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Abstract
The somatosenosory barrel cortex in the rodent forms during the first postnatal week setting up a
periphery related map with each whisker represented as a bundle of thalamocortical axons (TCAs)
in layer IV. The centers of each barrel (hollows) contain the densely packed TCAs, while the areas
between each barrel (septa) form a boundary between each barrel. NG2 chondroitin sulfate
proteoglycan (CSPG) expressing cells (NG2 cells, polydendrocytes) make up a unique population
of glial cells that receive synaptic like input and form close contacts with growing axons. In the
present study we investigated the developmental distribution of NG2 cells in the barrel cortex to
determine if they display preferential septa distribution similar to other extracellular and cell
surface CSPGs. Immunohistochemistry for NG2 and platelet-derived growth factor receptor alpha
(PDGFRα) in NG2DsRedBAC transgenic mice showed uniform distribution of NG2 cells and
processes in barrel hollows and septa at postnatal (P) days 5, 6, 7, 8, 14, and 30. Changes in the
barrel pattern formation caused by cauterization of one row of whiskers at P1 resulted in
corresponding changes in extracellular and cell surface CSPG distribution at P7 but no detectable
changes in NG2 cell bodies and processes. Furthermore, no abnormalities in barrel formation or
reorganization were detected in NG2 knockout mice. These observations suggest that NG2 cells
are unlikely to play an inhibitory boundary role on TCA growth and that NG2 expression is not
necessary for normal barrel formation.
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1. Introduction
The somatosensory barrel cortex in the rodent is organized as a topographic map where
axons projecting from the ventral posterior medial nucleus (VPM) of the thalamus form
bundles that represent individual mystacial vibrissae (Woolsey and Van der Loos, 1970;
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Petersen, 2007). These projections set up two functional domains: 1) the barrel hollows that
are the bundle of axons within each barrel that preferentially respond to individual whiskers
and 2) the barrel septa that are the boundaries between each hollow. This pattern forms
during the first postnatal week and can be altered during a developmental critical period, by
changes in sensory input by whisker removal before postnatal day 3 (Wong-Riley and Welt,
1980).

The end of the critical period for large-scale structural plasticity in the barrel cortex
coincides with the unequal distribution of axon growth inhibitory extracellular matrix
(ECM) and cell surface molecules at the septa. ECM molecules such as lectins, tenascin,
aggrecan, neurocan and other chondroitin sulfate proteoglycans (CSPGs), which are
generally known to be repulsive to growing axons (Snow et al., 1990), show increased
expression in the septa during the first postnatal week (Cooper and Steindler 1986a;
Steindler et al., 1989; Bahia et al., 2008; Nakamura et al., 2009), when the thalamocortical
axon (TCA) branches elaborate and locate their targets within each barrel (Erzurumlu and
Jhaveri, 1990).

Cells that express the NG2 CSPG molecule on their surface (NG2 cells, polydendrocytes)
comprise a unique population of glial cells in the central nervous system (CNS) separate
from astrocytes, oligodendrocytes, and microglia (Nishiyama et al., 2009). NG2 cells, also
known as oligodendrocyte progenitor cells (OPCs) exist widely in both gray and white
matter of developing and mature CNS (Dawson et al., 2003). Furthermore, they receive
synaptic input from neurons in both gray (Bergles et al., 2000; Jabs et al., 2005; Ge et al.,
2006) and white matter (Zisken et al., 2007; Kuckley et al., 2007) into adulthood. These data
indicate that axon terminals interact intimately with NG2 cells possibly influencing axon
growth.

Chondroitin sulfate molecules are generally known to be repulsive to growing axons, (Snow
et al., 1990). The NG2 CSPG has shown inhibitory action on neurite outgrowth (Dou and
Levine, 1994) and increased expression after CNS injury (Levine, 1994). Other studies have
demonstrated however that NG2 cells, unlike the NG2 molecule, are conducive to and may
even provide “guide posts” for growing axons (Yang et al., 2006, Busch et al., 2010). If
NG2 cells were repulsive to growing axons it could be hypothesized that they would be
located at the septa of each barrel during somatosensory cortex development. It would be
unlikely that axon growth inhibitory cells would be found in the center of a densely packed
bundle of axons.

The objective of this study was to determine whether NG2 cells could be localized to septa
of the barrel cortex when thalamocortical axons are finding their targets. We performed
immunohistochemistry for NG2 glial cells on tangential sections through barrel cortex at
different developmental stages in normal, NG2 knockout and whisker deprived mice and
rats. Interestingly, unlike extracellular and cell surface chondroitin sulfate proteoglycans, we
demonstrate that NG2 cells are uniformly distributed in barrel hollows and septa, and
deletion of NG2 had no effect on the formation or reorganization of the barrels.

2. Material and Methods
2.1 Animals

Postnatal day 5, 6, 7, 8, 14, and 30 FVB mice, C57BL/6 mice, NG2DsRedBAC transgenic
mice, NG2 knockout mice and P7 Sprague Dawley rats were used in this study. In
NG2DsRedBAC transgenic mice DsRed is expressed specifically in the cell bodies and
proximal processes of NG2 glial cells and pericytes as previously reported (Zhu et al.,
2008). These mice were bred and maintained as heterozygotes in a mixed background of
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C57Bl/6 and FVB at the University of Connecticut animal research facility. All animal
procedures were approved by the Institutional Animal Care and Use Committee (IACUC) at
the University of Connecticut.

To generate NG2 knockout mouse, we designed a targeting vector in which Cre gene was
placed just behind the translational initiation site of the NG2 (CSPG4) gene in frame. A
knock-in vector pNG2CreTV contained a 3.8 kb fragment at the 5′ side, an nlsCre cDNA
(Cre with a nuclear localization signal) placed behind the CSPG4 translational start codon, a
pgk (phosphoglycerate kinase)-neo-cassette, a 4.0 kb fragment at the 3′ side, and an MC1
promoter-driven diphtheria toxin gene. Linearized pNG2CreTV was electroporated into
C57BL/6ES cells (RENKA Line) (Mishina and Sakimura, 2007), and correctly targeted
clones were isolated by Southern blotting. To produce germ line chimeras, the cloned ES
cells were microinjected into eight cell-stage embryos of CD1 mouse strain, and the
NG2CreKI line was established. These mice will be referred to as NG2 knockout mice
throughout this manuscript. There was no overt phenotype of the NG2 knockout mice,
similar to what had been reported for a previously established NG2 null line (Grako et al.,
1995).

2.2 Tissue Processing
Each animal was initially weighed and photographed in order to document its developmental
stage (Hoerder-Saubedissen et al., 2008). Animals were anesthetized with isoflurane and
transcardially perfused with 4% paraformaldehyde solution in 0.1M sodium phosphate
buffer (pH7.4) containing 0.1M L-Lysine and 0.01M sodium meta-periodate (McLean and
Nakane, 1974). Brains were removed and postfixed for 1 hour in the same solution followed
by four washes in 0.2M sodium phosphate buffer over 2 hours. Brains were then
cryoprotected in 30% sucrose in 0.2M sodium phosphate buffer overnight at 4°C.

Tangential sections (Welker and Woolsey, 1974) were prepared by flattening and freezing
each cortical hemisphere in Tissue-Tek O.C.T. compound. Thirty-five-μm sections were cut
from the dorsal surface of the flattened tissue with a cryostat (Microm HM 500M).

2.3 Cytochrome Oxidase Histochemistry
The mitochondrial enzyme cytochrome oxidase was used to identify the barrel pattern in
layer IV. Tangential sections were incubated at 37°C in the dark for 3–4 hours in a solution
containing 0.3mg/mL cytochrome C (Sigma C-2506), 0.6mg/mL 3,3′ diaminobenzidine
(Sigma D-8001) and 5% sucrose in 0.2M sodium phosphate buffer (pH 7.4) until the barrel
pattern could be easily identified (Wong-Riley, 1979).

2.4 Immunohistochemisty and Fluorescence Histochemistry
Tangential sections were prepared for immunohistochemistry by blocking for one hour at
room temperature in 5% normal goat serum (NGS) and 0.1% Triton X-100 in phosphate-
buffered saline (PBS). Sections were then incubated in primary antibodies in 5% NGS and
PBS overnight at 4°C. Primary antibodies used included: rabbit anti-NG2 IgG (1:500,
Chemicon), CS-56 mouse anti-chondroitin sulfate IgM (1:300, Sigma Aldrich), rabbit anti-
serotonin transporter (5HTT) IgG (1:500, Calbiochem), rabbit anti-Olig2 (1:20,000, Drs.
Charles Stiles and John Alberta, Dana Farber Cancer Institute, Boston, MA) and rabbit anti
platelet-derived growth factor receptor alpha (PDGFRα) IgG (1:1000, Dr. W. Stallcup).
After PBS wash, sections were incubated in corresponding species-specific fluorochrome-
conjugated secondary antibodies for 1 hour at room temperature in 5% NGS and PBS.
Secondary antibody dilutions used: Alexa 488-conjugated antibodies (1:500, Molecular
Probes), Cy3-conjugated antibodies (1:500, Jackson ImmunoResearch), Cy5-conjugated
antibodies (1:50, Jackson Immunoresearch). Green Nissl was used at 1:500 dilution
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(Molecular Probes). Sections were then dried onto Superfrost glass slides (Fisher Scientific)
and mounted in Vectashield mounting medium (Vector Laboratories) with the nuclear
counterstain DAPI.

2.5 Fluorescence Microscopy and Quantification
Fluorescence images were captured on a Zeiss Axiovert 200M microscope with an ORCA
ER camera (Hamamatsu) and Apotome grid confocal system (Zeiss). Sections were also
imaged with a Leica TCS SP2 laser scanning confocal microscope to confirm data obtained
from the Zeiss Apotome grid confocal system. Images were processed in Zeiss AxioVision
4.6 software, Adobe Photoshop 9.0 (Adobe Photo Systems) and ImageJ (NIH). Image
manipulations were limited to gray-scale level adjustment.

Quantification of fluorescence intensity in barrel hollows and septa was done in ImageJ.
Barrel hollows and barrel septa were traced using CS-56, 5HTT, or Nissl staining for P14
and P30 mice and saved as regions of interest (ROIs) (Fig. 4A–B). Mean gray values for
corresponding NG2, DsRed, and PDGFRα immunostaining were measured, and the ratio of
the gray scale values in the barrel septa and barrel hollows was obtained. Ratios greater than
one indicate higher expression levels detected at the barrel septa while values less than one
show higher expression levels detected in barrel hollows.

2.6 Whisker Cauterization
Whisker cauterization on the right whisker pad was performed on postnatal day 1 (P1)
NG2DsRedBAC transgenic mice or NG2 knockout mice in order to examine changes in
NG2 glial cell distribution associated with barrel cortex structural plasticity. Animals were
sacrificed at P7, both hemispheres were flattened and 35μm tangential sections were cut on a
cryostat. Adjacent sections were processed for CO cytochemistry and immunolabeled with
anti-NG2 and CS-56 antibodies. Changes in row C whisker barrels of the contralateral (left)
hemisphere were compared to ipsilateral barrels.

3. Results
3.1 Chondroitin sulfate proteoglycan expression during barrel development

Histochemical reaction for the mitochondrial enzyme cytochrome oxidase (CO) with
diaminobenzidine (DAB) was performed on tangential sections through layer IV of the
somatosensory barrel cortex in order to reveal the whisker pattern. The barrel pattern was
reliably detected in all animals between the ages P5 and P30 and was used on every other
section in order to identify sections that exhibited a clear barrel pattern and could be used for
immunohistochemistry (Fig. 1A,D,G,J).

Immunohistochemistry for chondroitin sulfate glycosaminoglycan chains using the CS-56
monoclonal antibody was performed on tangential sections through the somatosensory
barrel cortex adjacent to those used for CO detection at postnatal days 5, 6, 7, 8, 14 and 30.
As previously reported (Miller et al., 1995, Nakamura et al., 2008), more intense CS-56
immunoreactivity was observed in the barrel septa (Fig. 1B and E) compared to the barrel
hollows until P7. CS-56 immunoreactivity in the septa declined thereafter, and by P14 and
P30 immunoreactivity in the septa was only marginally higher than that in the hollows (Fig.
1H and K). In the present study, CS-56 immunoreactivity was used to identify barrel septa in
the early postnatal somatosensory cortex as described below.

3.2 5HTT expression during barrel development
Serotonin has been shown to be important for normal barrel development and both the
serotonin receptor 5HT1B and serotonin transporter (5HTT) are transiently expressed on the
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thalamocortical axons from P4–P10 (Cases et al., 1996; Young-Davies et al., 2000).
Immunohistochemistry for 5HTT on tangential sections through layer IV revealed high
levels of this transporter on the thalamocortical axons from P5–9 (Fig. 1C and F), which
declined to background levels by P14 (Figure 1I and L), consistent with previous reports
(Rhoades et al., 1990). Immunoreactivity for 5HTT was used in this study to identify the
barrel hollows in the early postnatal mice. For mice older than P10, Green Nissl stain was
used to identify the barrel hollows (Figure 2I).

3.3 NG2+ glial cell distribution during barrel development
Tangential sections from NG2DsRedBAC mice were double immunostained with a rabbit
antibody to NG2 and the CS-56 monoclonal antibody in order to compare the localization of
NG2 glial cells and extracellular and cell surface chondroitin sulfate glycosaminoglycans.
Since anti-NG2 antibody labels cell processes as well as the cell body, it was sometimes
difficult to see where the cell bodies were located. To facilitate localization of NG2 cell
bodies, we used NG2DsRedBAC mice, in which DsRed fluorescence is detected mostly in
NG2 cell bodies and proximal processes (Zhu et al., 2008).

NG2 immunostaining at postnatal days 5, 6, 7, 8, 14 and 30 on tangential sections revealed a
lack of preferential distribution of NG2 glial cell bodies or process in reference to barrel
septa or hollows (Fig. 2B,F,J). NG2 glial cells could be found in the center of the barrel
hollow along with the barrel septa at all ages examined (Fig. 2B,F,J and Fig. 3 arrows).
Similarly coronal sections immunostained for NG2 revealed a lack of preferential
distribution of NG2 glial cell bodies or processes in barrel hollows or septa (Fig. 3J–L). A
lower level of NG2 immunoreactivity was evident in Layer IV (compared to other cortical
layers) but NG2 distribution was uniform with respect to barrel hollows and septa (Fig. 3J–
L). The NG2 antibody also stains pericytes but NG2 glial cells were easily distinguishable
by their multipolar morphology while pericytes were bipolar and were in close proximity to
the vasculature (Fig. 3 arrowheads). Occasionally a slightly higher NG2 immunoreactivity
could be observed in the barrel septa compared with barrel hollows. Interestingly this rare
phenomenon was most often observed in C57BL/6 mice and in the locations where CS-56
expression was the highest (Supplementary Fig. 1) but could also be observed occasionally
in the other animal strains examined. It is possible that there are some differences in NG2
expression between mouse strains (Mangin and Gallo, 2010).

Consistent with NG2 immunostaining, DsRed+ cells in NG2DsRedBAC transgenic mice
were distributed uniformly throughout barrel septa and hollows at all ages examined (Fig.
2C,G,K and Fig 3). In order to ensure that the apparent uniform distribution of NG2 cells
was not being misinterpreted by the labeling of pericytes by the NG2 antibody and in the
NG2DsRed transgenic mice, immunohistochemisty was performed for PDGFRα, which is
expressed on NG2 cells but not pericytes and is more concentrated in the cell bodies
(Nishiyama et al., 1996; Rivers et al., 2008). The distribution of PDGFRα+ cells was
uniform with respect to barrel hollows and septa (Fig. 3G–I) confirming the results
demonstrated by NG2 immunostaining and DsRed fluorescence in NG2DsRedBAC
transgenic mice. Unlike the occasionally higher NG2 immunostaining seen in the septa of
some P5–7 mice (Supplementalry Fig. 1), DsRed+ and PDGFRα+ cells did not reveal any
unequal distribution (between barrel hollows and septa) at all ages examined. The DsRed+
PDGFRα-cells in Fig. 3G are likely to be vascular pericytes, which were seen in both barrel
hollows and septa. These observations suggest that NG2 cells and their processes are not
preferentially distributed in the barrel septa at the end of the critical period for structural
plasticity. Additionally, immunostaining for NG2, Olig2 and PDGFRα on P7 rat coronal and
tangential sections showed uniform distribution in barrel hollows and septa consistent with
data obtained from mouse tissue (Supplementary Fig. 2). Olig2, a basic helix loop helix
(bHLH) transcription factor expressed in OPCs and mature oligodendrocytes (Ligon et al.,
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2006), was used as an additional marker to show the distribution of cells within the
oligodendroglial lineage.

In order to semi-quantitatively determine the relative abundance of NG2 cell bodies and
processes in the mouse barrel septa and hollows, fluorescence intensity of immunolabeling
for NG2, DsRed and PDGFRα was measured. Intensity measurements were obtained from
the septa and hollows and compared to measurements taken for CS-56 and 5HTT on the
same section. The ratio between barrel septa and hollow was then calculated and used to
show the relative spatiotemporal change in expression levels for the different molecules
examined. As expected the ratio of barrel septa to hollow was relatively high for CS-56 and
low for 5HTT from P5 to P9 (Figure 4C). These data indicate that this type of quantification
would be useful to detect unequal distribution of immunofluorescence between barrel septa
and hollows. At all ages tested, the ratio of barrel septa to hollow remained close to one for
NG2, DsRed, and PDGFRα, as shown in Fig. 4C. These data indicate that at the end of the
critical period, NG2+ cell bodies and processes remain evenly distributed between barrel
hollows and septa while other extracellular and cell surface CSPGs show unequal
distribution.

3.4 Effects of whisker cauterization on CSPG distribution and NG2 cells
Cauterization of one whisker pad in NG2DsRedBAC transgenic mice at P1 revealed
changes in the barrel cortex organization when examined at P7 (n=3). Cytochrome oxidase
histochemistry revealed a merging of barrel rows and a decrease in overall size (Fig. 5A) for
the barrels corresponding to the whiskers that had been removed. Immunostaining of
adjacent sections for CS-56 and NG2 revealed a similar change in pattern for chondroitin
sulfate expression but no obvious change in NG2+ glial cell distribution (Fig. 5B–E, K, O).
A lack of change in NG2 glial cells was also confirmed by examination of DsRed expression
(Fig. 5D–E, L, P), suggesting that NG2 cells do not undergo spatial rearrangement under
conditions when the thalamocortical axons and extracellular and cell surface CSPG patterns
do.

3.5 Barrel formation and Reorganization in NG2 knockout mice
Tangential and coronal sections were analyzed from NG2 knockout (KO) mice to determine
if lack of NG2 CSPG expression in the cortex resulted in disrupted axonal targeting and/or
barrel formation. NG2 immunoreactivity was not detected in the cortex of NG2 KO mice
(Fig. 6C–D, Fig. 7A). Cytochrome oxidase histochemistry, revealed normal barrel pattern at
P7 (n=4) in NG2 KO mice (Fig. 6F) which was also evident on adjacent tangential sections
using immunostaining for 5HTT and CS-56 (n=4) (Fig. 6I–J and M–N). Coronal sections
that were stained for 5HTT and CS-56 showed no detectable abnormalities in layer specific
thalamocortical axon targeting (Fig. 6G–H) (n=4). Furthermore, immunostaining for Olig2
and PDGFRα on coronal sections from NG2 KO mice demonstrated the presence of
oligodendroctye lineage cells even in the absence of NG2 CSPG and uniform distribution in
barrel hollows and septa in contrast to (the segregated distribution of) CS-56 and 5-HTT
immunoreactivity (Figure 7).

Finally, cauterization of the right whisker pad of NG2 KO mice resulted in redistribution of
left barrel pattern demonstrated with 5-HTT immunoreactivity (Fig. 7J,L) but no detectable
changes in the distribution of Olig2+ cells (Fig. 7K,M). Thus, lack of NG2 had no apparent
effect on the formation of the barrel pattern or restructuring after whisker cauterization.
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4. Discussion
Unlike extracellular and cell surface chondroitin sulfate glycosaminoglycans, the NG2
CSPG and NG2 glial cells did not delineate the whisker pattern in layer IV during
development of the barrel cortex. Using immunohistochemistry and NG2DsRedBAC
transgenic mice we have demonstrated that NG2 cells are uniformly distributed in barrel
hollows and septa at the end of the critical period for large-scale structural plasticity in both
mice and rats. Changes in sensory input, which resulted in altered organization of barrel
structure, did not change the distribution of NG2 cells. Furthermore, using NG2 knockout
mice we demonstrated that NG2 CSPG expression in the cortex is not necessary for normal
barrel development.

4.1 CSPGs in barrel cortex development
Extracellular and cell surface CSPGs were initially found to be elevated in the barrel septa
compared to barrel hollows (Cooper and Steindler 1986a) coincident with preferential
distribution of GFAP+ astrocytes in the barrel septa (Cooper and Steindler 1986b). This
observation suggested that these axon growth inhibitory molecules might play a role in the
formation of the whisker pattern in the cortex by guiding the thalamocortical axons (TCAs)
into the corresponding barrel hollow and preventing them from crossing into adjacent
barrels. Consistent with these observations, CS-56 monoclonal antibody against chondroitin
sulfate chains revealed a high level of expression in the barrel septa relative to the hollows at
the end of the critical period between P5 and P9. In contrast, NG2 immunoreactivity was
detected uniformly throughout the septa and hollows.

The NG2 core protein has two serine-glycine pairs in the middle portion of its extracellular
domain that exist in the context of consensus sequence for chondroitin sulfate attachment
(Nishiyama et al., 1991). Mutation analysis revealed that chondroitin sulfate is attached
through a single serine residue at amino acid position 999 (Stallcup and Dahlin-Huppe,
2001). Furthermore, NG2 proteoglycan on glial cells isolated from early postnatal brain
contains little chondroitin sulfate compared to NG2 from the B49 cell line, and the majority
of it appears to exist as the bare core glycoprotein (Nishiyama et al., 1996), as was the case
for NG2 in adult brain tissue (Bu et al., 2001). Thus NG2 is not likely to be a major CSPG
detected by the CS-56 antibody.

Besides NG2 CSPG, NG2 cells also express at least two members of the lectican family of
proteoglycans, versican and neuroglycan-C, (Asher et al., 2002; Cahoy et al., 2008), which
carry a large number of CS chains (Yamaguchi, 2000). Additional members of the lectican
family of CSPGs in the brain include neurocan and aggrecan synthesized primarily in
neurons (Engel et al., 1996; Carulli et al., 2006) and phosphacan and brevican produced
primarily in astrocytes (Engel et al., 1996; Carulli et al., 2006; Galtrey and Fawcett 2007).
However, it is not known which of these CSPG core proteins is carrying the epitope
recognized by the CS-56 antibody detected in the septa. It is also possible that the
enrichment of CSPGs in the septa may be a secondary effect caused by the secretion of
proteases by the TCAs that enter the barrel hollows and break down the extracellular matrix
in the hollows before septa (Steindler et al., 1995).

Our study revealed for the first time, to our knowledge, a detailed developmental
distribution of NG2 CSPG and NG2 cells in the barrel cortex. The uniform distribution of
NG2 cells and their processes across development in barrel hollow and septa implies that
these cells are unlikely to play a major role in guiding thalamocortical axons to navigate into
the target barrel without crossing over the boundaries to adjacent barrels. Furthermore, the
lack of detectable changes in NG2 CSPG or NG2 cell distribution following whisker
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removal suggests that NG2 cells do not play a major role in guiding axons as they rearrange
to find new targets in response to the altered field of sensory input.

4.2 NG2 molecule and NG2 cells in axon growth
If the NG2 CSPG were acting as an axon growth inhibitory molecule, then aberrant TCA
targeting to upper cortical layers might be expected in NG2 knockouts, as previously shown
in oligodendrocyte myelin glycoprotein knockout mice (Gil et al., 2009). However, we did
not detect any abnormalities in barrel formation and patterning in the NG2 knockout mouse.
This suggests that NG2 does not play a major inhibitory role in axon guidance and is
consistent with lack of evidence showing altered axon growth or regeneration after injury in
NG2 knockout mice (de Castro et al., 2005; Hossain-Ibrahim et al., 2007).

The role of the NG2 proteoglycan in neurite and axon growth and regeneration after injury
has become a highly debated topic. In vitro studies primarily from Levine and colleagues
demonstrated inhibitory action on neurite and axon outgrowth by the NG2 CSPG and core
protein (Dou and Levine, 1994; Chen et al., 2003; Ughrin et al., 2003). An vivo study from
this group in which anti-NG2 antibody was infused into the lesioned spinal cord also
suggested that NG2 CSPG acts as a barrier to axon regeneration (Tan et al., 2006).

There are other reports, however, that suggest the contrary. We have demonstrated that NG2
cells do not inhibit axon growth in vitro and found evidence for extensive contacts with
growing axons in vivo (Yang et al., 2006). A similar close spatial relationship between NG2
cell processes and severed axons has been found in the contused spinal cord (McTigue et al.,
2006), where the level of NG2 is greatly increased (Jones et al., 2002). Furthermore,
observations of regenerating axons after spinal cord injury showed that NG2 cells might
stabilize and support their re-growth through the glial scar (Busch et al., 2010). Given that
neurons form synaptic like inputs onto most if not all NG2 cells (Bergles et al., 2000, De
Biase et al., 2010) it is unlikely that NG2 cells would repel axons.

The precise mechanism by which NG2 cells interact with growing axons remains unknown.
It is possible that NG2 cells express molecules on their surface or secrete molecules that are
permissive to axonal growth and counter the inhibitory effects of the NG2 CSPG. For
example, brain-derived neurotrophic factor has been shown to be secreted by NG2 cells
(Tanaka et al., 2009). In addition to secreted molecules, there may be contact-mediated
mechanisms that promote survival and extension of axons. Given the lack of evidence for
preferential distribution of NG2 cells and their processes to distinct regions of the barrel
cortex and the uniform distribution of NG2 cells in other brain regions, one could speculate
that NG2 cells play a more general trophic role for multiple axonal populations. Further
studies are needed to define the specific role NG2 cells play in axon growth and survival.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Changes in expression levels of chondroitin sulfate and serotonin transporter in tangential
sections during barrel cortex development from P6 to P30.
A,D,G,J: Cytochrome oxidase histochemistry.
B,E,H,K: Immunolabeled with antibody to CS-56.
C,F,I,L: Immunolabeled with antibody to 5-HTT.
Cytochrome Oxidase histochemistry reveals the barrel pattern at all ages examined.
Adjacent tangential sections stained for chondroitin sulfate proteoglycans (CS-56) and
serotonin transporter (5HTT) show transient expression in barrel septa and hollows
respectively from P6–P7. Scale bars 100μm in A–D and 50μm E–L.
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Fig. 2.
NG2 cell distribution during barrel cortex development.
A,F: Immunolabeled with CS-56 antibody
I: Labeled with Nissl stain
B,F,J: Immunolabeled with antibody to NG2
C,G,K: DsRed Expression in NG2DsRedBAC transgenic mice
Single tangential sections from NG2DsRedBAC transgenic mice double immunostained for
CS-56 and NG2 at P5 (A–D) and P6 (E–H) and double immunostained for Nissl and NG2 at
P30 (I–L). These panels demonstrate the uniform distribution of NG2 cells in barrel hollows
and septa at all ages in contrast to the higher levels of CS-56 immunoreactivity in barrel
septa. Scale Bars 50μm in A–L
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Fig. 3.
NG2 cells are found in barrel hollows and septa at postnatal day 7.
A,J: Immunolabeled with antibody to NG2
A,D,G: DsRed expression in NG2DsRedBAC transgenic mice
B,H,K: Immunolabeled with CS-56 antibody
E: Immunolabeled with antibody to 5-HTT
G: Immunolabeled with antibody to PDGFRα
Single tangential sections from a P7 NG2DsRedBAC transgenic mouse double
immunostained for NG2 and CS-56 (A–C), immunostained for 5HTT (D–E) and double
immunostained for PDGFRα and CS-56 (G–I) show the presence of NG2 cells in barrel
hollows and septa (Arrows). Arrowheads indicate typical morphology of NG2+DsRed+
pericytes. A coronal section immunostained for NG2 and CS-56 similarly shows uniform
distribution of NG2 immunoreactivity in barrel hollows and septa (J–L). Scale Bars 25 μm
in A–I and 50 μm in J–L
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Fig. 4.
Changes in fluorescence intensities during barrel development.
Examples of regions of interest (ROIs) selected for barrel septa (A) using CS-56
immunoreactivity or barrel hollows (B) using 5HTT expression on thalamocortical axons
(see materials and methods). Fluorescence intensity quantification (C) shows the ratios of
barrel septa to barrel hollows at the different postnatal ages examined. As expected average
ratios of barrel septa to hollows are approximately 2:1 for CS-56 from P5–P8 and 0.5:1 for
5HTT. At all ages NG2, DsRed and PDGFRα average ratios remain close to 1:1 indicating
uniform distribution in barrel hollows and septa. Numbers at the base of each bar indicate
number of animals examined at each age. Scale Bars 50μm in A–B. Error Bars = standard
deviation
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Fig. 5.
Whisker cauterization causes changes in CS-56 but not NG2 distribution.
A,F: Cytochrome oxidase histochemistry
B,C,G,H,M,Q: Immunolabeled with CS-56 antibody
D,I,K,O: Immunolabeled with antibody to NG2
D,I, L,P: DsRed expression in NG2DsRedBAC transgenic mice
Tangential sections from NG2DsRedBAC transgenic mice processed for cytochrome
oxidase histochemistry (A,F) revealed changes in barrel pattern in layer IV of the left
somatosensory cortex corresponding to cauterized whiskers on right whisker pad (arrow in
A). Adjacent tangential sections immunostained for CS-56 (B,G) showed similar changes in
barrel pattern (arrow in B). Area indicated by box in B and G is double immunostained for
NG2 and CS-56 and shown in C,D,E and H,I,J respectively. Area indicated by boxes in C
and H show high magnification images (K–R) of NG2 immunoreactivity and DsRed
expression in NG2 cells from cauterized (K–N) and normal (O–R) tangential sections.
NG2+DsRed+ cells did not alter their distribution in response to barrel pattern changes
unlike CS-56. Scale Bars 100μm in A, B, F, G; 50μm in C–E, H–J and 25 μm in K–R.
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Fig. 6.
Barrels develop normally in NG2 knockout mice
A–B: DAPI nuclear stain
C–D: Immunolabelled with antibody to NG2
E–F: Cytochrome oxidase histochemistry
G–H, I–J: Immunolabelled with antibody to 5-HTT
K–L, M–N: Immunolabelled with CS-56 antibody
Single tangential sections taken from heterozygous (A,C) and NG2 knockout (B,D) mice at
P7 show the lack of NG2 immunoreactivity in the cortex in the knockout. Tangential
sections taken from NG2 knockout mice revealed normal barrel pattern formation
demonstrated with cytochrome oxidase histochemistry (B), 5HTT immunohistochemistry
(F) and CS-56 immunohistochemistry (J). Single coronal sections double immunostained for
CS-56 and 5HTT from heterozygous (G,K,O) and knockout mice (H,L,P) show normal
barrel formation and layer specific projections. Scale bars 100μm in E–F, I–J, M–N and
50μm in A–D, G–H, K–L, O–P.
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Fig 7.
Uniform distribution of Olig2 and PDGFRα positive cells in normal and whisker cauterized
NG2 knockout mice.
A: Immunolabelled with antibody to NG2
B,E,H: Immunolabelled with CS-56 antibody
D,K,M,O,Q: Immunolabelled with antibody to Olig2
G: Immunolabelled with antibody to PDGFRα
J,L,N,P: Immunolabelled with antibody to 5-HTT
Coronal sections (A–I) from NG2 knockout mice show the lack of NG2 immunoreactivity
(A) and uniform distribution of Olig2+ cells (D) and PDGFRα+ cells (G) in barrel hollows
and septa in contrast to higher CS-56 immunoreactivity in barrel septa (B,E,H). Tangential
sections from whisker cauterized (left J–M) and normal (right N–Q) NG2 knockout mice
show changes in barrel pattern demonstrated with 5-HTT immunoreactivity but no changes
in the distribution of Olig2+ cells in adjacent sections. Scale bars 100μm in J–K, N–O and
50 μm in A–I, L–M, P–Q.
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