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SUMMARY

Bilateral integration of sensory and associative brain
processing is achieved by precise connections be-
tween homologous regions in the two hemispheres
via the corpus callosum. These connections form
postnatally, and unilateral deprivation of sensory or
spontaneous cortical activity during a critical period
severely disrupts callosal wiring. However, little is
known about how this early activity affects precise
circuit formation. Here, using in utero electroporation
of reporter genes, optogenetic constructs, and direct
disruption of activity in callosal neurons combined
with whisker ablations, we show that balanced inter-
hemispheric activity, and not simply intact cortical
activity in either hemisphere, is required for func-
tional callosal targeting. Moreover, bilateral ablation
of whiskers in symmetric or asymmetric configura-
tions shows that spatially symmetric interhemi-
spheric activity is required for appropriate callosal
targeting. Our findings reveal a principle governing
axon targeting, where spatially balanced activity
between regions is required to establish their appro-
priate connectivity.

INTRODUCTION

The development of functional brain circuits involves the
sequential regulation of early stages of neuronal differentiation
and axonal growth, as well as guidance by morphogenic and
guidance molecular cues, followed by later stages of axonal
arborization and synaptic refinement, mediated by spontaneous
and sensory-evoked electrical activity (Katz and Shatz, 1996;
Goldberg et al., 2002; Spitzer, 2006; Mire et al., 2012). Early
neuronal activity critically affects brain development in three
main ways. First, the endogenous pattern of activity in a given
neuron affects its axonal growth rate and responses to external
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cues (Cohan and Kater, 1986; Fields et al., 1990; Ming et al.,
2001; Goldberg et al., 2002; Tang et al., 2003; Hanson and Land-
messer, 2004; Mire et al., 2012). Second, the relative patterns of
activity between individual axons projecting to the same targets
can determine competitive interactions between them, ulti-
mately affecting wiring patterns, as has been well documented
in the visual system (Casagrande and Condo, 1988; Penn
et al., 1998; Huberman et al., 2006; Ben Fredj et al., 2010; Zhang
et al.,, 2012; Furman et al., 2013). Finally, manipulation of the
activity of either pre- or postsynaptic neurons can also affect
axonal wiring patterns (Zhang et al., 1998; Yamada et al.,
2010). Such is the case in the development of interhemispheric
connections, where the targeting of callosal axons is impaired
when activity is disrupted either in the cell bodies of projecting
axons or in their contralateral targets (Mizuno et al., 2007;
Wang et al., 2007; Mizuno et al., 2010). However, it is not clear
whether particular aspects of activity are independently required
in both projecting neurons and their targets or if, instead, a
balance of activity between regions is sufficient for precise inter-
hemispheric wiring.

Here, we investigate the role of early activity in the develop-
ment of interhemispheric cortical connections of the corpus cal-
losum. This commissure is the largest fiber tract in the eutherian
brain, allowing bilateral integration of lateralized brain processes
(Gazzaniga, 2000; Shuler et al., 2001, 2002) and interhemi-
spheric transfer of sensory input (Ebner and Myers, 1962;
Calford and Tweedale 1990). Callosal axons connect mainly
homotopic (Yorke and Caviness 1975; Krubitzer et al., 1998; Cat-
ania and Kaas, 2001; Zhou et al., 2013) but also heterotopic
cortical regions (Boyd et al., 1971; Kretz and Rager, 1990),
including projections arising from cells in primary sensory areas
of one hemisphere that end in dense terminals at the border be-
tween the corresponding primary and secondary sensory areas
of the contralateral hemisphere (Innocenti and Fiore, 1976; Wise
and Jones, 1976; lvy and Killackey, 1981). Formation of these
callosal projections occurs at postnatal stages in rodents and
is prevented by unilateral disruptions of sensory input (Innocenti
and Frost, 1979; Olavarria et al., 1987; Koralek and Killackey,
1990) or excitability of cortical neurons via overexpression of
Kir2.1, a hyperpolarizing inward-rectifying potassium channel
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Figure 1. Unilateral Cauterization Disrupts S1/S2 Callosal Projection Formation, whereas Bilateral Cauterization Results in a Partial Rescue
(A) Coronal section of a control P10 mouse brain after electroporating eYFP in utero at E15 in S1 (cell bodies) showing contralateral projections to the S1/S2
border (rectangle) and the Ins/PRh. Scale bar, 1 mm.

(B) Schematic of the experimental procedure.

(C-E) Vesicular glutamate transporter 2 (VGlut2) staining of (C) control, (D) unilaterally cauterized, and (E) bilaterally cauterized animals, showing the presence
(arrowheads) or disruption (asterisks) of barrels at P10. Scale bar, 500 um.

(F-H) Representative examples of the S1/S2 callosal projection of (F) control (n = 7), (G) unilaterally cauterized (n = 6), and (H) bilaterally cauterized (n = 8) animals.
Scale bar, 200 pm.

(I) Quantification of fluorescence intensity across layers normalized by fluorescence of the underlying white matter (f/f,,,) in the S1/S2 region shows a decrease in
fluorescence for unilaterally cauterized animals and a partial rescue for bilaterally cauterized animals. Data are presented as absolute traces (left) and after
transformation to relative percentage of controls (right) in order to standardize comparisons and avoid unnecessary data repetition. Each value comprising the
blue and red traces on the left were divided by the corresponding value of the control (black) trace to produce the graph on the right (mean + SEM). Subsequent
fluorescence intensity data will be presented as a relative percentage of control unless stated otherwise. Student’s t test: *p < 0.05, **p < 0.01.

See also Figure S1.

(Mizuno et al., 2007; Wang et al., 2007; Mizuno et al., 2010). Ithas  arrangement of functional whiskers on each side of the face
previously been shown that both sensory deprivation of the and found that only bilaterally symmetric patterns of sensory
whisker pad (Yang et al., 2009) and overexpression of Kir2.1 in  input result in a rescue of callosal projections. We conclude
cortical neurons (Yamada et al., 2010) affect the electrical activity ~ that balanced neuronal activity between interhemispheric homo-
of the cortex, which suggests that their effect on the develop- topic regions is necessary during development for normal cal-
ment of callosal projections are due to altered cortical activity. losal targeting.
However, exactly how activity affects interhemispheric targeting
is not known. As the corpus callosum connects homotopic re- RESULTS
gions of both hemispheres, each receiving similarly organized
thalamic afferents, we hypothesized that similar cortical activity = Normal Callosal Targeting Requires Bilaterally Balanced
between hemispheres guides the establishment of correctinter- Thalamocortical Input
hemispheric connections. To specifically label callosal neurons and their axonal projections
To address this, we examined the formation of callosal projec-  in mice, the fluorescent tag enhanced yellow fluorescent protein
tions in the somatosensory cortex. In mammals, unlike the visual ~ (eYFP) was expressed in layer 2/3 (L2/3) of primary somatosen-
system, somatosensory pathways are entirely decussated, mak-  sory cortex (S1) by in utero electroporation at embryonic day (E)
ing it possible to examine the effects of specifically altering 15.5 (Figures 1A and 1B). These callosal axons cross the midline
peripherally or cortically driven activity in one or both hemi- and arborize profusely at the border between S1 and the
spheres. We show that, whereas unilateral disruptions of either = secondary somatosensory cortex (S2) by the end of the first
peripherally or cortically driven activity impair somatosensory  postnatal week, when they achieve an adult-like innervation
callosal targeting, bilateral manipulations result in a rescue of pattern (Wise and Jones, 1978; Ivy and Killackey, 1981; Wang
projections. To examine this further, we altered the spatial et al., 2007) (Figure 1A; Figure S1 available online). At postnatal
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day (P) 3, we disrupted the sensory inputs to S1 by cauterizing
the follicles of the mystacial whiskers on one or both sides of
the face and examined the patterns of callosal innervation at
P10 (Figure 1B). Whisker cauterization at this stage prevents
the formation of thalamocortical barrels in layer 4 (L4) of S1 (Fig-
ures 1C-1E), which have a topographic one-to-one spatial
relationship with whiskers on the contralateral side of the face
(Woolsey and Van der Loos 1970). Whisker cauterization also
prevents regrowth of whiskers (Figures S1K-S1M) and ensures
full disruption of barrels, which are less affected by other
methods of sensory deprivation such as whisker plucking (Fox,
1992). Unilateral ablation of sensory afferents to the electropo-
rated hemisphere (n = 6) resulted in a disruption of contralateral
callosal projections to all cortical layers of the S1/S2 border re-
gion as compared to controls (n = 7; p < 0.01; Figures 1F and
1G; Figures S1A and S1B). Similarly, sensory deprivation of the
nonelectroporated (target) hemisphere (n = 8) also resulted in a
disrupted S1/S2 projection compared to control (layer 1 [L1],
p <0.01; L2/3, p < 0.01; Figures S1C-S1E). This result is consis-
tent with previous findings in the visual system, in which callosal
projections are affected when activity is disrupted in either the
cell bodies of callosal neurons or in their contralateral targets,
with cell body disruptions showing a more severe phenotype
(Mizuno et al., 2010). Therefore, for all further analysis, we manip-
ulated inputs to the cell bodies to ensure a maximal baseline of
callosal disruption. Previous studies reporting disruption of the
S1/82 callosal projection under unilateral ablations of peripheral
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Figure 2. Whisker Cauterization Does Not
Affect Callosal Projections to the Contralat-
eral S1 and Ins/Prh Regions

(A) Schematic of the locations of callosal pro-
jections shown in (B)-(H).

(B-D) Representative examples of S1 projections
in (B) control, (C) unilateral, and (D) bilateral
cauterization conditions.

(E) Quantification of normalized fluorescence of
callosal projections to S1 as a relative percentage
of control (Unilat caut, n = 6; Bilat caut, n = 8;
Control, n = 7) shows no significant differences
between conditions (mean + SEM).

(F-H) Representative examples of callosal pro-
jections to the Ins/PRh region for (F) control, (G)
unilateral, and (H) bilateral cauterization condi-
tions.

() Normalized fluorescence intensity analysis for
callosal projections to the Ins/PRh region (Unilat
caut, n = 6; Bilat caut, n = 8; Control, n = 8) also
showed no significant differences between con-

B Unilat caut
M Bilat caut

0

200 400 600
Cortical depth (um)

800 ditions (mean + SEM). Scale bar, 300 um.

See also Figure S2.

or thalamic afferences to S1 have sug-
gested that a reduced input to the cortex
may explain this effect (Koralek and Kil-
lackey, 1990). This proposal predicts
that cauterization of the whiskers on
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both sides of the face would result in a
similar or even greater disruption of cal-
losal targeting. It is surprising, however,
that we observed the opposite effect: bilaterally cauterized ani-
mals (n = 8) showed a significant rescue of callosal projections
to S1/S2 when compared to animals with unilateral cauterization
(L1, p<0.05; L2/3, p < 0.01; Figures 1F-1l; quantification of fluo-
rescence normalized by the underlying white matter [f/f,,n] is ex-
pressed on the right and in subsequent figures as a relative per-
centage of control). This effect was also observed in adult (P50)
animals that received unilateral (n = 7), bilateral (n = 4), orno (n =
6) cauterization at P3 (L2/3, p < 0.05; Figures S1F-S1J). This
demonstrates that this effect is not transient but rather persists
into adulthood and may underlie enduring differences in connec-
tivity and function. Taken together, these findings indicate that
the total magnitude of sensory input may be less important for
callosal targeting to S1/S2 than its interhemispheric balance.
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Activity Dependence of Somatosensory Callosal
Targeting Is Region Specific

Previous studies assessing the role of early activity on callosal
wiring have focused on targets to the S1/S2 region, but whether
other contralateral targets of callosal neurons from L2/3 of S1
(Figure 1A) show similar effects has not been investigated.
Thus, we next set out to examine the effect of differential cauter-
ization manipulations on the sparse callosal projections to the
contralateral S1 and a dense projection to the insular/perirhinal
cortex (Ins/PRh; Figure 2A). We found that neither unilateral
(n = 6) nor bilateral (n = 8) cauterization manipulations altered
the callosal projection to S1 compared to control (n = 7; Figures
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2B-2E; Figure S2A). Similarly, the Ins/PRh projection was not
affected by unilateral (n = 6) or bilateral (n = 8) cauterization
manipulations compared to control (n = 8; Figures 2F-2I; Fig-
ure S2B). This provides the first indication, to our knowledge,
of different rules affecting the development of discrete callosal
projections from the same population of cells.

Disrupted S1/S2 Callosal Projections under Unilateral
Whisker Cauterization Are Functionally Rescued under
Bilateral Whisker Cauterization

Next, we sought to evaluate whether the S1/S2 callosal projec-
tion in bilaterally cauterized animals was functionally rescued
by comparing the presynaptic and postsynaptic integrity of the
contralateral S1/S2 innervation between treatments. To quantify
presynaptic terminals, we performed in utero coelectroporation
of the presynaptic marker synaptophysin-GFP and the mem-
brane-directed fluorophore Myr-tdTomato (Harwell et al., 2012)
at E15.5 in callosal neurons of S1, and determined the number
of green fluorescent puncta in individual axons of the contralat-
eral S1/S2 region at P10. Interestingly, we found no difference
between conditions, suggesting that although unilaterally
cauterized animals had fewer axons terminating in L2/3 than
either control or bilaterally cauterized animals, the number of
synapses per unit of axonal length was not affected by the
manipulations (Figures 3A-3D). The integrity of postsynaptic
targets was then assessed using an optogenetic approach (Pet-
reanu et al., 2007), which revealed that functional connectivity of
callosal axons was fully rescued in bilaterally cauterized animals.
We expressed channelrhodopsin-2 in S1 callosal neurons by in
utero electroporation at E15.5. Whole-cell recordings were ob-
tained from L2/3 neurons of the contralateral S1/S2 region,
and callosal afferents to these cells were photostimulated using
whole-field 470 nm light pulses (5 ms) (Figure 3E). Recordings
were made from three types of neurons: intrinsically bursting
and regular spiking pyramidal neurons and fast spiking interneu-
rons (Figure S3). For quantitative analysis between whisker
cauterization treatments, the two types of pyramidal neurons
were considered collectively, as their electrical properties and
magnitude of callosal input did not differ (Figures S3B-S3D).
We also filled select neurons with biocytin after recordings and
confirmed the morphological identity of pyramidal and inter-
neuron cell types (Figures 3F and 3G). As compared to controls
(n = 7), significantly fewer L2/3 pyramidal neurons in the S1/S2
region of unilaterally cauterized animals (n = 8) were activated
by photostimulation of callosal terminals (innervation rate, p <
0.001; Figure 3H). In contrast, bilaterally cauterized animals
(n = 7) had a significantly higher innervation rate of pyramidal
neurons than unilaterally cauterized animals (p < 0.05; Figure 3H).
A similar pattern was found for interneurons, where unilaterally
cauterized animals (n = 5) had a smaller innervation rate than
control animals (n = 6; p < 0.05), while bilaterally cauterized
animals (n = 4) did not differ from controls (Figure 3l). Next, we
compared the postsynaptic responses of cells activated by
photostimulation of callosal terminals. We found that pyramidal
neurons of unilaterally cauterized animals (n = 8) have signifi-
cantly smaller amplitude of the excitatory postsynaptic current
(EPSC) than controls (n = 7; p < 0.05), while bilaterally cauterized
animals showed a significant rescue (n = 7; p < 0.01; Figure 3J).
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These findings indicate that, while unilaterally cauterized animals
have a reduction in the number of callosal inputs that each
neuron receives compared to control, this is rescued in bilaterally
cauterized animals. Because of the small number of callosally
innervated L2/3 interneurons in the unilaterally cauterized condi-
tion (2 of 16 cells examined in seven animals), we were not able
to perform a comparison of EPSCs between interneurons.
Nevertheless, to assess whether the effects were exclusively
due to changes in callosal connectivity and not to altered inputs
from other presynaptic sources, we compared the spontaneous
excitatory events in L2/3 pyramidal neurons between conditions.
We found no significant differences in either the frequency or
amplitude of the miniature EPSCs recorded in the absence of
stimulation in control (n = 7), unilaterally cauterized (n = 8), or
bilaterally cauterized (n = 7) animals (Figures 3K and 3L), demon-
strating that the postsynaptic differences observed between the
cauterization treatments on photostimulation of callosal fibers
are due to functional changes in callosal connectivity. Together,
these results show that functionally active callosal connections
are formed even in the absence of sensory input and that a
bilaterally balanced contribution of input is crucial to functional
brain wiring.

Normal Callosal Targeting Requires a Balance of
Endogenous Activity between Hemispheres

The formation of functional callosal projections in bilaterally
cauterized animals could be exclusively due to matching
thalamic input to the cortex or could reflect a more general
requirement of balanced cortical activity between hemispheres.
To investigate this, we compared callosal projections after dis-
rupting electrical activity directly in L2/3 callosal neurons in one
or both hemispheres while leaving the sensory periphery intact.
We reduced neuronal excitability by coelectroporating in utero
the inward rectifier potassium channel Kir2.1 and eYFP in one
hemisphere alone or followed by coelectroporation of the
contralateral S1 with Kir2.1 and the red fluorescent tag DsRed
(Figure 4A). Using two different fluorophores allowed us to select
animals with bilaterally homologous electroporation sites within
S1. Neurons expressing Kir2.1 (n = 9) were less excitable,
showing a more hyperpolarized resting membrane potential
(p < 0.001; Figure 4B), a longer first-spike latency (p < 0.01; Fig-
ure 4C), a lower input resistance (p < 0.001; Figure 4D), and a
characteristic inward-rectifying current-voltage relationship (Fig-
ure 4E), as compared to control cells (n = 7). Notably, the integrity
of thalamocortical barrels in L4 was not affected by this treat-
ment, as revealed by VGIut2 immunohistochemistry (Figure 4F,
arrowheads). Previous studies have shown that unilateral
expression of Kir2.1 in callosal neurons disrupts contralateral
projections to the border of the primary and secondary cortices,
leading to the proposal that intrinsic neuronal activity is critically
required for callosal wiring (Mizuno et al., 2007; Wang et al,,
2007; Mizuno et al., 2010). We confirmed those findings in our
experiments (Figure 4G). However, similar to our previous re-
sults, disrupting the activity of L2/3 callosal neurons in both
hemispheres (n = 7) resulted in a significant rescue of callosal
projections to L2/3 of the S1/S2 border, as compared to
unilateral Kir2.1 expression (n = 9; percentage of control, L2/3,
p < 0.05; Figures 4G-4l; Figures S4A and S4B). The other
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Figure 3. Functional Integrity of Pre- and Postsynaptic Components of the S1/S2 Callosal Projection in Control and Cauterized Animals
(A-C) Representative examples of tdTomato-expressing axons (red) with presynaptic terminals expressing synaptophysin-GFP (green) in L2/3 of the S1/S2
callosal projection of (A) control (n = 8), (B) unilaterally cauterized (n = 9), and (C) bilaterally cauterized (n = 9) animals. Scale bar, 25 um.

(D) Quantification of presynaptic terminals (green puncta) per micrometer of tdTomato-positive axon in each condition showed no differences between conditions
(mean + SEM).

(E) Schematic of L2/3 neuron (magenta) recordings following photostimulation of S1/S2 callosal terminals (green) expressing channelrhodopsin-2.

(F and G) Representative examples of (F) a L2/3 pyramidal neuron and (G) an interneuron filled with biocytin after recordings. Scale bar, 50 pm.

(H and I) Synaptic innervation rate (percentage of recorded cells that were activated by callosal photostimulation) of (H) pyramidal neurons (n = 7, control; n = 8,
unilaterally cauterized; n = 7, bilaterally cauterized animals) and (l) interneurons (n = 6, control; n = 5, unilaterally cauterized; n = 4, bilaterally cauterized animals) in
L2/3 of the S1/S2 region (mean + SEM).

(J) EPSC amplitude of pyramidal neurons in L2/3 of S1/S2 for each condition (n = 7, control; n = 8, unilaterally cauterized; n = 7, bilaterally cauterized animals),
showing a significant decrease and rescue in unilaterally and bilaterally cauterized animals (mean + SEM). Representative traces of EPSCs evoked by 5 ms
photostimulation of callosal terminals (blue bars) are shown on the right.

(Kand L) Average (K) frequency and (L) amplitude of spontaneous miniature EPSCs (mEPSCs) of pyramidal neurons in the absence of photostimulation did not
differ between conditions (n = 7, control; n = 7, unilaterally cauterized; n = 7, bilaterally cauterized animals; mean + SEM). Mann-Whitney U test: *p < 0.05, **p <

0.01, **p < 0.001.
See also Figure S3.

contralateral callosal projections were not affected by unilateral
Kir2.1 expression (S1, n = 9; Ins/PRh, n = 5) or bilateral Kir2.1
expression (S1, n = 7; Ins/PRh, n = 5), as compared to control
(81, n = 7; Ins/PRh, n = 8; Figures 4J-40 and Figures S4C and
S4D), again showing that this effect is region specific and that
expression of Kir2.1 does not result in a generalized disruption
of axonal growth. The presence of barrels in L4, regardless of
Kir2.1 expression, demonstrates that innervation of thalamocorti-
cal axons is not sufficient for callosal targeting and excludes the
possibility of differential axonal competition between thalamic
and callosal terminals. Together, these results suggest that the

requirement of an early postnatal interhemispheric balance for cal-
losal targeting to S1/S2 can either be sensory or cortically driven.

Bilateral Spatial Symmetry of Somatosensory Input Is
Required for Callosal Targeting

Our results thus far have shown that a balance of either sensory
input or cortical excitability is required for callosal S1/S2 target-
ing. However, whether a broad balance of cortical activity is
sufficient for callosal targeting to S1/S2 or, instead, a spatially
precise interhemispheric matching of inputs is required is not
known. During the first postnatal week of rats, oscillatory waves
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Figure 4. Direct Manipulation of Cortically
Driven Activity Recapitulates the Unilateral
and Bilateral Effects of Sensory Disruptions
(A) Schematics of Kir2.1 overexpression. Bilateral
electroporations were performed at least 50 min
apart to avoid interventricular transfer of plasmids.
(B-E) Whole-cell recordings of callosal neurons
overexpressing Kir2.1 (n = 9, black) and controls
(n=7, gray), recorded from the same animals (n = 3),
reveal significant differences in (B) the resting
membrane potential, (C) latency of first spike
to stimulation (arrow, right traces), (D) input
resistance, and (E) current-voltage relationship,
demonstrating that Kir2.1 overexpression effec-
tively reduced excitability of transfected neurons
(mean + SEM).

(F) VGlut2 staining (red) shows the presence of
intact barrels (arrowheads) when Kir2.1 is ex-
pressed in L2/3 cortical cells. Scale bar, 500 pm.
(G-O) Representative examples and quantification
of normalized fluorescence intensity across layers
as relative percentage of controls revealed signifi-
cant differences of the callosal projections to $1/52
(G, unilateral, n = 9; H, bilateral, n = 7; I, n = 7,
control) but not to S1 (J, unilateral, n = 9; K, bilateral,
n =7; L, control, n = 7), or to Ins/PRh (M, unilateral,
n = 5; N, bilateral, n = 5; O, control, n = 8; mean +
SEM). Student’s t test: *p < 0.05, **p < 0.01, **p <
0.001. Scale bars, 200 pm in (G) and (H) and 300 pm
in (J)-(N).

See also Figure S4.
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Figure 5. Spatial Symmetry Is Required for
S1/S2 Callosal Projection Formation in Par-
tial Bilateral Cauterization
(A) Schematics showing the asymmetric, sym-
metric upper, and symmetric lower patterns of
whisker cauterization.
(B-D) VGlut2 staining (red) demonstrates the
pattern of intact (filled arrowheads) and disrupted
(asterisks) barrels resulting from (B) asymmetric,
(C) symmetric upper, and (D) symmetric lower
cauterization conditions. The presence of S1/S2
| | callosal projections in the contralateral hemisphere
(GFP, right panels) demonstrate the conserved
: ! position (C and D, empty arrowhead) and density
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[ | gray) and symmetric lower (n = 6, green) cauter-
L | ization conditions did not differ significantly (see
Figures S5B-S5D for details; mean + SEM).
(F and G) Representative examples of the S1/S2
callosal projection in (F) asymmetric and (G) sym-
metric cauterization conditions. Scale bar, 200 um.
(H) Quantification of normalized fluorescence in-
tensity across layers of asymmetric (n = 8), and
I symmetric (n 13) conditions presented as a
relative percentage of controls, showing a sig-
nificant rescue of the symmetric condition as
compared to the asymmetric condition (n = 7;
symmetric treatments were pooled because they
were not significantly different; mean + SEM). U&L,
upper and lower symmetric cauterizations.
Student’s t test: **p < 0.01. Mann-Whitney U test:
#5 < 0.01.
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of the local field potential propagate spatially across cortical
areas (Garaschuk et al., 2000; Khazipov and Luhmann 2006;
Minlebaev et al., 2011; Khazipov et al., 2013) and become
increasingly synchronized between hemispheres in a point-to-
point symmetric manner (Yang et al., 2009). Given that the topo-
graphical arrangement of the barrel subfield of S1 is symmetric
between hemispheres, we assessed whether interhemispheric
symmetry of sensory input is required for normal callosal target-
ing. We compared the effects of cauterizing a similar number of
whiskers in a symmetric versus an asymmetric manner on each
side of the face at P3 (Figure 5A). These treatments resulted in
the disruption of the corresponding barrels contralateral to the
lesion sites (Figures 4B—4D). Notably, symmetric bilateral cauter-
ization of the upper (n = 7) or lower (n = 6) rows of whiskers did
not alter the position or fluorescence intensity of the respective
callosal S1/S2 projection (Figures 5C-5E, empty arrowheads;
Figures S5A and S5B); thus, we pooled these conditions for
further analysis. We next examined the difference between
asymmetric and symmetric manipulations and found that, while
bilaterally asymmetric (n = 8) whisker cauterizations produced a
disrupted S1/S2 callosal projection as compared to controls
(n=7; L1, L2/3, and layer L5/6, p < 0.01; Figure 5F and Figures
S5C and S5D), bilaterally symmetric cauterizations (n = 13) re-
sulted in a significant rescue of S1/S2 callosal axons in all cortical

Cortical depth (um)

400 600 800 See also Figure S5 and Supplemental Experi-

mental Procedures.

layers except L4, as compared with asymmetric treatments (per-
centage of control, p < 0.01; Figures 5F-5H and Figures S5C and
S5D). Thus, our results demonstrate that bilateral symmetry of
cortical input during the critical period is required for the normal
formation of callosal connections to the S1/S2 border.

DISCUSSION

The innervation and stabilization of callosal projections is critical
for the normal development of the brain and its full repertoire of
functions. However, the mechanisms regulating callosal axon
targeting are poorly understood. Here we have uncovered a pro-
cess that contributes to interhemispheric axon guidance,
whereby a spatially symmetric balance of early cortical activity
between hemispheres is necessary for normal contralateral cal-
losal targeting.

A seemingly similar study examined the effect of silencing the
visual cortex with Kir2.1 electroporations at E15.5 and P2 (Mizuno
et al., 2010). In their study, Mizuno et al. reported that unilateral,
as well as bilateral, overexpression of Kir2.1 disrupted contralat-
eral morphology of callosal axons labeled at P2 as compared to
nonsilenced cells. However, these differing results do not neces-
sarily imply an inconsistency with our study for three main rea-
sons. First, as opposed to the somatosensory system, the
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visual system is not fully decussated; therefore, different mecha-
nisms may affect callosal wiring in each system. Second, Mizuno
et al., (2010) analyzed the terminal morphology of single axons,
whereas our study focused on contralateral projections from
the entire barrel field. Third, we labeled and/or silenced callosal
neurons at E15.5, while Mizuno et al. (2010) analyzed neurons
electroporated at P2, possibly labeling a population of neurons
guided by different developmental mechanisms.

Notably, our findings reveal that only callosal projections to the
S1/S2 border, and not those to S1 or the Ins/PRh region, rely on
balanced bilateral activity for appropriate targeting. This sug-
gests that the function of balanced interhemispheric activity in
regulating axon development in this circuit is region- and context
specific. Moreover, it suggests that the development of distinct
callosal projections arising from the same population of cells
can be influenced by distinct factors. Although the functions of
the S1/S2 and insular/perirhinal projections are not well under-
stood, it is possible that their roles in brain function relate to their
different targeting mechanisms used during development. For
example, intact callosal connections to the S1/S2 region may
be required for integrating lateralized somatosensory input
(Shuler et al., 2001, 2002); therefore, it is possible that their
development requires a balance of activity between brain areas
that this projection will coordinate. The insular/perirhinal projec-
tion, on the other hand, has been poorly documented in the liter-
ature; although it is evident in classic tract-tracer and axon
degeneration studies (Wise and Jones, 1976; vy and Killackey,
1981), it was not described in studies using precise, layer-spe-
cific anterograde transport via in utero electroporation (Wang
et al., 2007; Mizuno et al., 2007, 2010; Courchet et al., 2013;
Zhou et al., 2013). We speculate, however, that this projection
may be involved in higher-order associative processing, possibly
integrating functions from distinct cortical regions, and therefore
may be insensitive to manipulations of a single sensory area.

Our results demonstrate that a spatial symmetry of sensory in-
puts is required for correct callosal development. This effect is
not due to the disruption of inputs to any cortical region in partic-
ular, as the position and density of the S1/S2 projection were
unchanged in bilaterally symmetric cauterizations of upper or
lower rows of whiskers. Thus, the spatial symmetry of the manip-
ulation holds more significance than the region of disruption. This
result suggests that patterns of activity across the entire S1
(rather than on a cell-to-cell level) are a crucial regulator of cal-
losal development. Future studies are required to fully under-
stand this effect; however, we speculate that symmetric patterns
of cortical activity between S1 hemispheres are detected by cal-
losal axons during their targeting phase and spatially asymmetric
manipulations of the sensory periphery impedes this process by
altering the bilateral symmetry of activity in each S1 region.

The present findings reveal an additional mechanism by which
early neural activity might affect brain wiring. We have shown
that callosal axon targeting does not depend exclusively on
intrinsic cell activity but rather on the relative contribution of
activity between projecting cells and their target region. Seem-
ingly similar scenarios have been demonstrated for a role of
correlative activity between axon populations in axon targeting.
For example, as axonal afferents from each eye converge on their
targets, the relative contribution of patterned activity from each
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eye determines the branching pattern and formation of cortical
cytoarchitectural features, such as ocular dominance columns,
in a competitive manner (Casagrande and Condo 1988; Penn
etal., 1998; Huberman et al., 2006; Ben Fredjetal., 2010; Ackman
et al., 2012; Zhang et al., 2012; Furman et al., 2013). Our study,
however, reveals an entirely different process: rather than as-
sessing the role of activity between axonal populations that
compete for their targets, we have uncovered an instructive role
of balanced activity between homologous regions in the develop-
ment of their reciprocal connections. Furthermore, our data
cannot be explained in the context of competition between thala-
mocortical and callosal axons, as we obtained similar results un-
der conditions that disrupt the thalamic pathway (whisker cauter-
ization) or leave it unaffected (Kir2.1 overexpression). Moreover, if
thalamic axons were interacting competitively with callosal
axons, then we would have expected an exuberance of callosal
projections into the target region where thalamic input was dis-
rupted; however, we found the opposite case (Figures S1C-
S1E). Thus, a noncompetitive interaction, possibly involving a
Hebbian-like matching of activity between hemispheres, is likely
to mediate the development of the S1/S2 callosal projection.

Precisely how an interhemispheric balance of activity may
direct callosal targeting remains open for future investigation.
During the review of this article, Huang et al. (2013) published re-
sults indicating that bilateral sensory input may direct the target
selection of callosal axons. While this finding supports our re-
sults, we additionally demonstrate that not only overall bilateral
input but also a spatial symmetry of thalamic input and bilateral
cortical activity are required for region-specific targeting of cal-
losal axons. It has been previously shown that alteration of activ-
ity patterns can modulate growth cone responses to guidance
cues (Ming et al., 2001; Hanson and Landmesser 2004; Nicol
et al., 2007) as well as axon branch elaboration (Uesaka et al.,
2005; Mizuno et al., 2010; Courchet et al., 2013). Therefore,
possible ways in which activity can regulate region-specific tar-
geting of callosal projections may involve guidance decisions at
the subplate and/or the branching and stabilization of arbors
after innervating the cortical plate. Studies examining early post-
natal cortical activity and axon guidance in vivo will be necessary
to understand the processes underlying activity-dependent
development of the corpus callosum.

In summary, we have demonstrated that a spatially symmetric
interhemispheric balance of cortical activity during the first post-
natal week is necessary for the correct targeting of callosal
axons to the contralateral S1/S2 border. These results demon-
strate a mechanism of axonal targeting based on a comparison
of activity between two interconnected regions and reveal an
important principle governing the contralateral targeting of cal-
losal axons. Moreover, they demonstrate that alterations in the
patterns of sensory and cortically driven activity may have pro-
found effects on commissural axon targeting, with implications
for understanding the etiology of brain wiring disorders.

EXPERIMENTAL PROCEDURES
Animals and In Utero Electroporation

All animal procedures were approved by The University of Queensland Animal
Ethics Committee. Time-mated CD1 dams underwent abdominal surgery
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(1-2 cm) at E15.5 to expose the uterine horns, and each embryo was injected
with 0.5-1 pl of plasmid DNA (see Supplemental Experimental Procedures for
details) in the lateral ventricle using a pulled glass pipette attached to a picos-
pritzer (Parker Hannifin). Five 100-ms pulses at 30 V were delivered to S1 using
3 mm paddle electrodes (Nepagene) and an ECM 830 electroporator (BTX
Harvard Apparatus). The uterine horns were placed back, and the dam was
sutured and allowed to recover. Pups were screened, and those with fluores-
cent patches appropriately placed over S1 received whisker cauterization
under ice anesthesia at P3. At P10, pups were perfused transcardially with
0.9% NaCl followed by 4% paraformaldehyde.

Immunohistochemistry and Microscopy

Coronal slices (50 pm) were mounted on slides and incubated for 3 hr in
5% v/v normal goat serum (NGS) and 0.2% Triton X-100 (TX100) in PBS
(pH 7.4), followed by overnight incubation in 3% NGS and 0.2% TX100 in
PBS with primary antibodies: rabbit anti-GFP (1:500; Invitrogen), chicken
anti-GFP (1:750; Abcam), rabbit anti-vGlut2 (1:750; Synaptic Systems),
and/or rabbit anti-DsRed (1:750; Clontech). After PBS washes, sections
were then incubated for 3 hr with appropriate fluorescent secondary anti-
bodies, stained with 0.1% DAPI (Invitrogen), washed, and coverslipped
with ProLong Gold (Invitrogen). Only animals with cell bodies throughout
L2/3 of S1 were selected for analysis (Figures S1N-S1Q; Supplemental
Experimental Procedures) and two to three sections, spaced 200 um apart,
within the posteromedial barrel subfield were analyzed per animal. Images
were obtained with an upright microscope (Axio Imager Z1, Zeiss) fitted
with an AxioCam MRm camera and captured with AxioVision software using
MosaicZ and/or ApoTome deconvolution (Zeiss). Densitometric quantifica-
tion of green fluorescent protein (GFP)-positive axons was performed using
a custom MATLAB program (MathWorks), similar to previous studies (Mizuno
et al., 2007; see Figure S1R and Supplemental Experimental Procedures for
details). Synaptophysin-positive puncta were counted over 20 to 50 um sec-
tions of at least four representative axonal segments expressing both synap-
tophysin-GFP and Myr-tdTomato per animal.

Electrophysiology

Animals were decapitated, and their brains were sectioned coronally at 300 um
and kept in oxygenated (95% 0,/5% CO,) artificial cerebrospinal fluid solution
(118 mM NaCl, 2.5 mM KCI, 25 mM NaHCO3, 10 mM glucose, 1.3 mM MgCls,
2.5 mM CaCl,, and 1.2 mM NaH,PO,). Whole-cell recordings were made from
L2/3 cells of S1 of the electroporated hemisphere or the contralateral S1/S2
border. Only cells with a resting membrane potential more negative than
—55 mV were included in this study. For Kir2.1 experiments, current-voltage
relationship was determined by injecting 10 mV steps (—110 to 10 mV) at a
holding potential of —30 mV. For optogenetic stimulation of callosal terminals,
5 ms 470 nm light pulses were delivered to the S1/S2 border contralateral to
the electroporated hemisphere using an LED system (pE-2, CoolLed). An
average of 10-15 light-evoked EPSCs (10 s interstimulation interval) was taken
for evoked responses. The innervation rate was determined as the percentage
of L2/3 neurons per slice that had evoked EPSCs to optical stimulation of
callosal terminals over the number of investigated neurons (two to seven neu-
rons per slice, two to three slices per animal). Intrinsic firing properties were
analyzed at current injections of 2-fold threshold firing (see Supplemental
Experimental Procedures for details).

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures
and five figures and can be found with this article online at http://dx.doi.org/
10.1016/j.neuron.2014.04.040.
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