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The rodent barrel cortex is a useful system to study the role of genes and neuronal activity in the patterning of the nervous system. Several
genes encoding either intracellular signaling molecules or neurotransmitter receptors are required for barrel formation. Neurofibromin
is a tumor suppressor protein that has Ras GTPase activity, thus attenuating the MAPK (mitogen-activated protein kinase) and and PI-3
kinase (phosphatidylinositol 3-kinase) pathways, and is mutated in humans with the condition neurofibromatosis type 1 (NF1). Neuro-
fibromin is widely expressed in the developing and adult nervous system, and a common feature of NF1 is deficits in intellectual
development. In addition, NF1 is an uncommonly high disorder among individuals with autism. Thus, NF1 may have important roles in
normal CNS development and function. To explore roles for neurofibromin in the development of the CNS, we took advantage of a mouse
conditional allele. We show that mice that lack neurofibromin in the majority of cortical neurons and astrocytes fail to form cortical
barrels in the somatosensory cortex, whereas segregation of thalamic axons within the somatosensory cortex appears unaffected.
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Introduction
In the rodent CNS, the cortex is innervated by dorsal thalamic
axons that segregate the cortex into different sensory regions such
as visual, auditory, and somatosensory. Axons from the ventral
posterior medial nucleus (VPM) of the thalamus innervate the
somatosensory cortex where they segregate into discrete regions
(Miller et al., 2001). Neurons within cortical layer IV form rings
termed cortical barrels by arranging their cell bodies around and
dendrites toward the incoming thalamic axons (Woolsey and
Van der Loos, 1970; Woolsey et al., 1975).

Many studies have contributed to elucidation of factors re-
quired for barrel formation. Transplantation of visual cortex tis-
sue in place of somatosensory cortex permitted barrel-like for-
mation, suggesting that VPM thalamic axons specify barrel
formation independent of the target (Schlaggar and O’Leary,
1991). Mouse knock-out studies have shown that barrel forma-
tion requires both ionotropic (NMDA) and metabotropic gluta-
mate receptors, as well as various intracellular signaling mole-
cules such as adenylyl cyclase type I, phospholipase C-�1 (PLC-
�1), protein kinase A (PKA), and synaptic Ras GTPase activating

protein (SynGAP) (Erzurumlu and Kind, 2001; Barnett et al.,
2006; Inan et al., 2006; Watson et al., 2006).

The neurofibromatosis type 1 (NF1) gene encodes a large pro-
tein that contains a Ras GTPase-activating (GAP) domain that
negatively regulates Ras activity. Inactivating mutations in NF1
cause neurofibromatosis type 1 (Cawthon et al., 1990; Viskochil
et al., 1990; Wallace et al., 1990), a common genetic disease that
affects 1 in 3000 individuals (Cichowski and Jacks, 2001; Zhu and
Parada, 2001). Aside from the more common tumor phenotypes,
a significant number of individuals with NF1 display intellectual
deficits (Costa and Silva, 2003). In addition, it has been estimated
that as many as 1% of children with autism spectrum disorders
are subsequently diagnosed with NF1 (Mbarek et al., 1999; Marui
et al., 2004). Mouse models of neurofibromatosis have been gen-
erated, and complete loss of NF1 is lethal in mice because of
defects in cardiac development (Brannan et al., 1994; Jacks et al.,
1994). In the peripheral nervous system, loss of NF1 allows sen-
sory neurons to survive in the absence of neurotrophin signaling
(Vogel et al., 1995) because of increased Ras and phosphatidyl-
inositol 3-kinase (PI-3 kinase) activity (Klesse and Parada, 1998).

Although a few NF1 patients show abnormalities in brain
structure (Korf et al., 1999; Balestri et al., 2003), little is known
about the basis for NF1-associated intellectual deficits and possi-
ble roles in development of the CNS. To circumvent the early
embryonic lethality of NF1 mutations, we have used cre/lox tech-
nology to generate a conditional allele of NF1 (Zhu et al., 2001).
Mice lacking NF1 in the majority of neurons displayed a thin
cortex, while maintaining a normal number of neurons and nor-
mal dendritic arborization (Zhu et al., 2001). In the current
study, we characterize a mouse line that has a deletion of NF1 in
the majority of cortical neurons and astrocytes. We find that
these mice lack cortical barrels from early in development. Tha-
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lamic axons retain NF1 and segregate within cortical layer IV,
although their appearance is not completely normal.

Materials and Methods
Animals. The generation and genotyping of NF1flox/flox animals have been
described previously (Zhu et al., 2001). Mice expressing Cre under the
control of the human GFAP promoter hGFAP-Cre were a gift from Dr.
A. Messing (University of Wisconsin, Madison, WI) (Zhuo et al., 2001)
and were used to generate NF1 flox/flox;hGFAP-Cre mice (Zhu et al.,
2005b). No difference was seen in NF1flox/flox, NF1flox/ �, and NF1flox/ �;
hGFAP-Cre, so they are grouped together as controls. Rosa26R (R26)
and Z/EG mice were obtained from The Jackson Laboratory (Bar Har-
bor, ME). All mice are on a mixed 129 and C57 background. All animal
procedures conformed to National Institutes of Health and University of
Texas Southwestern Medical Center Institutional guidelines for the care
and use of animals.

5-Bromo-4-chloro-3-indolyl-�-D-galactopyranoside staining and Nissl
staining. Adult mice were anesthetized and perfused transcardially with
PBS followed by 4% paraformaldehyde (PFA). The dissected brains and
skulls were postfixed in PFA at 4°C for 2–24 h. For the analysis of trigem-
inal ganglia neurons, skulls from postnatal day 0 (P0) mice were dissected
and postfixed in PFA, followed by decalcification in CalRite (Richard-
Allan Scientific, Kalamazoo, MI). We performed 5-bromo-4-chloro-3-
indolyl-�-D-galactopyranoside (X-gal) staining on floating brain sec-
tions from adult R26;hGFAP-Cre and Z/EG;hGFAP-Cre mice as
described previously (Kwon et al., 2006). Whole-mount X-gal staining
was performed on the skulls, containing trigeminal ganglion, of adult
R26;hGFAP-Cre mice. For Nissl staining, paraffin sections from P0 or
adult mice were prepared as described previously (Kwon et al., 2006) and
stained with 0.1% (w/v) toluidine blue (Poly Scientific, Bay Shore, NY)
or cresyl violet for 5 min.

Cytochrome oxidase staining. Cytochrome oxidase staining was per-
formed as described previously (Wong-Riley and Welt, 1980). The brains
were removed and left intact or the cortex was flattened between glass
slides for tangential sections and postfixed for 4 h in PFA at 4°C. Brains
were sectioned at 40 �m with a vibratome or, alternatively, cryoprotected
for 2 d at 4°C in 30% sucrose/PBS, imbedded in O.C.T. (optimal cutting
temperature) compound (Tissue-Tek; Sakura Finetek, Torrance, CA),
and sectioned at 40 �m with a cryostat (Leica, Wetzlar, Germany). Sec-
tions were washed in PBS, placed in staining solution (0.55 mg/ml DAB,
0.3 mg/ml cytochrome C, and 45 mg/ml sucrose; Sigma, St. Louis, MO),
and incubated in the dark at 37°C until the staining gave strong signal
(2– 4 h). Sections were washed in PBS, mounted onto slides, dehydrated
through ethanol and xylene, and coverslipped with p-xylene-bis-
pyridinium bromide (DPX) (Sigma).

4,6-Diamidino-2-phenylindole staining. Intact or flattened cortices
were sectioned at 40 �m and mounted onto slides to dry. Slides were
washed in PBS-T (PBS/0.3% Triton X-100) and stained for 30 min in
PBS-T plus 4�,6-diamidino-2-phenylindole (DAPI; 1 �g/ml; Sigma) to
visualize cell nuclei. Slides were washed briefly in PBS and coverslipped
with Immuno-mount (Thermo Shandon, Pittsburgh, PA) mounting
medium. Images were taken with a Nikon (Tokyo, Japan) CCD camera
using the MetaView program (Universal Imaging, West Chester, PA).

Immunohistochemistry. P4 or P8 pups were anesthetized and perfused
with PBS followed by cold 4% PFA, and the brains were removed and
postfixed overnight in PFA. Brains were sectioned at 50 �m with a Vi-
bratome (Leica). Serotonin immunohistochemistry was performed as
follows. Sections were washed in PBS-T, blocked for 1 h in PBS-T/6%
goat serum (Sigma), and incubated overnight at room temperature in a
blocking buffer with the addition of rabbit anti-serotonin antibody (1:
10,000; Immunostar, Hudson, WI). Sections were washed in PBS and
incubated with a biotinalyated secondary antibody (goat anti-rabbit,
1:400; Vector Laboratories, Burlingame, CA) for 45 min. Antibody stain-
ing was visualized using the ABC kit (Vector Laboratories) with DAB.
Sections were mounted onto slides, dried, dehydrated through ethanol
and xylene, and coverslipped with DPX. Fluorescent immunostaining for
serotonin was performed as above, except the primary antibody was used
at a dilution of 1:5000. Antibody staining was visualized with Cy3-
conjugated goat anti-rabbit antibody (1:400; Jackson ImmunoResearch,

West Grove, PA). To visualize cell nuclei, sections were counterstained
with DAPI (1 �g/ml). Sections were mounted onto slides and cover-
slipped with Immuno-mount mounting medium.

Measuring barrel formation. To quantify the degree of barrel forma-
tion, a scoring system was used such that a score of 0 equaled no barrel
segregation and a score of 3 equaled normal barrel segregation. Four
consecutive DAPI-stained tangential sections were scored from each of
four controls and three mutant animals from P30 to P35. An individual
blind to the genotype determined scores. Statistical analysis was per-
formed with a Student’s t test.

Area measurements. All analyses were performed blind to genotype.
Somatosensory (S1) and posterior medial barrel subfield (PMBSF) areas
were measured on tangential sections stained with cytochrome oxidase
or anti-serotonin antibody as described above. Digital images taken with
a Nikon CCD camera were analyzed using the MetaView program (Uni-
versal Imaging). The size of individual patches and the width of septa
were determined from B1–B3, C1–C3, and D1–D3 barrels.

Cell count. To quantify the number of neurons in the trigeminal gan-
glia, 5 �m continuous sagittal sections were collected from P0 mice and
stained with cresyl violet. The images of every 10th section were used to
count the number of neurons manually. The neuron number of the
whole trigeminal ganglion was calculated by multiplying the sum of
counts from individual sections by 10. To determine the density and
wall/hollow distribution of nuclei within the barrel cortex, DAPI-stained
tangential sections were viewed with a Leica confocal microscope. All
sections were costained with anti-5-HT antibody to confirm the location
within PMBSF. Three adjacent sections containing the barrel field were
used for each animal. Seven micrometer optical images of B2, B3, C2, C3,
D2, and D3 barrels were obtained, and each centered in a rectangle en-
compassing only the individual barrel. Cell counts were normalized to
the area of the rectangle and presented as mean � SEM. To determine the
overall cell number in the barrel cortex, DAPI-stained tangential sections
from P30 –P35 animals were used. Five 50 �m sections were counted
throughout the barrel cortex from six control and three mutant brains.
Images were imported into NIH ImageJ software, and a particle count
macro was used to determine the number of DAPI-positive puncta per
section. Statistical analysis was performed with a Student’s t test.

Immunoblotting. Control and mutant littermates were collected at P0
and P4 (n � 3 for each genotype and time point). The entire somatosen-
sory cortex was dissected out and immediately frozen in liquid nitrogen.
Tissues were homogenized in PLC buffer [50 mM HEPES, pH 7.5, 150
mM NaCl, 10% glycerol, 0.1% Triton X-100, 1.5 mM MgCL2, and Com-
plete proteinase inhibitor (Roche, Welwyn Garden City, UK)]. The ex-
tract was centrifuged, and protein concentration of the supernatant was
quantified using the BCA method following the manufacturer’s protocol
(Pierce, Rockford, IL). Extracts (10 �g) were separated on SDS-PAGE
gels and transferred to nitrocellulose. The following antibodies and con-
centrations were used: phospho-Erk (1:1000; Cell Signaling Technology,
Danvers, MA), Erk (1:10,000; Santa Cruz Biotechnology, Santa Cruz,
CA), phospho-Akt (1:1000; Cell Signaling Technology), Akt (1:1000; Cell
Signaling Technology), phospho-PKA-RII� (1:1000; BD Transduction
Laboratories, Lexington, KY), PKA-RII� (1:10,000; BD Transduction
Laboratories), NMDA-R1 (1:500; Upstate Biotechnology, Lake Placid,
NY), NF1GRD (1:500; Santa Cruz Biotechnology), SynGAP (1:2000; Af-
finity BioReagents, Golden, CO), PLC-�1 (1:4000; Santa Cruz Biotech-
nology), and actin (1:1000; Chemicon, Temecula, CA). Membranes were
incubated in primary antibodies overnight at 4°C in blocking buffer (5%
nonfat milk and 0.1% Tween 20 in TBS (TBS-T), or 5% BSA for
phospho-antibodies). After washing in TBS-T, blots were incubated with
appropriate secondary antibodies (1:10,000; Santa Cruz Biotechnology)
for 1 h in TBS-T. Membranes were washed, developed using ChemiGlow
West reagent (Alpha Innotech, San Leandro, CA), and exposed to film or
imaged using Kodak Image Station 2000r (Eastman Kodak, Rochester,
NY). As a loading control, blots were stripped and reprobed either with
antibodies recognizing nonphosphorylated forms of the protein for the
phosphor-specific antibodies and for total protein levels using actin an-
tibody or Sypro Ruby (Invitrogen, Eugene, OR). Quantification of bands
was performed essentially as described previously (Luikart et al., 2005).
Briefly, the net band intensity for both the Western blots and the Sypro
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Ruby staining was determined using Kodak 1D
Image Analysis software. Values for the phos-
phorylated blots were normalized to the levels of
unphosphorylated controls. Values for the other
P4 data were normalized to the Sypro Ruby
staining, and values for P0 data were normalized
to actin. Data from control animals was set to
100%. Student’s t test was used to determine
statistical differences.

Results
To explore the role of NF1 in cortical de-
velopment, we used a mouse line contain-
ing a conditional allele of NF1 (Zhu et al.,
2001) crossed to a transgenic line express-
ing Cre under control of the human GFAP
promoter (Zhu et al., 2001; Luikart et al.,
2005). In this line, Cre is expressed in cor-
tical progenitors as early as embryonic day
12.5 (Zhuo et al., 2001; Malatesta et al.,
2003; Zhu et al., 2005a) with continued ex-
pression in glia and neural progenitor cells
in older animals. This early expression in
cortical progenitors results in NF1 deletion
in both neurons and glia (Zhu et al.,
2005a). hGFAP-Cre mice were crossed to
the Rosa26-LacZ (R26) reporter line (Sori-
ano, 1999), and X-gal staining of adult
brains revealed expression in the cortex but
little staining in the thalamus (Fig. 1a– c).
This observation was further confirmed
when hGFAP-Cre mice were crossed to the
Z/EG reporter line (Novak et al., 2000),
demonstrating that the majority of cells in
the cortex had undergone recombination,
whereas Cre expression in the thalamus
was minimal (Fig. 1d–f). Cortical neurons
that remained unrecombined are thought
to be interneurons (Malatesta et al., 2003).
Additionally, Cre is also expressed in the spinal cord, cerebellum,
and trigeminal ganglion (supplemental Fig. 1, available at www.j-
neurosci.org as supplemental material, and data not shown).
NF1 flox/flox;hGFAP-Cre mice are born in normal numbers but
become noticeably smaller than their littermates as they age (Fig.
1j), and most die by 4 months of age (Zhu et al., 2005b). Young
adult NF1 mutant brains appear grossly normal (Fig. 1g,h).

To visualize the somatosensory cortex, we first performed cy-
tochrome oxidase staining of brain sections in young adult mice
(P35). Segregation of cytochrome oxidase staining in cortical
layer IV throughout the barrel cortex is seen in coronal and tan-
gential sections in both control (n � 13) and mutant (n � 11)
mice (Fig. 2a– d). No differences were seen in the overall size of S1
(controls, 4.725 � 0.201 mm 2; mutants, 4.673 � 0.298 mm 2) or
PMBSF (controls, 1.053 � 0.042 mm 2; mutants, 1.011 � 0.087
mm 2) areas. However, the morphology of the individual patches
was slightly altered, reflected in a reduction in size (controls,
22341.51 � 732.22 �m 2; mutants, 19803.49 � 892.71 �m 2; p �
0.05) and an increase in the width of septa between patches (con-
trols, 24.537 � 0.791 �m; mutants, 32.732 � 1.417 �m; p �
0.01).

To directly examine local organization of cortical barrels, we
labeled cell nuclei using DAPI staining. In either coronal or tan-
gential sections, segregation of cortical cells into barrels is clearly

seen in the control brain (Fig. 2e, arrows, g,i) (n � 16). In the NF1
mutant mice, however, patterning of cortical cells into barrels is
dramatically reduced or completely absent (n � 12) (Fig. 2f,h,j;
and supplemental Fig. 3a, available at www.jneurosci.org as sup-
plemental material) despite normal lamination of the six cortical
layers (Fig. 2f). To determine the extent of cortical patterning
deficit, we examined tangential sections throughout the entire
cortex. We observed that loss of cortical NF1 resulted in reduced
cellular aggregation throughout the entire somatosensory area
(supplemental Fig. 2, available at www.jneurosci.org as supple-
mental material). Scoring for degree of barrel formation revealed
a significant decrease in mutants compared with controls (sup-
plemental Fig. 3a, available at www.jneurosci.org as supplemen-
tal material). These data indicate that loss of NF1 in cortical cells
has little effect on wild-type thalamic axons but impairs the local
cellular organization of cells in the cortex. No defects were ob-
served in NF1 flox/�;hGFAP-Cre animals, so these were grouped
together with controls (data not shown). The hGFAP-Cre trans-
gene is expressed in trigeminal ganglion (supplemental Fig. 1a,
available at www.jneurosci.org as supplemental material). To as-
certain that unanticipated neuronal loss in trigeminal ganglion
could contribute to the cortical barrel phenotype, we examined
overall morphology and neuron number and found no difference
in this ganglion in mutant animals (supplemental Fig. 1b– d,
available at www.jneurosci.org as supplemental material). The

Figure 1. Cre-mediated recombination is restricted to the cortex in hGFAP-Cre mice. a–f, X-gal staining of adult R26;hGFAP-
Cre and Z/EG;hGFAP-Cre mice reveals recombination in the barrel cortex (a, b, d, e) with little expression in the thalamus (th) (c,
f ). g, h, Nissl staining of adult control (g) and NF1 conditional mutant (h) brains reveals no obvious differences in brain structure.
i, Total brain weight is normal from P4 to P35 in neurofibromin mutant animals. j, Total body weight is normal until P35 in
neurofibromin mutant animals. Scale bars, 100 �m. Error bars indicate SD.
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defects in barrel formation are unlikely to be the
result of general ill health of mutant mice be-
cause no difference in brain weight is seen in
NF1mutant animals from P4 to P35, although
total body weight lags behind as the mutant
ages (Fig. 1i). Consistent with this view, quan-
tification of DAPI-positive puncta in tangential
sections throughout the barrel cortex revealed
no significant difference in numbers between
controls and mutants (supplemental Fig. 3b,
available at www.jneurosci.org as supplemental
material). In addition, as described below, the
deficit in mutant barrel cortex is evident at P8
when no differences in body weight are yet
detectable.

To determine the timing of the defects in
barrel cortex, we examined control and mutant
littermates at P4, a time before cortical segrega-
tion has completed, and at P8 when cortical
segregation is almost complete (Miller et al.,
2001). Immunohistochemical staining for sero-
tonin has been shown to label thalamic axons
entering the barrel cortex in early postnatal
mice (Cases et al., 1996). Thalamic axons, as
visualized by serotonin immunohistochemis-
try, appear normal at P4 (Fig. 3a,b) (n � 2), and
clear segregation is seen by P8 in the mutant
cortex (Fig. 3c,d) (n � 8). In the P8 control
brain, DAPI staining and immunohistochemis-
try for serotonin on tangential sections shows
segregation of cortical barrels and thalamic ax-
ons, respectively (Fig. 3e,g,i) (n � 8). In com-
parison, segregation of thalamic axons is also
present in the mutant cortex, but cortical bar-
rels are not observed (Fig. 3f,h,j) (n � 8). Low-
power micrographs of the serotonin immuno-
staining show segregation of multiple sensory
regions (supplemental Fig. 4, available at
www.jneurosci.org as supplemental material).
Similar to observations from the adult mutant
mice, the size of the S1 and PMBSF areas was
unchanged, whereas the size of individual
patches was reduced (significant differences be-
tween controls and mutants were found in the
sizes of B1, B2, C1, and C3 patches). To quan-
tify the change in segregation, DAPI-stained
tangential sections across the PMBSF area were
imaged as 7 �m optical slices. The density of
DAPI-labeled nuclei in NF1 mutant mice was
normal (controls, 55.68 � 1.61; mutants,
55.94 � 2.82), whereas the ring-like nuclei dis-
tribution was completely absent (wall-to-
hollow ratios: controls, 1.81 � 0.18; mutants,
1.03 � 0.14; p � 0.01). Similar results were also
seen at P10 with no barrel pattern of cortical
cells seen in mutants (data not shown). Thus,
cellular organization of cortical neurons re-

Figure 2. Adult neurofibromin conditional mutant mice lack cortical barrels. a– d, Cytochrome oxidase staining of adult
cortex in coronal (a, b) and tangential (c, d) orientation. Both control (a, c) and mutant (b, d) cortex show segregation of
staining. e–j, DAPI staining of adult cortex in coronal (e, f ) and tangential (g–j) orientation. Cortical barrels are seen in the

4

control (e, arrows; g) but absent in conditional (f, h) knock-outs.
Low-magnification images show no cortical segregation in any cor-
tical region in mutants (j) compared with controls (i).
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quires NF1 function to respond appropriately to thalamocortical
projection cues.

Several signaling molecules and neurotransmitters are re-
quired for barrel formation (Erzurumlu and Kind, 2001; Barnett
et al., 2006). To explore the possible mechanism for the absence
of cortical barrels in the NF1 mutants, we tested whether the
expression of some of these proteins known to be required for barrel
formation were affected by loss of NF1. Western blot analysis was
performed on somatosensory cortex tissue extracts at P0 and P4,
when cortical barrels are forming. No significant difference was
found in the levels of NMDA receptor 1 (NR1), PLC-�1, SynGAP, or
PKA-RII� at either age (Fig. 4a–c,e,f) (n � 3 for each genotype and

time point). Western blot analysis for NF1 shows an 80% reduction
in the NF1 mutant animals (Fig. 4a,b,e). The remaining NF1 expres-
sion likely comes from both interneurons and afferent axonal pro-
jections from non-Cre-expressing regions.

Both the Ras–mitogen-activated protein kinase (MAPK)
pathway and the PI-3 kinase–Akt pathway are known to be ele-
vated in the absence of NF1 (Klesse and Parada, 1998). We exam-
ined the levels of phosphorylated Erk and Akt in NF1 mutant
cortex at P0 and P4. Phospho-Erk showed a significant increase in
levels, whereas phospho-Akt levels were unchanged (Fig.
4c,d,f,h). We also examined the phosphorylation levels PKA-RII�
subunit and found it to be unchanged (P0) (Fig. 4f,h) or slightly

Figure 3. Thalamic axon development in neurofibromin conditional mutant mice. a– d, Serotonin immunohistochemistry reveals both thalamic axon innervation and segregation into the
cortex of mutant animals at P4 (b) and P8 (d) when compared with controls (a, c). e–j, Double-fluorescent staining for serotonin (red) and nuclei with DAPI (blue) of P8 tangential sections. There
is clear thalamic axon segregation in the knock-out (h) similar to controls (g). DAPI staining shows cortical segregation into barrels in control animals (i) that is absent in NF1 mutant mice (j). k–n,
High-magnification view of individual patches shows normal nuclei density in the NF1 mutant mice (l, n) compared with controls (k, m). Scale bars: k, l, 100 �m; m, n, 10 �m.
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decreased (P4) (Fig. 4c,d) in the mutants, whereas the levels of
total PKA-RII� were unaffected (Fig. 4b,f).

Discussion
NF1 regulates cortical barrel formation
Since its initial discovery by Woolsey and Van der Loos (1970),
the rodent barrel cortex has been intensely studied as a well de-
fined system that accommodates the interplay of developmental,
physiological, and behavioral neuroscience. The precise one-to-
one correspondence of the large whiskers with layer IV cortical
neuron segregations (“barrels”) provides an exquisite model for
the studying of somatotopic mapping of sensory surfaces, as well
as general mechanisms underlying the formation and function-
ing of the nervous system.

Development of the barrel cortex is regulated by an intricate
network of genetic factors, many of which are only beginning to
be unveiled (Erzurumlu and Kind, 2001; Petersen, 2007). In the
present study, we demonstrate that the tumor suppressor neuro-
fibromin 1 is also required for the proper formation of cortical
barrels. Mice with a conditional deletion of NF1 in the cortex fail
to form barrels postnatally (P8) and as adults. Thalamic neurons
are devoid of Cre-mediated recombination, and their axonal seg-
regation occurs with proper overall patterns. Mild morphological
changes exist that are likely secondary effects of cortical NF1
ablation. This defect in cortical barrel segregation does not ap-
pear to be a result of gross brain development abnormality but
rather a local consequence of NF1 deletion. Thus, the lack of
cortical barrel formation can be attributed directly to NF1 loss in

the cortex, supporting a cell-autonomous requirement of NF1 in
this cellular compartment.

The bundling of thalamic axons into barrel-like patterns is
thought to be instructive for cortical neurons to reposition their
cell bodies and dendrites. This is best exemplified by transplan-
tation studies demonstrating formation of barrels in visual cortex
explants when they are placed in the somatosensory cortex and
innervated by VPM thalamic axons (Schlaggar and O’Leary,
1991). Several lines of mouse genetic mutants have been gener-
ated that exhibit defects in the development of cortical barrels
despite partial (Barnett et al., 2006; Hannan et al., 2001) or nor-
mal (Iwasato et al., 2000; Inan et al., 2006; Lu et al., 2006; Watson
et al., 2006) thalamic axonal segregation. The phenotypes of the
NF1 conditional knock-outs are similar to these mutants, further
confirming the notion that signaling activities in the postsynaptic
cortical neurons are critical in their rearrangement in response to
thalamic cues.

Postsynaptic signaling and cortical mapping
Neurofibromin, the protein encoded by NF1, contains a Ras-
GAP domain that serves as a checkpoint for Ras-mediated signal-
ing events. Loss of NF1 leads to disinhibition of Ras and, conse-
quently, increased activation of the MAPK and PI-3 kinase
pathways when the specific cellular and environmental signaling
capacity permits (Klesse and Parada, 1998). In the NF1 mutant
cortex, we observed an upregulation of phospho-Erk, although
the level of phospho-Akt remained unchanged. This finding, in
conjunction with a recent report that germline mutant mice of

Figure 4. Western blot analysis of somatosensory cortex shows normal levels of protein expression for other proteins required for cortical barrel formation. In the somatosensory cortex of P4
(a– d) and P0 (e– h) NF1 mutant mice, immunoblots show �80% reduction in NF1 (a, b, e, g). No significant difference was found in NR1, PLC-�1 (PLC), SynGAP (Syn), or the PKA-RII� (PKA)
subunit at P4 (a, b) or P0 (e– g). Phospho-Erk levels are increased in mutant cortices at both ages (c, d, f, h). *p � 0.05; **p � 0.01. Error bars indicate SE. P, Phosphorylated.
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SynGAP, another Ras-GAP-containing protein, also lack cortical
barrels (Barnett et al., 2006), strongly implicates an essential role
of Ras signaling in barrel formation. The physiological substrates
of NF1 and SynGAP in the barrel cortex, as well as the mechanism
by which Ras signaling may mediates cortical neuron reposition-
ing remains to be elucidated.

Our findings that Erk is constitutively activated in the barrel
cortex of NF1 mutant mice suggest the precise on/off regulation
of the Ras–MAPK pathway by NF1 is required for cortical neu-
rons to react to signal inputs from the thalamic axon terminals.
Although the exact nature of these upstream signaling molecules
remains to be identified, previous studies have associated NF1
with a number of proteins and pathways that are involved in the
thalamocortical synaptic communication. Both NF1 and Syn-
GAP have been shown to interact with the NMDA receptor com-
plex (Chen et al., 1998; Kim et al., 1998; Husi et al., 2000). This
coincides with evidence showing lack of cortical barrels in cortex-
specific conditional NR1 mutant mice (Iwasato et al., 2000), sug-
gesting possible NMDA-related deficits in the NF1 mutant mice
that contribute to the absence of barrel formation. Alternatively,
there has been substantial evidence linking NF1 to adenylyl cy-
clase and PKA, both of which have been reported to be required
for proper barrel formation (Welker et al., 1996; Abdel-Majid et
al., 1998; Watson et al., 2006). In Drosophila, loss of NF1 leads to
defects in body size as well as learning and memory, which are
attributable to a decrease in adenylyl cyclase and PKA activities,
not Ras and MAPK signaling (Guo et al., 1997, 2000; The et al.,
1997). In mice, it has been demonstrated that loss of NF1 can also
lead to decreases in adenylyl cyclase activation in the embryonic
brain (Tong et al., 2002), but as yet no in vivo defects have been
attributed to the impairments of this pathway. Together, further
delineation of the NF1 signaling mechanism in the postsynaptic
compartment will provide vital insights into the development of
barrel cortex and patterning in the CNS in general.

Clinical implication in NF1
Aside from the various forms of benign and malignant tumors,
NF1 patients exhibit high incidence of learning disabilities and
mental retardation (North, 2000). In mouse mutants, it has been
shown that the loss of Ras-GAP-dependent regulation constitutes
a molecular basis for spatial learning deficits (Costa et al., 2002).
This coincides with human genetic studies showing a missense
mutation that specifically abolishes the Ras-GAP function of NF1
leads to cognitive disabilities, among groups of other symptoms
(Klose et al., 1998). However, little is known about the cellular
and circuitry abnormalities responsible for the wide range of
mental impairments observed in NF1 patients. In the present
study, we identified a significant neuronal patterning deficit in
mutant mice lacking both alleles of NF1 in the cortex. Although
the behavioral ramifications of such deficit in mutant animals do
not immediately reflect clinical symptoms in NF1 patients, it
suggests loss of NF1 in human likely disturbs pattern formation
in neocortical columns and the CNS in general. It is also likely
that differences in the timing and cell types that undergo loss of
the remaining wild-type allele contribute greatly to the variability
in the behavioral and neuroanatomical phenotypes seen in indi-
viduals with NF1. Future studies using more specific spatial and
temporal knock-outs of NF1 should continue to uncover new
roles for NF1 in neuronal development. Thus, our findings pro-
vide novel insights into the etiology of mental impairments asso-
ciated with neurofibromatosis.
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