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F Cellular/Molecular

Wnt Enhances NMDA Currents via
Noncanonical Pathway

Waldo Cerpa, Abigail Gambrill, Nibaldo
C. Inestrosa, and Andres Barria

(see pages 9466–9471)

Wnts are a large family of secreted proteins
that regulate cell polarity and migration
throughout development, from gastru-
lation to synaptogenesis. Wnt binds to
Frizzled receptors along with different core-
ceptors, leading to activation of Disheveled.
Depending on which coreceptor is involved
and whether Disheveled is localized to the
membrane, Wnt signaling either leads
to accumulation of cytoplasmic �-catenin,
which then enters the nucleus and activates
transcription of specific genes (the canoni-
cal pathway), or it activates Rho GTPases,
calcium influx, protein kinase C (PKC),
and/or JNK signaling (noncanonical path-
ways). Expression of Wnts and their down-
stream effectors persists in adult CNS and is
involved in synaptic plasticity. Cerpa et al.
report that Wnt-5a regulates NMDA recep-
tor currents in mouse hippocampal slices.
Wnt scavengers reduced NMDA currents,
whereas exogenous Wnt-5a increased cur-
rents, apparently by increasing the propor-
tion of NMDA receptors incorporating the
NR2B subunit. The initial increase required
calcium influx and PKC, but sustained in-
crease required JNK signaling.

Œ Development/Plasticity/Repair

Schwann Cells Induce Axons to
Secrete Schwann Cell Survival Factor

Zhenzhong Ma, Jiajing Wang, Fei Song,
and Jeffrey A. Loeb

(see pages 9630–9640)

Alternatively spliced forms of neuregulin-1
(NRG1) are important at many stages of
nervous system development, particularly
in processes requiring neuron–glia com-
munication. For example, expression of
membrane-bound NRG1 on peripheral ax-
ons guides mature Schwann cells as they

extend along axons during myelination.
NRG1 is also required for survival of
Schwann cell precursors, and Ma et al. sug-
gest that, here, soluble NRG1 is required.
Selectively disrupting soluble NRG1 signal-
ing in chick motor axons at embryonic days
5–7 increased Schwann cell apoptosis and
reduceddifferentiationofSchwanncell pre-
cursors into immature Schwann cells.
Axonal release of soluble NRG1 was in-
duced by brain-derived neurotrophic factor
(BDNF) produced by Schwann cells. Thus,
Schwann cell secretion of BDNF promotes
axonal secretion of NRG1, which promotes
Schwann cell survival and differentiation.
This positive feedback loop might ensure
that the number of myelinating Schwann
cells precisely matches the number of axons
that require myelination.

f Behavioral/Systems/Cognitive

V1 and Prefrontal Cortical Volumes
Are Inversely Correlated

Chen Song, Dietrich Samuel Schwarzkopf,
Ryota Kanai, and Geraint Rees

(see pages 9472–9480)

Cerebral cortex has expanded over the
course of hominid evolution, but not uni-
formly: anterior prefrontal cortex (aPFC),
which is involved in problem-solving and
complex planning, is especially enlarged
in humans, whereas primary visual cortex

(V1) has expanded less. The size of these
and other brain areas varies greatly across
individuals—up to threefold for V1. Most
studies of interindividual differences have
asked whether variations in the size of an
area correlatewith variation inperformance
on tasks associated with that area. Such cor-
relations have been found. Song et al. asked
whether expansion of one cortical area cor-
related with expansion of other areas in the
same person. They found the opposite: V1
volume was inversely correlated with the
volume of aPFC and of the gray matter of
the entire brain. The volume of aPFC was
positively correlated with whole-brain vol-
ume, however. Thus, the same volume cor-
relations that occur across species also occur
across individual humans.

� Neurobiology of Disease
BDNF–Akt-mTOR Pathway Is
Hyperactive in Trisomic Mice

José Antonio Troca-Marín, Alexandra
Alves-Sampaio, and María Luz
Montesinos

(see pages 9445–9455)

Synaptic activity paired with postsynaptic
spiking causes dendritic release of brain-
derived neurotrophic factor (BDNF). BDNF
binds to postsynaptic receptors, leading to
activation of Akt. Akt activates the mamma-
lian target of rapamycin (mTOR), which in-
teracts with translational machinery to
stimulate local synthesis of glutamate recep-
tors and other proteins that mediate long-
term potentiation (LTP). LTP increases the
probability that synaptic activity will cause
spiking. Thus, BDNF–mTOR pathways
form a positive feedback loop. BDNF levels
are elevated in Down’s syndrome, and Troca-
Marín et al. found that itwas also elevated in
hippocampal neurons from trisomic mice.
Furthermore, Akt, mTOR, and translation
initiatorswerehyperactivated, translationof
AMPA receptor subunits was elevated, and
these potentiated states could not be further
potentiated by BDNF. Rapamycin reduced
basal activation of mTOR and its targets to
wild-type levels, after which BDNF could up-
regulate these pathways. Which step in the
BDNF–mTORsignalingloopwasinitiallydis-
rupted remains unknown, however.

Matrix-bound soluble NRG1 (green) is colocalized with
Schwann cells (red) in embryonic chick motor nerve. See the
article by Ma et al. for details.
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matter volume of A1 and aPFC in the new group of 130 partici-
pants (Fig. 3A) (anatomical atlas: r � �0.18, p � 0.05, N � 130;
Freesurfer segmentation: r � �0.32, p � 0.0001, N � 130) as well
as the original group of 30 participants (anatomical atlas: r �
�0.43, p � 0.02, N � 30). The consistency between the results
from two independent groups of participants strengthens our
findings. We further explored whether this A1–aPFC anticorre-
lation is driven by cortical surface area or cortical thickness. We
compared how the surface area or thickness of Freesurfer seg-
ment A1 (transverse temporal cortex) and aPFC (rostral middle
frontal cortex) relate, and found that this negative covariance
between aPFC and A1 was driven by cortical surface area rather
than cortical thickness (Fig. 3B) (surface area: r � �0.27, p �
0.01, N � 130; thickness: r � 0.01, p � 0.91, N � 130).

Relationship with variation in whole-brain size (30 participants
and 130 participants)
Although overall brain size constrains the size of its components, it
does not necessarily follow that there is any shared relationship be-
tween them: the size of specific cortical areas need not scale with the
overall brain size. Understanding how the volume of a cortical re-
gion relates to overall brain volume may help to reveal the ecological
role of that cortical area and its associated cognitive functions. For
example, as the brain increases in size along hominid evolution
(Roth and Dicke, 2005), cortical regions whose size positively cova-
rieswithbrainsizemayreflect ecologically importantcognitive func-
tions, and the opposite may apply to cortical areas whose size
negatively covaries with brain size (Schoenemann, 2006).

We therefore characterized how the gray matter volume of pri-
maryvisual cortex(measured throughretinotopicmapping)andthe

gray matter volume of anterior prefrontal cortex (Freesurfer seg-
mentation rostral middle frontal cortex) related to the volume of the
whole cortical sheet. Surprisingly,we foundthatV1volumecovaried
negatively with the whole-brain gray matter volume (Fig. 4A, left
panel) (r � �0.36; p � 0.05; N � 30). The same negative correlation
heldbetween the surface areaofV1and that of thewhole cortex (Fig.
4A, left panel) (r � �0.42; p � 0.02; N � 30), while there was a

Figure 3. Negative correlation between primary auditory cortex and anterior prefrontal
cortex. A, Gray matter volume of A1 was plotted against that of aPFC, illustrating the negative
correlation between A1 and aPFC (N � 130). In separate analyses, A1 and aPFC were defined
according to anatomical atlas (Te1.0 and BA10, respectively), or Freesurfer segmentation
(transverse temporal cortex and rostralmiddle frontal cortex, respectively). B, Surface area and
cortical thickness of A1 were plotted against that of aPFC, illustrating that the negative corre-
lation between A1 and aPFC volume was driven by cortical surface area instead of cortical
thickness (N � 130).

Figure 4. Reciprocal anatomical relationship of primary visual cortex and anterior prefrontal cor-
tex with the whole cortex. A, Gray matter volume, surface area, and cortical thickness of the whole
cortexwereplottedagainstthatofV1(leftpanel)andthatofaPFC(rightpanel), indicatinganopposite
relationshipbetweenV1andaPFCwiththewholecortexingraymattervolumeandsurfacearea(N�
30). B, Statistical (T) maps for positive (hot color: red, yellow) and negative (cold color: blue, cyan)
correlationswith thewhole cortex ingraymatter volumewereoverlaidonan inflated cortical surface
(thresholdedat T�3.4 for displaypurposes). A significant cluster ( p�0.05, nonstationary cluster-
level correction) of positive correlationwas found in aPFC (N � 30).
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positive correlation between V1 thickness and the whole cortical
thickness (Fig. 4A, left panel) (r � 0.39; p � 0.05; N � 30).

In contrast, aPFC showed a positive correlation with the whole
cortex in gray matter volume (Fig. 4A, right panel) (r � 0.75; p �
10�5; N � 30), surface area (Fig. 4A, right panel) (r � 0.71; p �
10�5; N �30), aswell as cortical thickness (Fig. 4A, rightpanel) (r �
0.86; p � 10�8; N � 30). Moreover, a VBM analysis with whole-
brain volume as the regressor of interest indicated that, among all
cortical areas, aPFC had the strongest positive covariance with the
overall brain volume (Fig. 4B) [N � 30; peak voxel coordinates: (10,
69, 4), BA10; T score, 7.44; p � 10�5, corrected]. This VBM result
was confirmed and replicated in the second group of 130 partici-
pants, which showed again a highly significant correlation between
the volume of aPFC and overall brain volume [N � 130; peak voxel
coordinates: (�22, 69, �12), BA10; T score, 8.19; p � 10�6, cor-
rected]. This result hints toward the possibility that aPFC might be
ecologically the single most important brain structure and is consis-
tent with the fact that aPFC supports high-order cognitive functions
uniqueor advanced inhumans comparedwithother animals (Ram-
nani and Owen, 2004; Amodio and Frith, 2006).

Possible confounding factors (30 participants)
Our VBM analyses included both age and gender as covariates of no
interest, so these factors cannot account for our findings. We col-
lected data on performance IQ from 25 of the 30 participants who
underwent retinotopic mapping. We did not observe any correla-
tion between IQ and the size of cortical areas determined either
through retinotopic mapping (primary visual cortex: r � 0.0403,
p � 0.8481, N � 25) or through segmentation in Freesurfer (whole
brain: r � 0.0228, p � 0.9140, N � 25; primary auditory cortex: r �
�0.0430, p � 0.8385, N � 25; anterior prefrontal cortex: r �
�0.0231, p � 0.9128, N � 25).

Discussion
We report here several findings pertaining to the principles of hu-
man cortical organization and its variability across individuals. Spe-
cifically, we found a strong and consistent reciprocal relationship
between thegraymatter volumeofprimary sensory cortices and that
ofanteriorprefrontal cortex.Ourstudyshowedthat individualswith
larger primary visual cortex had larger primary auditory cortex but
smaller anterior prefrontal cortex, regardless of differences in their
overall brain size. This inverse structural relationship formed along
two separate pathways, in that the dorsal versus ventral halves of
primary visual cortex shared covariance with the corresponding but
not the opposite half of associated visual cortices (V2, V3) and ex-
hibited focal negative correlations with the dorsolateral versus ven-
tromedial parts of anterior prefrontal cortex. Surprisingly, this
anatomical trade-off was specific to primary sensory cortices, as it
was not observed for other retinotopic visual cortices (V2, V3) but
was also observed for primary auditory cortex. Moreover, while one
might expect a positive correlation between the whole-brain gray
matter volume and the volume of its components, instead we found
a striking anticorrelation for primary visual cortex: individuals with
larger brains tended to have smaller primary visual cortices. In con-
trast, anterior prefrontal cortex was the single most enlarged region
in a larger brain.

In contrast to a simple notion that different components of
the human cortex scale with each other, our findings revealed an
intriguing and hitherto unknown principle of human cortical
organization—a trade-off between the sizes of primary sensory
cortices and prefrontal cortex across individuals. Notably, while
the behavioral consequences of variability in size of different cor-
tical regions have received great research interest recently (Magu-

ire et al., 2000; Draganski et al., 2004; Fleming et al., 2010;
Schwarzkopf et al., 2011), relatively few studies have investigated
whether and how the anatomical variability across different cor-
tical regions are governed by a general principle. Previous work
shows that the gray matter volumes of related structures early in
the visual system (Andrews et al., 1997), or of corresponding
regions in different hemispheres (Mechelli et al., 2005) covary in
size across individuals, perhaps as a result of experience-related
plasticity. Here, we instead showed that distinct brain regions
could either scale with or scale against each other depending on
their functional roles. Specifically, we found that the volumes of
primary sensory (visual, auditory) cortices scaled with each
other, whereas they scaled against the volume of anterior pre-
frontal cortex. As anterior prefrontal cortex is a key cortical re-
gion that supports high-order cognitive functions advanced in
humans (Ramnani and Owen, 2004; Amodio and Frith, 2006),
this anatomical trade-off hints toward a reciprocal link, behav-
iorally or functionally, between the two fundamental cognitive
domains—basic sensation and high-order cognition.

As for other organs, the specification and development of the
cerebral cortex is controlled by an interplay between extrinsic
(epigenetic) and intrinsic (genetic) factors (Rakic, 1988; Neve
and Bear, 1989; Miyashita-Lin et al., 1999). Intriguingly, anterior
prefrontal cortex and primary visual cortex are located at the two
opposite ends of the brain (anterior and posterior, respectively).
In mice, the two genes Emx2 and Pax6 are expressed in opposing
gradients along the anterior–posterior axis. In Emx2 mutant
mice, anterior areas are expanded, whereas posterior areas are
contracted, while the opposite is the case for Pax6 mutant mice
(Bishop et al., 2000). It is possible that human cortical arealiza-
tion may also be regulated by genes with contrasting expression
along the anterior–posterior axis and probably through separated
pathways (e.g., anterior–ventromedial–posterior, anterior–dor-
solateral–posterior). Consistent with this, the occipital pole (V1)
and the frontal pole (aPFC) mature the earliest during human
cortical development (Gogtay et al., 2004). Together, we specu-
late that the reciprocal structural relationship we observed be-
tween primary visual cortex and anterior prefrontal cortex might
result from the individual variations in gene expression levels,
possibly regulated by environmental interventions during devel-
opment. Since the structural relationship was driven by surface
area rather than cortical thickness, it would be of interest for
further investigation to focus on how the dissociation in genetic
influences on cortical surface area versus thickness (Panizzon et
al., 2009) may contribute to the negative correlation between
primary visual cortex and anterior prefrontal cortex.

The positive correlation that we observed between the gray
matter volume of primary visual cortex and primary auditory
cortex, however, may reflect a combined effect of experience-
related plasticity and anatomical homogeneity. In real-world sit-
uations, our senses are usually stimulated simultaneously by a
common source. Multisensory experience not only affects mul-
tisensory convergence areas but also unisensory cortices (Wat-
kins et al., 2006; Noesselt et al., 2007; Driver and Noesselt, 2008).
For example, visual signals can be decoded with multivariate pat-
tern analysis from fMRI activity in primary auditory cortex
(Meyer et al., 2010), and audiovisual temporal synchronization
can affect activity in both primary visual and primary auditory
cortex (Noesselt et al., 2007). Consistent with these functional
interactions, our study suggests a structural covariance between
primary sensory cortices, which may result from the frequent
occurrence of audiovisual costimulation in everyday life or alterna-
tively may reflect the coexpression or coregulation between genes.
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Intriguingly, the principles of cortical organization that we ob-
served across a large group of humans are recapitulated by evolu-
tionarymilestones inbrain andcognitivedevelopment.Over the last
2 million years, the hominid brain has increased in size more than
threefold; but comparedwith allometric predictions fromother spe-
cies, humans have relatively smaller primary visual cortex (de Sousa
et al., 2010). In contrast, as evolution progresses, anterior prefrontal
cortex grows substantially in size (Semendeferi et al., 2001) despite
the lack of change in overall frontal lobe size (Semendeferi et al.,
2002). Strikinglyparallel to theseevolutionary trendsacrossdifferent
species, our study showed that, within modern humans, brain size
covaried negatively with the size of primary visual cortex but covar-
ied positively with the size of anterior prefrontal cortex. Since genes
regulating brain size undergo adaptive evolution even in modern
humans (Evans et al., 2005; Mekel-Bobrov et al., 2005), the anatom-
ical reciprocal relationship we observed may have ecological signifi-
canceandreflect thegeneexpressiondivergencesassociatedwith this
adaptive evolution.

Our study revealed possible new principles of human cortical
organization. The pairing between the expansion of anterior pre-
frontal cortex and the contraction of primary sensory cortices re-
flects a common ground for the formation of anatomically and
phylogenetically remotecortical regions,andsuggests theexistenceofa
reciprocal link between high-order cognition and low-level sensation.
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