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Abstract
This study documents the spatial and temporal expression of three structurally related chondroitin
sulfated proteoglycans (CSPGs) during synaptic regeneration induced by brain injury. Using the
unilateral entorhinal cortex lesion model of adaptive synaptogenesis, we documented mRNA and
protein profiles of phosphacan and its two splice variants, full length receptor protein tyrosine
phosphatase β (RPTPβ) and the short transmembrane receptor form (sRPTPβ), at 2, 7, and 15 d
postlesion. We report that whole hippocampal sRPTPβ protein and mRNA are persistently
elevated over the first two weeks after UEC. As predicted, this transmembrane family member
was localized adjacent to synaptic sites in the deafferented neuropil and showed increased
distribution over that zone following lesion. By contrast, whole hippocampal phosphacan protein
was not elevated with deafferentation, however, its mRNA was increased during the period of
sprouting and synapse formation (7d). When the zone of synaptic reorganization was sampled
using molecular layer/granule cell (ML/GCL) enriched dissections, we observed an increase in
phosphacan protein at 7d, concurrent with the observed hippocampal mRNA elevation.
Immunohistochemistry also showed a shift in phosphacan distribution from granule cell bodies to
the deafferented ML at 2 and 7d postlesion. Phosphacan and sRPTPβ were not co-localized with
glial fibrillary acid protein (GFAP), suggesting that reactive astrocytes were not a major source of
either proteoglycan. While transcript for the developmentally prominent full length RPTPβ was
also increased at 2 and 15d, its protein was not detected in our adult samples. These results
indicate that phosphacan and RPTPβ splice variants participate in both the acute degenerative and
long-term regenerative phases of reactive synaptogenesis. These results suggest that increase in
the transmembrane sRPTPβ tyrosine phosphatase activity is critical to this plasticity, and that local
elevation of extracellular phosphacan influences dendritic organization during synaptogenesis.
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Introduction
Functional recovery after traumatic brain injury requires axonal sprouting and synaptic
reorganization. There is increasing evidence that these processes are regulated by molecules
within the extracellular environment of the brain. The brain extracellular matrix (ECM) is
enriched in proteoglycans, particularly CSPGs. As a group, CSPGs were initially thought to
inhibit axon growth and plasticity both in vitro and in vivo (Snow et al., 1990; Oohira et al.,
1991; Grumet et al., 1993; Davies et al., 1999). They are also major components of the
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inhibitory glial scar which forms after lesions to the brain or spinal cord (reviewed in
Properzi et al., 2003). Published evidence shows that enzymes which degrade chondroitin
sulfated-glycosaminoglycans (GAGs) may enhance axon regeneration and synaptic
plasticity (Moon et al., 2001; Bradbury et al., 2002; Pizzorusso et al., 2002; Huang et al.,
2006). More recently, focal cortical contusion was reported to differentially affect CSPG
expression and reduce inhibitory proteoglycans in regions bordering the lesion core,
potentially fostering local plasticity (Harris NG et al., 2009). By contrast, some CSPG
family members are elevated after brain injury and appear to interact in a positive way with
cell adhesion molecules and soluble growth factors to enhance axonal sprouting (Faissner et
al., 1994; Sakurai et al., 1997; Bicknese et al., 1994; Schafer et al., 2008). Together, these
data show that CSPG interactions may be complex, potentially both inhibitory and
supportive of regenerative plasticity. The CSPG phosphacan and its related splice variants
are one proteoglycan group whose members may play a supportive role in the neuronal
plasticity processes.

Phosphacan (6B4 proteoglycan, or DSD-1 proteoglycan in the mouse) is a secreted
alternative splice variant of the full length receptor protein tyrosine phosphatase β (RPTPβ),
a transmembrane receptor with intracellular tyrosine phosphatase activity (Maurel et al.,
1994). A third form, the short receptor form sRPTPβ, lacks the extracellular membrane-
proximal sequence but retains the intracellular phosphatase activity. Secreted phosphacan
and transmembrane sRPTPβ are the two most prominent forms found in adult brain (Sakurai
et al., 1996; Dobbertin et al., 2003). Produced by both neurons and glia (Snyder et al., 1996;
Hayashi et al., 2005), phosphacan is a major component of brain matrix and can inhibit or
promote axon growth, depending on the neuronal lineage (Garwood et al., 1999). This splice
variant is secreted into the ECM and is distributed around synaptic junctions, but absent
from the synaptic active zone (Miyata et al., 2004). Relative to other CSPGs (e.g. neurocan,
versican, NG2) which may be up-regulated after CNS trauma (Asher et al., 2000; Asher et
al., 2002; Morgenstern et al., 2002; Jones et al., 2003; Schafer et al., 2008), phosphacan may
vary significantly after injury. For example, it is reduced following spinal cord injury (Jones
et al., 2003; Tang et al., 2003), cortical stab injury (Dobbertin et al., 2003) and filter
implant-induced glial scarring (McKeon et al., 1999). However, others report increased
phosphacan after experimental stroke (Carmichael et al., 2005) and fimbria/fornix lesion
(Snyder et al., 1996). While one recent study (Schafer et al., 2008) reported no change in
phosphacan mRNA expression after entorhinal deafferentation lesion, a systematic analysis
of phosphacan splice variants during reactive synaptogenesis has not been made.

Ultrastructural studies confirm that membrane-type full length RPTPβ and sRPTPβ
expression are associated with post-synaptic dendrites and spines (Hayashi et al., 2005).
Other reports suggest a role for RPTPβ in the production of long term potentiation (LTP)
within the mature brain, a function which is consistent with synaptic localization. RPTPβ
knockout mice display age-dependent abnormalities in hippocampal LTP, as well as
impaired spatial learning and contextual fear conditioning (Niisato et al., 2005; Tamura et
al., 2006). A number of intracellular targets for RPTPβ phosphatase have been identified
(Kawachi et al., 1999; Meng et al., 2000; Pariser et al., 2005; Tamura et al., 2006), many of
which direct neurite morphogenesis and synapse regeneration or stabilization (e.g. β-catenin,
β-adducin, PSD-95, p190 RhoGAP). Together, these results suggest that RPTPβ can
influence synaptic plasticity, possibly through multiple molecular pathways.

Clearly, expression of CSPGs like phosphacan and RPTPβ is altered with CNS trauma and
may act to regulate the subsequent axonal sprouting and synaptic recovery. In the present
study we document the spatial and temporal expression of phosphacan, RPTPβ and sRPTPβ
during synaptic reorganization induced by unilateral entorhinal cortex lesion (UEC). UEC is
a well-characterized rodent model of synaptic plasticity (Steward et al., 1988), generating
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robust synaptogenesis within the dentate gyrus during the first two weeks post-lesion. This
time course permits examination of mRNA and protein for the different phosphacan splice
variants during periods of terminal degeneration (2d), afferent sprouting and synapse
formation (7d) and synapse stabilization (15d). We report differential mRNA and protein
expression for phosphacan and RPTPβ splice variants over the first two weeks postinjury,
supporting a role for these CSPGs in both the degenerative and regenerative phases of
reactive synaptogenesis.

Materials and Methods
Experimental Animals

Adult male Sprague-Dawley rats (300–390g) were used in this study. Rats were randomly
divided into three experimental groups: 2d (n = 17), 7d (n = 23) and 15d (n = 12) survival.
Rats were housed in pairs within individual cages having food and water ad libitum, and
subjected to a 12hr dark-light cycle at 22°C. All protocols for injury and use of animals were
approved by the Institutional Animal Care and Use Committee of Virginia Commonwealth
University.

Unilateral Entorhinal Cortex Lesion (UEC)
Rats were subjected to UEC after the method of Loesche and Steward (1977). All animals
were surgically prepared under isoflurane anesthesia delivered via nose cone (2% in carrier
gas of 70% N2O, 30% O2). During all surgical procedures, body temperature was
maintained at 37°C via a thermostatically controlled heating pad (Harvard Apparatus). Rats
were placed in a stereotaxic frame, and an area of skull was removed above the entorhinal
cortex of the right hemisphere. Lesion current was passed through a Teflon-insulated wire
electrode angled at 10° from vertical. Current was delivered (1.5 mA for 30 sec) at a total of
nine stereotaxic sites: 1.5 mm anterior to the transverse sinus, 3, 4 and 5 mm lateral to
midline; and at 2, 4 and 6mm ventral to the brain surface. After lesions were completed, the
electrode was removed, the scalp was sutured closed over the surgical site and Bacitracin
applied to the wound. Animals were monitored during full recovery from anesthesia and
returned to their home cages.

Protein Extraction and Western Blotting
Two rapid dissection procedures for ipsilateral and contralateral samples were performed.
Whole hippocampi were removed from one subset of animals at 2d (n =5), 7d (n = 9), or 15d
(n = 6) post-lesion, and a dentate molecular layer enriched fraction was removed from a
second subset of rats at 2d (n = 3) and 7d (n = 4) post-lesion. For the whole hippocampal
tissue, a serial extraction protocol was adapted from Dobbertin et al. (2003) in order to
separate soluble extracellular phosphacan from transmembrane RPTPβ and sRPTPβ. Each
hippocampus was homogenized in 1.75 ml detergent-free extraction buffer (50mM Tris,
150mM NaCl, 40mM Na Acetate) containing protease inhibitors (Roche complete cocktail
plus 2µg/ml Pepstatin). Homogenates were centrifuged for 20 min at 100,000 × g and 4°C.
Supernatant was removed and stored at −80°C as the saline soluble fraction. Pellets were re-
homogenized in 1.75ml extraction buffer containing 1% Triton X-100, and agitated for 1 h
at 4°C prior to centrifugation for 20 min at 100,000 × g and 4°C. Supernatant was removed
and stored at −80°C as the detergent soluble fraction. In order to expose antigenic sites and
maximize efficiency of antibody recognition, all protein samples were treated with
chondroitinase ABC (chABC; Seikagaku America) to remove chondroitin sulfate GAG
chains from proteoglycans. Aliquots of 540 µl for each sample were removed, buffered to
pH 8 by addition of 400 mM Tris, and mixed with an additional protease inhibitor (Roche
complete cocktail plus 2µg/ml Pepstatin). The resulting preparation (600µl volume) was
incubated with 0.3 U chABC for 3 h, shaking at 37°C. Reaction was stopped by returning
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samples to −80°C. Protein concentration was determined in aliquots from the treated
samples using spectrophotometry (Shimadzu UV-160; Shimadzu Scientific Instruments).

For blot preparation, samples were heat denatured in XT sample buffer (Bio-Rad
Laboratories), either 5µg (phosphacan probe) or 18µg (RPTPβ probe) separated on 3–8%
gels (Bio-Rad Laboratories, Hercules, CA) before transfer to PVDF membrane. Membranes
were blocked in 5% milk-TBST (Tris buffered saline containing 0.05% Tween 20) for 1h
before being probed with either mouse phosphacan (3F8; Developmental Studies
Hybridoma Bank, University of Iowa) or mouse RPTPβ (BD Biosciences, San Jose, CA)
antibody diluted in milk-TBST (1.5 µg/mL) overnight at 4°C. This RPTPβ antibody targets
the c terminus common to both short and full length proteins (Levy et al., 1993), thereby
recognizing each RPTPβ isoform. Blots were subsequently washed with milk-TBST and
then incubated for 1h at room temperature in peroxidase conjugated goat anti-mouse
secondary antibody (1:20,000; Rockland; Gilbertsville, PA) prior to a final washing in
TBST and immunopositive signal visualization using Super Signal West Dura Extended
Duration Substrate (Thermo Scientific; Rockford, IL). Parallel blots were incubated without
primary antibody to confirm signal specificity. All blots were then imaged digitally with the
G:Box ChemiHR system for densitometric analysis using GeneSnap software (SynGene;
Frederick, MD). In each case, the ipsilateral densitometric measurements were expressed as
a percent of contralateral value.

The second subset of animals at 2d (n = 3) and 7d (n = 4) postlesion were prepared for
enriched molecular layer extraction. Using coronal tissue blocks, the dentate molecular layer
and a portion of the adjacent granule cell lamina were excised, homogenized in a 100µl
volume of TPER (Thermo Scientific) and centrifuged for 5 min at 8,000×g and 4°C.
Supernatant was removed and stored at −80°C. As for whole hippocampal protein extracts,
5µg of protein was separated on Criterion XT 3–8% gels and transferred to PVDF
membrane prior to probing for phosphacan using the 3F8 antibody. Immunopositive bands
were visualized, digitally imaged and densitometrically analyzed as described above for
whole hippocampal blots.

After primary antibody binding data was captured, all blots were stripped and reprobed for
β-actin (mouse monoclonal, Sigma, St. Louis, MO; 1:3000) as a load control. Signal was
visualized as described above for the 3F8 and RPTPβ antibodies and blots imaged with the
same G:Box ChemiHR system. No quantitative differences in load between the lanes were
detected.

Confocal Immunohistochemistry
At 2d (n = 3) or 7d (n = 3) post-lesion, groups of rats were deeply anesthetized with sodium
pentobarbital (60 mg/kg, i.p.) and sacrificed by transcardiac perfusion of 0.9% saline,
followed by 4% formaldehyde in 0.1M phosphate buffer (PB), pH 7.2. Brains were removed
and post-fixed overnight at 4°C. Coronal sections (40 µm) were collected in 0.1 M PB, and
immunohistochemistry (IHC) was performed for phosphacan and RPTPβ using the same
antibodies described above for Western blotting. In some sections, 3F8 or anti- RPTPβ was
applied in combination with rabbit antibody to GFAP (Dako North America Inc., Westbury,
NY) to determine if astrocytes were a possible source of phosphacan or RPTPβ. Similarly,
anti-RPTPβ was used in co-localization experiments with rabbit postsynaptic density-95
(PSD-95) antibody (Zymed Laboratories, San Francisco, CA) to probe for association
between the membrane receptor form and synaptic junctions. Since the binding site for 3F8
is partially masked by GAGs attached to the core protein (Dobbertin et al. 2003), we treated
brain sections with chABC prior to phosphacan immunodetection. These sections were
incubated for 1 h at 37°C with chABC (0.1 U/mL in Tris Acetate buffer; 100 mM Tris-HCl,
30 mM Na-Acetate, pH 8.0), then washed 3 × 10 min in phosphate buffered saline (PBS;
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Bio-Rad Laboratories, Hercules, CA) before subsequent immunodetection. Free-floating
sections were then blocked for 30 min in peroxidase, washed 3 × 10 min in PBS and placed
in blocking buffer (fish gelatin in PBS + 0.05% Triton X-100) for 30 min. Next, the tissue
sections were incubated in primary antibody (3F8, anti-phosphacan 1:100, anti-RPTPβ
1:500, anti-GFAP 1:5,000, anti-PSD-95 1:500), in paired combinations overnight at 4°C.
After primary antibody exposure, sections were washed 3 × 10 min in PBS, blocked again
for 30 min and incubated with the appropriate fluorescent secondary antibodies (Alexa 488
goat-anti-mouse, or Alexa 594 donkey anti-rabbit; Invitrogen, Carlsbad, CA) for 2 h. After a
final series of PBS washes, sections were mounted onto Probe On Plus glass slides (Fisher
Scientific, Pittsburgh, PA), and coverslipped with Vectashield (Vector Laboratories,
Burlingame, CA). Minus primary controls were processed in parallel to confirm signal
specificity. Images were captured with a Leica TCS-SP2 confocal microscope for qualitative
analysis of protein distribution.

EM Ultrastructural Immunocytochemistry
At 7d, a subset of animals (n=2) were deeply anesthetized with sodium pentobarbital (60
mg/kg, i.p.) and sacrificed by transcardiac perfusion of 0.9% saline, followed by mixed
aldehyde fixative (4% paraformaldehyde and 0.2% glutaraldehyde) in 0.1M PB, pH 7.2.
Brains were removed and post-fixed overnight at 4°C. Coronal sections (40 µm) were
collected in 0.1 M PB and processed for immunocytochemistry (ICC) with anti-RPTPβ
antibody (BD Biosciences, San Jose, CA) as indicated above, or with mouse MAB 5210
antibody (Chemicon/Millipore, Billerica, MA) to detect all phosphacan splice variants.
Antibody binding was visualized with DAB as described previously (Phillips et al., 1994).
Tissue was then placed in 1% osmium (0.1M phosphate buffer, pH 7.2) and processed in
resin prior to being flat-embedded on plastic slides. After the plastic had cured, sample
regions of mid-dorsal hippocampus containing the CA1 and dentate gyrus were excised and
a series of thick and thin sections cut on an Leica EM UC6i ultramicrotome (Leica
Microsystems, Wetzlar, Germany). The thin sections were collected on membrane-coated
slotted grids and observed on a Jeol JEM-1230 electron microscope equipped with a Gatan
UltraScan 4000SP CCD camera. The granule cell and molecular layers of the dentate gyrus,
both ipsilateral and contralateral to the lesion, were systematically photographed at 5–
10,000× magnification for qualitative analysis.

RNA Isolation and qRT-PCR
Whole hippocampi were rapidly dissected from a subset of animals at 2d (n = 6), 7d (n = 5),
or 15d (n = 6) post-lesion and RNA extraction was performed under nuclease-free
conditions. Each hippocampus (~100mg) was homogenized in 1ml Trizol Reagent
(Invitrogen, Carlsbad, CA), mixed with 0.2 ml chloroform, and centrifuged for 15 min at
12,000 × g. RNA in the upper phase was removed and precipitated with 0.5 ml isopropyl
alcohol. After centrifugation for 10 min at 12,000 × g, supernatant was removed and RNA
pellets were washed in 75% ethanol. The pellets were dissolved in PCR-grade water
(Ambion) and incubated at 55°C for 10 min. All samples were then given two cycles of
DNAse treatment to remove residual DNA contamination using the DNA-free DNase kit
(Ambion; Austin, TX), according to the manufacturer’s protocol. Briefly, samples were
incubated in a mixture of DNAse buffer and DNAse 1 for 20 min at 37°C, followed by 10
min at room temperature with DNAse Inactivation Reagent. After centrifugation at 10,000 ×
g for 2 min to pellet inactivation reagent, supernatants were removed and stored at −80°C.

RNA concentration and integrity were first assessed for all samples with the Experion
automated electrophoresis system (Bio-Rad Laboratories; Hercules, CA), after which
concentration was verified by NanoDrop spectrophotometry (ND-1000, NanoDrop Products;
Wilmington, DE). Subsequent electropherogram analysis (Agilent Technologies; Santa
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Clara, CA) indicated high quality RNA (RIN ≥7.0), clear peaks for 18S and 28S rRNA and
minimal sample degradation. Total RNA was prepared for each sample in PCR-grade water
(20 ng/µl) and submitted for TaqMan One-Step RT-PCR on the ABI prism 7900 Sequence
Detection system (Applied Biosystems; Foster City, CA). Specific TaqMan primers were
designed to span exon-exon boundaries using Primer Express software (Applied
Biosystems; Foster City, CA). Sequences for specific primers and TaqMan probes are listed
in Table 1. A reference calibrator sample of total RNA was serially diluted and used to
generate a standard Cycle Threshold (CT) vs. Quantity plot for each run. In all cases, the plot
was linear and the correlation coefficients were greater than 0.98. PCR reactions were
performed in triplicate and relative mRNA quantity was determined as a function of the CT
for each test sample. By this standard curve method, change in target RNA was expressed in
arbitrary units relative to the standard calibrator. These units were used for RNA data
analysis and were plotted as relative RNA Quantity. Reactions had an overall efficiency
between 90–100% as determined by the slope of the standard curves (range −3.1 to −4.2),
calculated as E=10(− 1/slope) −1. Negative controls on each plate included no-amplification
and no-template conditions.

Statistical Analysis
Changes in gene and protein expression following UEC were evaluated by comparison of
ipsilateral deafferented samples to those from the uninjured contralateral hemisphere,
providing within-subject matched controls. Results were expressed as percent of control
value. The significance of UEC-induced changes in RNA levels was evaluated using mixed-
design ANOVA (SPSS v11, MANOVA) with survival interval as between-subjects factor
and hemisphere as within-subjects factor, and evaluations at single survival intervals
implemented as a-priori comparisons using simple main effects (Keppel, 1991; Levine,
1991). The normality of sample data distributions was confirmed with normal probability
plots prior to ANOVA analyses. The significance of densitometric values from Western
blots was analyzed using the Student’s t-test. A probability of less than 0.05 was considered
statistically significant for all tests.

Results
Expression of Phosphacan and RPTPβ Protein After UEC

Phosphacan protein expression was examined in the saline fraction of hippocampal
homogenates extracted without detergent and treated with chABC. A 450 kD phosphacan
band was resolved (Figure 1 A), corresponding to the profile of this splice variant reported
by Dobbertin et al. (2003). Overall, we found no significant change in phosphacan protein at
the three postinjury intervals. By contrast, when hippocampal homogenates extracted with
detergent and chABC treated were probed for total RPTPβ, we observed significant increase
in the 250 kD band corresponding to sRPTPβ (Dobbertin et al., 2003) at 2, 7, and 15d after
UEC (Figure 1B; 116.6 ± 8.2%, p<0.05; 118.4 ± 9.5% and 120.2 ± 10.4%, p<0.001). By
contrast, we failed to detect measurable full length RPTPβ in our Western blot samples,
consistent with the reported very low levels of this splice variant in adult tissue (Sakurai et
al. 1996; Dobbertin et al 2003). Re-probe of all blots for β-actin verified equal lane loading.
These results show that UEC lesion differentially affects expression of the phosphacan and
sRPTPβ isoforms.

Phosphacan and RPTPβ Immunohistochemistry
In order to confirm tissue distribution of phosphacan and sRPTPβ, we examined the cellular
localization of these proteoglycans using the same antibodies applied for the Western blot
experiments. Confocal IHC analysis revealed prominent ipsilateral differences in expression
at 2 and 7d postlesion for phosphacan. The greatest change occurred at 2d (Figure 2 A, B),
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with diffuse low level staining for phosphacan evident in the contralateral molecular layer
(ML), and dense aggregates of the protein surrounding the cell bodies of dentate granule
cells (arrows in Figure 2A) and within the hilar subgranular zone (SGZ in Figure 2 A). By
contrast, increased phosphacan immunoreactivity was seen over the outer ML ipsilateral to
UEC lesion (arrows in Figure 2 B). Notably, the strong phosphacan staining within both
granule cells and the subgranular zone was reduced on the deafferented side (Figure 2 B).
This result would be consistent with the absence of change in total extracted phosphacan
after injury but indicates a clear lesion-induced shift in the cellular distribution of the
protein.

While Western blot results showed an increase of RPTPβ protein throughout the first 2
weeks postlesion, IHC analysis of hippocampal RPTPβ revealed the strongest ML labeling
at 7d postlesion, the period of robust terminal sprouting and synaptic reorganization (Figure
2 C,D). Although the RPTPβ antibody recognizes both full length and sRPTPβ, the absence
of full length RPTPβ signal in our Western blots suggest that our IHC signal represents
primarily sRPTPβ. In this case, we found punctate RPTPβ staining over the entire dentate
ML (contralateral distribution shown in Figure 2 C), which was visibly increased in
intensity on the ipsilateral deafferented side (Figure 2 D). When phosphacan was localized
with ultrastructural ICC, we observed signal in both granule cell bodies and dendrites,
consistent with the distribution of these isoforms seen by confocal IHC (data not shown).

To further investigate whether reactive astrocytes express phosphacan or RPTPβ after UEC,
we also performed co-localization experiments where antibody for each splice variant was
paired with GFAP antibody (Figure 2). No phosphacan or RPTPβ immunostaining was
found within the cell bodies and major processes of ML astrocytes when examined with
projected z stack images (arrows in Figures 2 E,F; astrocytes identified by yellow arrows
shown at higher magnification within insets). These results suggest that neurons, not
astrocytes, are the predominant source for phosphacan proteoglycans within the deafferented
dentate gyrus.

Because the punctate confocal distribution of RPTPβ suggested synaptic localization, we
also performed double label confocal IHC for RPTPβ and the post-synaptic density marker
PSD-95 at 7d after UEC. A subset of RPTPβ positive puncta were found adjacent to sites
stained with PSD-95 (arrows in Figures 3 A, B), suggesting contiguous distribution of the
two proteins. Moreover, the relative density and size of RPTPβ puncta appeared greater in
the ipsilateral deafferented ML (Figure 3 B) when compared with the contralateral side
(Figure 3 A). In order to further investigate whether this pattern might represent pre- or post-
synaptic localization of RPTPβ, we performed ultrastructural ICC on parallel 7d cases. Here
RPTPβ was found predominantly within dendrites (asterisk in Figure 3 C), as well as in
spines and adjacent to post-synaptic profiles (arrowheads, arrows in Figure 3 C inset). In
some synaptic junctions, we also found evidence for RPTPβ label near vesicles within pre-
synaptic terminals (open arrow in Figure 3C inset), a pattern similar to that observed by
Hayashi and colleagues in embryonic cortical cells (2005).

Expression of Phosphacan and RPTPβ mRNA After UEC
Specific mRNA levels of phosphacan, full length RPTPβ, and sRPTPβ were measured in
ipsilateral deafferented and contralateral control hippocampus at 2, 7, and 15d post lesion
using qRT-PCR. We elected to express our qRT-PCR results relative total RNA input
(Figure 4) because of two prior observations. First, we have shown low sample variance
when these proteoglycans are normalized to total RNA (Harris et. al., 2009) and second,
with the <2 fold changes in mRNA we observed, normalization to total RNA mass may be
the most accurate approach for standardization of gene expression (Tricarico et al.,
2002;Meldgaard et al., 2006). Phosphacan mRNA was increased only at 7d (113.6± 8.7%,
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p<0.05). By contrast, elevations at both 2 and 15d postlesion for full length RPTPβ mRNA
(122.8 ± 5.3% and 122.6 ± 7.8%; p<0.001) were found, while sRPTPβ mRNA was elevated
at all three time points (111.7 ± 10.0% and 112.8 ± 5.6% for 2 and 7d, p<0.05; 118.8 ± 6.9%
for 15d, p<0.01). Interestingly, the 2–15d increase in sRPTPβ transcript was consistent with
time course of injury-induced elevations sRPTPβ protein (see again Figure 1 B). On the
other hand, the 7d increase in hippocampal phosphacan mRNA was not correlated with
increased phosphacan protein (see again Figure 1A). While expressed protein ultimately
affects phenotype, changes in mRNA may independently reflect a biological response to cell
perturbation. Examples of mismatch between transcript and protein expression are well
documented (Mehra et al. 2003). We next investigated whether the observed differences
between hippocampal phosphacan transcript and protein might be explained by subregional
differences in protein distribution after lesion and our tissue sampling method.

Local Increase of Phosphacan in the Deafferented Molecular Layer
The time course profiles for phosphacan and RPTPβ were determined from whole
hippocampal extracts, which could potentially dilute injury effects specific to the
deafferented ML. In fact, our IHC results suggest that, with time after UEC, phosphacan was
reduced over the granule cell layer and increased in the ipsilateral deafferented ML. Thus,
we re-examined phosphacan protein level in Western blots at both 2 and 7d postlesion using
ML/GCL enriched samples. At 7d, when qRT-PCR showed elevated transcript, but no
increase in whole hippocampal phosphacan, tissue samples enriched in the deafferented ML
revealed a significant increase in phosphacan protein (129.9±4.9%; p<0.05; Figure 5).
Further, we also found that phosphacan was not increased in 2d ML enriched samples (see
again Figure 1 A), consistent with the absence of significant rise in hippocampal
phosphacan mRNA at this time. These results are supported by the fact that, despite a
predominant shift in phosphacan from granule cell layer to ML at 2d, overall tissue signal
for phosphacan was similar ipsilateral and contralateral to UEC lesion (see again Figure 2
A, B).

Discussion
The present study provides new detail regarding the expression of extracellular phosphacan
and the transmembrane tyrosine phosphatases RPTPβ and sRPTPβ during the time course of
reactive synaptogenesis. Overall, whole hippocampal phosphacan showed increased mRNA
and protein expression during presynaptic degeneration and terminal sprouting, while the
membrane bound sRPTPβ transcript and protein were elevated throughout the process of
synaptogenesis. Lesion effects on full length RPTPβ were limited to elevated mRNA at 2
and 15d. Notably, whole hippocampal sRPTPβ had a correlated rise in both transcript and
protein, while phosphacan and full length RPTPβ did not. Samples enriched in the
deafferented ML showed a local dendritic 7d elevation in phosphacan protein, not detectable
in whole hippocampal extracts, and ultrastructural ICC confirmed RPTPβ localization within
ML dendrites and spines. Confocal dual label experiments indicated a close association
between RPTPβ and PSD-95, consistent with the ultrastructural RPTPβ distribution, and
showed that reactive astrocytes are not the primary source of phosphacan or RPTPβ in the
deafferented zone. These results suggest that expression of different phosphacan splice
variants is correlated with different phases of reactive synaptogenesis and that post-synaptic
proteins may be principal targets of the membrane bound tyrosine phosphatase during
synapse reconstruction.

Phosphacan and Reactive Synaptogenesis
Prior investigations have documented temporal shifts in the expression of phosphacan
protein after UEC. Deller and colleagues (1997) first reported an increase in phosphacan
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immunolabeling within the deafferented zone 6d after UEC, the period where collateral
sprouting and synapse formation is initiated. Our IHC results show a similar pattern of
increased phosphacan expression, however, we also observed phosphacan staining in
granule cell somata of the contralateral dentate gyrus at 2d postlesion, a pattern which was
shifted to predominant distribution over the deafferented outer ML on the lesioned side. At
7d postlesion, the same regional shift in phosphacan protein was visible and granule cell
signal intensity was reduced. Differences in phosphacan profile between the present study
and that of Deller et al. may be due to antibody specificity. It is possible that 3F8 antibody
recognition of the phosphacan protein core revealed patterns of tissue distribution not
recognized with the DSD-1-PG IgM antibody used in the earlier report.

Dual label confocal imaging failed to show phosphacan within ML reactive astrocytes,
either at 2 or 7d after lesion. Differing levels of reactive gliosis across injury models could
play a role since reactive astrocytes alter their phosphacan expression after certain types of
experimental brain injury. For example, astrocytic expression of phosphacan is enhanced
following spinal cord contusion (Vitellaro-Zuccarello et al., 2008), ischemic brain injury
(Beck et al., 2008), and filter implant-induced glial scarring (McKeon et al., 1999). Notably,
the attenuation of astroglial response to spinal cord contusion reversed the injury-induced
rise in phosphacan, while elevated expression of other CSPGs (e.g. versican, neurocan, and
brevican) remained unaltered (Vitellaro-Zuccarello et al., 2008). In contrast, our results
suggest that UEC does not induce astrocyte production of phosphacan, but rather granule
cells are a principal source of phosphacan after lesion and facilitate its redistribution to areas
undergoing reactive synaptogenesis. This interpretation is consistent with prior observations
by Okamoto and colleagues (2001) which show that phosphacan is not co-localized to
astrocytes within adult hippocampus.

We also found that significant increase in phosphacan transcript was correlated with the
onset of sprouting and synaptogenesis at 7d postlesion. An earlier study employing UEC in
combination with fimbria/fornix lesion reported increased phosphacan mRNA, however
only the 20d postinjury interval was sampled (Snyder et al., 1996). Here we failed to
observe a change in phosphacan transcript as late as 15d, but since we did not sample the
20d time point, it remains possible that UEC produces elevation of phosphacan message at
both 7 and 20d. Alternatively, the more severe combined insult used by Snyder and
colleagues may have produced a longer lasting effect on phosphacan transcription. A
second, more recent report applied precise laser dissection methods to isolate the outer
deafferented dentate ML following UEC, assessing transcript expression for a panel of
CSPGs including phosphacan (Schafer et al., 2008). Using qRT-PCR, this group found no
significant change in phosphacan mRNA between 6h and 14d postlesion, including the 7d
time point where we report increase in whole hippocampal transcript for phosphacan. These
differences could be explained in at least two ways. First, our whole hippocampal extracts
used for qRT-PCR contained granule neurons which, based upon IHC results, contribute
significantly to phosphacan transcript. The laser dissected samples did not include dentate
granule cell laminae. Second, the Schafer et al. study used 18S rRNA as a qRT-PCR
reference gene, which we recently reported to be highly variable in expression and altered
over time following UEC (Harris JL et al., 2009). Normalization of transcript to 18S rRNA
could eliminate detection of experimental effect for specific genes of interest.

In contrast to IHC, Western blot analysis of whole hippocampal extracts failed to show a
change in phosphacan protein 7d after UEC, the time point where whole hippocampal
phosphacan transcript was elevated. This apparent asynchrony between mRNA and protein
response to UEC reiterates the fact that transcript may not always predict protein content.
Prior investigations have advised caution in interpreting proteoglycan expression after CNS
trauma, particularly where mRNA quantification is the sole endpoint (Iaci et al. 2007). In the
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present study, several conditions might account for this asynchrony. Postinjury pathology at
7d could suppress hippocampal translation of phosphacan mRNA. Alternatively, newly
translated phosphacan protein might be rapidly degraded through the activation of
extracellular matrix metalloproteinases which cleave phosphacan (Muir et al. 2002) and are
upregulated in the hippocampus after UEC (Falo et al. 2006). The tPA/plasmin proteolytic
pathway could also affect phosphacan during reactive synaptogenesis since plasmin
degrades hypothalamic phosphacan during physiologically induced synaptic plasticity
(Miyata et al 2005). Finally, our analysis of phosphacan in subregional tissue extracts
suggests that sampling method may best explain the 7d transcript/protein mismatch. In
contrast to the whole hippocampus, ML/GCL enriched tissue samples exhibited a 7d
increase in phosphacan protein, consistent with the 7d elevation of phosphacan mRNA.

This 7d increase in phosphacan protein represents a local dentate response related to the
postinjury period when sprouting and synapse formation is initiated. It is well established
that endogenous growth factors can promote such sprouting in the injured CNS (Nieto-
Sampedro & Bovolenta, 1990; Cui 2006; Deller et al., 2006). Phosphacan binds to a many of
these growth factors, including basic fibroblast growth factor (FGF-2), pleiotrophin,
amphoterin, and midkine (Milev et al., 1998a; Milev et al., 1998b; Maeda et al., 1999). This
binding may localize these molecules at sites of sprouting, or sequester them for later
mobilization. Increased phosphacan within the ML/GCL enriched sample is also consistent
with the shift in the protein to the outer ML seen with IHC. When these results are
considered with those of the Schafer et al. study, a clearer picture of phosphacan response to
UEC emerges. We posit that deafferentation increases granule cell transcription of the
phosphacan splice variant, producing protein which is transported distally along dendrites to
ML sites of synaptic reorganization. Future PCR studies which assess local ML/GCL
changes in transcript, as well as in situ hybridization experiments to confirm cell sources of
phosphacan mRNA will be necessary to test this possibility.

RPTPβ and Reactive Synaptogenesis
Relative to phosphacan and other extracellular proteoglycans, there are fewer studies
describing RPTPβ after CNS injury. Dobbertin and colleagues (2003) examined the
expression of both receptor variants after cortical stab injury, where sRPTPβ protein and
transcript did not change, but full length RPTPβ mRNA was reduced. A stab injury produces
discrete tissue damage, local blood-brain barrier disruption, and astroglial scarring, with
notably less compensatory plasticity. If sRPTPβ is more specifically supportive of synaptic
remodeling, then no change in sRPTPβ expression would be predicted after focal stab insult.
By contrast, sclerotic hippocampi from epileptic patients exhibited increase in RPTPβ
immunoreactivity, primarily associated with gliosis and mossy fiber sprouting in the inner
ML (Perosa et al. 2002). Similar to temporal lobe epilepsy, UEC induces axonal sprouting in
the hippocampus. Here we also observed an elevation in RPTPβ protein, which persisted
throughout the 15d postinjury period. Since full length RPTPβ is primarily a developmental
isoform (Sakurai et al. 1996; Dobbertin et al 2003), and we failed to detect measurable
amounts of that form by Western blot analysis, we conclude that our anti-RPTPβ IHC signal
represents primarily sRPTPβ. Thus, the punctate outer ML distribution of sRPTPβ at 7d
supports its interaction with the local environment to induce collateral sprouting and
promote reorganization of postsynaptic dendrites. Indeed, our ultrastructural ICC studies
confirmed localization of sRPTPβ within ML postsynaptic spines and dendrites, a pattern
also reported by others for pyramidal neurons in cortex and hippocampus (Miyata et al.,
2004; Hayashi et al., 2005).

In parallel confocal experiments, we found that ML sRPTPβ was often localized adjacent to
PSD-95 signal, suggesting that it is positioned near reorganizing postsynaptic sites to
influence protein phosphorylation. A similar RPTPβ distribution along Purkinje cell
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dendritic shafts and somatic membranes was reported by Fukazawa et al. (2008). This
localization suggests sRPTPβ effects on the distribution of synaptic proteins, possibly
through their phosphorylation-directed positioning within the neuronal membrane (Kawachi
et al., 1999; Fukazawa et al., 2008; Tezuka et al., 1999). Of these sRPTPβ targets, at least
two, ErbB4 (Erlich et al., 2000) and PSD-95 (Ansari et al., 2008), show a change in
expression after traumatic brain injury. A similar role for RPTPβ was described during
morphogenesis of cerebellar Purkinje dendrites in vitro, where RPTPβ inhibition produced
aberrant dendritic structure (Tanaka et al., 2003). Again, it appears that the actions of this
splice variant are mediated through neuronal populations, as little evidence of significant
astrocytic sRPTPβ was observed.

Concurrent elevations in sRPTPβ mRNA were also found throughout the time course of
UEC induced synaptogenesis. Persistent elevation suggests that the protein product of this
splice variant influences all phases of the synaptogenic process. Using the same UEC/FFX
lesion model as for their phosphacan analysis, Snyder and colleagues (1996) reported an
increase in RPTPβ mRNA at 20d postinjury. In the present study, we also found increased
RPTPβ transcript at 15d after UEC lesion alone, suggesting that a single deafferentation
insult is sufficient to up-regulate transmembrane phosphacan genes during the later stages of
reactive synaptogenesis. Interestingly, message for full length RPTPβ did increase at 2d and
15d postlesion. However, since we could not detect this form with immunoblots, elevated
transcript may represent the accumulation of stable, but untranslated mRNA. Using a
cortical knife lesion model, Dobbertin and colleagues (2003) also report an acute postinjury
shift in full length RPTPβ transcript without detectable full length protein in their tissue
extracts. Since expression of the full length isoform has been best described during
embryological development (Sakurai et al. 1996) and UEC deafferentation induces
synaptogenesis similar to that observed in the developing hippocampus, it is plausible that
full length RPTPβ also participates in synaptic reorganization after injury. Nevertheless,
additional studies using more specific markers of RPTPβ splice variants will be required to
clarify the role of the full length isoform.

Complexity of Phosphacan and RPTPβ Response After Brain Injury
While many CSPGs such as aggrecan (Schafer et al., 2008), neurocan (Asher et al., 2000;
Schafer et al., 2008), brevican (Schafer et al., 2008), versican (Asher et al., 2002), and NG2
(Tang et al., 2003; Schafer et al., 2008) are up-regulated after CNS injury, phosphacan
response may be mixed depending upon injury modality and survival interval sampled
(Matsui et al., 2002; Dobbertin et al., 2003; Okamoto et al., 2003; Jones et al., 2003; Tang et
al., 2003; Heck et al., 2004). In some cases, both increases and decreases in phosphacan
occur concurrently within different sub-regions after injury. For example, phosphacan is
reduced at the core but increased at the margin of spinal cord lesion (Tang et al., 2003),
while it may be increased at the border of stroke infarct, but decreased in the peri-infarct
tissue (Carmichael et al., 2005).

This complex reaction pattern appears most related to the type of injury induced, extent of
synaptic plasticity involved, and the postinjury time frame examined. When the injury site is
physically separated from the deafferented region, as occurs with UEC lesion, necrotic cell
death and glial scarring do not directly affect the adaptive synaptic plasticity processes
(Deller et al., 2000). These differences would explain a differential phosphacan response
relative to other published models, which may depend upon the extent of neuronal and glial
cell loss in the areas examined and the survival intervals targeted (Jones et al., 2003; Tang et
al., 2003). Alternatively, loss of neuronal activity by massive deafferentation in the UEC
model could shift expression of proteins whose transcription is regulated by such activity.
Here, the loss of perforant path input profoundly reduces synaptic drive, resulting in
extensive plasticity and pronounced effects on phosphacan/RPTPβ during each phase of
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reactive synaptogenesis. Interestingly, an inverse relationship between cell activity and
phosphacan/RPTPβ expression has been reported in supraoptic magnocellular neurons
(Miyata et al., 2004), supporting the idea that change in neuronal activity may also affect
proteoglycan expression following UEC deafferentation. Future studies employing
pharmacological inactivation of the entorhinal cortex or septal formation may determine the
extent to which aberrant neuronal activity regulates proteoglycan function during synaptic
reorganization in the hippocampus.

Conclusions
In summary, the data presented here provide new evidence that phosphacan and sRPTPβ
each play a role in the reactive synaptic plasticity that occurs after brain injury. These two
splice variants are differentially elevated during reactive synaptogenesis induced by UEC
lesion. Shifts in phosphacan expression appear more specifically associated with the period
of sprouting and synapse reconstruction, while transmembrane RPTPβ is activated
throughout the period of synapse morphogenesis and stabilization. These changes appear to
be primarily associated with neurons and likely contribute to adaptive recovery after brain
insult. In order to promote better recovery after brain injury, we must continue to explore
how ECM proteins affect the local environment during synaptogenesis. Such studies will
help to define differences between injuries where recovery is successful and those where
recovery fails.
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Figure 1. Time course of whole hippocampal phosphacan and RPTPβ protein expression at 2, 7
and 15d after UEC
Western blot for phosphacan (A) within the deafferented hippocampus showed no difference
from control at any of the three time points. 2d and 15d n=6; 7d n=9. In (B), Western blot
probe for RPTPβ (antibody recognizing both full length and short transmembrane
phosphatase) showed a significant increase in protein within the deafferented hippocampus
at all time points when compared with contralateral controls. Representative ipsilateral
(left)/contralateral (right) gel pairs are illustrated below each time point. 2d and 15d n=6; 7d
n=9; *p<0.02, **p<0.001.
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Figure 2. Localization of phosphacan and RPTPβ in deafferented dentate gyrus 2 and 7d after
UEC
Projected z stack images show phosphacan (3F8) signal at 2d (A, B) shows predominant
localization over the granule cell body layer (GCL) and subgranular zone (SGZ) of
contralateral control (arrows in A). After lesion (B), phosphacan is increased in the outer
molecular layer (OML, arrows) and decreased in the GCL and SGZ. By contrast, the
distribution of RPTPβ at 7d post-lesion (C, D) is punctate and visible throughout the ML at
higher density (D) than in the contralateral control (C). Confocal dual labeling of
phosphacan at 2d (green in E) and RPTPβ at 7d (green in F) with astrocyte marker (GFAP,
red) in the deafferented ML suggests that reactive astrocytes are not the principal source of
either splice variant. The two markers fail to show significant overlap of signal (white
arrows in panels E,F). Individual examples of reactive astrocytes (yellow arrows) are show
enlarged in each inset. Minus primary controls had only low background signal (G). Bar in
A–D=20µm; E–G=40µm; insets=5 µm.
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Figure 3. RPTPβ distribution in dentate ML at 7d after UEC lesion
Confocal IHC shows RPTPβ (green) at punctate sites in the outer contralateral ML (A).
These sites are more numerous and of larger size in the deafferented ML (B), where RPTPβ
is found adjacent to postsynaptic sites (PSD-95 positive profiles, red; arrows in A,B).
Ultrastructural ICC shows RPTPβ localized in dendritic profiles (asterisk) in the outer ML
of a contralateral hemisphere (C). Inset in C shows RPTPβ present in a spine (arrowhead),
postsynaptic (arrow) and presynaptic (open arrow) sites from a section without counter stain.
Bar in A, B=25µm; C=0.5µm; inset=0.2µm.
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Figure 4. Quantitative RT-PCR analysis of hippocampal phosphacan, short and full length
RPTPβ transcripts at 2, 7 and 15d after UEC lesion
Change in mRNA expression shown as percent of contralateral transcript level and
normalized to total RNA input. Differences were detected between the three splice variants
over time post-lesion. Phosphacan mRNA increased only at 7d post-lesion. The full length
splice variant (RPTPβ) was increased at 2 and 15d, while sRPTPβ was elevated over all
post-lesion intervals. 2d and 15d n=6; 7d n=5; *p<0.05, **p<0.01.
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Figure 5. Phosphacan protein expression in the ML enriched samples from dentate gyrus at 2
and 7d following UEC lesion
Enriched ML extracts are compared with whole hippocampal data (re-plotted from Figure
1). At 2d, when whole hippocampal phosphacan is elevated, ML phosphacan did not change
relative to control values. By contrast, the 7d ML enriched fraction showed increased
phosphacan, positively correlated with elevation of hippocampal phosphacan transcript at
7d. 2d n=4; 7d n=3; *p<0.02.
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Table 1

Primer pairs designed for qRT-PCR of RPTP splice variants and the housekeeping gene cyclophilin A.

gene Oligo sequence

phosphacan forward 5’- GGGCATTCAGGAGTATCCAACA-3’

phosphacan reverse 5’- TCCGTGACTCTTCTATTTTTACTTTCAT-3’

phosphacan probe 5’- TCAGCACATCTCGTTCTATCCCTTTGCTCA-3’

RPTPβ forward 5’- GCAGAGGCCAGTAATAGTAGCCAT-3’

RPTPβ reverse 5’- TAGATGAGAATACCAACAAGAACCACTAG-3’

RPTPβ probe 5’- ACACGATCACAAGGGGTATAACCGCCTT-3’

sRPTPβ forward 5’-ACAATGAGGCCAGTAATAGTAGCCAT-3’

sRPTPβ reverse 5’- TAGATGAGAATACCAACAAGAACCACTAG -3’

sRPTPβ probe 5’- AGACACGATCACAAGGGGTATAACCGCCT -3’

cyclophilin A forward 5’- CTGTTTGCAGACAAAGTTCCAAA -3’

cyclophilin A reverse 5’- AGGAACCCTTATAGCCAAATCCTT -3'

cyclophilin A probe 5’- CAGCAGAAAACTTTCGTGCTCTGAGCACT -3'

Hippocampus. Author manuscript; available in PMC 2012 January 1.


