAAATTTAAACATCGTATGCACATAAAAAAGGAAACAAGAATTAGGGGAAAAT
AACATTTTCCAAATAATTATAAAAAAATTGTCCTGTGTCTATGTATCTATATCTGTTT
TGTATTTTTTTCTGGTTCCAAACCAGATTTCCTGTGATTCTATACTAATAATTTTTGA
TATAACCCTTTGCTTCTTATAATGAGTGCGATATATGTTGTCAAGGCTGTTCTTCAA
GA-3’

fwnt3a (637 bp)—5’-
TCAGCATCCAGGAGTGTCAGCACCAGTTCCGCGGCCGCCGCTGGAATCGTACCAC
TGTGGACAACAGCCTGGCCATCTTTGGCCCTGTGCTGGACAGAGCCACGCGGGA
ATCTGCCTTTGTGCACGCCATCGCCTCTGCCGGCGTGGCCTTCGCTGTGACGCGC
TCATGCGCTGAGGGCTCGGCGGCCATCTGTGGCTGCAGCAGCCGGCACCAGGGC
TTGCCGGGCGAGGGCTGGAAGTGGGGCGGCTGCAGTGAGGACATCGAATTTGGC
GGCATGGTGTCTCGGGAGTTTGCCGATGCGCGGGAGAACCGGCCAGACGCCCGC
TCCGCGATGAACCGTCACAACAACGAGGCTGGCCGCCAGGCCATCGCCAGCCAC
ATGCATCTCAAGTGCAAGTGCCACGGGCTGTCGGGCAGCTGTGAGGTGAAGACC
TGCTGGTGGTCGCAGCCCGACTTCCGTGCCATCGGCGACTTCCTCAAGGACAAGT
ACGACAGCGCCTCGGAGATGGTCGTGGAGAAGCACCGCGAGTCGCGCGGCTGGG
TGGAAACCCTGCGGCCGCGCTACACCTACTTCAAGGTGCCCACGGAGCGCGATCT
GGTGTACTACGAGGCCTCGCCCAACTTCTGCGAACCCAA-3’

fwntsb (559 bp)—5'-
TAGAGACAGGACAGGATGCTCGCCCTTTCGGGCAGCCATGAACCTGCACAACAAT
GAGGCTGGCCGCAAGGCGGTGAAGGGCACCATGAAACGCACGTGTAAGTGCCAC
GGAGTGTCCGGCAGCTGCACCACGCAGACCTGCTGGCTGCAGCTGCCCGAGTTC
CGCGAGGTGGGCGCGCACCTGAAGGAGAAGTACCACGCGGCTCTCAAGGTGGAC
CTGCTGCAGGGGGCCGGCAACAGTGCCGCCGGCCGAGGCGCCATCGCCGACACC
TTCCGCTCCATCTCCACGCGGGAGCTGGTGCACTTGGAGGACTCTCCGGACTACT
GCCTGGAGAACAAGACGCTGGGGCTGCTGGGGACAGAAGGCCGAGAGTGCCTG
CGGCGCGGACGGGCCCTAGGCCGCTGGGAGCGCCGCAGCTGCCGCCGGCTCTGE
GGGGACTGCGGGCTGGCGGTGGAGGAGCGCCGCGCCGAGACCGTGTCCAGCTG
CAACTGCAAGTTCCACTGGTGCTGCGCGGTCCGCTGCGAGCAGTGCCGCCGCCG
GGTCACCAAATACTTCTGC-3’

fEmx2 (839 bp) (ISH not shown)—5’-
AACCGAACCCCACAGAAACGGACACCACGGAGCAAAACAGACAGGGAGAGGAG
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GGGTAGAAGAAAAACAAAAACAAGCTACAAAACAAAAACAAACCGCACACACA
CACACATACACACACAGTCACCGAGAAGAGGAAGAGGGAGTCAGAGAGTGTCGG
CGCTTCGCGGACTTTGGGCAGCGAGGGCGCGGGGTCCTGATCCCAGGCTGCACG
GAGATGGCAGAGGACGCAGGCTACTTGATCAACAGGCACCCCTTGTCTAAAGAGG
CAGCTGAGAAAGAGAGAGCGAGAGAGAGAAAGAGAGTGAGACAGAGAAAGAGA
GGGAGAGGGAGAGAGATCCAAATGTGGCACCGTGGAAGGCGCTCTGAACAAGG
GAAGCTGTCAGTCAACGCCAGCCCAGCGAGACAAGATGATTGGCAGGTATTCCAT
TTATCGCAGTCCTGATTTTTTTTTTAAATAATAATGGTAATAATAATGATGGTAAAAG
AAAACCCCAACCAGGCACAGGACTTTTTCTTTTGCACTTCGCAGAGTCTCCCCCC
CACCAATCTTTAAAAAATAATTAGTAATACTAGCAATCGAAATTCCGTATCTAGCCC
CAACCCACACCTGTTCAAAAACTTAAATTGCATGTTGCAGTTGTTGGGCGAATGG
TGTCTAAAGACAGAAAATGAATTGTAATTTTCTTTTCCTTTGAAAGACAGGTTCTG
TGTGCTTTTTATTTTGATTTTTTTTTCGAGAAATGTGCAGTCTGTAAACACTTCTTG
ATACCTTCTGATGTCAAAGTGATTGTGAAAGGTAAATGAAGTAGGCTCCGCGATAG
TGGTCCTCTTACGGA-3’

2.4 Whole-mount in situ hybridization

Specimens were fixed in 4% paraformaldehyde, dehydrated in methanol and stored
overnight at —20°C before rehydration. Small access holes were cut in the midbrain or the
caudal telencephalon on one side to permit reagent access. Hybridization was overnight at
70°C in 5ml of hybridization solution with at least 800ng of antisense RNA probe. Post-
hybridization, specimens were washed in a 50% formamide, 2x SSC and 1% SDS solution
at 70°C, washed 3x in TBS with 1% Tween-20, and then blocked in 10% lamb serum in
TBS with 1% Tween-20. Immunohistochemical detection of the probe used alkaline
phosphatase (AP)-conjugated anti-digoxigenin (DIG) FAB fragments (Roche), and nitroblue
tetrazolium chloride and 5-bromo-4-chloro-3-indolyl phosphate for visualization.

Antibody characterization: Anti-DIG-AP binds to digoxigenin, which is not
endogenous to vertebrate tissue. (Roche Diagnostics, sheep polyclonal, Fab fragments
conjugated to alkaline phosphatase, catalog #11093274910, RRID: AB_514497; dilution
used 1:5,000). In control experiments, digoxigenin-labeled RNA was omitted from the
hybridization mixture. No signal was detected in the absence of digoxigenin-labeled
riboprobes.

2.5 Descriptive embryology and image capture

Embryos were examined using a Leica MFLZ 111 microscope, either with transillumination,
which gave a clear view of somites and other body features, or with illumination from above
to see gene expression patterns. Images were obtained by photographing the embryos in
several different views with an AxioCam HRc camera (for color images) or an AxioCam
MRm camera (grayscale images) and storing images with AxioVision software (version 4.8,
Zeiss). Greyscale images were used to determine which mouse and ferret ages corresponded
most closely with respect to stage of embryonic development. Color images represented
gene expression patterns. For figures, images were cropped and corrected for brightness and
contrast using Photoshop CS6 (Adobe Systems). Specific observations included somite
count and a descriptive survey of externally visible features. Measurements were made using
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ImageJ (NIH, public domain, RRID: SCR 003070). These included crown-rump length
(CRL), greatest length (GL), and axial length (AL), which followed the entire curve of the
embryo from the front of the head to the tip of the tail. The neocortical surface length (NSL)
was drawn freehand along the outer surface of the telencephalon from the upper boundary of
the FGF8 source (the likely border of the presumptive septum) to an inflection that marks
the caudal end of the telencephalon (Toyoda et al., 2010). For each embryo in which the
NSL was measured, a standard specimen of the same age, processed with ISH for Fg78, was
used for reference. Each embryo was measured three times, and the three values for AL and
NSL were averaged; for GL and CRL, the largest measurement was taken. Student’s t test
was used for statistical comparisons between ferret and mouse for NSL, CRL, GL, and AL
measurements. The acceptable significance cut-off was set at p = 0.01.

2.6 Use of a human embryo image in Figure 12A

The image of a human embryo at Carnegie Stage 13 in Figure 12A was modified with
permission from an image (a still from a movie) in the ebook, “Kyoto Embryo Collection”,
Hill, M. A., Shiota, K., Yamada, S., & Lo, C. W. (2016). Kyoto Embryo Collection, UNSW
Embryology Series; ISBN 978-0-7334-3528-7. The original image is also available in the
online database “Kyoto Collection Embryology” at https://embryology.med.unsw.edu.au/
embryology/index.php/Carnegie_stage_13.

3. RESULTS

3.1 Equating developmental stages of ferret and mouse embryos

With no direct information on when ferret embryos resemble mice at the critical stage of
morphogen patterning in the dorsal telencephalon, we began by examining ferrets at E22 and
E23, which, to a cursory view, resembled mouse embryos at E12.5 — E13.5. Ultimately, we
compared ferret embryos at E17, E18, E19, E22, and E23 with CD-1 mouse embryos at
E9.0, E9.5, E10.0, E10.5, E11.0, E11.5, E12.0 and E12.5, constructing a guide for equating
ferret and mouse embryos at these ages. Examining mice at half-day intervals and ferrets at
one-day intervals reflects the gestation periods of the mouse (18-19 days) and ferret (42
days).

Somite number is a standard metric for establishing embryonic stage because the rate of
somite formation is stereotypical among embryos of a particular species. Equating the
developmental stage of embryos from two different species by somite count, however, is
problematic. The final number of somites correlates with the number of vertebrae in the
adult, which differs among mice, ferrets and humans (Cook, 1965; Hedrich & Bullock,
2004; O’Rahilly & Miller, 2001; Theiler, 1989). Consistent with this, we found that somite
counts in mouse and ferret were aligned at earlier embryonic ages, but not at later ages
(Table 1). In addition to somite count, therefore, other developmental milestones were
utilized. The anatomical justification for mouse/ferret “equivalencies” was the overall
appearance of the specimen with respect to features of the head, neural tube, eyes, trunk and
limbs.
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3.1.1 E17 ferret equivalence with E9.5 mouse, Theiler stage 15—In E17 ferret
and E9.5 mouse (Figure 1), the telencephalon, diencephalon, midbrain and hindbrain
divisions of the neural tube were distinct. The rostral neuropore was closed in both species,
but the caudal neuropore was still open in 3/7 ferret specimens, and in all mouse embryos
examined (12/12). Three pharyngeal arches were present, and the maxillary and mandibular
prominences of the first pharyngeal arch were visible (Figure 1c,d). The optic and otic
vesicles were closed but not yet indented (Figure 1c,d), and no olfactory plate was obvious.
Elsewnhere in the trunk, the forelimb bud (FLB) had condensed (Figure 1a,b) but no hindlimb
bud (HLB) was seen.

Chief differences between the species were, first, the caudal neuropore had begun to close in
the ferret but not the mouse. In this, ferrets resemble humans, in which caudal neuropore
closure is also accelerated relative to mice (Theiler, 1989). Second, the telencephalic dorsal
midline (Dml) dividing the two cerebral hemispheres was already visible in the E9.5 mouse
(Figure 1d, arrowhead), but not in the E17 ferret.

3.1.2 E18 ferret equivalence with E10.0 mouse, Theiler stage 16—The caudal
neuropore was now closed in all ferret embryos (9/9) and in 10/12 mouse embryos, and the
telencephalic vesicle in the ferret exhibited a dorsal midline (Figure 2c, Dml). Facial
primordia, particularly the olfactory plate (OfP), were evident in both species (Figure 2c,d),
and more prominent in mouse (Figure 2c,d). The hindlimb bud (HLB) was now visible and
the tail bud (TLB) had condensed, evident by a caudal lordotic curve (Figure 2a, hidden in
b).

At this period of embryogenesis, development of the optic vesicle and the limb buds are
particularly helpful in judging developmental stage (Theiler, 1989) (Figures 3 and 4). At E17
in the ferret and E9.5 in the mouse, the distal surface of the optic vesicle (Op) was
marginally convex (Figure 3a,b, arrowheads), whereas in E18 ferret and E10 mouse embryos
the Op surface had become slightly concave (Figure 3c,d), sometimes visible as a shadow in
the center of the optic vesicle (Figure 2a —d). In both E18 ferret and E10 mouse the forelimb
and hindlimb buds were gently curved prominences (Figure 4a-d).

3.1.3 E19 ferret equivalence with E10.5 mouse, Theiler stage 17—Both species
showed substantial growth and maturation compared with the previous embryo pair (Figure
5a-d). In the head, the optic vesicle was extremely indented in both species, although not
completely closed (Figure 3e,f). Nasal pits were distinct in both species, and somewhat
deeper in the mouse (Figure 5b,d). In the trunk, the growing FLBs were more paddle-
shaped, becoming forelimb plates (FLPs) (Figures 4e,f, Figure 5a,c), and the HLB was clear
(Figure 4g,h).

A possible difference between species, suggested in the E17/E9.5 ferret/mouse pair, was
emphasized in the E19 ferret and E10.5 mouse: telencephalic development was slowed in
ferret compared with mouse. (Figure 5b,d). In the E19 ferret (n = 6 examined), the two
medial edges of each future cortical hemisphere apposed one another (Figure 5b),
resembling the dorsal midline as it initially forms in the mouse. By contrast, in the E10.5
mouse (n = 7 examined), cortical tissue at the dorsal midline was already diving down to
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form the hippocampal primordia (Figure 5d), and the cortical hemispheres were more
obviously separated. Additionally, in the ventral telencephalon, the medial ganglionic
eminence (MGE) appeared in the E10.5 mouse, but not yet in the E19 ferret (Figure 5b,d).

3.1.4. EZ22 and E23 ferret compared with E12.0 and E12.5 mouse (Theiler
stages 20 — 21)—E20 and E21 ferret embryos were not available. At E22 (n=7) and E23
(n=6) ferret embryos were similar to each other, but very different from E19. The embryos
had lengthened considerably, causing a general straightening of the embryo at the thorax
(Figure 6a). E12.0 and E12.5 mouse embryos, while larger than previously, were smaller
than the ferret embryos, and still highly curved (Figure 6b). Indeed, with respect to crown-
rump length (CRL), greatest length (GL), and axial length (AL), we found that mice and
ferret embryos were similar at the earlier ages, but had diverged by E22 (see below, and data
not shown).

Individual features, however, were similarly developed in the two species. By E12.0 to
E12.5 in mouse, and E22 to E23 in ferret, the facial primordium was markedly advanced: the
central frontonasal prominence had coalesced with the two maxillary prominences on either
side, and individual whisker primordia could be seen in rows on the maxillary surface
(Figure 6c,d). The FLP and hindlimb plate (HLP) had also matured: in the E22 ferret and
E12.0 mouse, the FLP had developed digital rays, and by E23 and E12.5 showed
indentations between the future digits (Figure 4i,j,m,n and Figure 6a,b). The paddle-shaped
HLP was apparent in the E22 ferret and E12.0 mouse, and showed digital rays at E23 and
E12.5 (Figure 4k,l,0,p, and Figure 6a,b).

3.1.5 Equivalencies between ferret and mouse—Our observations of mouse
embryos are very similar to those of Theiler. Mice examined at E9.5 have the overall body
features of Theiler (T) stage T15, E10is T16, E10.5is T17, E12 is T20, and E12.5 is
between T20 and T21 (Theiler, 1989) (Table 2, columns 2 and 3). With respect to overall
development, we found that E17 ferret embryos were comparable to E9.5 mouse embryos,
E18 ferret to E10.0 mouse, and E19 ferret to E10.5 mouse (Table 2, columns 1 and 2). These
equivalencies between ferret and mouse were determined using milestones in the
development of the body and head, and provide a general guide for comparing ferret and
mouse during an earlier period of ferret development than has been generally studied
(Fernandez, Llinares-Benadero, & Borrell, 2016; Johnson et al., 2018; Kawasaki, Iwai, &
Tanno, 2012; Reillo & Borrell, 2012).

As we equated embryonic mouse and ferret ages by general features, we noticed that,
particularly at the earlier time-points, the telencephalon frequently appeared smaller, rather
than larger, in the ferret than in the corresponding mouse (see Figure 1a,b; Figure 5b,d). We
focused more closely on the telencephalon and found that its structural development was
slightly delayed in ferret compared with mouse. Thus, development at the dorsal
telencephalic midline paired E18 ferret with E9.5 mouse (Figure 1d and Figure 2c), and E19
ferret with E10 mouse (Figure 5a-d). Growth of the ganglionic eminences in the ventral
telencephalon paired E22 ferret with E11.5 mouse (Figure 7). Telencephalic equivalencies
therefore matched each ferret age with a mouse age one half day younger than in the set of
overall body equivalencies (Table 2, columns 1,2 and 5).
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This discrepancy could be related to the ferret’s unusually early stage of forebrain
development at birth, which has made this species valuable to developmental neuroscience
(Desai & McConnell, 2000; McConnell & Kaznowski, 1991; Sharma, Angelucci, & Sur,
2000; Sur, Garraghty, & Roe, 1988). The practical consequence for the present study is that
we chose to compare telencephalic gene expression and the R/C surface length of the NP in
ferret and mouse at ages when anatomical development in the telencephalon matched in the
two species (Table 2, columns 1 and 5).

3.2 Gene expression in ferret associated with telencephalic signaling centers.

Fgf8was expressed in the ferret, as in mouse, in the rostromedial telencephalon at E17
(Figure 8a-f). The domain of Fgf8expression was smaller in the E17 ferret than in the E9.0
mouse, but virtually identical in E18 ferret and E9.5 mouse (Figure 8c,d). At the stage at
which FGF8 from the mouse RPC initiates development of the neocortical area map,
therefore, Fgf8expression in the ferret indicates a comparable source of FGF8 in the same
position (Figure 8a-d). The pattern of Fgf8expression in the telencephalon remained highly
similar between E22 ferret and E11.5 mouse, with a second expression domain appearing in
the diencephalon (Figure 8e,f and Figure 7a,b). These observations suggest that, in ferret, as
in mouse, FGF8 signaling has continued importance for several, more local, processes of
cortical development.

We next examined the expression of the transcription factor genes Nr2f1, and Emx2, both of
which are implicated in patterning the neocortical area map. FGF8 represses expression of
NrZf1and Emx2, causing low rostral to high caudal NP expression gradients for both. Nr2f1
suppresses rostral area identities, whereas Emx2 actively promotes caudal area fate.
Consequently, the reduction of rostral Nr2f1 and Emx2 levels by FGF8 determines the
position of caudal areas, and protects rostral area development (Armentano et al., 2007;
Cholfin & Rubenstein, 2008; Fukuchi-Shimogori & Grove, 2003; Garel et al., 2003;
Hamasaki et al., 2004). NP hemispheres from mouse and ferret showed similar caudal
domains of Air2f1 expression, with relatively sharp rostral boundaries (Figure 8g,h),
consistent with active FGF8 signaling in the NP in both species. Further supporting graded
FGF8 (and Wnt) activity through the early ferret NP, 2we found that £mxwas expressed in
a similar high caudomedial to low rostrolateral gradient in both mouse and ferret (Fukuchi-
Shimogori & Grove, 2003) (data not shown).

In E10.0 mouse and E19 ferret embryos Winit3a expression marked the cortical hem in each
cortical hemisphere (Figure 9a,b). The Wnt3a expression domain in the ferret sample
illustrated (Figure 9a) was slightly more developed than in the mouse sample (Figure 9b),
and showed the characteristic curve of the caudomedial hem (Grove et al., 1998). Later, in
E23 ferret and E12 mouse, the curved bands of Wint3aexpression followed the edge of the
hippocampal primordium (HP), immediately dorsal to the hem in each hemisphere (Figure
9c¢,d). Although not required for the hippocampus to form (Fotaki et al., 2010) Wnt8b
expression outlines the HP. By E17 in ferret and E9.0 in mouse, the Wnt8b expression
domain included the dorsal telencephalic midline and the early HP (Figure 10a,b). In E22
ferret and E11.5 mouse, the HP developed further and the domain of Wnt8b expression was
expanded (Figure 10c,d).
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3.3 Size of the NP at the stage when FGF8 initiates patterning of the area map

The hypothesis of this study is that the ferret cerebral cortex, though much larger than the
mouse cortex in maturity, restrains its growth at the stage at which cortical components are
specified. If so, signaling molecules such as Wnt3a and FGF8 could disperse across the
cortical primordium to regulate formation of the hippocampus and pattern the neocortical
area map. This possibility depends on both the size of the cortical primordium and the
dispersion range of Wnt3a and FGF8. The distance over which Wnt3a disperses from the
hem in the mouse is currently unknown. The spatial proximity of Wni3a expression to the
Whit8b-expressing hippocampal primordium in the ferret, however, suggests the cortical hem
is present in ferret and has the same relationship to hippocampal development as in the
mouse.

Previous observations indicate that FGF8 spreads about 0.3 - 0.6 mm in an R/C gradient
through the early mouse NP (Toyoda et al., 2010). Measurements of the NP in the previous
study were taken close to the inner ventricular surface through which FGF8 disperses
(Toyoda et al., 2010). In the present study the ventricular surface of the NP could not be
consistently measured because it was not always visible through the lateral telencephalic
wall. Instead, we measured the outer neocortical surface length (NSL) in lateral views of the
hemisphere (see Methods 2.5). The NP is curved, making the inner surface shorter than the
outer, so in the live embryo FGF8 would probably need to disperse a shorter distance than
the NSL measured here. Most significant, however, is whether, and when, the NSL is
comparable between stage-matched mouse and ferret.

We compared the NSL between mouse E9.0 (n = 8), E9.5 (n = 16), and E10 (n = 16), and
ferret E17 (n = 4), E18 (n = 8) and E19 (n = 6). The NSL was measured following the
curving outer surface of the telencephalon from the FGF8 source to an inflection that marks
the caudal end of the telencephalon (Figure 11a, and see Methods 2.5). The mean NSL for
both E9.0 mice and E17 ferrets was 0.4mm (sem = 0.01 for both) (Figure 11b), well within
the range of FGF8 spread (Toyoda et al., 2010). Also within range, the mean NSLs for E9.5
mice and E18 ferrets were, respectively, 0.52mm (sem = 0.03) and 0.58mm (sem = 0.05)
(Figure 11b). Student’s t-test showed no significant difference between the mouse and ferret
NSL at either pair of ages (p = 0.1 and p = 0.3, respectively). Thus, at the embryonic stage at
which, in mouse, FGF8 initiates area patterning along the R/C axis, the mouse and ferret NP
are similar in rostrocaudal length.

Mean NSLs for E10 mice and E19 ferrets, however, were 0.7mm (sem = 0.02) and 0.9mm
(sem = 0.1 (Figure 11b). Both were considered outside the likely FGF8 dispersion range,
and the mouse and ferret groups were statistically different (p=0.01). For the older pairings,
the mean NSL was far larger for ferrets than mice (Figure 11b). For E11.5 mice, the mean
NSL was 1.3 mm (sem = 0.1, n=11), compared with 2.3mm (sem = 0.1, n=7) for E22 ferrets.
In E12.0 mice the mean NSL was 2mm (sem = 0.1, n=8), and in E23 ferrets, 3mm (sem =
0.2, n=6). The two older pairings showed significant differences between mouse and ferret
of p =0.003, and p = 0. 00005.

These observations are consistent with the hypothesis that the same signaling molecules
direct initial patterning of the neocortex in both mouse and ferret because growth of the
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ferret NP is held back at a crucial stage. Subsequently, growth of the ferret brain pulls away
from that of the mouse.

4. DISCUSSION

Anatomical observations generated a set of equivalent embryonic ages in mouse and ferret,
grounded in overall body and head development, and a second slightly shifted set of
equivalencies, based on key features of telencephalic development. The chief focus was the
particular stage at which FGF8 initiates NP patterning in the mouse, about E9.5 (Toyoda et
al., 2010). Although the NP of the ferret is ultimately much larger than that of the mouse, we
found that, at the critical stage of telencephalic development, the R/C length of the NP is the
same in mouse and ferret. Thus, FGF8 could, in principle, disperse from rostral to caudal in
the ferret NP and determine the R/C axis of the area map.

The distance Wnt3a disperses along the M/L axis in the mouse CP is still unknown,
obviating a quantitative approach to whether Wnt signaling regulates this axis in ferret as in
mouse. However, a conserved function of Wnt3a in hippocampal development is supported
by the juxtaposition of the cortical hem to the presumptive hippocampal primordium in the
ferret, as well as in humans (Abu-Khalil, Fu, Grove, Zecevic, & Geschwind, 2004).

How the same patterning mechanisms operate to make a similar overall body plan in animals
of greatly varying size is a long-standing question in developmental biology, termed the
scaling problem. Possible solutions include changes in morphogen levels, the morphogen
gradient, or sensitivity to the morphogen (Cheung, Miles, Kreitman, & Ma, 2014; Umulis &
Othmer, 2013; Uygur et al., 2016). Chick and finch embryos, for example, are different
sizes, yet both achieve ventral patterning of the neural tube in response to the morphogen
sonic hedgehog (Shh). In this case, the two species show differential activity of the Gli
transcriptional activators and repressors downstream of Shh (Uygur et al., 2016). Of all
possible solutions to the scaling problem, the simplest is that initial patterning is established
when the relevant parts of the two embryos are the same size. Morphogen patterning is then
followed by differential growth. Our data indicate this solution could apply to cortical
patterning in ferret and mouse.

FGF8-induced patterning in the mouse NP at E9.5 precedes generation of neurons in the
cortex, as does E18 in the ferret. In mouse, and potentially ferret, a first draft of the area map
is therefore laid out in the layer of NP progenitor cells forming the ventricular zone (VZ). In
mouse, the onset of neuron generation follows soon after, with production of subplate
neurons and Cajal-Retzius cells beginning at E10, and generation of layer 6 neurons peaking
at E12.5 (Molyneaux, Arlotta, Menezes, & Macklis, 2007). Neuronal generation in ferret is
more prolonged, beginning by E21 - E22 with subplate neurons, and deep layer cells for the
cortical plate (CPI) first produced as late as E28/E30 (McConnell & Kaznowski, 1991;
Noctor, Scholnicoff, & Juliano, 1997). Our effort to match ferret and mouse ages using a
standard embryological approach was therefore warranted. Had we simply examined the
ferret embryo just before the onset of neuronal generation, the telencephalon would have
appeared far too large to be patterned by secreted signaling molecules.
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The greater volume of the cerebral cortex in the mature ferret, compared with mouse, is not
only caused by longer neurogenesis. In carnivores and primates, diverse cortical progenitor
cell types arise from earlier progenitors, generating neurons at different depths in the NP.
This progenitor cell cascade amplifies the number of neurons generated (Reillo & Borrell,
2012), and may also cause neurons to disperse tangentially as they migrate to the CPI
(LaMonica, Lui, Wang, & Kriegstein, 2012; Lui, Hansen, & Kriegstein, 2011; Nowakowski,
Pollen, Sandoval-Espinosa, & Kriegstein, 2016). Too much tangential scatter could scramble
an area map formed in the VZ, a second problem for the hypothesis that similar molecular
mechanisms pattern the NP across mammalian species.

An early map is transferred from the VVZ to the CPI if neighboring cohorts of neurons
migrate consistently together. In the mouse, this occurs as neuronal clones migrate along the
processes of radial glial cells into the CPI (He, Li, Ge, Yu, & Shi, 2015; Li et al., 2012). Yet,
although the pathway is more convoluted in larger gyrencephalic cortices, in the ferret
neurons from the same patch of the VVZ have been observed to migrate together, in a fan-
shape, to the same region of the CPI (Borrell, Kaspar, Gage, & Callaway, 2006). In the latter
case, the initial draft of an area map could be correctly transferred. Notably a slight fanning
out of neuronal clones occurs even in mouse, and is required for normal cortical column
formation (Torii, Hashimoto-Torii, Levitt, & Rakic, 2009). Currently, the degree to which
newborn neocortical neurons spread tangentially in non-rodent species remains a vexed
question (Ma, Shen, Yu, & Shi, 2018).

Most decisive would be the results of experiments in ferrets similar to those in mouse that
generated the current version of the protomap model. In mice, genetic approaches and in
utero microelectroporation (IUME) were utilized to increase or decrease levels of FGF8 or
transcription factors downstream of FGF8. These manipulations altered the relative size and
position of areas within the map, even duplicating areas (Armentano et al., 2007,
Assimacopoulos, Grove, & Ragsdale, 2003; De Clercq et al., 2016; Fukuchi-Shimogori &
Grove, 2001; Garel et al., 2003; Hamasaki et al., 2004; Sato et al., 2017; Zembrzycki et al.,
2007). At present, gene deletion in ferret is feasible though difficult (Johnson et al., 2018),
and in utero electroporation has succeeded in ferret embryos at E30 (Kawasaki et al., 2012;
Matsumoto, Shinmyo, Ichikawa, & Kawasaki, 2017). The IUME approach was not possible
in the present study, however, because younger ferret embryos are not visible through the
uterine wall using fiber optics. Thick layers of uterine tissue envelop each embryo at the
critical stage of E17/E18 and beyond. Improved methods for visualizing the embryos,
including ultrasound, should solve this problem.

A long-term goal is to discover if the RPC and hem signaling centers influence growth and
patterning in the human cortical primordium. Human embryos have a cortical hem adjacent
to the developing hippocampus (Abu-Khalil et al., 2004), suggesting the human hem
regulates hippocampal formation. Human embryo brains have not yet been shown to have an
RPC, but this seems likely, given conservation of the RPC signaling center in mice, chick
and zebrafish (Crossley, Martinez, Ohkubo, & Rubenstein, 2001; Ohkubo, Chiang, &
Rubenstein, 2002; Shanmugalingam et al., 2000; Shimamura & Rubenstein, 1997).
Suggesting FGF8 plays a major role in cortical development, abnormalities in human cortex
are linked to dysregulation of FGF8 or FGF receptor 3 signaling (Dubourg et al., 2016;
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Frank et al., 2002; Hevner, 2005). Further consistent with an FGF8 gradient establishing the
R/C axis in human neocortex, increasing or reducing FGF8 in cortical cells derived from
human pluripotential stem cells induces gene expression appropriate, respectively, to the
rostral or caudal NP (Imaizumi et al., 2018).

Determining if the human NP is the right size at the right time for morphogen patterning,
meanwhile, may be comparatively straightforward. Human embryo specimens in the
Carnegie and Kyoto collections (Human Developmental Anatomy Center, Washington, DC)
have been assigned to Carnegie stages, measured and imaged. Images, with scale bars, of
first trimester embryos are available online and in e-book form (Hill, Shiota, Yamada, & Lo,
2016). As a first step, therefore, we compared images of E9.5 mouse embryos with those of
Carnegie stages (CS) 12 and 13 human embryos, using the same developmental features as
for mouse and ferret. We provisionally concluded that the telencephalon in E9.5 mouse was
more developed than in CS12 human embryos, and resembled CS13 more closely (Figure
12). Initial comparisons of images of E9.5 mouse and CS13 human brains suggest the
telencephalon, and NP, are roughly the same size (Figure 12). A more systematic study is
warranted. Meanwhile, we propose that mammals with mature cortices of widely varying
size may be patterned by common mechanisms if the early cortical primordium is kept,
transiently, at a common size.
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Figure 1. E17 ferret and E9.5 mouse, neural tubeisclosing and CNS structures are well defined.
(a-d) Lateral views of E17 ferret (fE17) (a,c) and two E9.5 mice (mE9.5) (b,d). (a,c) Ferret

embryo, 29 somites. Rostral neuropore is closed (a,c). Three pharyngeal arches (1,2 and 3)
are evident, as are the maxillary and mandibular prominences of the first arch (MxP, MnP)
(c). The embryo has a forelimb bud condensation (FLB) (a), and the optic and otic vesicles
(Op, Ot) are closed (a,c). The telencephalon (Tel), diencephalon (Di), midbrain (Mes) and
the fourth ventricle (IV) are all distinct (a,c). (b,d) An E9.5 mouse, 29 somites, exhibits the
same features. The telencephalon of a second E9.5 mouse exhibits a dorsal midline (Dml),
which will ultimately separate the two cortical hemispheres (d, arrowhead); the ferret
telencephalon (c) does not. Black staining in (b, d) is from ISH not relevant to the figure.
Scale bar in (a) is 1.0 mm for a, b; 0.5mm for c, d.
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Figure 2. E18 ferret and E10 mouse, a telencephalic midline, olfactory plate and indented lens.
(a,c) E18 ferret embryo, 40 somites. The telencephalic midline (Dml) is evident in the E18

ferret (c), and an olfactory plate (OfP) is developing. The Op is now indented (shadow in (a),
and seen clearly in a more frontal view (c). The FLB is now obvious (a), a hind limb bud
(HLB) condensation is visible, and a tail limb bud (TLB) can be identified by its inward
curve. (b,d) E10.0 mouse embryo, 33 somites, shows similar features to the ferret embryo,
including a markedly indented Op (d). The OfP is more prominent in mouse than in ferret
(compare ¢, d). Scale bar in (a) is 1.0 mm for a,b; 0.5mm for c,d.
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Figure 3. Optic vesicle development as a staging feature.
(a-f) Frontal views of three ferret and three mouse embryos at the ages marked. (a,c,e) The

ferret Op epithelium has a smooth, slightly convex distal surface at E17 (a, black
arrowhead), which progressively indents (c) and almost closes by E19 (e). (b,d,f) The mouse
Op shows a similar progression (black arrowheads in b,d,f). Scale bar in (a) is 0.2mm for
a,b; 0.3mm for c,d and 0.4 mm for e,f.
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Figure 4. Limb-bud development as a staging feature.
(a-p) Lateral views of the forelimb bud, forelimb plate, hindlimb bud and hindlimb plate

(FLB, FLP, HLB and HLP) in ferret and mouse, ages marked. The FLB is distinct in E18
ferret and E10.0 mouse (a,b), is less rounded at E19 and E10.5, taking on the shape of an
FLP (e,f). The FLP shows digit rays at E22 in ferret and E12.0 in mouse (i,j), and at E23 and
E12.5 indentations begin to mark inter-digit spacing (m,n, black arrowheads). The HLB
develops more slowly than the FLB. At E18 in ferret and E10.0 in mouse, the HLB
protrudes less than the FLB (c,d), becomes rounded at E19 and E10.5 (g,h), and appears as a
paddle-shaped HLP at E22 and E12.0 with digit rays barely evident (k,I). At E23 and E12.5,
digit rays are clear (o,p). Scale bar in (a) is 0.2mm for a-d, 0.25mm for e-h, and 0.4mm for i-

p.
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Figure5. In E19 ferret and E10.5 mouse the telencephalon is more developed in mouse.
(a-d) Whole embryos (a,c) and frontal views of the heads (b,d) of an E19 ferret embryo, 44

somites (a,b), and an E10.5 mouse, 40 somites (c,d). The telencephalon is more
developmentally advanced and wider in the E10.5 mouse than the E19 ferret (b,d). The
mouse has a hippocampal primordium (HP) dorsally, and a medial ganglionic eminence
(MGE) ventrally (d), but neither is present in the ferret embryo (b). The two cortical
hemispheres are more clearly separated in the mouse than in ferret (b,d). In both species, the
forelimb bud has become an FLP (a,c) and the Ofp has developed deep nasal pits (NPt),
deeper in mouse (b,d). Scale bar in (b) is 0.5mm for b,d, and 1.5 mm in a,c.
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Figure 6. E23 ferret and E12.5 mouse, prominent development of face.
Whole embryo (a,b) and frontal head views (c,d) of an E23 ferret (a,c) and E12.5 mouse

(b,d). The ferret at E23 shows accelerated overall growth compared with the mouse (a,b), but
mouse and ferret share striking facial development. The facial prominences have coalesced,
and both species show a prominent maxillary whisker pad (WkP) with rows of individual
whisker primordia (c,d). The pinna of the ear (Pn) is also beginning to form (c,d). Eyes are
pigmented in the ferret, but not in the albino mouse embryos (a,b). Scale bar in (a) is 1.0 mm
ina,b, and 0.7mm in c,d.
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Figure 7. Development of the ganglionic eminencesin E22 ferret iscomparableto E11.5 mouse.
Frontal (a,b) and lateral views of the telencephalon (c,d). The medial and lateral ganglionic

eminences (MGE, LGE) are evident in both species (a-d), and the caudal ganglionic
eminence (CGE) is visible in lateral views (c,d). Scale bar is in (a) is 0.5mm for a,b and 0.35
for c¢,d. Brains were processed with ISH for Fg78, appears as black stain.
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Figure 8. Fgf8 and Nr2f1 expression in the ferret and mouserostral telencephalon.
(a-h) Whole brains or hemispheres viewed from the lateral side (a,b,g,h), rostral is left, or

frontal views (c-f). (a-f) Fgf8expression is less robust in the E17 ferret than in the E9.0
mouse (a,b), but strengthens by E18 to match the Fgf8expression domain in the mouse at
E9.5 (c,d). Asterisks in (a,b) indicate position of the optic vesicle (Op). Dotted lines in (c,d)
indicate inner (c) or both inner and outer surfaces of the NP. Rostral Fgf8expression
domains remain similar in ferret and mouse at later ages (e,f), compatible with FGF8
involvement in later steps of forebrain development. (g,h) Expression of Nr2f1, repressed by
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FGF8, is confined to a similar caudal domain of the NP in E22 ferret and E11.5 mouse. In
both, NVr2f1 expression has a relatively sharp rostral border (arrowheads in g,h). Scale bar in
(@) is 0.5mm for a, b, 0.65mm for ¢ — f, and 0.8mm for g,h. Abbreviations: I1SO, isthmic
organizer; rNP, rostral NP; cNP, caudal NP. Note difference in rostrocaudal length between
fE22 and mE11.5 in (g,h).
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Figure 9. Wnt3a expression in the cortical hem.
(a-d) Dorsal views of ferret and mouse embryo heads; rostral is up. In the E19 ferret, Whi3a

expression is strong in the cortical hem region, and more extensive than in the E10.0 mouse
sample. Both E19 ferret and E10.0 mouse also express Wrnit3ain the diencephalon; the latter
is a separate, not continuous, domain. E23 ferret and E12.0 mouse continue to express
Whit3a strongly in the cortical hem. Scale bar in (a) is 0.5mm for a,b; 0.9mm for ¢, 0.6mm
ford.
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Figure 10. Wnt8b is expressed in the cortical hem and hippocampal primordium.
(a-d) Embryo heads in roughly lateral view, rostral to the left (a,b); or a rostrodorsal view

that allows the hippocampal primordium (HP) to be seen best (c,d). Wnt8b expression in
E19 ferret and E9.0 mouse embryos fills the putative hippocampal primordium (HP) (a,b). A
few days later, the curving shape of the HP is morphologically apparent and demarcated by
Whit8b expression in both species (c,d). Wnt8balso labels the cortical hem, immediately
adjacent to the HP (hem in c). Wnt8b expression in the hem and HP appears as one
continuous domain. Scale bar in (a) is 0.3mm in a,b; 0.5mm in c,d.
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Figure 11. Size of theferret NP issimilar to mouse at a critical period for morphogen patterning.
(a) Mouse E10 embryo, lateral view. Fgf8expression is marked by ISH (black patches at the

RPC, isthmus). Broken yellow line shows the NSL measurement. (c) Ferret E19 embryo,
lateral view. Green line indicates the axial length (AL) measurement. Asterisks indicate the
rostral tip of the telencephalon and the caudal tip of the tail, the two endpoints of the AL. (a,
c) are not to scale. (c) The NSL measurement is the same in mouse and ferret at the two
earliest ages, and then begins to diverge (d) Overall growth of the body shows s similar
“hold then diverge” pattern. Broken lines in (b,d) indicate missing ferret ages and not NSL
or AS.
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Figure 12. R/C length of the NP appearssimilar in CS13 human and E9.5 mouse.
(a,b) A human and mouse embryo compared. The human embryo image in (a) is adapted

from an image of a midline sagittal section through a CS13 human embryo, shown in movie
7.11 (Hill et al., 2016), and online (Hill, M.A., 2018, September 24, Embryology Stage 13
EFIC Movie 1.) Labeling is by the authors of the present study. The mouse embryo in lateral
view in (b) is cropped from Figure 1b above, rotated, and enlarged to the same scale as in
(a). (a,b) White arrowheads indicate our estimate of the rostral and caudal NP boundaries in
each specimen. The two NPs appear comparable in size. Black arrowheads indicate

J Comp Neurol. Author manuscript; available in PMC 2020 May 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Jones et al.

Page 35

rhombomeres, and white asterisks indicate the cephalic flexure in (a,b). Abbreviations: d,
dorsal (telencephalon); Rh, rhombencephalon; ThP, thalamic primordium; v, ventral
(telencephalon).
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Somite counts in early ferret and mouse embryos

Table 1

Species | Age Number animals | Maximum Somites | Minimum Somites | Mean Somites | SEM

Ferret E17 6 32 28 30 0.6
E18 8 40 28 34 1.7
E19 5 49 44 47 1.0

Mouse E9.0 8 22 18 19 0.5
E9.5 16 30 21 27 0.7
E10.0 | 24 34 29 32 0.3
E10.5 | 10 44 32 37 13
E110 | 3 48 44 46 1.2
E115 ] 9 54 45 49 11

Equivalent stages of ferret and mouse embryo development cannot be determined with somite counts alone. Older ferret and mouse ages are not

included in the table because by E22 in ferrets and E12.0 in mice, cervical somites are no longer visible.
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Proposed Equivalences in Ferret and Mouse Embryo Ages

Table 2

Page 37

Ferret Age Equivalent Mouse Age, Corresponding Theiler stage | Corresponding Carnegie stage Equivalent Mouse Age,
Overall Telencephalon
E17 E9.5 T15 12 E9.0
E18 E10.0 T16 13 E9.5
E19 E10.5 T17 14 E10.0
E22 E12.0 T20 17 E115
E23 E12.5 T20-21 17-18 E12.0

Carnegie stages in human corresponding to Theiler mouse stages are those estimated by Theiler.
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