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Abstract

The brains of mammals such as carnivores and primates contain developed structures
not found in the brains of mice. Uncovering the physiological importance,
developmental mechanisms and evolution of these structures using carnivores and
primates would greatly contribute to our understanding of the human brain and its
diseases. Although the anatomical and physiological properties of the brains of
carnivores and primates have been intensively examined, molecular investigations are
still limited. Recently, genetic techniques that can be applied to carnivores and primates
have been explored, and molecules whose expression patterns correspond to these
structures were reported. Furthermore, to investigate the functional importance of these
molecules, a rapid and efficient genetic manipulation method was established by
applying in utero electroporation to gyrencephalic carnivore ferrets. In this article, I
review recent advances in molecular investigations of the brains of carnivores and

primates, mainly focusing on ferrets (Mustela putorius furo).
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Introduction

Recently, carnivores and primates have attracted more attention from neuroscience
researchers than previously because molecular investigations of the brain using these
animals are becoming feasible. The brains of carnivores and primates contain developed
brain structures that mice do not seem to have. These structures include ocular
dominance columns (ODC) in the visual cortex, the magnocellular (M) and
parvocellular (P) pathways in the visual system, and the gyrus and outer subventricular
zone (OSVZ) of the cerebral cortex. Uncovering the physiological importance,
developmental mechanisms and evolution of these structures using carnivores and
primates would lead to our understanding of the human brain and its diseases, which are
often difficult to investigate using mice. Although the anatomical and physiological
properties have been intensively examined, molecular investigations of the formation,
function, pathophysiology and evolution of these structures are still limited. This is not
only because these structures are only poorly developed in mice, which are most
commonly used for molecular investigations of the brain, but also because genetic
methods that can be applied to carnivores and primates were poorly available until
recently.

To overcome these limitations, genetic techniques that can be applied to
carnivores and primates have been explored. Pioneering research projects have reported
successful application of virus vectors to make transgenic monkeys and marmosets
(Chan et al., 2001; Lois et al., 2002; Sasaki et al., 2009). The injection of a lentiviral
vector into marmoset embryos resulted in transgenic marmosets that expressed the
transgene in several organs (Sasaki et al., 2009). Notably, germ-line transmission of the

transgene was observed, and transgenic offspring developed normally (Sasaki et al.,



2009). Although the creation of transgenic marmosets provides a new animal model for
human disease (Okano et al., 2012), making transgenic animals takes time and effort,
and requires special animal facilities. Because it was desirable to establish a rapid and
simple genetic manipulation method for carnivores and primates, several groups
reported post-natal electroporation protocols for ferrets to express transgenes into the
retinal and superficial cortical neurons (Borrell, 2010; Huberman et al., 2005). To
achieve transgenic expression in most layers of the cerebral cortex in ferrets, we
successfully applied in utero electroporation to ferrets (Mustela putorius furo) as
discussed below (Kawasaki et al., 2012; Kawasaki et al., 2013). Combining the use of
transgenic primates and the genetic manipulation of ferrets would greatly facilitate our
understanding of the brain of higher mammals. In this article, | review recent advances

in molecular investigations of the brains of higher mammals, mainly focusing on ferrets.

The ferret as a model animal for investigating the cerebral cortex

The ferret, like the weasel, badger and skunk, belongs to Mustelidae, which is a family
of carnivorous mammals. They have an average length of about 50 cm and weight of
about 1-2 kg. Ferrets have a long history as animal model subjects because they have
developed brain structures that mice do not have. One of the most prominent features of
the ferret brain is the formation of folds in the cerebral cortex (Figure 1). Humans,
monkeys and ferrets have gyrencephalic brains (i.e. brains with a folded cerebral cortex),
while the brains of rodents are often lissencephalic (i.e. lacking cortical convolutions).
Although the mechanisms underlying the formation of the cortical gyrus still remain
unclear, it was proposed that the increased number of cortical neurons led to expansion

and folding of the cerebral cortex during evolution. It is therefore important to uncover



the mechanisms regulating the differentiation and proliferation of neural progenitors in
the cerebral cortex during development (Borrell and Reillo, 2012; Dehay and Kennedy,
2007; Fietz and Huttner, 2011; Hevner and Haydar, 2012; Lui et al., 2011; Molnar and
Clowry, 2012; Rakic, 2009).

Cortical neurons arise from radial glial cells (RG cells, also known as apical
progenitors/apical RG cells/ventricular RG cells), the epithelial stem cells that line the
cerebral ventricles and extend apical fibers and basal fibers (Malatesta et al., 2000;
Miyata et al., 2001; Noctor et al., 2001). RG cells in the ventricular zone (VZ) undergo
multiple rounds of asymmetric divisions and generate intermediate progenitor cells (IP
cells/basal progenitors) that migrate into the subventricular zone (SVZ) and further
proliferate to increase neuronal number (Haubensak et al., 2004; Noctor et al., 2004).
Corticogenesis in carnivores and primates is distinguished by the appearance of the
large SVZ that has an inner region (ISVZ) and an outer region (OSVZ), often split by a
thin layer of fibers, called the inner fiber layer (IFL) (Smart et al., 2002; Zecevic et al.,
2005). Recent studies identified a novel class of progenitor cells found in the OSVZ,
termed OSVZ radial glial cells (oRG cells, also known as outer RG cells/basal RG
cells/intermediate RG cells/translocating RG cells) (Fietz et al., 2010; Hansen et al.,
2010; Reillo et al., 2011). Unlike RG cells in the VZ, oRG cells are unipolar, with a
basal fiber that ascends toward the pia without an apical fiber that descends toward the
ventricle. Because a major underlying cause of the expansion and gyrification of the
cerebral cortex could be the increase in population size of neural progenitors in the
OSVZ, a specialized germinal zone characteristic of higher mammals, it is important to
investigate the mechanisms underlying the proliferation and differentiation of neural

progenitors in the OSVZ. The ferret is a good option for investigating such mechanisms,



given that genetic manipulation using ferrets has become feasible (Borrell, 2010;
Kawasaki et al., 2012; Kawasaki et al., 2013; Nonaka-Kinoshita et al., 2013; Pilz et al.,
2013; Reillo et al., 2011). Recent studies reported genes expressed in the VZ and SVZ
of mice and in various regions of the cerebral cortex in monkeys (Ayoub et al., 2011,
Bernard et al., 2012). Manipulating these genes in ferrets would potentially uncover the
mechanisms underlying the formation of the gyrus and the OSVZ in the cerebral cortex.
In addition, because recent studies identified oRG-like progenitors in mice and
marmosets, these animals also seem useful for examining the development of oRG cells
(Garcia-Moreno et al., 2012; Kelava et al., 2011; Shitamukai et al., 2011; Wang et al.,
2011). The identification of molecules whose expression patterns correspond to brain
structures unique to carnivores and primates would facilitate our understanding of the
development, function, pathophysiology and evolution of the brain. In addition, because
a recent report uncovered four distinct morphologies of o0RG cells in macaque (Betizeau
et al.,, 2013), it would be intriguing to express GFP in oRG cells and examine the
morphological diversity of oRG cells in ferrets.

Neuronal migration has also been examined using the cerebral cortex of
ferrets (Anderson et al., 2002; Borrell et al., 2006; O'Rourke et al., 1997; O'Rourke et al.,
1992; O'Rourke et al., 1995). Time-lapse confocal microscopy using cultured cortical
slices showed that the majority of cells migrated along radial fibers, whereas a fraction
of cells migrated orthogonal to the radial fibers (O'Rourke et al., 1992). After in vivo Dil
focal injection, labeled cells migrated in all directions and over long distances
(O'Rourke et al., 1997). These results suggest that cortical cells migrate not only

radially but also non-radially, which may result in tangential dispersion.



The ferret as a model animal for investigating the visual cortex

Using the developed visual system of carnivores and primates, key concepts related to
the intrinsic and extrinsic factors responsible for brain development have been
intensively investigated (Chalupa and Werner, 2003). For example, anatomical and
molecular properties of ocular dominance columns (ODCs) and retinogeniculate
projections, physiological descriptions of visual cortical responses, and the dendritic
morphology of neurons have been uncovered (Callaway and Katz, 1993; Crowley and
Katz, 1999, 2000; Horch and Katz, 2002; Huberman et al., 2005; Iwai et al., 2013;
Kawasaki et al., 2004; Matsui et al., 2013; Usrey et al., 2003; Yu et al., 2005). Hubel
and Wiesel initially uncovered ODCs in the primary visual cortex (V1) of cats in the
early 1960s (Figure 2) (Hubel and Wiesel, 1962). Cortical neurons in V1 are activated
differentially by the two eyes, and those cells with similar eye preference are grouped
together into cortical columns in V1. This results from the segregation of left and right
eye-specific lateral geniculate nucleus (LGN) axons into alternating stripes in cortical
layer 4 of V1 (Figure 2). Notably, ODCs in V1 are observed in primates and carnivores
including ferrets, but not in mice. ODCs can be revealed with electrophysiological
techniques and trans-neuronal tracers such as tritiated amino acids. Although it has been
assumed that ODCs are important in binocular vision, it is still unclear whether ODCs
are functionally important or are just a byproduct.

ODCs in ferrets, cats and monkeys have been used for studying
developmental plasticity. Monocular eye closure during the first few months of life - the
critical period - decreased the number of neurons activated by the closed eye and
increased the number of neurons activated by the intact open eye (Wiesel and Hubel,

1963, 19654, b). The investigations of the effects of monocular eye closure suggested



that pre-existing connections are substantially modified by an activity-dependent
competitive process. Interestingly, visualization of geniculocortical axons by direct
tracer injections into the LGN of early postnatal ferrets revealed segregated ODCs
before the critical period (Crowley and Katz, 2000). These pioneering discoveries
clearly distinguished between the innate mechanisms that guide the initial formation of
cortical architecture and the experience-dependent, competition-based mechanisms

responsible for their later modification during the critical period.

The ferret as a model animal for investigating the retinogeniculate system

The visual information detected by the retina is transferred to the LGN by the
retinogeniculate projection. This retinogeniculate projection contains several distinct
properties including eye specificity, ON/OFF responses and
magnocellular/parvocellular/koniocellular (M/P/K) responses.

Using eye-specific projection in ferrets, the mechanisms underlying the
activity-dependent development of connections have been investigated. In adult
mammals, retinal ganglion cell (RGC) axons from the two eyes are segregated into
eye-specific regions in the LGN (Figure 3). However, when retinogeniculate projections
are initially formed early in development, RGC axons from the two eyes are
intermingled in the LGN (Figure 3). After this initial formation, the refinement of RGC
axons proceeds to make distinct eye-specific regions during development before vision
occurs (eye-specific segregation). Eye-specific segregation requires spontaneous retinal
activity called retinal waves, as monocular blockade of retinal waves prevents
eye-specific segregation in the LGN (Penn et al., 1998). Projection from the intact retina

is greatly expanded, whereas that from the inhibited retina is substantially reduced.



These results suggest that spontaneous activity can produce highly stereotyped patterns
of projections prior to visual experience (Huberman et al., 2003; Penn et al., 1998). It is
believed that the firing patterns of retinal waves provide the appropriate spatial and
temporal properties to guide the refinement of retinogeniculate projections (Meister et
al., 1991). Retinal waves are seen during the same period as eye-specific segregation in
the LGN and subside gradually as the connectivity of retinogeniculate projections
stabilizes (Wong et al., 1993). Because, in addition to ferrets, mice also have
eye-specific projections, mice are becoming much more popular for examining the
mechanisms of eye-specific segregation during development (Chen and Regehr, 2000;
Demas et al., 2006; Hayakawa and Kawasaki, 2010; Iwai and Kawasaki, 2009; Upton et
al., 1999).

In contrast to eye-specific projections, the ON/OFF pathways and the M/P/K
pathways are much more prominent in the retinogeniculate projections in ferrets than in
mice. For example, ON cells and OFF cells are spatially intermingled in the mouse
LGN whereas they are segregated into ON and OFF sublaminae in the ferret LGN
(Stryker and Zahs, 1983). Using these ON and OFF sublaminae, the mechanisms
underlying the formation of ON/OFF segregation in the ferret LGN have been examined.
Pharmacological experiments showed that NMDA receptors are involved in ON/OFF
segregation (Hahm et al., 1991). Downstream mediators of the NMDA receptor
signaling seem to be nitric oxide (NO) and soluble guanylyl cyclase (sGC), because
ON/OFF segregation was inhibited by the NO synthase inhibitor L-NoArg and ODQ), a
specific inhibitor of sSGC (Cramer et al., 1996; Leamey et al., 2001). It is likely that
calcium influx through NMDA receptors activates NO synthase, resulting in activation

of sGC during ON/OFF segregation in the LGN during development. It would be



important to investigate whether NO and sGC work presynaptically or postsynaptically.
It should be noted that NMDA receptors are crucial for the ON/OFF segregation of
retinogeniculate axons, while they are irrelevant to the eye-specific segregation of
retinogeniculate axons in the ferret LGN (Smetters et al., 1994). There seem to be
distinct mechanisms underlying different types of segregation of retinogeniculate axons

in the ferret LGN.

The ferret as a model animal for investigating the parallel visual pathways

The magnocellular/parvocellular/koniocellular parallel visual pathways are also more
developed in higher mammals than in mice. Visual information detected by the retina is
conveyed to V1 via the LGN along parallel visual pathways. The parallel visual
pathways are composed of three pathways with distinct anatomical and physiological
characteristics. The three pathways are known as the X, Y, and W pathways in
carnivores and are also known as the parvocellular (P), magnocellular (M), and
koniocellular (K) pathways in primates (DeYoe and Van Essen, 1988; Felleman and Van
Essen, 1991; Hendry and Reid, 2000; Jones, 2007; Livingstone and Hubel, 1987;
Maunsell, 1992; Nassi and Callaway, 2009; Sherman and Guillery, 2004; Sherman and
Spear, 1982; Wassle, 2004). It has been proposed that these parallel visual pathways
make different contributions to visual perception. The visual capabilities of monkeys
were examined after selectively damaging either the M or P layers of the LGN. Damage
to the M layers has little effect on visual acuity or color vision, but markedly reduces
the ability to recognize moving stimuli. In contrast, damage to the P layers does not
show apparent effects on motion perception but strongly impairs visual acuity and color

perception. Thus, the visual information conveyed by the P pathway is important for the
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detailed analysis of the shape, size, and color of objects, whereas the M pathway is
mainly concerned with information about the movement of objects.

In order to investigate the developed brain structures unique to higher
mammals, it is important to identify molecules whose expression patterns correspond to
these structures. Several groups including us have identified such molecules using
carnivores and primates (Bernard et al., 2012; Iwai et al., 2013; Johnson et al., 2009;
Kawasaki et al., 2004; Mashiko et al., 2012; Murray et al., 2008; Yamamori, 2011).
Recently, we uncovered that the Forkhead transcription factor FoxP2 is selectively
expressed in X cells of the adult ferret dALGN and in the P layers of the adult monkey
LGN (lwai et al,, 2013). There is a longstanding question about the relationship
between M and P cells in primates and Y and X cells in carnivores. It has been
suggested that X and Y cells in carnivores are comparable with P and M cells in
primates, respectively, while an alternative view is that X and Y cells are homologous to
linear and non-linear M cells, respectively, and that P cells are unique to primates
(Kaplan, 2004). Our findings that FoxP2 is selectively expressed in X cells in the ferret
LGN and the P layers in the monkey LGN provide new evidence for a homology
between X cells of ferrets and P cells of monkeys (Iwai et al., 2013). It would be
intriguing to examine the role of FoxP2 in the development of X cells in carnivores and
the P layers in primates because the molecular mechanisms underlying the formation of
the parallel visual pathways during development are still unknown. Clinical
investigation of the KE family, whose members have a mutated FOXP2 gene, would be
informative. Another application of FoxP2 would be the characterization of the FoxP2
promoter, which may enable us to express genes of interest in the P pathway in the LGN

selectively. A deeper understanding of the parallel visual pathways will provide not only
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information about visual recognition but will also contribute to our understanding of the
evolution of the visual system and the general mechanisms by which the brain integrates
information from multiple sources to create a unified, coherent percept of the external

world.

Other studies using the ferret as a model animal

Rewiring of axonal projections was also revealed using the visual system of ferrets.
(Angelucci et al., 1997; Roe et al., 1993; Roe et al., 1992; Sur et al., 1988). Following
neonatal surgical manipulations, retinogeniculate axons can be induced to innervate the
auditory thalamus (Sur et al., 1988). Importantly, visual responses can be recorded in
the primary auditory cortex (Sur et al., 1988). Like cells in the normal primary visual
cortex, cells in the primary auditory cortex of rewired animals exhibit orientation and
direction selectivity and have simple and complex receptive field organizations (Roe et
al., 1992). Among the three types of retinal ganglion cells (X, Y and W cells) of ferrets,
W cells are mainly responsible for this rewiring (Roe et al., 1993). Interestingly, the
eye-specific projection pattern in the LGN, which is one of the typical selective
projection patterns in the visual system as discussed above, is recapitulated in the
auditory thalamus of rewired ferrets (Angelucci et al., 1997). These results suggest that

functional circuits are reconstituted in the auditory thalamus of rewired ferrets.

Genetic manipulation of ferrets using in utero electroporation
Although the creation of transgenic marmosets provided a new animal model for human
disease (Okano et al., 2012), it was desirable to establish much more rapid and simple

genetic manipulation methods for carnivores and primates. In utero electroporation is
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well known to be a useful technique to express genes of interest in the living rodent
brain (Ako et al., 2011; Fukuchi-Shimogori and Grove, 2001; Saito and Nakatsuiji,
2001; Sehara et al., 2010; Tabata and Nakajima, 2001). Because successful application
of in utero electroporation in carnivores and primates had not been achieved, we
recently developed and validated a rapid and efficient procedure for in utero
electroporation for ferrets (Figure 4) (Kawasaki et al., 2012; Kawasaki et al., 2013).
Using our procedure, transgene-expressing ferret babies can be obtained within a couple
of days after electroporation. Expression of transgenes is detectable in the embryo and
is observed as long as at least 2 months after birth. Transgenes can be expressed in both
superficial and deep cortical neurons, depending on when electroporation is performed.
Electroporation is performed at E31 and E37 to express transgenes in superficial and
deep cortical neurons, respectively. Our method allows for the transfection of not only
post-mitotic neurons but also neural progenitors, which include radial glial cells in the
ventricular zone, outer radial glial cells in the OSVZ, and intermediate progenitor cells
(Kawasaki et al., 2012; Kawasaki et al., 2013). Because the OSVZ in the developing
cerebral cortex is especially prominent in gyrencephalic mammals, it would be
intriguing to examine the mechanisms of OSVZ formation and the roles of the OSVZ in
the formation of the gyrencephalic cortex.

In utero electroporation is useful not only for investigating molecular
mechanisms but also for uncovering novel neuronal circuitry (Sehara et al., 2010;
Sehara et al., 2012). Corticogenesis in monkeys and humans is distinguished by the
appearance of the inner fiber layer (IFL), a thin layer of fibers located between the
ISVZ and the OSVZ in the developmental cortex (Smart et al., 2002; Zecevic et al.,

2005). However, a previous study using ferrets failed to find an obvious fiber layer
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corresponding to the IFL of primates (Martinez-Cerdeno et al., 2012), and it was unclear
from which neurons the IFL is derived (Molnar and Clowry, 2012). Interestingly, when
we expressed GFP in layer 2/3 neurons in the ferret cerebral cortex using in utero
electroporation, GFP-positive fibers were observed in the inner OSVZ, suggesting that
ferrets do have the fiber layer corresponding to the IFL in primates (Kawasaki et al.,
2013). This result also suggests that the IFL is derived from cortical layer 2/3 neurons,
at least partially (Kawasaki et al., 2013). One intriguing hypothesis would be that an
increase in the number of layer 2/3 neurons during evolution resulted in the formation
of the thick bundle of the IFL.

In utero electroporation has several important features. First, it is easy to
express multiple genes simultaneously. When a mixture of GFP and mCherry
expression plasmids is used, most GFP-positive neurons are also positive for mCherry,
suggesting that co-transfection efficiencies are reasonably high. Second, transgenes can
be expressed in selected brain regions by adjusting the direction of electrodes and the
age at which electroporation is performed. Because of the results obtained using rodents
(Borrell et al., 2005; Garcia-Frigola et al., 2007; Hatanaka et al., 2004; Kataoka and
Shimogori, 2008; Nakahira and Yuasa, 2005; Soma et al., 2009), it seems reasonable to
speculate that genetic manipulation using in utero electroporation can be applied to
other brain regions such as the hippocampus, the thalamus, the retina and the amygdala
in ferrets. Third, because larger plasmids can be introduced using electroporation,
combining electroporation and cell-type specific promoters would be valuable to
regulate the distribution patterns of transgenes. For example, the ThylS promoter seems
useful for labeling neurons sparsely (Ako et al., 2011). Finally, it takes relatively little

time and effort to express genes of interest using in utero electroporation. It takes only a
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couple of days to make transfected ferrets. Because in utero electroporation is
applicable not only to rodents but also to carnivores, it could be also used in other
higher mammals such as primates.

In addition to in utero electroporation, it was reported that postnatal
electroporation was also a feasible method for expressing genes into the cerebral cortex
of ferrets (Borrell, 2010). However, gene expression using postnatal electroporation is
mostly observed in superficial layer 2/3 in the ferret cerebral cortex. The reason for this
seems to be that most cortical neurons had already moved into the cortical plate from
the ventricular zone when postnatal electroporation was carried out. Combining
postnatal and in utero electroporation, most of the cortical layers of ferrets can be
manipulated.

In addition, it seems useful to compare the properties of ferrets with those of
marmosets. About 8 babies are often born from one pregnant ferret mother, whereas 1-2
are born from a pregnant marmoset. This large number of babies per one pregnant
mother is an important advantage of using ferrets, and it is helpful for obtaining a
sufficient number of experimental samples. In addition, the gestation period of ferrets is
shorter than that of marmosets (ferrets, 42 days; marmosets, 150 days). Ferrets and
marmosets become sexually mature at about 8 months old and 14 months old,
respectively, and the average life span is 5-10 years in ferrets and 10-15 years in
marmosets. Therefore, the ferret is an interesting option for exploring developed brain

structures.

Conclusions

In this article, mainly focusing on ferrets, | have summarized recent advances in
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molecular investigations of the brain of higher mammals. Given that one of the ultimate
goals of neuroscience research is to understand the human brain, molecular
investigations of the brain of carnivores and primates are of great importance. Because a
rapid and simple genetic manipulation is now feasible using ferrets, the ferret is an

important option for neuroscience researchers.
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Figure Legends

Figure 1. The cerebral cortex of ferrets at P18. Note that cortical gyri are clearly

visible.

Figure 2. Schematic organization of ocular dominance columns in the primary visual
cortex (V1). Note that cortical neurons in different ODCs of V1 are activated
preferentially by one of the two eyes. LGN, lateral geniculate nucleus; ODC, ocular

dominance column; V1, primary visual cortex.

Figure 3. Eye-specific segregation of retinogeniculate projections in the LGN. RGC

axons from the two eyes are initially intermingled in the LGN (left) and then are

segregated into eye-specific regions (right) during development.

Figure 4. GFP expression in the ferret brain induced by in utero electroporation. An

example of the ferret brain that was electroporated at E32 and examined at P17.
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