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Abstract

Background: Anatomically and functionally distinct sensory and motor neocortical areas form during mammalian
development through a process called arealization. This process is believed to be reliant on both activity-
dependent and activity-independent mechanisms. Although both mechanisms are thought to function
concurrently during arealization, the nature of their interaction is not understood. To examine the potential
interplay of extrinsic activity-dependent mechanisms, such as sensory input, and intrinsic activity-independent
mechanisms, including gene expression in mouse neocortical development, we performed bilateral enucleations in
newborn mice and conducted anatomical and molecular analyses 10 days later. In this study, by surgically
removing the eyes of the newborn mouse, we examined whether early enucleation would impact normal gene
expression and the development of basic anatomical features such as intraneocortical connections and cortical
area boundaries in the first 10 days of life, before natural eye opening. We examined the acute effects of bilateral
enucleation on the lateral geniculate nucleus of the thalamus and the neocortical somatosensory-visual area
boundary through detailed analyses of intraneocortical connections and gene expression of six developmentally
regulated genes at postnatal day 10.

Results: Our results demonstrate short-term plasticity on postnatal day 10 resulting from the removal of the eyes
at birth, with changes in nuclear size and gene expression within the lateral geniculate nucleus as well as a shift in
intraneocortical connections and ephrin A5 expression at the somatosensory-visual boundary. In this report, we
highlight the correlation between positional shifts in ephrin A5 expression and improper refinement of
intraneocortical connections observed at the somatosensory-visual boundary in enucleates on postnatal day 10.

Conclusions: Bilateral enucleation induces a positional shift of both ephrin A5 expression and intraneocortical
projections at the somatosensory-visual border in only 10 days. These changes occur prior to natural eye opening,
suggesting a possible role of spontaneous retinal activity in area border formation within the neocortex. Through
these analyses, we gain a deeper understanding of how extrinsic activity-dependent mechanisms, particularly input
from sensory organs, are integrated with intrinsic activity-independent mechanisms to regulate neocortical
arealization and plasticity.
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Background
All mammalian behavior is generated and regulated by
the nervous system. In humans, the neocortex is the
structure within the nervous system that is responsible
for the complex integration of information, the ability to
utilize language, decision-making, motivation and other

high-level emotive-cognitive processes. The complexity
of the neocortex emerges during development through
arealization, when specific sensory and motor functional
units, or areas, are formed and connected to one
another and to sub-cortical nuclei through a vast and
complex network of intra- and extra-neocortical
connections.
Research on the developmental mechanisms that drive

arealization has been influenced by two alternative
hypotheses. Rakic [1] famously detailed his protomap
hypothesis, suggesting that the fates of different
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neocortical regions were pre-specified in early develop-
ment, by yet-to-be characterized molecules within the
proliferative zone. The alternate model, coined the pro-
tocortex hypothesis, emphasized the role of neural activ-
ity, via neocortically extrinsic thalamic sensory input, in
determining neocortical areal fate [2]. In the past 20
years, a consensus has formed in the field of neocortical
developmental biology that both activity-independent
cortically intrinsic mechanisms, such as gene expression,
and activity-dependent mechanisms that involve input
from the sensory organs via the dorsal thalamus interact
to form the cortical map. The exact nature of the inter-
action, however, is not known.
Despite this consensus, most studies focus on one side

of the argument or the other. For example, the notion
that the developing neocortex is patterned early in
development, regardless of driven sensory input, with
differential expression of genes during arealization is
highly supported [1,3-28]. Specifically, the areal pattern-
ing period (APP), or the time in which the major struc-
tural features of the developing sensory and motor areas
are established, has recently been described and defined
as from embryonic day (E) 16.5 to the third postnatal
day (P) in mice [28], prior to eye opening and active
whisking. Additionally, the absence of thalamocortical
afferents (TCAs) during the prenatal portion of the APP
(E16.5 to birth), such as in Gbx2 or Mash1 mutant
mice, leaves neocortical gene expression patterns unper-
turbed, downplaying the role of activity in neocortical
patterning [4,5,29]. However, Krubitzer and colleagues
demonstrated the impact of the removal of a sensory
receptor surface on arealization in an elegant series of
very early postnatal enucleation experiments in Mono-
delphis domestica. In these studies, clear expansions of
auditory and somatosensory cortical areas into visual
cortical regions were described in the adult [30-32].
Moreover, the relative use of different sensory modal-
ities has been correlated with relative areal size [33],
indicating that increased activity can also alter the corti-
cal map.
Although changes to the molecular properties of the

cortex (via knockout or electroporation studies) and
changes in activity from thalamic sensory inputs, includ-
ing spontaneous lateral geniculate nucleus (LGN) activ-
ity [34-36], can independently affect the cortical map
either during the APP or during the critical period, it is
important to better understand how one factor may
impact on the other. Molecular cortical gene expression
and spontaneous activity occur together very early in
development, during embryogenesis. In the visual sys-
tem, for example, spontaneous activity from the retina is
transmitted to the developing cortex via the thalamus as
early as E16 in mice and continues into the postnatal
stage [37,38]. Additionally, studies of gene expression

patterns suggest that the collaboration between intrinsic
and extrinsic factors is extensive; we have previously
shown that transcripts for several genes are present
throughout embryogenesis and the first three weeks of
life [28,39]. It is likely that each may be required in an
ongoing fashion to complete successive steps of arealiza-
tion, including those that are influenced by incoming
activity from sensory receptor surfaces. Studies of
chicken ovalbumin upstream promoter transcription fac-
tor 1 (COUP-TF1) have demonstrated multiple functions
in the development of the somatosensory cortex [40-42];
however, these reports did not address the possible
influence of afferent sensory input.
The visual cortex has been used extensively as a

model to study aspects of both the protocortex and pro-
tomap hypotheses, as changes in visual function can
easily be tracked through alterations at multiple levels of
the nervous system. Prior to eye opening, during preli-
minary developmental stages, neocortical gene expres-
sion is thought to drive initial arealization and targeting
of TCAs and ipsilateral intraneocortical connections
(INCs) [6,28,39,43,44], with eye opening and subsequent
sensory experience guiding detailed features of visual
cortex development [45]. The organization and connec-
tions of neurons within the visual cortex of visually
impaired animals display sparse abnormal subcortical
inputs from the posterior nuclei and the ventral lateral,
ventral posterior and anterior thalamic nuclei [46]. Ani-
mals lacking visual input display abnormal dendritic
spine density as well as altered gene expression and reg-
ulation [47,48]. Further evidence demonstrates that
bilateral enucleation during early development results in
reduced overall brain size, a reduction in the size the of
the primary visual cortex yet an increase in the size of
the somatosensory cortex, suggesting that the relative
sensory activity level determines major features of corti-
cal organization [32,49]. Although bilateral enucleation
as an experimental manipulation can affect multiple sys-
tems, it has been used extensively as a way to remove
retinal input to the developing brain [31,32,48,50].
In the present study we investigated the impact of

very early bilateral enucleation on the cortical expres-
sion of several genes that have been implicated in areali-
zation or topographic patterning, either through
mutation or correlative studies: Cadherin 8 (Cad8) pre-
viously shown to delineate distinct neural pathways and
cortical areas [51]; COUP-TF1, which is required for
proper regionalization and corticospinal motor neuron
differentiation [42,43]; ephrin A5, strongly expressed in
the putative somatosensory cortex and implicated in
topographic patterning [28,39,52,53]; inhibitor of DNA
binding 2 (Id2), a well-established gene to study posi-
tional identity [54]; LIM homeobox protein 2 (Lhx2),
required for regional specification [55]; and retinoic acid
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receptor related orphan receptor beta (RORß, also known
as RZRß), a highly specific marker for the primary sen-
sory areas [7]. We found that, with short-term survival
after enucleation from P0 to P10, the dorsal LGN
(dLGN), which normally receives direct retinal input,
was reduced in size with altered gene expression in the
nucleus. Anatomical ‘errors’ in the postnatal develop-
ment of INCs were present at the medial somatosen-
sory-visual (S-V) area boundary in the neocortices of
enucleated mice. These aberrant INCs stemming from
dye placements within the somatosensory cortex co-
registered with a positional shift in ephrin A5 expres-
sion. Our results demonstrate a link between altered
sensory input via bilateral enucleation and aberrant gene
expression and anatomical development in the neocor-
tex and suggest a possible role of spontaneous retinal
activity in the formation of the neocortical S-V area
boundary. In this report, we discuss the potential roles
that gene expression and sensory activity may play in
critical period plasticity as it relates to areal boundaries
and physiology.

Results
Temporary loss of vision early in life profoundly affects
the ability to process visual information [56-58].
Although studies in several species have elucidated the
physiological consequences of enucleation within the
visual cortex, little is known of the effects on the forma-
tion and maintenance of INCs between the visual cortex
and other cortical sensory regions. Similarly, more infor-
mation is needed on the relationships between input
from sensory receptors and regional and/or laminar-spe-
cific expression of genes with known functions in neo-
cortical development. In this report, we explore these
issues and present data gained through the use of bilat-
eral enucleation experiments in newborn mice. First, we
describe the alteration of gene expression within the
thalamus and cortex 10 days after enucleation. In situ
RNA hybridization (ISH) analyses were used to study
the expression of six genes with well-characterized
expression during embryogenesis and postnatal periods
and known or suspected functions in the topographic
organization or arealization of the neocortex: ephrin A5,
Id2, Cad8, COUP-TF1, Lhx2, and RZRß (for review see
[28,39]). We then report the alterations of INCs found
at the boundary of the visual (occipital) and somatosen-
sory (parietal) cortex of experimental animals and deter-
mine the correlation between the observed changes and
aberrant ephrin A5 expression. We quantified our
results through detailed anatomic measurement of INC
shifts and density differences in gene expression across
different regions of interest (ROIs) in control and enu-
cleated cortical tissue.

Bilateral enucleation perturbs thalamic gene expression
We initiated this study with an examination of the
effects of bilateral enucleation on the development of
the dLGN of the thalamus (Figure 1; arrows highlight
dLGN). Of the four genes we illustrate in the dLGN -
ephrin A5, Id2, Cad8 and COUP-TF1 - only Cad8 was
not expressed at P10 in the enucleated dLGN (Figure
1C2; arrow). Ephrin A5 expression in the dLGN of mice
has been documented previously in the first postnatal
week [59]; we have extended this finding to include
expression in the second postnatal week. At P10, tran-
scripts were found in a gradient of expression that was
highest ventrolaterally (Figure 1A1). In enucleated mice,
the area of ephrin A5 expression was decreased, with
expression detected most easily where the gradient was
highest (Figure 1A2). Id2 message was present at low
levels throughout the dLGN with a uniform distribution
at P10 (Figure 1B1). In the post-enucleation P10 dLGN,
the area of Id2 expression was reduced compared to
controls, correlating with the overall reduction in size of
the dLGN (Figure 1B2). Cad8 expression in the dLGN
at this age in the control (Figure 1C1) and experimental
(Figure 1C2) brains was light, with a comparison of
both sections demonstrating the reduction in size of the
nucleus. COUP-TF1 expression in the dLGN at P10 was
observed at strong levels throughout the nucleus (Figure
1D1). To the best of our knowledge, this analysis is the
first description of postnatal COUP-TF1 expression
within this nucleus. In brains from enucleated mice, the
area of COUP-TF1 expression within the dLGN
decreased noticeably in comparison to controls, possibly
as a result in the size reduction of the nucleus (Figure
1D2).
Several reports in the literature have documented that

eye removal can lead to a loss of volume in the dLGN
[60-66]. Our results support those conclusions while
demonstrating the rapid, 10-day onset of defects prior
to eye opening.

Neocortical gene expression 10 days after early bilateral
enucleation
Ephrin A5
In P10 controls, neocortical ephrin A5 expression was
largely absent from the frontal/motor cortex (Figure
2A1), but became pronounced in most cortical layers of
the somatosensory cortex (Figures 2A2-A3 and 3A1-
C1). Transcripts are excluded from medial regions adja-
cent to the cingulate/retrosplenial areas in control
brains (arrow in Figure 2A2); however, within a limited
domain of the parietal cortex, ephrin A5 expression was
observed extending medially towards the cingulate/ret-
rosplenial area in enucleates (arrow in Figure 2A6).
Although transcripts were present in enucleated brains
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Figure 1 Bilateral enucleation impacts gene expression in the dLGN. In situ RNA hybridization was used to determine the distribution of
transcripts for (A1-A2) ephrin A5, (B1-B2) Id2, (C1-C2) Cad8 and (D1-D2) COUP-TF1 at P10 in control (A1-D1) and enucleated (A2-D2) mouse
brains. All panels are high magnification views of the dLGN and surrounding regions of the dorsal thalamus of one hemisphere after sectioning
at 100 μm in the coronal plane. Arrows indicate the dLGN. Ephrin A5 is expressed in a gradient in the dLGN at this age that is highest in
ventrolateral regions (A1). Enucleation leads to a reduced area of expression of ephrin A5 in the nucleus (A2). The expression of Id2 is weak but
uniform throughout the dLGN (B1), and this expression area is reduced in size by enucleation (B2). Cad8 expression in the dLGN was weak at
this age in the control (C1) and absent in the enucleated brain (C2). COUP-TF1 expression was detected at moderate levels throughout the dLGN
(D1) and the region of dLGN expression was reduced following enucleation (D2). Panels A2-D2 demonstrate dLGN shrinkage after enucleation.
All sections are oriented with dorsal (D) up and lateral (L) to the right. Scale bar = 500 μm. Cad8: Cadherin-8; COUP-TFI: chicken ovalbumin
upstream promoter transcription factor 1; dLGN: dorsal lateral geniculate nucleus; Id2: inhibitor of DNA binding 2; P: postnatal day.
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in an ectopic position, it does not appear to be an
entirely new domain of expression but rather an exten-
sion of a more lateral expression domain (compare the
region of expression to the right of the arrow in control
Figure 2A2 with region of expression extending from

the arrow in enucleated Figure 2A6). In the sagittal
plane, ephrin A5 expression in this region in controls
appears as a band of expression within layers 4 and 5
that gradually emerged from the striped pattern present
in more caudal areas (Figure 3A1-C1; area between the

Figure 2 Neocortical expression of six genes at P10 in the control and enucleated mice. In situ RNA hybridization was used to determine
the distribution of transcripts for (A1-A8) ephrin A5, (B1-B8) Id2, (C1-C8) Cad8, (D1-D8) COUP-TF1, (E1-E8) Lhx2 and (F1-F8) RZRß at P10 in
control (left panel, columns 1-4) and enucleated (right panel, columns 5-8) brains as labeled. All panels are low magnification views of one
hemisphere after sectioning at 100 μm in the coronal plane, shown in a rostral to caudal (left to right) series for each gene. Ephrin A5 expression
in brains from control animals (A1-A4) was found predominantly in the parietal and occipital cortex, with noted exclusion medially (arrow in A2).
In brains from experimental animals, an atypical medial expansion of ephrin A5 expression was observed in the parietal cortex (arrow in A6).
Control Id2 expression was observed throughout the rostral/caudal extent of the cortex with very low levels in layer 4 (B1-B4), with no major
changes observed in enucleated brains (B5-B8). Cad8 expression was seen in a complex pattern with robust expression in several domains
medially and laterally (C1-C4), with no change in expression in enucleated brains (C5-C8). COUP-TF1 expression was observed in a gradient
throughout the cortex (D1-D4) and the level and distribution of transcripts observed in experimental brains (D5-D8) did not differ significantly
from controls. Lhx2 is present at low levels in superficial cortical layers in both control (E1-E4) and experimental (E5-E8) brains. RZRß showed
robust expression in layers 4/5 at all levels of the cortex (F1-F4), and this expression remained unchanged after enucleation (F5-F8). All sections
are oriented with dorsal (D) up and lateral (L) to the right. Scale bar = 1,000 μm. Cad8: Cadherin-8; COUP-TFI: chicken ovalbumin upstream
promoter transcription factor 1; dLGN: dorsal lateral geniculate nucleus; Id2: inhibitor of DNA binding 2; Lhx2: LIM homeobox protein 2; P: postnatal
day; RZRß: retinoic acid receptor related orphan receptor beta.
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horizontal and vertical arrows). There was also a notice-
able absence of expression in the superficial layers (Fig-
ure 3A1-C1; horizontal arrows). In contrast to the
controls, ephrin A5 expression in enucleated brains dis-
played robust expression in the upper cortical layers
(Figure 3A2-C2; horizontal arrows). The deeper band of
expression seen in the control brains remains visible in
the enucleated cortex as well (below the horizontal
arrows in Figure 3A2-C2). We also observed an ectopic

region of ephrin A5 expression in caudal layer 4 (Figure
3A2-C2; vertical arrows) where it was absent in controls
(Figure 3A1-C1; vertical arrows). Presumptive bound-
aries between the somatosensory and visual cortex are
marked with asterisks in the control and enucleated sec-
tions (Figure 3). This boundary in medial sagittal sec-
tions processed for ephrin A5 expression demonstrates a
rostral shift (compare asterisks in Figure 3A1-C1 and
3A2-C2). Sections stained for Nissl substance support

Figure 3 Early enucleation alters ephrin A5 expression in the neocortex. All panels are high magnification views of 100 μm sagittal sections
of P10 brain hemispheres following in situ RNA hybridization with probes directed against (A1-C1; A2-C2) ephrin A5, (D1-D2) Id2, (E1-E2) Cad8
and (F1-F2) RZRß. (G1-G2) Sagittal sections of 40 μm stained for Nissl substance. Sections shown in A1-C1 and A2-C2 are at a medial location
close to the midline, panels D1-D2 are mid-sagittal, and panels E1-E2 and F1-F2 show lateral sections. Ephrin A5 expression in the medial parietal
cortex of controls was observed in one uninterrupted band of expression within layers 4 and 5 (below left arrows in A1-C1), and no transcripts
were detected in the superficial layers (left arrows in A1-C1). In brains from enucleated animals, the expression of ephrin A5 was observed in the
superficial layers (left arrows in A2-C2) in addition to the band of expression in lower layers (below left arrows in A2-C2). An ectopic expression is
also present in caudal layer 4 (right arrows in A2-C2) and not present in the controls (right arrows in A1-C1). Expression patterns of Id2, Cad8
and RZRß in enucleated brains (D2-F2) show no significant differences from that of controls (D1-F1). Arrows in E1-E2 and F1-F2 denote the
location of the barrel field. Cortical layers are labeled by roman numerals in G1-G2. Asterisks indicate the presumptive S-V boundary. All sections
are oriented with dorsal (D) up and rostral (R) to the left. Scale bar = 1,000 μm. Cad8: Cadherin-8; Id2: inhibitor of DNA binding 2; P: postnatal day;
RZRß: retinoic acid receptor related orphan receptor beta; S-V: somatosensory-visual.
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laminar distinctions made in the ISH data (Figure 3G1,
control; 3G2, enucleated).
Id2
Expression of Id2 at P10 was observed at very low to
absent levels in layer 4 throughout the cortex, but pre-
sent at varying intensity in layers 2 to 3 and 5 to 6.
While frontal/motor regions did not show robust stain-
ing, expression was stronger in the more caudal regions
in P10 control brains, including the retrosplenial area
(Figure 2B1-B4). We did not detect any disturbances in
the distribution of Id2 transcripts in either the coronal
or sagittal plane in P10 enucleated brains (compare Fig-
ures 2B1-B4 to 2B5-B8, and 3D1 to 3D2). At this mid-
sagittal level, the S-V boundary remains stable after enu-
cleation (compare Figure 3D1 with3D2; asterisks).
Cad8
At P10, marked Cad8 expression was observed in super-
ficial layers of both the rostral and caudal cortex, over-
lapping extensively with the visual and motor cortices in
controls (Figures 2C1-C4 and 3E1). Cad8 expression is
also a useful marker to delineate the outlines of the bar-
rels in the somatosensory area (Figure 3E1; arrow). The
distribution of Cad8 transcripts in experimental brains
closely resembled that of controls, including the medial
parietal cortex (compare Figure 2C1-C4 with2C5-C8)
and the barrel field (compare Figure 3E1 with3E2;
arrows). These more lateral sections (Figure 3E1, 3E2,
chosen to highlight barrel field position) do not demon-
strate the presumptive shift in the areal boundary, as
this appears to be, at this age, a more medial phenotype
(compare Figure 3E1 with3E2; asterisks).
COUP-TFI
Expression of COUP-TFI in P10 control brains was
observed in a rostrolateral to caudolateral gradient with
strong expression in the caudolateral neocortex (Figure
2D1-D4). In brains from enucleated mice, we observed
COUP-TF1 expression to be comparable to the controls,
both in terms of the level and distribution of the mes-
sage (compare Figure 2D1-D4 and 2D5-D8).
Lhx2
At P10, the expression of Lhx2 was weak in control
brains, but present throughout the cortex, with tran-
scripts found primarily in superficial layers (Figure 2E1-
E4). In enucleated animals, cortical expression of Lhx2
showed no major alterations in either the distribution or
accumulation of transcripts (Figure 2E5-E8).
RZRß
In control brains, RZRß is strongly expressed in layer 4
of the visual, auditory and somatosensory areas at P10
(Figures 2F1-F4 and 3F1) and can be considered a mar-
ker for the primary areas [39]. We did not detect
changes in neocortical expression between controls and
enucleated mice (compare Figure 2F1-F4 to 2F5-F8 and
Figure 3F1 to 3F2). These more lateral sections (Figure

3F1, 3F2, chosen to highlight barrel field position) do
not demonstrate the presumptive shift in areal bound-
ary, as this appears to be, at this age, a more medial
phenotype (compare Figure 3F1, 3F2; asterisks).

Early bilateral enucleation alters intraneocortical
connectivity at the S-V border
Cortical areas and their boundaries are measured and
defined using several criteria. In addition to architec-
tonic description using patterns of Nissl or cyto-
chrome oxidase staining, the arrangement of INCs
within and among sensory areas has been used to
mark areal boundaries in the cortex [6,28,39]. In order
to determine the effects of early bilateral enucleation
on the development of INCs, 1,1’-dioctadecyl-3,3,3’,3’-
tetramethylindocarbocyanine perchlorate (DiI) and 4-
(4-(dihexadecylamino)styryl)-N-methylpyridinium
iodide (DiA) were utilized in postmortem brains of
P10 control mice and mice enucleated at birth. INC
tracing from a DiA dye placement location, or DPL, in
the parietal somatosensory cortex revealed retrogra-
dely labeled cells observed in positions rostral and
caudal to the DPL in control mouse brains (Figure
4A1-A5; green, DPL starred in A2). When DiI was
placed in occipital visual cortex of controls, INCs
were found at rostral and caudal locations relative to
the DPL (Figure 4A3-A5; red, DPL starred in A4) with
some uptake in axons in A3. In controls, a mixing or
overlap of cells at the S-V boundary was never
observed (Figure 4A3; arrow and reconstructed in A6,
box with inset). In P10 brains of mice enucleated at
P0, the global organization of INCs resembled that of
the controls (Figure 4B1-B5, 4C1-C5, D1-D5, E1-E5),
with the exception of a distinct mixing of labeled neu-
rons from the somatosensory and visual DPLs, which
created a nondescript, overlapping medial S-V bound-
ary region demonstrated both in the raw data (Figure
4B3-E3; arrows) and the cortical reconstruction (Fig-
ure 4B6-E6; boxes with insets). This mixing is pro-
duced from an atypical extension of labeling from the
somatosensory DPL into the rostral medial portion of
the visual cortex. Ten days without eyes does not
demonstrate global changes in the sensory map (com-
pare Figure 4A6, 4B6-E6); however, the positions of
INCs at the medial S-V boundary are impacted in this
acute enucleated period prior to eye opening. Despite
the shift of INCs at the S-V boundary in the enu-
cleated mouse neocortex, the TCAs appear grossly
unaltered (compare Figure 5A1 and 5A2; arrows des-
ignate retrogradely labeled cells in the LGN and ven-
tral posterior nucleus (VPN) in both representative
cases, verified by Nissl stain in B1-B2). Additionally,
tracing of TCAs demonstrated consistent and accurate
dye placement, ensuring that the altered areal
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boundaries observed in the enucleated subjects were
not artifacts of erroneous dye placements.

Co-registration of INCs and gene expression after
bilateral enucleation
By removing both eyes at birth, we not only altered the
expression of at least one well-characterized guidance
molecule, ephrin A5, but also disturbed the arrangement
of INCs at the S-V boundary. In order to better under-
stand the relationship between these two phenotypes,
we co-registered ephrin A5 gene expression with the
aberrant INCs at the S-V boundary (Figure 6). Expres-
sion of ephrin A5 appeared in the parietal cortex of con-
trol brains with pronounced medial exclusion in the
superficial layers, whereas the same region in the enu-
cleated mice displayed a medial expansion of the ephrin
A5 expression pattern (compare Figure 6A1-C1 and
6A2-C2; arrows). The S-V boundary visualized with DiI

and DiA tracing of INCs in the controls revealed an
extension of somatosensory labeling in the enucleates
(Figure 6D2, 6E2, F2; green labeling, from three DiA
DPLs in the somatosensory cortex), revealing an over-
lapping area of mixed red and green retrogradely labeled
cells that was not present in the controls (compare Fig-
ure 6D1-F1 and 6D2-F2; arrows). This region of altered
INC patterning (Figure 6D2-F2; arrows) co-registered
with the expansion of ephrin A5 expression observed in
enucleated brains (Figure 6A2-C2; arrows). In neocor-
tices of enucleated mice, somatosensory cortex INCs are
shifted medially into a territory that would normally be
visual cortex, and this shift is observed in both gene
expression and INC data (Figure 6, compare control
A1-F1 and enucleated A2-F2; arrows).
In order to quantify our results, we measured the den-

sity of cortical gene expression in two ROIs in control
and P10 enucleated brain tissue using the software

Figure 4 Ectopic INCs ten days after early enucleation. (A1-A5, B1-B5, C1-C5, D1-D5, E1-E5) Rostral to caudal series of 100 μm coronal
sections of P10 hemispheres following placement of DiA or DiI crystals in putative visual or somatosensory cortices to label INCs and (A6-E6)
flattened reconstructions of DPLs and INCs in control and enucleated brains. In the representative control brain, retrogradely labeled cells from a
DPL in the parietal somatosensory cortex are found rostral and caudal to the DPL (green labeling in A1-A3) and do not overlap with cells or
axons labeled by an occipital visual cortex DPL (red labeling in A3). The arrow in A3 indicates the region of non-overlap between the labeling
fields of the two areas, which represents the medial S-V areal boundary at P10. In brains from enucleated mice, retrogradely labeled cells from
the somatosensory DPL are found rostral and caudal to the DPL (green labeling in B1-B3, C1-C3, D1-D3, E1-E3). Labeled cells are also found in
more medial positions not seen in controls, resulting in an overlap with cells labeled by a visual DPL (regions at and below arrows in B3, C3, D3,
E3). This extension of the green label in B3, C3, D3, E3 (arrows) may represent a shift of the medial S-V boundary. These retrogradely labeled
green cells project to the somatosensory DPL, and are present in a region normally devoted to visual cortex. This shift of the medial boundary
of somatosensory cortex is illustrated in the lateral view reconstructions in B6, C6, D6, E6 (compare boxed regions and their magnified insets in
B6, C6, D6, E6 with boxed region and inset in A6 where no overlap exists). Colored regions in reconstructions: green: somatosensory DPL; red:
visual DPL; small green dots: retrogradely labeled cells from parietal somatosensory DPL; small red dots: retrogradely labeled cells from occipital
visual DPL; rectangular boxes: highlight S-V border region, magnified in inset. In rostral (left) to caudal (right) serial sections, dorsal is up and
medial is to the left. In the reconstructions, medial (M) is up and rostral (R) is to the left. Scale bars = 1,000 μm. Asterisks indicates DPL. DiA: 4-(4-
(dihexadecylamino)styryl)-N-methylpyridinium iodide; DiI: 1,1’-dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine perchlorate; DPL: dye placement
location; INC: ipsilateral intraneocortical connection; P: postnatal day; s: somatosensory areas; S-V: somatosensory-visual; v: visual cortex.
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program ImageJ. For each case analyzed, one ISH sec-
tion was chosen at a specific rostral-caudal level, and
this anatomical level was matched across all cases. The
border between ROI 1 and 2 was set at the medial
boundary of ephrin A5 expression, spanning across
layers 4 and 5 in coronal sections at the rostral-caudal
level shown in Figure 6. Each ROI was 750 × 600 μm,
with the locations drawn in Figure 7A. Two sample t-
test analyses were conducted to assess group differences
in ISH expression density, expressed as per cent area
fraction, between ROI 1 and 2 in both control and enu-
cleated tissue. A statistical comparison of transcript den-
sity showed a significant increase in ROI 1 of enucleated
cases (31.46 ± 2.19%; n = 7) when compared to control
tissue (0.49 ± 0.18%; n = 7; P < 0.001; Figure 7B). The
same comparison made between ROI 2 of enucleates
(61.29 ± 1.00%; n = 7) and controls (61.77 ± 1.18%; n =

7; P = 0.47; Figure 7C) revealed no significant differ-
ences. ROI 1 corresponds to the region of aberrant
ephrin A5 expression highlighted in Figure 6.
To quantify the observation of a shift in somatosen-

sory INCs at the S-V boundary, we measured the posi-
tion of the most medial labeled cell resulting from a
somatosensory dye placement as the distance from the
cortical midline edge using a high-precision micrometer
within the Zeiss Axiovision software program (Carl
Zeiss Inc., North America). All cases included in these
analyses had somatosensory DPLs that were precisely
and reliably placed using a dye placement grid [6]. Enu-
cleated animals exhibited a distinct extension of labeling
from the somatosensory cortex into what would nor-
mally be the visual cortex, resulting in a reduced dis-
tance to midline (0.46 ± 0.04 mm; n = 7) when
compared to controls (0.97 ± 0.04 mm; n = 7; P < 0.01;
Figure 8).
Collectively, our data indicate that alterations in gene

expression and INC patterns caused by a complete loss
of vision from enucleation are inter-related phenomena.
Loss of vision early in life resulted in atypical expression
of ephrin A5 in a specific domain of the parietal cortex,
a location that correlates with the natural S-V cortical
boundary. Changes in incoming sensory information, as
with removal of the eyes, can produce selective altera-
tions in cortical gene expression that may have rele-
vance for the development and refinement of neural
circuits at developing areal boundaries.

Discussion
The mechanisms underlying neocortical arealization
have become a central focus for many researchers in the
field of developmental neurobiology. The protocortex
versus protomap debate has been extensive, with the
existence of data supporting both arguments. Despite
our recent extensive lifespan analysis of INC develop-
ment in the mouse [28,39], how activity or genetic
mechanisms alter the development of murine INCs is an
understudied area of research. Of particular interest to
those in the fields of neocortical development, arealiza-
tion or plasticity is how spontaneous neural activity may
modify and interact with genetically mediated patterning
and arealization in the neocortex. With this report, we
attempt to better understand ways in which activity-
dependent and activity-independent processes interact at
the end of and after the APP in the mouse neocortex.
We eliminated all retinal input to the thalamus and neo-
cortex at birth via bilateral enucleation, and examined
both genetic (gene expression) and anatomical (INC,
Nissl) markers of arealization 10 days later. We
hypothesized that bilateral enucleation prior to mouse
eye opening would impact inter-areal boundary develop-
ment and intrinsic gene expression in the neocortex.

Figure 5 P0 enucleation does not dramatically alter the
sensory thalamic afferent position at P10. High magnification
views of 100 μm coronal hemisections of DAPI stained DiI/DIA
labeled sections and Nissl sections through the thalamus of (A1-B1)
P10 control and (A2-B2) enucleated brains. Retrograde
thalamocortical labeling in the dLGN and VPN was observed for
both (A1) control and (A2) experimental brains, which confirmed
that DPLs were within the visual and somatosensory cortices and
demonstrated no effect of enucleation. Alternate sections from P10
(B1) control and (B2) enucleated brains stained for Nissl substance
to aid in the verification of the nuclear retrograde label. The dLGN
and VPN are indicated with text and outlined in the Nissl sections.
Dorsal (D) is up and medial (M) is to the left. Scale bar = 500 μm.
DAPI: 4’,6-diamidine-2-phenylindole dihydrochloride; dLGN: dorsal
lateral geniculate nucleus; DiA: 4-(4-(dihexadecylamino)styryl)-N-
methylpyridinium iodide; DiI: 1,1’-dioctadecyl-3,3,3’,3’-
tetramethylindocarbocyanine perchlorate; DPL: dye placement
location; P: postnatal day; VPN: ventral posterior nucleus.
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Figure 6 Co-registration of gene expression and INCs at the S-V boundary in P10 control and enucleated mice. High magnification
views of 100 μm coronal hemisections following in situ RNA hybridization with a probe directed against ephrin A5 in P10 (A1-C1) control and
(A2-C2) enucleated mice. Tracing of INCs after placement of DiA or DiI in putative visual and somatosensory cortex in P10 (D1-F1) control
brains and (D2-F2) brains from enucleated mice. Sections in A1-A2, B1-B2, C1-C2 were matched with D1-D2, E1-E2, F1-F2 sections using
anatomical landmarks. In control brains, ephrin A5 expression is excluded from medial regions of the parietal cortex (arrows in A1-C1). This region
does not possess any retrogradely labeled cells from dye placement in the somatosensory cortex (absence of green labeling at arrow in D1, E1,
F1) but does contain retrogradely labeled cells and axons from a visual DPL (red labeling at and below arrow in D1, E1, F1). Following
enucleation, both ephrin A5 expression (A2-C2) and cells projecting to the somatosensory cortex (green labeling at arrow in D2-F2) were
observed medially in the parietal cortex, indicating that gene expression and INCs are co-registered. Dorsal (D) is up and lateral (L) is to the right.
Asterisks indicate the medial limit of ephrin A5 expression (A1-C1, A2-C2) or labeling from a somatosensory DPL (D1-F1, D2-F2). Scale bars =
1,000 μm. DiA: 4-(4-(dihexadecylamino)styryl)-N-methylpyridinium iodide; DiI: 1,1’-dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine perchlorate;
DPL: dye placement location; INC: ipsilateral intraneocortical connection; P: postnatal day; S-V: somatosensory-visual.
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Our data support these hypotheses and, interestingly,
demonstrate acute enucleation-induced changes in both
gene expression and INCs only at the natural boundary
between the somatosensory and visual cortex. Specifi-
cally, data gathered from in situ RNA hybridization of
six genes revealed a distinct shift in ephrin A5 expres-
sion in enucleated mice at the S-V boundary.

Complementary data following DiI or DiA crystal place-
ment within the visual and somatosensory cortices of
enucleated mice revealed that INC formation at the
medial S-V areal boundary exhibited an atypical mixing
of retrogradely labeled cells at the boundary, with cells
labeled from somatosensory dye placements extending
into an abnormal location. This extension of somatic
labeling correlated with an extension of ephrin A5
expression in the enucleated mouse neocortex. These
changes occurred without major alteration in the thala-
mic projections from the LGN and the VPN. Our data
suggest that early input from intact retinae may be
required for precise gene expression at the boundaries
between sensory areas. Although bilateral enucleation as
a technique may have additional effects on the develop-
ing nervous system, such as altered activity within the
LGN or the thalamocortical loop [35], our observed
effects in the cortex represent novel insights into poten-
tial interactions of intrinsic molecular processes and
sensory input. We believe that the interaction of input
and gene expression is important for the generation and
maintenance of areal boundaries, furthering ideas from
previous reports which have proposed that interplay
between the two stimulate activity-dependent circuit
maturation [8,45,48,67-69]. We have shown that a shift
in intraneocortical connections can occur as early as 10
days after a day-of-birth bilateral enucleation, prior to
natural eye opening when the majority of driven activity
begins. This shift in developing somatosensory INCs
was correlated with changes in gene expression. Here

Figure 7 Analysis of ephrin A5 expression in two ROIs in the
neocortex of control and enucleated mice. (A) Medial parietal
cortex regions of interest overlaid on a representative coronal brain
illustration. (B) Percent area fraction of cells expressing ephrin A5
within ROI1, located within the medial parietal cortex. A sharply
increased percentage of transcript is observed in enucleated cases
(31.46 ± 2.2%; df = 12; n = 7) when compared to control animals
(0.49 ± 0.18%; df = 12; n = 7; P < 0.001; two-sample t-test). (C)
Percent area fraction of cells expressing ephrin A5 within ROI2,
located immediately lateral to ROI1. Percentage of ephrin A5
transcripts within the putative somatosensory cortex of enucleated
animals (61.77 ± 1.18%; df = 12; n = 7) are not significantly different
from controls (61.29 ± 1.00%; df = 12; n = 7; P = 0.47). CC: corpus
callosum; CP: caudoputamen; CTX: cortex; df: degrees of freedom;
LSr: lateral septal nucleus; ROI: region of interest.

Figure 8 Analysis of somatosensory INC position within the
medial parietal cortex of control and enucleated mice.
Following placement of DiA or DiI crystals into the somatosensory
cortex and time for retrograde transport of tracer, the straight-line
distance from the midline edge of layer 1 of the neocortex to the
most medial retrogradely labeled cell was measured using precision
micrometry. Enucleated animals exhibited a distinct extension of
labeling from the somatosensory cortex into the visual cortex,
resulting in a reduced distance to midline (0.46 ± 0.04 mm; df = 12;
n = 7) when compared to controls (0.97 ± 0.04 mm; df = 12; n = 7;
P < 0.01; two-sample t-test). DiA: 4-(4-(dihexadecylamino)styryl)-N-
methylpyridinium iodide; DiI: 1,1’-dioctadecyl-3,3,3’,3’-
tetramethylindocarbocyanine perchlorate; INC: ipsilateral
intraneocortical connection.
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we suggest possible roles for early sensory input and
neocortical gene expression in arealization and the regu-
lation of critical periods that limit plasticity.

Effects of short-term enucleation on the dorsal thalamus
and TCAs
We have demonstrated that neonatal eye removal at P0
leads to a loss of volume in the dLGN in just 10 days
(Figure 1) without any significant shift in thalamic affer-
ents to either the occipital (visual) or parietal (somato-
sensory) cortex (Figure 5). Although our results confirm
previous observations of post-enucleation dLGN shrink-
age [60-66], the dLGN was still present and thalamic
afferents were still intact. The viability of these connec-
tions and the unaltered pattern in enucleated brains is
most likely due to the short post-enucleation time per-
iod and because the day-of-birth enucleations occurred
after the thalamic afferents made contact with the corti-
cal plate [70]. Concomitant with volume loss, dLGN
phenotypes in mice, ferrets and cats include a loss of
neurons and glia, decreased soma size, delayed dendritic
pruning, altered synaptic morphology and absent lami-
narization [60,62,63,71-73]. We have significantly
extended these findings to include alterations in gene
expression levels of ephrin A5, Id2, Cad8 and COUP-
TFI (Figure 1) in the enucleated mouse dLGN. These
genes have previously been shown to control aspects of
differentiation that are abnormal in the thalamus of
enucleated animals. Ephrin A5 signaling, for example,
has been shown to control hippocampal neurogenesis
and synaptogenesis [74,75] in addition to the regulation
of corticothalamic topography [66,76]. Loss of COUP-
TF1 and Id2 disrupts neuronal differentiation and inhi-
bits axon outgrowth, respectively [41,42,77]. Finally, stu-
dies of Cad8 mutants reveal altered synaptic function
within dorsal root ganglia [78]. Thus, the observed tha-
lamic phenotypes in different mammalian species fol-
lowing enucleation could result, in part, from changes in
the expression of these genes.

Effects of short-term enucleation on neocortical gene
expression
The neocortex of enucleated mice had an altered
domain of ephrin A5 expression in the medial parietal
cortex at P10 (Figures 2 and 3). Although the nature of
the relationship between spontaneous retinal activity
and ephrin A5 expression in the parietal cortex remains
unknown, the loss of the eyes may initiate abnormal
cortical activity leading to abnormal expression of
ephrin A5 at this age. This abnormal expression of a
gene (ephrin A5) related to the development of somato-
sensory topography in the literature [53] may play a role
in the post-enucleation expansion of the somatosensory

cortex into visual cortical regions, as described in other
studies [30-32]. A large-scale change in the developing
visual system accomplished through bilateral enucleation
could induce this molecular change at the S-V bound-
ary, later facilitating the physiological expansion of the
somatic cortex in the occipital lobe. Alternatively, we
may be observing a delay of ephrin A5 expression trig-
gered by early enucleation, resulting in a more imma-
ture S-V boundary at P10. This idea is consistent with
other reports suggesting that early visual deprivation
can extend the critical period for ocular dominance
plasticity [79-83] and other features of neocortical devel-
opment. Additionally, it is possible that disturbances in
local visual cortical circuits, arising from a lack of retinal
activity, may affect transcription at the S-V boundary, as
retinal waves have recently been demonstrated to modu-
late activity in the early postnatal neocortex [84,85].
Another potential explanation is that abnormal pattern-
ing of ephrin A5 and ectopic INCs at the natural S-V
boundary could be induced by abnormal activity arising
from cholinergic brainstem afferents, or within the LGN
or the thalamocortical loop as neural activity of these
structures may be involved in cortical patterning inde-
pendent of retinal input [35]. However, our data com-
plement that of Majdan and Shatz [47], who reported
alterations in gene regulation resulting from a decrease
in visual activity via dark rearing. They demonstrated
that activity-dependent circuit maturation and proper
critical period development depended on both experi-
ence and genetic factors. Ephrin A5 expression observed
in our P10 enucleates may represent one mechanism
underlying the extended critical period observed in
other model systems.
An additional possible explanation for our phenotype

at the S-V boundary includes a cell death-induced
reduction in layer 4 of the caudal visual cortex. This
idea suggests that the somatosensory cortex remains
stable in size, but appears to expand next to a shrinking
caudal cortex. However, we do not subscribe to this
explanation, as it is not consistent with our data, where
a normal layer 4 remains present in the P10 visual cor-
tex. In summary, the observed change in the S-V
boundary could represent an expansion of that region
into occipital cortex, a delay in boundary maturation or
appear as a caudomedial shift due a reduction in the
size of the caudal cortex. Another possible mechanism
to explain the post-enucleation boundary shift lies in
neurophysiology, where the release of sub-threshold
activation from inhibition could occur after deafferenta-
tion, resulting in neuronal unmasking and areal expan-
sion across natural boundaries. This potential
physiological mechanism may or may not be mediated
genetically [86].
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INCs in the enucleated mouse neocortex
In the wild-type P10 mouse, somatosensory and visual
cortex INC development is well defined, with a distinct
segregation evident at areal boundaries (Figure 4A3,
4A6). Spontaneous retinal wave activity and trans-eyelid
derived sensory information have been shown to play a
role in early developmental processes [66,87-89], and
enucleated animals lacking both exhibited reduced
refinement medially along the S-V border (Figure 4B6-
E6). Hence, day-of-birth bilateral enucleation resulted in
altered patterning at areal boundaries, suggesting that
early sensory input from the eyes and thalamus may be
responsible for cortical boundary refinement and main-
tenance, even in the first 10 days of life prior to natural
eye opening. This early anatomical change at the bound-
ary, coupled with the observed change in ephrin A5
expression, may be an underlying substrate for cross-
modal shifts observed in other animal models deprived
of early visual input. Although our data demonstrate a
shift in INCs at the S-V boundary, we cannot speak to
the functional nature of the boundary in our enucleated
mice. Electrophysiological studies would be needed to
determine whether the ectopic somatosensory INCs
actually reflect a change in the functional boundary.

Co-registration of gene expression and INCs following
loss of peripheral activity
If the protocortex and protomap hypotheses are both
valid, then how does neural activity from the sensory
receptors interact with and impact intrinsic genetic
mechanisms? Do the mechanisms underlying the models
represent orthogonal, non-correlated processes? We
believe that gene expression is involved in axon gui-
dance of INCs during development and arealization
[6,28,39]. By examining the effects of a large-scale per-
turbation of sensory system development on the expres-
sion of developmentally significant genes and areal
boundary development as visualized through INCs, we
have begun to characterize the relationship between
total vision loss, ephrin A5 expression and areal bound-
ary refinement.
Neonatal bilateral enucleation prompts ephrin A5

transcripts in the P10 neocortex to adopt a pattern not
normally seen at this age. We suspect that the shift in
expression triggers the remodeling of neuronal connec-
tivity and results in a poorly defined areal border, and
subsequent shifts in cortical physiology. Ephrin A5 has
long been known to mediate several aspects of axon
outgrowth and pathfinding, and the expression of its
receptor has been shown to be activity-responsive
[9,90-93]. The co-registration of dye-visualized INCs
and expression of the key developmental protein ephrin
A5 at the medial areal boundary in the enucleated

mouse model indicates a possible role for sensory input
as a shaping force that refines cortical boundaries
initiated earlier by gene expression. However, the ecto-
pic expression of ephrin A5 expression at the medial S-
V boundary at P10 may not be related to the aberrant
INCs at this age, despite a previously demonstrated link
between gene expression and INC development shown
in normal and mutant mice [6,28,39]. It is possible that
growth factors that induce INC targeting may function
independently from the expression of ephrin A5. Further
studies need to be conducted, particularly in ephrin A5
mutant mice, to better elucidate the role of this gene in
the formation and maintenance of the S-V boundary
during the APP and critical period.

Conclusions
Removing both eyes very early in postnatal development
alters gene expression and axonal projections at sensory
area boundaries. We hypothesize that neocortical gene
expression may be involved in the maintenance of nor-
mal areal boundaries in early postnatal life during the
critical period, after the major aspects of patterning are
complete. The observation that intensity of neocortical
gene expression, particularly ephrin A5, decreases with
age [39], declining alongside closures of sensory critical
periods, suggests that gene expression may play a role in
the regulation of critical period timing and cortical plas-
ticity. This documented onset and decline in expression
of several regulatory genes through aging [39] combined
with these results in enucleated mice supports our
hypothesis that activity modifiable gene expression may
be a guiding force in the establishment of critical period
limits of inter-area plasticity in the neocortex. Future
studies that isolate the removal of different types of ret-
inal activity, such as through the use of chemicals that
reduce or eliminate ganglion cell activity or dark rearing,
are needed to further our investigation into how activ-
ity-dependent features (such as sensory input) and activ-
ity-independent mechanisms (such as gene expression)
interact to partition the neocortex into functional sen-
sory and motor areas in development and how areal fea-
tures and subdivisions are maintained throughout the
life of the animal.

Methods
Mouse colony
All breeding and experimental studies were conducted
in strict accordance with protocol guidelines approved
by the Institutional Animal Care and Use Committee at
the University of California, Riverside. All mice were
maintained in a CD1 background and originally pur-
chased from The Jackson Laboratory, Bar Harbor,
Maine, USA.
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Newborn bilateral enucleation
All enucleation procedures were conducted on newborn
mice on P0; newborns were allowed to nurse briefly
after birth (1 hour) prior to surgery. Pups were initially
anesthetized with an intraperitoneal injection of a keta-
mine (40 mg/kg) and xylazine (5 mg/kg) cocktail and
were placed on briefly ice [94,95] before the removal of
each eye (1 to 4 minutes). After a surgical level of
anesthesia was achieved and verified with a toe-pinch,
the eyelid was opened with a scalpel. The eye was lifted
away from the orbit with forceps and freed from the
surrounding musculature and optic nerve using surgical
scissors. Following eye removal, the eyelid was closed
and sealed using 0.5 μL to 1 μL of tissue adhesive
(Surgi-Lock instant liquid tissue adhesive, Fisher Scienti-
fic, Pittsburgh, PA, USA). Pups were revived by partial
immersion in a lukewarm water bath for 30 seconds and
dried. A thin coat of Lidocaine hydrochloride jelly USP,
2% (Akorn, Lake Forest, IL, USA and erythromycin
ophthalmic ointment USP, 0.5% (Bausch & Lomb,
Rochester, NY, USA) was applied post-surgery to pre-
vent pain and infection. Newborn control pups were
subjected to anesthesia and revival procedures as
described above. The total time allowed for aseptic sur-
gical procedures within one litter was no greater than 2
hours to promote standardization between litters. Pups
were housed with their mother in a cage with nesting
material before and after surgery.

Tissue preparation
All control and experimental animals were euthanized
with a lethal dose of sodium pentobarbital (100 mg/kg)
and transcardially perfused with 4% paraformaldehyde
(PFA) in 0.1 M phosphate buffer (pH 7.4) at P10. In all
cases, the brain was removed from the skull and hemi-
sected, with one hemisphere used for postmortem tra-
cing, and the opposite hemisphere used for in situ RNA
hybridization. Hemispheres used for postmortem dye
tracing were post-fixed with 4% PFA at room tempera-
ture during the 12 weeks required for tracer transport
after dye-crystal placement. Hemispheres reserved for in
situ RNA hybridization were post-fixed overnight at 4°C
and then step-immersed into methanol for dehydration,
and stored at -20°C. Additional hemispheres were
obtained for Nissl staining.

Gene expression assays
Gene expression assays were conducted using standard
protocols and methods for non-radioactive free-floating
in situ RNA hybridization [6,28,39,96,97]. The following
probes were used to identify the patterns of neocortical
gene expression at P10 (see Additional file 1 for full
probe sequences): ephrin A5, Id2, nuclear receptor sub-
family 2, group F, member 1, also known as COUP-TFI

and RZRß (gifts from John Rubenstein, UCSF), Lhx2 (a
gift from Juan Botas, Baylor College of Medicine) and
Cadherin 8, (Cad8, a gift from Masatoshi Takeichi,
Riken Center for Developmental Biology, Japan). To pre-
pare tissue for in situ RNA hybridization, hemispheres
reserved for hybridization were rehydrated through a
methanol series, embedded in gelatin-albumin and sec-
tioned in the coronal or sagittal plane at 100 μm using a
Vibratome. After hybridization, all sections were
mounted in glycerol onto glass slides, covered by a
cover slip and photographed as described below. Half of
the hemispheres obtained from 14 successful P10 enu-
cleated mice (seven hemispheres cut in the coronal
plane, seven in the sagittal plane) were processed for
ISH. Each hemisphere was processed for six genes to
achieve at least seven replicates of each gene in each
plane of section. Additionally, half of the hemispheres
obtained from 10 P10 sham control mice (seven hemi-
spheres cut in the coronal plane, seven in the sagittal
plane) for each of six genes were processed for ISH and
included in our study. These samples were used in the
demonstration of raw data and the ImageJ density
measurements.

Anatomical tracing techniques
DiI and DiA (both Invitrogen, San Diego, CA, USA)
crystals were placed in postmortem neocortical tissue to
determine the patterns of ipsilateral INCs in wild-type
control mice and bilaterally enucleated mice; this
method has been used to describe mouse INCs in a
diverse range of prenatal and postnatal ages [28,39], and
has been described elsewhere in detail [6,10,98]. Single
crystals of DiI and DiA were placed in two discrete
areas in a single hemisphere of the neocortex: the parie-
tal (somatosensory) cortex and occipital (visual) cortex.
Each dye crystal was placed in a morphologically defined
location, using a dye placement grid to enhance reliabil-
ity of the crystal placement [6,28,39]. The location of
somatosensory and visual cortical areas in the P10
mouse neocortex was determined and verified in our
previous studies in normal mice [39]. As in prior stu-
dies, dye crystal placements were verified using thalamo-
cortical labeling; for example a visual cortex occipital
dye placement was verified only if retrogradely labeled
cells were present in the LGN. As there were no effects
on TCAs for either visual or somatosensory DPLs in the
enucleated animals (see Figure 5), this method was uti-
lized for both control and experimental mice. Note that
in the figures and text, we refer to the caudal occipital
DPLs in the mouse cortex as the visual cortex; this is
done out of convention as we recognize that identifying
this region as a visual area in the enucleated mouse may
be misleading. After dye placement, brains were
immersed in 4% PFA at room temperature for 12 weeks
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to allow for transport of the tracer. Prior to sectioning,
the transport of dye to the thalamus was confirmed by
examining the medial side of the hemisected injected
brain under a fluorescent dissection microscope; if the
retrograde tracer had reached the thalamic nuclei, the
labeled internal capsule and thalamus was easily
observed through the near-translucent tissue. This
method is an effective way to optimize our dye transport
times. All tissue was sectioned in the coronal plane at
100 μm using a Vibratome. Sections were immediately
counter-stained with crystallized 4’,6-diamidine-2-phe-
nylindole dihydrochloride (DAPI; Roche, Nutley, NJ,
USA), mounted onto glass slides, covered with a cover
slip with Vectashield mounting medium for fluorescence
(Vector Laboratories, Inc., Burlingame, CA, USA) and
photographed as described below. We required at least
seven replicates for each DPL in both enucleated and
control brains. Because it was important to accurately
detect the S-V boundary, the somatosensory and visual
cortex DPLs were placed in the same hemisphere, and
seven replicates of each area dye placement were
assessed in both control (seven hemispheres with two
DPLs each) and experimental (seven hemispheres with
two DPLs each). These samples were used for the pre-
sentation of raw data, reconstruction of the lateral view
two-dimensional drawings and the micrometer measure-
ments used for the statistical assessments of the medial
shift of somatosensory INCs.

Nissl Staining
Five hemispheres each from five P10 enucleated mice
and five P10 controls were cryoprotected post-perfusion
using 40% sucrose in 0.1 M phosphate buffer for three
days at 4°C and sectioned using a cryostat at 40 μm.
The sections were mounted on glass slides, allowed to
dry overnight, stained for Nissl substance and cover-
slipped with Permount mounting media (Fisher Scienti-
fic, Pittsburgh, PA, USA).

Analysis of gene expression assays, Nissl staining and dye
tracing
All images were captured by a digital high resolution
Zeiss Axio camera using Axiovision software (Version
4.7). Sections processed for in situ RNA hybridization or
Nissl staining were digitally imaged using bright field on
a Zeiss Stereo Discovery V12 stereomicroscope. The
staining achieved from this specific method of ISH was
used as a qualitative tool to determine the position of
expression in the P10 mouse neocortex, and subse-
quently measured quantitatively (see below). We present
images of enucleated brain tissue where the specific
locations of expression can be clearly determined, in
representative cases, aligned side-by-side with control
sections at the exact or near-exact anatomical level. We

examined multiple cases to ensure that any observed
changes in the position of expression are a true and reli-
able phenotype of our treatment, enucleation. This
method has been used previously to determine the
effects of treatment or mutation [6,10,98] and is a stan-
dard method of analysis in the field of developmental
neurobiology in multiple species. Nissl sections were
used to aid in the definition of thalamic nuclear bound-
aries and cortical lamina. For the analysis of dye tracing
experiments, all sections were digitally imaged three
times by a Zeiss Axio Imager Upright Microscope
equipped with fluorescence. The three filters used were
as follows: blue for DAPI counterstain, red for DiI and
green for DiA labeling. (Excitation wavelengths - blue:
DAPI, 359 nm; red: Cyanine 3, 550 nm; green: GFP, 470
nm. Emission wavelengths - blue: DAPI, 461 nm; red:
Cyanine 3, 570 nm; green: GFP, 509 nm.) Captured
images were then merged and saved in high-resolution
format for analysis. In order to visualize the INCs in a
lateral view, the previously published method of INC
flattening was utilized, where all sections were drawn in
National Institutes of Health image software, including
anatomical structures, DPLs and cell bodies. The section
drawings are stacked, aligned and morphed into a lateral
view illustration. For detailed methods, please see
[28,39]. Lateral view reconstructions of P10 control and
enucleated neocortices, which demonstrate the location
and spread of DPLs and associated retrogradely labeled
cells, are illustrated in Figure 4. All tracing cases were
flattened using this method and illustrations matching
the cases shown in Figure 4 were presented. Green
shapes and dots in the reconstructions represent DPLs
and cells from somatosensory dye placements, while red
shapes and dots represent DPLs and cells from the
visual cortex dye placements.

Quantification
Following ISH procedures and digital imaging of sec-
tions, cortical expression of ephrin A5 was quantified
using ImageJ, with emphasis placed on the analysis of
ectopic medial cortical expression present near the nat-
ural S-V boundary. First, the digital images were con-
verted to a binary form and a threshold was defined,
with identical anatomic levels being maintained across
all replicates (n = 7 control and n = 7 enucleates). An
ROI1 was then defined by electronically positioning a
grid measuring 750 μm × 600 μm over the medial parie-
tal cortex. A second area of equivalent dimension imme-
diately lateral to ROI1 was also defined, serving as an
internal control (ROI2). Each area was then individually
measured to determine the amount of expression in the
particular region. The total expression value was
recorded as percent of tissue (area fraction) expressing
the selected transcript within the ROI.
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To quantify the observation of a shift in somatosen-
sory INCs at the S-V boundary, we measured the posi-
tion of the most medial labeled cell resulting from a
somatosensory dye placement, as the distance from the
cortical midline edge using a high-precision micrometer
within the Zeiss Axiovision software program. All cases
included in these analyses had somatosensory DPLs that
were precisely and reliably placed using a dye placement
grid [17] (n = 7 control and n = 7 enucleates).
Values for ISH density measures and INC distances

from midline are reported as the mean ± standard error.
The mean for each control group was established from
the seven measurements in control tissue, and the mean
for each enucleated group was established from the
seven measurements in enucleated tissue. Two-sample
t-tests were used to compare gene expression density in
the two ROIs and the distance of dye labeled cells from
the medial cortical border across control and enucleated
groups. A P-value of less than 0.05 was chosen for sta-
tistical significance between groups.

Additional material

Additional file 1:
RNA probe sequences. cDNA Sequences Utilized To Generate
Digoxigenin-labeled RNA Probes.
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