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Abstract

In the following review, we describe the types of phenotyp-
ic changes to the neocortex that occur over the longer time
scale of evolution, and over the shorter time scale of an indi-
vidual lifetime. To understand how phenotypic variability
emerges in the neocortex, it is important to consider the cor-
tex as part of an integrated system of the brain, the body, the
environment in which the brain and body develops and
evolves, and the affordances available within a particular en-
vironmental context; changes in any part of this brain/body/
environment network impact the neocortex. We provide
data from comparative studies on a wide variety of mammals
that demonstrate that body morphology, the sensory epi-
thelium, and the use of a particular morphological structure
have a profound impact on neocortical organization and
connections. We then discuss the genetic and epigenetic
factors that contribute to the development of the neocortex,
as well as the role of spontaneous and sensory driven activ-
ity in constructing a nervous system. Although the evolution
of the neocortex cannot be studied directly, studies in which
developmental processes are experimentally manipulated

provide importantinsightsinto how phenotypic transforma-
tions could occur over the course of evolution and demon-
strate that relatively small alterations to the body and/or the
environment in which an individual develops can manifest
as large changes to the neocortex. Finally, we discuss how
these phenotypic alterations to the neocortex impact an im-
portant target of selection — behavior.
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Introduction

How does the neocortex evolve from a simple form
with few cortical fields, present in our early ancestors, to
a complex form with multiple, interconnected cortical
fields as evidenced in a number of extant mammals? While
it is tempting to answer this question from a purely evo-
lutionary perspective, it is important to keep in mind that
there are many timescales over which phenotypic change
can emerge. One is the long evolutionary time scale in
which alterations in the phenotype occur over thousands
to millions of years. Another is over much shorter time
scales such as generations, years, days, and even seconds;
the shortest occurring at the synaptic level with potentia-
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Fig. 1. The developmental cascade. Example of the development of
a single hypothetical brain region illustrating how different devel-
opmental processes cascade in time (x-axis), beginning with initial
genetic processes such as cell type specification and proliferation.
Each process has a window of influence (y-axis) where intrinsic
(genetic) or extrinsic (environmental/epigenetic) factors can im-
pact brain development. For example, an alteration in genes which
regulate cell cycle kinetics during neurogenesis could result in larg-
er progenitor pools and affect the overall size of a brain region,
such as the neocortex. Moreover, differences in the developmental
stage at which a species is born (blue and red vertical lines) would
determine the extent to which the environment and sensory driv-
en activity impacts development.

tion and protein synthesis. Indeed, we have previously ar-
gued that phenotypic changes occurring over shorter tim-
escales can masquerade as evolutionary transformations if
the context in which an animal develops is static for long
periods of time [Krubitzer and Stolzenberg, 2014]. While
evolutionary transformations are due to changes in DNA
sequence or patterns of stable epigenetic marks, resulting
in altered brain or body morphology and function, phe-
notypic modifications occurring over shorter time scales
are due to multiple factors inexorably tied to the context
in which the brain and body develop, and ultimately live.
Both the evolutionary and developmental timescales
heavily influence the number, size and connectivity of
cortical fields, while very short timescales have less of an
impact on large-scale features of cortical organization.
During development, the in utero environment and the
stage at which an animal is born determines the extent to
which sensory input can impact the cortical phenotype
(Fig. 1). In addition, the overall environmental context in-
cluding temperature, toxins present, sensory stimuli and
available affordances also impact the brain and the body.
Therefore, to understand how phenotypic change occurs
in any part of the brain we must consider the brain and
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body as parts of a single interacting entity, the organism,
behaving in and being influenced by the environment in
which it resides and develops.

The Body and the Environment Alter the Brain over
Long and Short Timescales

To appreciate how the body and the environment im-
pact the cortical phenotype over longer timescales, we can
examine a variety of species with different sensory, mor-
phological, and neocortical specializations that live and
behave in unique environmental contexts with different
affordances. Some of the best examples are found in spe-
cies with extreme specializations, occupying different
niches (e.g., aquatic, arboreal, burrowing), such as the
duck-billed platypus [Krubitzer et al., 1995], the star
nosed mole [Catania and Kaas, 1996], and the blind mole
rat [Necker et al., 1992). For instance, the platypus has a
unique bill lined with rows of mechanosensory and elec-
trosensory receptors [Pettigrew, 1999]. When engaging
in important, ethologically relevant behaviors such as
feeding, navigating and mating, it closes its eyes, ears, and
nose; receiving all information about the world almost
exclusively through the receptors on its bill [Manger and
Pettigrew, 1995]. When somatosensory cortex is exam-
ined using electrophysiological recording techniques, it is
found to be dominated by the representation of the bill.
In fact, almost 90% of primary somatosensory cortex (S1)
is devoted to processing inputs from the bill, and about
60% of the entire cortical sheet is dominated by the rep-
resentation of the bill. Similar types of cortical magnifica-
tion are observed in other mammals. For example, in S1,
there is an enlarged representation of nose rays in the
star-nosed mole, who forages for small invertebrates us-
ing its exquisitely sensitive tactile “nose” [Catania and
Kaas, 1995]. An enlarged representation of the incisors
characterizes the representation of S1 in naked mole rats
who live in underground highways and use their incisors
to dig extensive tunnel networks, carry objects and young,
chew, and investigate their surroundings by tapping their
incisors against objects of interest [Catania and Remple,
2002]. These types of changes, where the structure and
function of the neocortex mirror the body, behavior, and
niche of the organism, have been observed to a greater or
lesser extent in every mammal examined for all sensory
systems [Krubitzer, 2007], and in part, are the product of
evolutionary changes to peripheral morphology and sen-
sory epithelia (e.g., evolving from a snout to a bill with
electroreceptors).
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The magnification associated with peripheral mor-
phological specializations is not limited to the cortex but
is also observed in the dorsal thalamus. For example, in
the platypus, the dorsal thalamus is dominated by the
ventral posterior nucleus [Ashwell, 2012; Mikula et al.,
2008]; so much so that it is difficult to identify other ma-
jor relay nuclei (lateral geniculate nucleus [LGN], medial
geniculate nucleus). Similarly, in the blind mole rat, the
LGN is extremely small and undifferentiated [Rehkam-
per et al., 1994], while the ventral posterior nucleus is en-
larged. Conversely, in species that rely heavily on vision,
like the arboreal grey squirrel, the LGN and pulvinar oc-
cupy a large portion of the dorsal thalamus, an uncom-
mon feature of the thalamus compared to commonly
studied terrestrial, whisking rodent models [Baldwin et
al., 2011; Robson and Hall, 1977; Wong and Kaas, 2008].
Interestingly, the relative magnification of the pulvinar
complex has independently evolved in other mammals
that rely heavily on vision such as primates and carni-
vores, which both exhibit a relatively larger pulvinar com-
plex volume-to-brain-weight ratio compared to rodents
[Chalfin et al., 2007]. Clearly, an animal’s ability to navi-
gate in and explore its environment is a driving force of
selection. Thus, evolution has tinkered with both the
body plan that allows mammals to interact and move in
the environment, and with sensory receptor array type
and structure, which determines the type and magnitude
of sensory stimuli that is captured and transduced; in
turn, both factors impact brain organization.

These evolutionary changes to the brain and body have
resulted in species adaptations suited for environments
that persist over long timescales (i.e., the more stable as-
pects of an organism’s environment, such as the platypus
hunting in muddy water, or a star nosed mole catching
small prey in a subterranean environment). Over shorter
timescales (one or a few generations), similar, but less
dramatic, changes to the brain can occur. For example,
alterations in cortical field size, magnification of behav-
iorally relevant sensory surfaces, or alterations in repre-
sentations of muscle synergies in motor cortex can emerge
in dynamic physical and social environments with no
structural changes to the body. In humans, for example,
rapid migration of populations, changes in food sources,
or alterations in manual behaviors such as using key-
boards and texting can rapidly influence features of the
cortex noted above. These changes are observed across
sensory and motor systems and across species. For ex-
ample, rats who spent the first month of life in an en-
riched environment show an earlier expansion of the
forelimb representation in motor cortex compared to rats
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reared in standard laboratory conditions [Young et al.,
2012]. In humans born without arms and who use their
feet in a dexterous fashion, motor, somatosensory, and
posterior parietal cortex re-organizes to reflect the use of
their major effector (the feet) [Liu et al., 2020]. In audi-
tory cortex, Pantev et al. [1998] found that in skilled mu-
sicians (regardless of the instrument they play), there
were enlarged representations for piano tones, but not
pure tones, compared to individuals who had never
played an instrument, [Pantev et al., 1998]. Numerous
examples of this type of plasticity have been demonstrat-
ed in the visual system in different species. For example,
wild-caught rats have a greater density of neurons in area
17 compared to laboratory rats of the same strain - al-
though whether this effect is confined to a given cortical
layer or spans all layers is unknown [Campi et al., 2011].
In opossums reared in vertically striped cages, neurons in
V1 are preferentially tuned to striped stimuli [Dooley et
al., 2017]. These examples demonstrate that activity-driv-
en plasticity allows the neocortex to alter the function of
sensory and motor areas to match short time-scale envi-
ronments (see below). The social environment, which is
a complex extension of the sensory environment, also has
a strong influence on the rate and outcome of develop-
mental processes throughout the nervous system, but a
full discussion of this is beyond the scope of this review
[see Bales et al., 2018 for review on “social” touch during
development]. Lastly, since plasticity itself is a trait that is
selected for (e.g., meta-plasticity), we should note that
species may have varying levels of cortical plasticity due
to species-specific intracellular mechanisms and synaptic
transmission/modulation (e.g., species-specific develop-
mental trajectories of NMDAR subunit NR2A/NR2B ra-
tios) [Cho et al., 2009, Erzurumlu and Gaspar, 2012].
Functional changes that emerge over short time scales
are often, if not always, accompanied by alterations in an-
atomical connections. Thus, despite the constraints im-
posed on evolving and developing brains and bodies
[Krubitzer and Prescott, 2018], aspects of cortical organi-
zation and connectivity can change very rapidly over the
course of a lifetime. While extraordinary diversity in
brain organization and behavior can occur over shorter
timescales, it is important to note that there are limits to
this plasticity; the presence and relative location of a
number of cortical fields is maintained as are patterns of
cortical and subcortical connections. Furthermore, while
some aspects of body morphology can be influenced by
environmental factors (e.g., gravitational stress on bone
density and diet on orofacial morphology), to a large ex-
tent the body plan of a particular mammal and the limits
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imposed by joint configuration highly constrain the types
of cortical changes that can occur over shorter timescales
(see below).

What Factors Contribute to Phenotypic
Transformations over Different Time Scales?

Of course, over the longer evolutionary timescale,
changes to DNA sequence and species-specific epigenetic
markers are the main drivers of phenotypic change.
Changes to gene sequences occur via point or chromo-
somal mutations along with variation in copy number.
On the other hand, long-timescale epigenetics changes
alter gene expression without changing DNA sequence
through distinct histone acetylation or DNA methylation
patterns (e.g., some genes are methylated in some species
but not in others; Shulha et al. [2012]. Thus, both epigen-
etic and genetic changes alter the quantity and/or func-
tion of gene product over evolutionary time. These ge-
netic differences, which can alter cell cycle kinetics during
proliferative periods, are responsible for the orders of
magnitudes of difference in brain and body size between
species [Cardenas et al., 2018; Liu et al., 2017; Smaers et
al., 2021; Suzuki et al., 2018; Tomasello et al., 2021]. Fur-
thermore, changes to genetic sequence and epigenetic
markers can alter the graded expression of transcription
factors during cortical development (e.g., Emx2, Pax6,
Coup-TF1,Sp8), which in turn alters the number and
gross organization of cortical fields, and connections
[Cholfin and Rubenstein, 2008; Fukuchi-Shimogori and
Grove, 2001; Sur and Rubenstein, 2005]. This is also true
for genes that are involved in the construction of the
body. Homeobox genes (Hox) are a large family of highly
conserved genes involved in the development of the body
and limbs [Petit et al., 2017]. As with transcription factors
in the neocortex, changing the spatial and temporal pat-
terning of Hox genes can alter forelimb development pro-
foundly, as revealed in comparative studies of limb devel-
opment in bats versus mice [Cretekos et al., 2008; Petit et
al., 2017]. Changes in limb morphology, in turn, alter the
types of movements animals are capable of and the way
in which sensory receptor arrays interface with the envi-
ronment, which then manifest as differences in cortical
magnification (i.e., the size of the forelimb representation
in S1 of a bat vs. a mouse), in cortical and subcortical con-
nections, and functional changes in neural circuits.

Importantly, genetic changes that have a direct broad
scale effect on the size of the brain, particularly the neo-
cortex, also can impact the organization and connectivity
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of cortical fields. For instance, Florio et al. [2015] discov-
ered that the human-specific ARHGAP11B gene, the re-
sult of a duplication followed by a point mutation occur-
ring near the time of the human-chimpanzee split, con-
tributed to the expansion of the cortical sheet by
increasing the number of basal progenitors . Recently,
Heide et al. [2020] used a lentiviral vector to express the
human ARHGAP11B variant in marmoset monkeys. Ex-
tending Florio’s findings, this recent study found that ex-
pressing the human ARHGAP11B gene in marmoset fe-
tus brains resulted in an increase in the number of outer
subventricular zone (0SVZ) progenitors, an increased
number of upper layer neurons, and an expanded cortical
sheet. Together, these studies show how a long timescale
event, in this case a duplication and point mutation,
causes a cascade of events across neurodevelopment (in-
creasing progenitors in the oSVZ increases layer 2/3 neu-
rons and affects subsequent developmental events) (Fig.
1).

While the specific changes to connections and cortical
field organization caused by expressing the human ARH-
GAP11B variant in the laboratory have yet to be studied,
comparative studies indicate that increasing the relative
size of the cortical sheet impacts aspects of cortical orga-
nization. For example, while the absolute size of V1 scales
with brain size and the size of the retina across mammals,
the relative size of V1 to association areas has decreased
in humans [Arai and Pierani, 2014; Kaskan et al., 2005].
Further, the differential expansion of frontal, posterior
parietal, and inferotemporal cortex in humans compared
to other primates, suggests that as the neocortex increas-
es in size, there is not a simple scaling up of existing corti-
cal fields [Finlay and Uchiyama, 2015; Hill et al., 2010;
Van Essen, 2018; Van Essen and Dierker, 2007]. Rather,
there appears to be widespread alterations in the organi-
zation, number and size of cortical fields, and likely con-
nections as well [for review, see Halley and Krubitzer,
2019]. Given these examples, it is easy to imagine how
early and specific changes to DNA sequence, such as with
ARHGAP11B, initiates developmental cascades that lead
to global alterations to the neocortex. Yet direct changes
to the genome are not the only mechanism by which the
neocortex can be significantly altered. Epigenetic changes
including histone modifications, chromatin remodeling,
and posttranslational modifications can also strongly in-
fluence cortical neurogenesis [for review, see Adam and
Harwell, 2020], which could, in turn, orchestrate a similar
cascade of events as that described above.

In addition to genetic and epigenetic alterations to the
brain and the body, spontaneous and sensory-driven ac-
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tivity has a broad impact on subcortical and cortical or-
ganization and connectivity. For example, Gezelius et al.
[2017] found differential expression of genes that appear
to specify the location and identity of distinct thalamic
nuclei around embryonic day 14 in mice. Cells in these
putative thalamic sensory nuclei later exhibit gap junc-
tion-mediated spontaneous calcium waves that propa-
gate among nuclei, altering the patterns of other nuclei’s
calcium waves and triggering changes in thalamic gene
expression, which in turn alters the size of cortical fields
[Moreno-Juan et al., 2017]. Further, these calcium tran-
sients also play an important role in establishing the in-
ternal organization of cortical fields via thalamocortical-
corticothalamic interactions, since the elimination of the
calcium transients disrupts the initial columnar organiza-
tion of barrel cortex in mice and causes a delay in the
maturation of corticothalamic axons [Anton-Bolafios et
al., 2019; Moreno-Juan et al., 2020]. Perhaps the most im-
portant feature of spontaneous calcium waves is that they
are modulated by peripheral input. While this has only
been shown for the retina, it is probable that early spon-
taneous activity from somatosensory and auditory affer-
ents from the skin and cochlea affect thalamic calcium
waves in the same way. Regardless, the existence of pe-
ripheral control over thalamic and cortical patterning
shows that while early morphogens and transcription fac-
tors play an initial role in cortical patterning, evolution-
ary tinkering with the ratio of sensory inputs and associ-
ated afferents alone is enough to drastically change sub-
cortical and cortical structure and function. In summary,
altering the way genes are expressed in the brain and body
during development alters cell type, number, and loca-
tion. Cells then undergo specific processes in specific lo-
cations (such as transient calcium waves in the thalamus),
which then affect the development of brain regions (such
as patterning of the cortex) (Fig. 1). Although epigenetic
mechanisms also play a critical role in cortical develop-
ment by enhancing or repressing the expression of differ-
ent genes involved in brain and body development, alter-
ing where and when genes are expressed and the magni-
tude of their expression [Albert and Huttner, 2018; Elsen
et al., 2018; Kawaguchi, 2019], a full discussion of this is
beyond the scope of this review.

As described briefly at the beginning of this review,
environmental context during development (sensory
driven activity/affordances) also impacts cortical organi-
zation, connectivity, and functionality via activity-depen-
dent mechanisms and changes to epigenetic markers.
That is, neocortical structure and function are thought to
be altered in a way that reflects the sensory receptor array
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and how it is used. For instance, decades of research in
rats and mice have shown that the timing and type of vi-
sual experience onset controls the maturation and func-
tion of visual cortex via epigenetic activity-dependent
mechanisms [Dufty and Mitchell, 2013; Ishikawa et al.,
2014; Nott et al,, 2015; Tropea et al., 2006]. To give one
example, visual experience stimulates histone modifica-
tions near the transcription site of micro-RNA 132 (miR-
132) in visual cortical neurons, resulting in the upregula-
tion of the miR’s expression [Tognini et al., 2011]. Impor-
tantly, the level of miR-132 expression regulates a number
of developmental processes in primary visual cortex in-
cluding the maturation of dendritic spines and synaptic
transmission, both of which impact the receptive fields of
neurons in V1 [Mazziotti et al., 2017]. Thus, the miR-132
pathway provides one mechanism by which sensory ac-
tivity alters neocortical function. Sensory driven activity
also generates systems-level changes by altering inhibi-
tory parvalbumin (PV) networks, which play a key role in
refining neocortical sensory and motor maps [Lunghi et
al., 2015; Reh et al., 2020]. Dark rearing, monocular de-
privation, whisker trimming, and environmental enrich-
ment (i.e., changes in sensory driven activity within the
lifetime of an individual) have all been shown to alter the
maturation and function of PV-expressing inhibitory
networks. One mechanism by which this may occur in-
volves experience-dependent transsynaptic transfer of
gene products from sensory afferents to cortical areas.
Discovered by the Hensch lab, visual experience was
found to facilitate anterograde cell-to-cell transfer of ret-
ina-derived OTX2 homeoprotein through the LGN to vi-
sual cortex (V1) [Sugiyama et al., 2008]. Once aggregated
in visual cortex, OTX2 is taken up by PV cells, where it
regulates the visual critical period by affecting extracel-
lular matrix maturation [Rebsam and Mason, 2008; Beur-
deley et al., 2012]. Thus, either a change in visual experi-
ence, a change in the presence, absence, or number of
retinal afferents, or an epigenetic or genetic change to the
transcription rate of OTX2, all effect the accumulation of
the protein in visual cortex, thereby changing the dura-
tion of the visual critical period and ultimately the extent
to which visual cortex function is shaped by the environ-
ment.

On a network level, numerous studies which blocked
or weakened inhibitory neuron function, by using local
infusion of bicuculine into specific cortical areas, have
shown that altering levels of inhibition within cortical
fields in turn alters the size of functional representations
within those fields [Jacobs and Donoghue, 1991]. For in-
stance, Brown et al. [2020] recently showed that infusing
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Fig. 2. Altering the ratio of sensory inputs in short-tailed opossums via bilateral enucleation. a Diagram showing
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tion at postnatal day 4 (P4). b Image of P4 opossum. Scale bar is 1 mm. VZ, ventricular zone ; SVZ, subventricu-
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bicuculine into the motor cortex of rats during critical
periods of development expanded the forelimb area of the
motor map and altered the types of movements repre-
sented in motor cortex. While we limited our discussion
to a few key ways in which sensory experience alters cor-
tical area structure and function during short timescales,
there are numerous ways in which sensory-driven activ-
ity modulates cortical development. These activity-based
mechanisms (along with competition and self-organizing
principles not discussed here) appear to be conserved
across mammals, although species-specific differences in
the cortical epigenome during development are not well
studied [Kaschube et al., 2010]. At any rate, these chang-
es occur over shorter timescales but can persist for gen-
erations if the sensory context is static, or if they are in-
corporated into the genome or epigenome. For this incor-
poration to occur, the differences in the DNA sequence
or epigenetic marks that support these activity-depen-
dent alterations must first become stable in a population.
However, the transgenerational stability of allele frequen-
cies and epigenetic markers is not well-studied in the con-
text of the neocortex due to experimental constraints
(only mammals have a neocortex), long generation times
(even in mice), and the fact that genetics and epigenetics
are constrained by absolute time (e.g., mutation rates). As
the field of epigenetics continues to grow, we will gain the
knowledge required to determine the transgenerational
effects of experience on cortical development, organiza-
tion, and function. For example, comparative analysis of
area-specific (thalamus, cortex) single-cell sequencing
experiments in developing, closely related species will
solve many of the experimental difficulties posed by
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transgenerational studies. The experiments described in
the following section outline some of the changes to the
brain that can occur over short time scales compared with
similar alterations to the brain that occur over longer,
evolutionary timescales.

Mirroring Evolutionary Transformations with
Developmental Manipulations

Comparative studies provide important insights into
what happens when changes to developmental processes
occur over long timescales and elucidate the types of sys-
tems level changes that evolution has produced. To study
what these specific changes to developmental processes
may be, and where in the nervous system they occur, we
can “tweak” the nervous system in developing animals
and determine if we can produce a phenotype that is con-
sistent with what evolution has produced. Specifically, we
experimentally induced a complete loss of input from the
eyes to understand what happens to the neocortex when
the ratio of incoming sensory inputs is dramatically al-
tered, as is the case with extreme morphological special-
izations like the platypus and star-nosed mole. To accom-
plish this, our laboratory has worked on a highly altricial,
slowly developing mammal, the short-tailed opossum
(Monodelphis domestica). These animals have a well-de-
veloped visual system with a relatively large V1 compared
to mammals with similar sized brains (e.g., mice, voles).
We bilaterally enucleated opossums at early stages of de-
velopment (P4; Fig. 2), prior to the onset of spontaneous
activity in the retina, and well before ganglion cell axons
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Fig. 3. Experimental manipulations can generate cortical pheno-
types that resemble those produced naturally in evolution. a Image
of the duck-billed platypus (left) and flattened cortex showing the
approximate size and location of primary sensory cortical fields
(middle). A disproportionately large portion of the cortex is occu-
pied by somatosensory cortex. A large portion of the cortex is de-
voted to processing the bill (pink). Bar graph (right) shows the
percentage of cortex (y- axis) occupied by the bill and body repre-
sentation (x-axis), illustrating cortical magnification of the behav-
iorally relevant sensory organ. b Image of blind mole rat (left) and
illustration of flattened cortex (middle) showing that S1 occupies
a large proportion of the entire cortex and contains and enlarged
representation of the snout vibrissae and head (pink). V1 in these
animals has been co-opted by the auditory system. Bar graph
(right) shows the percentage of cortex devoted to processing in-
puts from the snout head, and vibrissae. ¢ Image of an early blind
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opossum (left) and corresponding illustration of flattened cortex
showing architectonically defined primary sensory fields. Like the
platypus and blind mole rat, a large proportion of cortex is devot-
ed to processing the snout, vibrissae, and head, compared to sight-
ed animals (pink). Like the blind mole rat, V1 in blind opossums
has been co-opted by another sensory system (the somatosensory
system). The bar graph to the right shows the percentage of cortex
that represents the head, vibrissae, and snout. d Image of a sighted
opossum (left) and flattened cortex with the location of V1, S1,and
Al (middle). Compared to early blind opossums, sighted animals
have much less neocortex devoted to processing inputs from the
snout, head, and vibrissae (bar graph; right). Illustrations and bar
graphs were constructed with data from Krubitzer et al. [1995],
Karlen et al. [2006], Kahn and Krubitzer [2002], Necker et al.
[1992]. S1, primary somatosensory cortex; V1, primary visual cor-
tex; A1, primary auditory cortex.
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have reached the diencephalon (P5-P7) and thalamocor-
tical axons have reached the developing cortex (P7 - P10;
Molnair et al. [1998]).

After animals reached adulthood, we examined the
size of cortical fields and thalamic nuclei, the functional
organization and connections of the cortex, and sensory
mediated behavior. We found that despite the complete
removal of all visual inputs, we could still identify a pri-
mary visual area (V1) by its architecture, although it was
extremely small [Kahn and Krubitzer, 2002). Functional
mapping using electrophysiological recording techniques
revealed that what would normally be V1 was co-opted
by the somatosensory and auditory systems [Kahn and
Krubitzer, 2002; Karlen et al., 2006]. Interestingly, neu-
rons in this reorganized V1 responded almost exclusively
to stimulation of the snout, face, vibrissae, and head.
More recent studies in bilaterally enucleated opossums
reveal functional changes response properties of neurons
in the primary somatosensory area (S1) as well. For ex-
ample, neurons in SI have smaller receptive fields and
greater discriminability compared to sighted animals
[Ramamurthy and Krubitzer, 2018]. Together, these al-
terations in the size and functional organization are rem-
iniscent of what evolution has produced in the platypus
and blind mole rat (Fig. 3). Specifically, like the platypus,
bilaterally enucleated opossums have a huge swath of cor-
tex that represents a behaviorally relevant sensory surface
(the whiskers; Fig. 3c). The reduced size of V1 that is co-
opted by the spared sensory systems in bilaterally enucle-
ated opossums is also reminiscent of blind mole rats, in
which V1 is reduced in size and has been co-opted by the
auditory system [Bronchti et al., 1989].

As observed in comparative studies, our experimental
studies show that alterations in the size and function of a
structure are not limited to the cortex but are observed in
the dorsal thalamus. To quantify these observations, we
measured the volume of principal sensory nuclei in the
thalamus: the dorsal lateral geniculate (LGNd: visual) and
ventral posterior nucleus (VP: somatosensory), of early
blind and sighted opossums by measuring the surface
area of each nucleus across coronally sectioned tissue
stained for either cytochrome oxidase, acetylcholinester-
ase, or NISSL substance. This investigation first con-
firmed previous work from our laboratory that the size of
LGNd is dramatically decreased in early blind opossums
both in absolute and relative size when scaled by brain
weight [Karlen and Krubitzer, 2009]. On the other hand,
in agreement with recent work in embryonically enucle-
ated mice, we found no difference in the absolute volume
of VP between early blind and sighted opossums (Fig. 4a).

Phenotypic Alterations in Cortical
Organization across Time Scales

However, when scaled by brain weight, thalamic and
brainstem volume, or by the size of another nucleus (me-
diodorsal), VP was significantly larger in early blind
opossums compared to sighted controls (Fig. 4b). Inter-
estingly, for individuals whose VP and S1 were measured,
we found a similar scaling relationship for the volume of
VP and the surface area of S1 for both early blind and
sighted opossums (Fig. 4c). Likewise, LGNd and V1
scaled similarly in blind and sighted opossums (Fig. 4d).
This was intriguing, as recent work has shown that high-
er-order cortical areas scale in size with primary cortical
fields, suggesting that thalamic nuclei, primary and high-
er order cortical fields all share a specific scaling relation-
ship [Zembrzycki et al., 2015]. Viewed through an evolu-
tionary lens, our thalamic and cortical measurement data
in short-tailed opossums shows that we can mimic evolu-
tionary phenotypes by tweaking particular neural struc-
tures at particular developmental stages. In this case, we
altered the ratio of sensory inputs experimentally. How-
ever, evolution has done this over the long timescale by
altering peripheral morphology and receptor arrays (e.g.,
duck billed platypus, star-nosed mole, and blind mole
rat). Importantly, our experimental manipulation dem-
onstrates that dramatic phenotypic changes to the cortex
and thalamus are possible by simply altering incoming
sensory input during early development, although this is
unlikely to be the sole driver of phenotypic change to the
cortex and thalamus.

In addition to alterations in cortical field/thalamic nu-
clei size and functional organization, there are significant
alterations in cortical and thalamocortical connections of
both the targeted system and the spared sensory systems.
V1 in bilaterally enucleated opossums still received input
from cortical fields and thalamic nuclei associated with
visual processing, as in sighted animals, but the density of
those inputs was decreased. This retention of visual path-
ways in the absence of functional vision is also observed
in naturally evolved mammals, such as the blind mole rat
[Cooper etal., 1993]. In addition to retained connections,
V1 in early blind animals had a variety of aberrant con-
nections from cortical and thalamic nuclei of the spared
sensory systems. For example, V1 received input from so-
matosensory (S1), auditory (A1) cortex, and frontal cor-
tex [Dooley and Krubitzer, 2019; Karlen et al., 2006). V1
also received input from thalamic nuclei associated with
somatosensory (ventral posterior nucleus) and auditory
processing (medial geniculate nucleus). These same
changes in subcortical inputs to V1 have also been re-
ported in anophthalmic mice [Chabot et al., 2008; Char-
bonneau et al., 2012]. Interestingly, the cortical connec-
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Fig. 4. Measurements of thalamic nuclei in early blind and sighted
opossums. Bar graphs show that early blind opossums (blue) have
a similar VP volume compared to sighted controls (gray) when
measured in absolute size (a) (p(14) = 0.505), but have a relatively
larger VP volume when scaled by brain weight (b) (p(14) = 0.01).
¢, d Early blind opossums exhibit a reduction in the size of LGN
when measured in absolute (p(24) < 0.001) or relative terms (p(24)
< 0.001). e Bar graphs showing that the size of VP scales with the
size of S1 equally in early blind and sighted animals (p(8) = 0.922).
f Similarly, LGN volume scales with the area size of V1 in both
groups (p(8) = 0.893). These results suggest a tight scaling relation-
ship between the volume of thalamic nuclei and the size of cortical
fields. Bar graphs are shown as mean with 95% confidence inter-
vals. VP, ventral posterior nucleus; LGN, lateral geniculate nucle-
us; S1, primary somatosensory cortex; V1, primary visual cortex.

tions of spared sensory systems were also altered in that
S1 received projections from auditory cortex, multimod-
al cortex and architectonically defined visual areas. While
the corticocortical connections of V1 in the blind mole rat
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have yet to be directly studied, 2-deoxyglucose and sub-
cortical tracing experiments have shown that auditory ac-
tivation of visual cortex appears to be mediated by projec-
tions from the inferior colliculus to the dLGN [Bronchti
et al.,, 2002; Doron and Wollberg, 1994]. Interestingly, in
anopthalmic mice and early enucleated hamsters, the
LGN also receives input from the inferior colliculus, a
structure associated with auditory processing [Bronchti
etal., 2002; Izraeli et al., 2002; Piché et al., 2004]. The true
similarities and differences in thalamic and cortical con-
nections between experimentally and evolutionarily pro-
duced phenotypes will need to be elucidated with ana-
tomical tracing experiments in blind mole rats.

Taken together, our experimental manipulations
(tweaks) in developing animals are consistent with the
types of changes naturally produced over longer time
scales. This leads to two conclusions. First, altering the
ratio of sensory input through genetically mediated
changes to sensory organs (e.g., eyes, cochlea, skin) that
have occurred over the long time scale of evolution could
induce massive changes to the neocortex and dorsal thal-
amus without direct genetic alterations to these struc-
tures. Second, large alterations could occur over short
timescales if the sensory inputs and environmental con-
text are altered (e.g., movement towards nocturnality,
cave dwelling, burrowing). The conditions under which
these short timescale alterations could occur have been
previously discussed [Krubitzer and Seelke, 2012].

What about Behavior?

While genes are heritable and are passed on through
generations, and have a causal effect linked to character-
istics of development and the ultimate phenotype that
emerges, genes are not the direct targets of selection.
Rather, genes co-vary with the targets of selection. It is the
behavior an animal generates, its morphological pheno-
type and even its extended phenotype that are the targets
of selection [Krubitzer and Seelke, 2012]. Thus, our labo-
ratory embarked on a series of experiments in which we
examined behavior mediated by the spared sensory sys-
tems in bilaterally enucleated animals. First, we trained
early blind and sighted opossums to perform a two-alter-
native force choice texture discrimination task and found
that early blind animals outperformed sighted animals in
discrimination accuracy (i.e., blind animals were more
sensitive to small differences in textures) [Ramamurthy
etal., 2021] (Fig. 5a, b). Second, we used a variable ladder
rung paradigm to study un-trained, naturalistic naviga-
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Fig. 5. Altering the ratio of sensory inputs alters behavior. a Illus-
tration of the two-choice Y-Maze task. Opossums were trained to
discriminate between different grits of sandpaper and rewarded
for correct decisions. b Line graphs showing accuracy in determin-
ing changes in grit size. Early blind opossums (blue) can discrimi-
nate between finer changes in texture than sighted opossums
(gray) (two-way ANOVA: p < 0.001). ¢ Illustrations of opossums
on the ladder rung task. When the whiskers are present, animals
show a standard posture, with a raised snout and long strides (left).
When the whiskers are trimmed, both early blind and sighted
opossums show a hunched posture (right). d Bar graph showing

tion in early blind and sighted opossums (Fig. 5¢). We
found that early blind opossums outperformed sighted
animals and had increased limb placement accuracy com-
pared to sighted controls, while showing similarities in

Phenotypic Alterations in Cortical
Organization across Time Scales

total error on the ladder task before and after whisker trimming.
Darker colors denote whisker-trimming scores. A main effect was
found for the presence of whiskers on performance (p = 0.004) and
for early blind opossums performing better than sighted controls
(p =0.007). e-g Bar graphs showing aspects of body posture dur-
ing ladder crossing, indicating that both animals adopted changes
in strategy when the whiskers were trimmed (e: p = 0.042, f: p =
0.004, g: p = 0.002). Bar graphs are shown as mean with boot-
strapped 95% confidence intervals. Figures reprinted with permis-
sion [Englund et al., 2020, Ramamurthy et al., 2021].

kinematics and crossing time [Englund et al., 2020] (Fig.
5d). Moreover, in both of these studies, whisker trimming
decreased accuracy and altered the strategies animals em-
ployed to complete the tasks. In the discrimination task,
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whisker-trimmed opossums closely contacted the walls of
the apparatus to gain sensory information. In the naviga-
tion task, animals compensated for the lack of whiskers
by holding their snout closer to the rungs and tapping the
rungs significantly more times to gain sensory informa-
tion. Also, in the ladder rung task, whisker trimming af-
fected early blind opossums to a greater extent than sight-
ed animals and forced smaller forelimb trajectories dur-
ing crossing and a more cautious approach to navigating
the ladder (Fig. 5e, f). These studies, along with those con-
ducted in other animal models and congenitally blind hu-
mans show that the loss of one sense leads to enhanced
performance on tasks involving the spared senses [Ric-
ciardi et al., 2014]. These enhanced tactile behaviors are
reminiscent of other mammals with specialized tactile be-
haviors such as the blind mole rat, mouse, and rat. Thus,
experimentally or naturally altering the ratio of sensory
inputs allows for specialized behavior, which can then be
selected on by the environment.

Conclusions

Above, we presented data from our own and other lab-
oratories showing how manipulations made to the devel-
oping nervous system can mirror evolutionary-produced
phenotypes in brain and behavior. By making these ma-
nipulations and comparing how they alter development
and ultimately the adult phenotype, we can learn where
and when evolution has tinkered with the developmental
program to create species-level variation. Yet the extent
to which these developmental tweaks recapitulate evolu-
tionary processes is still unknown. However, it is clear
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