
Figure 12. Human recombinant ADAMTS4 induces neurite outgrowth. 
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Figure 12. Human recombinant ADAMTS4 induces neurite outgrowth.  

Representative photomicrographs and tracings are shown of primary cortical rat 

neurons grown on poly-L-lysine/laminin and treated with ADAMTS4 at 1, 10 (D,E) 

and 50nM (F,G) and ADAMTS5 at 10nM (H,I) or culture medium containing BSA 

(B,C) at days 2 and 5 of culture and neurite outgrowth measured at day 6.  At the 

end of culture, neurons were visualized by using anti-microtubule associated 

protein-2 immunocytochemistry and the Alexafluor 488-conjugated actin binding 

protein, phalloidin.  The photomicrographs (B,D,F,H) were converted to grayscale 

and neurites traced (C,E,G,I).  Data was calculated by dividing the area of the 

photograph occupied by neurite signal (µm2) divided by number of neurons in the 

field to generate mean ± SEM (µm2/neuron) that are shown in panel A.  

Treatment with ADAMTS4 resulted in a dose-dependent increase in neurite 

outgrowth (see panel A) and 10nM ADAMTS5 also significantly increased neurite 

outgrowth (* p ≤ 0.05 compared to untreated or medium + BSA treated wells).  

Three separate cultures were utilized in these experiments, with at least 10 fields 

in total for each treatment group, representing over 1,000 neurons for each 

group.  Scale bars, 100µm. 

 

Modulation of tyrosine phosphorylated proteins in response to ADAMTS4 

 Since ADAMTS4 appears to exert its effects on neurite outgrowth 

independent of its proteolytic activity, it is possible that ADAMTS may be 

signaling the cell by binding and acting at the cell surface.  Significant evidence is 

available showing that ADAMTS protein is localized to the ECM and cell surface 
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(Kuno and Matsushima, 1998; Kuno et al., 1999; Gao et al., 2004a).  Since 

neurite outgrowth has been shown to be mediated in part by tyrosine kinase 

signaling, neurons treated with ADAMTS4 were examined for elevated 

abundance of intracellular proteins containing phosphorylated tyrosine residues 

using an anti-phosphotyrosine antibody in neuronal lysates.  Neurons were 

treated with 50nM ADAMTS4 and extracted after 20, 40 and 60 minutes of 

incubation, lysates subjected to Western blot and probed with anti-

phosphotyrosine antibody.  Increases in the abundance of several 

phosphotyrosine-containing proteins of differing molecular weights were 

observed after stimulation with ADAMTS4 (Fig. 13F).  Robust up-regulation of a 

50kD (Fig. 13C), 115kD (Fig. 13D) and >120kD (Fig. 13E) signal was detected at 

60 minutes after addition of ADAMTS4, although the peak of the time-course was 

somewhat inconsistent among experiments.  Modest increases were seen in a 

species at ~40kD (Fig. 13A, B). 
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Figure 13. Tyrosine residue phosphorylation in total protein extract from neurons 

after treatment with human recombinant ADAMTS4.  Representative immunoblot 

showing protein bands immunoreactive with anti-phosphotyrosine antibody in 

extracts from neurons, at 5 days in culture and treated with culture medium or 50 

nM ADAMTS4 for 20, 40 and 60 min.  Proteins immunoreactive for phospho-

tyrosine were observed at several molecular weights, 42 (A), 44 (B), 50 (C), 115 

(D), >120 (E).  Protein bands from this single experiment were quantified by 

densitometry and values are shown in panel (F) indicate increases in band 

density for proteins at several different molecular weights, especially prominent is 

a band at about 40 kD.  This blot is from a representative experiment and results 

were similar in three replicate experiments. 
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Modulation of MAP kinase (ERK1/2) in response to ADAMTS4 

 The increase in the abundance of phosphotyrosine-containing proteins 

around 40 kD led us to examine the possibility that the effects on neurite 

outgrowth were mediated by ERK1/2, an intracellular factor known to have 

effects on neurite outgrowth.  Thus, neuronal extracts were examined by 

Western blot and probed with anti-"pan" ERK1/2 antibody and anti-phospho-

selective ERK1/2 antibody to determine if any changes were occurring in the 

ratio of activated (phospho) to total ERK1/2 protein in response to ADAMTS4.  

Marked increases in activated 42/44kD ERK1/2 were detected after ADAMTS4 

treatment (Fig. 14A-D), but there was some variability in the time of maximum 

stimulation.  However, elevations in the phospho-ERK1/2 / total ERK1/2 ratio 

were observed in four separate independent experiments.   
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Figure 14. ERK1/2 is activated in neurons in response to treatment with human 

recombinant ADAMTS4. 
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Figure 14. ERK1/2 is activated in neurons in response to treatment with human 

recombinant ADAMTS4.  Representative blots (A and B) and densitometric 

values of immunoreactive bands (C and D) of ERK1/2 immunoreactivity in 

extracts from neurons at 5 days in culture and treated with ADAMTS4.  Culture 

medium vehicle or human recombinant ADAMTS4 at 50 nM was added to 

neuronal culture medium and cell lysates were collected 20, 40 and 60 minutes 

after treatment, the lysates subjected to SDS-PAGE and Western blotting using 

anti-42/44kD phospho-ERK1/2 (A) and anti-pan-ERK1/2 (B) antibodies.  

Densitometry of the immunoreactivity bands was quantified and the ratio of 

phospho-ERK1/2 to pan-ERK1/2 was calculated for each sample and for each 

isoform of ERK 1/2.  (C) ratio of 42 kD activated phospho-ERK to pan- 42 kD 

ERK, (D), ratio of 44 kD activated phospho-ERK to pan- 44 kD ERK.  Marked 

and apparently sustained increases in activated ERK1/2 were observed in 

response to treatment with ADAMTS4   This experiment was repeated four times, 

with increases seen in each experiment, however, the time of the peak 

magnitude of the increase was variable among experiments,  Thus, results from 

a single, representative experiment is shown. 

 

Neurite outgrowth in the presence of MEK inhibitors 

 To determine whether the MAP kinase pathway(s) was mediating the 

neurite growth promoting effects of ADAMTS4, neurite outgrowth was quantified 

in cultures treated with selective MAP kinase inhibitors or their inactive analogs 

(Fig.15).  The MAP kinase inhibitor PD98059 (Fig. 15A) was added at 10 and 
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25µM, and neurons were treated with U0126, a potent inhibitor of MEK-1 and -2, 

at 10, 25 and 50µM (Fig. 15B).  Neurons were treated with the inactive analog of 

U0126, U0124 as a control.  The inhibitors were used alone or thirty minutes 

before the addition of 50nM ADAMTS4, and the neurons were fixed, 

immunostained and photographed.  Neurite outgrowth was quantified by the 

same procedure as the protein treatment experiments.  All neurites were traced 

in a particular field, area occupied by the tracing was determined and expressed 

as area occupied by neurite tracings divided by the number of neurons in the 

field to yield µm2 neurite tracing/neuron.  ADAMTS4 at 50 nM was effective in 

enhancing neurite outgrowth (Fig. 15A-C).  PD98059 treatment alone did not 

significantly alter neurite outgrowth in the absence of ADAMTS4, and was 

comparable to control levels at 10 and 25µM (Fig. 15A).  However, when added 

to cultures stimulated with ADAMTS4, PD98059 completely inhibited the neurite 

outgrowth promoting effects of ADAMTS4 (Fig. 15A).  When the MEK-1,-2 

inhibitor, U0126 was incubated with neurons in the presence of ADAMTS4, it 

also inhibited neurite outgrowth induced by the protease (Fig. 15B), yet at the 

highest dose tested, the drug appeared to be neurotoxic (not shown).  The 

inactive analog of U0126, U0124, did not influence ADAMTS4 induced neurite 

outgrowth at 25 and 50 µM (Fig. 15C).  At the concentrations for these 

experiments, the diluent used for each drug, DMSO, alone did not affect neurite 

outgrowth (data not shown).  These results suggest an involvement of the MAP 

kinase signaling pathway in ADAMTS4-stimulated neurite outgrowth.   
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Figure 15. MAP kinase inhibitors attenuate neurite outgrowth induced by human 

recombinant ADAMTS4 treatment 
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Figure 15. MAP kinase inhibitors attenuate neurite outgrowth induced by human 

recombinant ADAMTS4 treatment.  PD98059, an inhibitor of MAP kinase (A) 

U0126, a potent inhibitor of MEK-1 and -2 (B) and U0124, an inactive analog of 

U0126 (C) were added to the culture medium of neurons at 2 and 5 days in 

culture to determine whether inhibition of the MAP kinase could influence the 

growth of neurites induced by ADAMTS4.  Cells were treated with vehicle 

(DMSO) or inhibitor alone or with inhibitor thirty minutes before the addition of 

50nM ADAMTS4, followed by fixation, immunostaining and quantification of 

neurite outgrowth by tracing neurites on day 6 of the culture.  Area occupied by 

neurites (µm2) from neurite tracings was divided by number of neurons in the 

field to generate a mean ± SEM (µm2/neuron).  Each MAP kinase inhibitor 

significantly and dose-dependently impaired the neurite outgrowth promoting 

effects of ADAMTS4 with little effect on basal neurite outgrowth with the 

exception of high doses of U0126 which appeared to be toxic toward the 

neurons.  * signifies p ≤ 0.05 compared to "control" treatment; ** signifies p ≤ 

0.05 compared to treatment with 50 nM ADAMTS4 alone.  This experiment was 

performed using an independent culture and at least 10 fields were examined for 

each treatment group representing about 75 neurons per treatment group.  

Similar data was obtained when the experiment was repeated. 

 

Discussion 

Several rather recent studies have provided the most direct evidence to 

date for the involvement of matrix-degrading metalloproteinases in neural 
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plasticity in the CNS.  Most of these experiments were conducted in vivo and 

demonstrated increased expression of matrix-cleaving proteinases during 

conditions of regeneration and/or neuronal sprouting (Szklarczyk et al., 2002; 

Yuan et al., 2002; Mayer et al., 2005) or synaptogenesis (Kim et al., 2005) and 

that blockade of metalloproteinase activity during a critical period may impede 

neural plasticity mechanisms (Reeves et al., 2003).  In at least two of these 

studies, a PG crucial to the plastic response was identified and shown to be an in 

vivo substrate for an active metalloproteinase (Yuan et al., 2002; Mayer et al., 

2005).  Data from in vitro studies has been limited to peripheral neurons and has 

shown that metalloproteinases enhance penetration of neurites into the basal 

lamina (Nordstrom et al., 1995) and potentiate nerve growth factor-induced 

neurite extension in PC12 cells (Shubayev and Myers, 2004).  In addition in 

peripheral nerve, metalloproteinase cleavage of a PG converted the growth 

environment from an inhibitory to a permissive one, allowing for elongation of 

dorsal root ganglion neurons (Zuo et al., 1998).  In the present study, ADAMTSs 

were examined for their ability to induce neurite outgrowth in vitro in the absence 

of any other classical growth factors. The ADAMTSs used in this study are 

proteases particularly adept at cleaving aggregating, CS-containing PGs that are 

abundantly expressed in the CNS.   

Transfection of ADAMTS4 cDNA into primary rat neurons resulted in 

enhanced neurite growth compared to neurons transfected with vector alone, 

when neurons were grown on an astrocyte monolayer.  The initial interpretation 

was that elevated ADAMTS4 expression resulted in increased cleavage and/or 
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degradation of CS-containing PGs present in the astrocyte monolayer (Hamel et 

al., 2005).  Thus, the matrix was more permissive toward neurite outgrowth after 

being released from the inhibitory effects of the PGs (Zuo et al., 1998).  However, 

when neurons were cultured directly on a poly-L-lysine/laminin substrate without 

an astrocyte monolayer, the results were the same, ie. ADAMTS4 transfected 

neurons showed greater neurite outgrowth compared to vector transfected 

neurons.  This was puzzling since the abundance of matrix proteins produced in 

neuronal cultures is markedly lower than that found on astrocyte monolayers.  To 

more fully characterize whether proteolytic activity was an essential component 

in the action of the ADAMTSs in promoting neurite growth, neurons were 

transfected with a construct encoding an inactive point mutant of ADAMTS4.  

This construct contains a point mutation in the catalytic domain of ADAMTS4 

resulting in an inactive protease, yet all other domains are identical to the wild-

type protein (Gao et al., 2002).  Neurons transfected with the mutant construct 

were at least as effective as the construct encoding the wild-type, active 

protease, indicating that proteolytic activity was not required for ADAMTS4 to 

stimulate neurite extension.  It also suggests that ADAMTS4 may be acting by 

engagement with a cell surface protein, as mounting evidence indicates that 

certain biological actions are stimulated by metalloproteinase binding to cell 

surface signaling molecules, especially integrins (Conant, 2005), independent of 

proteolytic function.  Regarding the ADAMTSs, these proteinases avidly bind to 

heparan and may be anchored to the cell surface or the ECM via its 

thrombospondin motif and/or spacer region (Kuno and Matsushima, 1998; Kuno 
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et al., 1999).  ADAMTSs bind to heparan sulfate or CS chains found typically 

attached to core protein PGs, and this protein-glycosaminoglycan interaction is 

important for substrate recognition (Tortorella et al., 2000; Flannery et al., 2002; 

Kashiwagi et al., 2004).  Most recently, indirect evidence suggests that 

ADAMTS4 may bind to the cell surface heparan sulfate PG, syndecan-1, in 

chondrocyte-like cells in culture (Gao et al., 2004a) and orient the protease for C-

terminal truncation by another cell surface metalloproteinase.  Whether binding of 

syndecan-1 by ADAMTS4 directly activates intracellular signaling mechanisms is 

not known. 

Compelling evidence presented here indicates that one intracellular 

signaling mechanism induced by ADAMTS4, presumably by interacting with a 

cell surface protein, is the MAP kinase cascade.  ADAMTS-induced neurite 

extension is completely dependent on activation of this pathway since 

pharmacological inhibition of ERK1/2 kinase activity reversed the effect.  Data 

from previous investigations convincingly point to a crucial role for MAP kinase in 

process outgrowth from a variety of neuronal-like cell types.  Neurite outgrowth 

on the adhesion protein L1 in B35 neuroblastoma cells requires MAP kinase 

activation (Schmid et al., 2000) and expression of Eph8 stimulates MAP kinase 

and neurite outgrowth in NG108-15 cells (Gu et al., 2005).  Neuregulin-1 

activation of erbB receptors activates MAP kinase and stimulates hippocampal 

neuronal differentiation and neurite extension and arborization (Gerecke et al., 

2004).  These data clearly support the concept that MAP kinase activation is 

involved in, or is at least associated with, neurite extension. 
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Additional data indicates that heparan sulfate-containing proteins 

transduce signals resulting in the activation of MAP kinase.  Basic fibroblast 

growth factor (FGF)-2 binds heparan sulfate on the PG, agrin, to activate the 

ERK1/2 signal and modulate neurite outgrowth in PC-12 cells and retinal neurons 

(Kim et al., 2003).  It may be that ADAMTS mobilizes and activates bFGF by 

interacting with a heparan sulfate-containing PG, such as agrin, at the surface of 

cortical neurons, although agrin expression is much lower on CNS neurons 

compared to those from the periphery.  As mentioned above, another possible 

ADAMTS binding partner is syndecan.  Connective tissue growth factor, (CCN-

2), a protein that like ADAMTS4, contains a thrombospondin type-1 motif, is 

known to bind syndecan-2 and activate ERK1/2 (Gao et al., 2004b).  It is 

plausible that the ADAMTSs bind syndecan and activate the MAP kinase 

cascade, thereby increasing neurite extension.  We have demonstrated that 

ADAMTSs induce MAP kinase signaling in primary rat cortical neurons, an action 

essential for ADAMTS-induced neurite outgrowth.  Compared to neuron-like cell 

lines which are the cells typically used to demonstrate signaling by the MMPs, 

the primary cultured neurons from embryonic rat cortex used in these studies are 

a model that more closely parallel neurons in vivo in their receptor and signaling 

ensemble. 

One primary candidate, functional motif in the structure of ADAMTS4 that 

may be responsible for enhancing neurite elongation is the type-1 

thrombospondin motif.  Thrombospondin itself enhances neurite outgrowth 

(O'Shea et al., 1991) and the thrombospondin type-1 repeats of SCO-spondin 
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bind to α1β1 integrin to stimulate cell process extension in B104 cells, a neuron-

like cell line (Bamdad et al., 2004).  Furthermore, other ECM proteins that contain 

thrombospondin-like motifs, such as heparin-binding growth-associated molecule 

(HB-GAM, also known as pleiotrophin) and midkine, increase neurite outgrowth 

in hippocampal neurons (Raulo et al., 2005).  Thus, there is strong evidence that 

thrombospondin-like regions of various proteins expressed in and secreted by 

neurons (or astrocytes via a paracrine action) may affect neural plasticity.   

In sum, these results indicate that the ADAMTSs, similar to the MMPs 

(Conant, 2005), exert biological activities independent of their proteolytic activity, 

one of them that induces extension of neurites in primary cultured embryonic 

neurons.  The particular motif on the ADAMTSs responsible for stimulating this 

effect is not known, but evidence from others points to the thrombospondin type 

1 repeat or the spacer region.  Since this carboxy-terminal may bind to heparan 

sulfate chains, the cell surface molecules that bind the ADAMTSs likely differ 

markedly from the MMPs, molecules that do not contain a thrombospondin 

repeat.  Preliminary, unpublished data from our laboratory indicates that the 

ADAMTSs stimulate neurite outgrowth on a CS-containing substrate that is laid 

on plastic in vitro.  It will be interesting to determine whether this activation of 

neurite extension is dependent on or independent of ADAMTS proteolytic activity. 
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Chapter 3: ADAMTS4 (A Disintegrin and Metalloproteinase with Thrombospondin 

Motifs 4) Inhibits Maturation of Dendritic Spines in Neurons in vitro 

 

Abstract 

 Dendritic spines are tiny protuberances that extend from the dendritic 

shaft which are the sites for the majority of excitatory neurotransmission in the 

central nervous system (CNS).  Alterations in dendritic spine morphology are 

now recognized as a reliable indicator of changes in synaptic function.  The 

components of the extracellular matrix (ECM) may mediate plasticity in the CNS 

and the most abundant family of proteins which make up the ECM, the lectican 

family of chondroitin sulfate (CS)-containing proteoglycans (PG), play important 

roles in cell adhesion, migration and inhibition of neurite outgrowth.  Little is 

known about whether lecticans modulate synaptic plasticity, although indirect 

evidence indicates that they may do so.  Proteases that cleave and degrade 

various components of the ECM are increasingly recognized as significant 

contributors to the functional state of the ECM, and proteolysis of lecticans may 

affect plasticity.  Increased proteolysis of lecticans by members of the ADAMTS 

family of proteases, enzymes well known to cleave lecticans, may change 

synaptic morphology and plasticity in neurons in vitro.  To test this hypothesis, 

neurons were cultured and increased levels of ADAMTS4 were introduced by 
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direct treatment with recombinant protein or by transfection of neurons with a 

DNA expression vector to drive the expression of ADAMTS4.  Various 

measurements of dendritic spine morphology were made several time points 

after addition.  Furthermore, levels of synaptic markers which correlate with 

synaptic abundance were quantified by ELISA and immunostaining.  After 

ADAMTS4 treatment, several alterations were detected in dendritic spine 

morphology, including increased overall length of spines and an increased 

percent of protrusions that were defined as filopodia.  A concurrent decrease in 

PSD-95 staining was detected on the neurites of young neurons overexpressing 

ADAMTS4 or expressing proteolytically-inactive mutant ADAMTS4 protein.  

Thus, ADAMTS4 may promote plasticity in neurons in vitro by inhibiting the 

formation, maturation and/or stabilization of synapses. 

 

Introduction 

The significance of alterations in synaptic structure has been 

acknowledged for its correlation with functional changes in the brain.  One such 

structural modality in the brain is the dendritic spine, which is a small protrusion 

that extends from the dendritic shaft and most often contains a single synapse 

representing the site for the majority of excitatory neurotransmission in the CNS 

(Yuste and Bonhoeffer, 2001).  Dendritic spines were identified in the 19th 

century by Ramon y Cajal and sometimes are formed as long, thin protrusions 

known as filopodia which may mature into shorter spines of varying shapes (Ziv 

and Smith, 1996; Fiala et al., 1998; Harris, 1999), although a spine can 
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circumvent filopodial morphology and appear as a spine outright (Engert and 

Bonhoeffer, 1999; Marrs et al., 2001).  In cultured neurons, spines are more 

numerous in mature neurons while filopodia are more abundant in young 

neurons (Dailey and Smith, 1996).  Filopodia are highly motile and spines 

themselves are dynamic structures (Dunaevsky et al., 1999; Parnass et al., 2000; 

Bonhoeffer and Yuste, 2002), and this motility has been observed with two-

photon laser scanning microscopy (Grutzendler et al., 2002; Majewska et al., 

2006; Yasuda et al., 2006).  Interestingly, changes in spine morphology and 

density result from the induction of long term potentiation (LTP) and enhanced 

neuronal activity.  Furthermore, abnormal morphology of dendritic spines is 

associated with a host of cognitive disorders that includes autism, mental 

retardation and even disorders that involve neurodegeneration such as animal 

models of Alzheimer’s disease (Hering and Sheng, 2001; Yuste and Bonhoeffer, 

2001; Nimchinsky et al., 2002).   

PGs of the ECM are emerging as important extracellular modulators of 

neural plasticity, and although most evidence that points to this role is indirect 

and descriptive, it encourages further research into the ability of PGs to regulate 

synaptic maturation and function.  PGs of the lectican family, brevican, neurocan, 

versican and aggrecan contain CS side chains, and their developmental 

expression is coincident with the maturation and stabilization of synapses within 

the CNS (Yamaguchi, 2000).  Furthermore, brevican levels remain high in the 

adult and throughout the life of the animal, suggesting these PGs may play a role 

in the development of synaptic stabilization (Milev et al., 1998).  In addition to 
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temporal evidence, localization studies demonstrate a role for brevican in 

synaptic stabilization.  Brevican is deposited around but not over the synapse, 

effectively “walling-off” the synapse in an envelope of ECM, and it is thought that 

the presence of this lectican reinforces the strength of the synapse (Yamaguchi, 

2000).  Knock-out studies have not shown a clear necessity for lecticans in 

synaptic stabilization, however, further studies are needed in these experiments 

to guard against making generalizations without knowing whether compensatory 

increases in the expression of other lecticans may account for the lack of 

phenotype (Zhou et al., 2001; Brakebusch et al., 2002; Rauch et al., 2005).  At 

any rate, brevican knockout mice display impaired LTP, which interestingly is an 

effect that may be replicated by infusion of anti-brevican antibody in the brain 

(Brakebusch et al., 2002). 

ADAMTSs, a family of glutamyl endopeptidases, cleave PGs, and it has 

been proposed that proteolytic alterations in matrix components can lead to 

plastic changes, however it is unknown whether any effects seen by the 

ADAMTSs are due to proteolysis of PGs or by a signaling component in their 

own right as we have shown for neurite outgrowth.  Several studies indicate a 

role for ADAMTSs in response to injury or inflammation.  Treatment of rat 

neurons in culture with amyloid ß results in increased levels of ADAMTS4 

transcript (Satoh et al., 2000).  Kainate-induced excitotoxic lesion induced an 

upsurge of mRNA for ADAMTS1 and 4 with a concurrent increase in the 

proteolytic fragment of brevican produced by ADAMTS cleavage (Yuan et al., 

2002).  Additionally, ADAMTS1 was increased in the spinal cord of rats that 
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underwent axotomy (Sasaki et al., 2001).  ADAMTS1, but not ADAMTS5 is 

increased in Down Syndrome, Pick’s Disease and Alzheimer’s Disease (Miguel 

et al., 2005).  Again, it was not certain whether these changes were due to 

proteolysis or signaling events induced by ADAMTSs, since our lab has 

previously shown that ADAMTS4 activates the mitogen-activated protein kinase 

(MAPK) pathway to increase neurite length (Hamel et al., 2005).  Proteases 

belonging to a related family, the matrix metalloproteinases (MMP), have been 

shown to induce signaling in cells in the absence of proteolytic action. 

 This study seeks to elucidate whether ADAMTSs modulate synaptic 

contacts, as measured by changes in dendritic spine morphology and 

quantification of immunoreactivity for key synaptic markers related to synaptic 

abundance using ELISA and immunostaining.  Two presynaptic markers, 

synaptophysin and synaptosomal-associated protein of 25kD (SNAP-25) and one 

post-synaptic marker (localized to the scaffolding of dendritic spines), post-

synaptic density-95 (PSD-95), will be quantified.  Here we show that in cultured 

neurons, spine lengths were increased as were the proportion of immature 

filopodia in response to treatment with ADAMTS4 recombinant protein.  

Furthermore, decreases in the levels of PSD-95, a postsynaptic marker highly 

enriched in the post-synaptic scaffolding, were detected were detected in 

response to increased expression of ADAMTS4 or expression of proteolytically-

inactive mutant ADAMTS4.  Our findings appear to identify a role for ADAMTS4 

in modifying synaptic maturation. 

 

 82



(Molecular Probes/Invitrogen), at a dilution of 1:500 in 2% NGS and 0.3%Triton-

X-100 in PBS for 20 minutes at room temperature, followed by an additional 

three rinses in PBS.  Neurons were imaged using a Leica TCS SP2 confocal 

scanning laser microscope with a 63X objective (numerical aperture, 1.4) with a 

zoom of 2 and z-sectioned in increments of 0.3µm.  2D maximum reconstructions 

were generated from the z-stacks and utilized for quantification of spines.  NIH 

ImageJ was used to perform several measurements of the dendritic spine (Harris 

et al 1992, Koh et al, 2002).  The length of the spine was measured from the 

dendrite to the tip of the spine; maximum spine head diameter and the minimum 

neck diameter were measured as well.  The ratio of the measurements of 

maximum head diameter to the minimum neck diameter were used to place 

spines into categories of filopodial, stubby, mushroom and thin (Zagrebelsky M et 

al, 2005;Peters & Kaisrman-Abramof, 1969; Nakayama AY et al, 2000).  Any 

protrusion >3µm in length was considered a filopodia.  A spine with a length 

≤3µm with a ratio of head to neck≥1.5 was considered a mushroom spine.  Thin 

spines had a head/neck ratio <1.5 with 1≥ Length ≤3.  Stubby spines had a 

head/neck ratio <1.5 with Length ≤1.  All measurements were performed blindly 

with the experimental group being quantified unknown to the personnel.  

Statistical significance was assessed by unpaired t-test, and a p<0.02 was 

considered significant. 
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ELISA 

 After control or 50nM ADAMTS4 treatment, RIPA buffer (50mM Tris, 

150mM NaCl, 1mM EDTA, 1mM EGTA, 1% triton-X-100, 1% sodium 

deoxycholate, 0.1% SDS) with protease inhibitor cocktail (set III, Calbiochem, 

San Diego) was added to the culture on ice to extract protein, followed by 

analysis by ELISA to determine the levels of synaptic markers.  ELISAs were 

conducted to measure immunoreactivity of synaptophysin, SNAP-25 and PSD-95 

were performed.  Briefly, coating antibody in buffer (0.01M phosphate buffer) was 

applied to the EIA/RIA high-binding 96-well plates (Costar) with: mouse anti-

synaptophysin (Chemicon) at a dilution of 1:250, mouse anti-SNAP-25 

(Chemicon) at a dilution of 1:200 or mouse anti-PSD-95 (Chemicon) at a dilution 

of 1:100.  The plates were agitated overnight and the antibody was allowed to 

adhere to dryness at room temperature.  The wells were then washed with 

sample/wash buffer (PBS with .05% Tween-20) one time.  Blocking buffer (PBS 

with 0.05% Tween-20 and 5% dry milk) was applied to the wells and incubated at 

room temperature for 1 hour with agitation, followed by washing and applying cell 

extract diluted in sample/wash buffer for two hours at room temperature with 

agitation.  Sample was then washed from the well followed by the addition of 

primary antibody for two hours in buffer: rabbit anti-synaptophysin (Dako) at a 

dilution of 1:2000, rabbit anti-SNAP-25 (Sigma) at a dilution of 1:1000 and sheep 

anti-PSD-95 (Zymed) at a dilution of 1:100.  The wells were washed three times 

and secondary antibody applied in buffer for one hour: (goat anti-rabbit IgG-HRP 

(Chemicon) at 1:5000 or anti-sheep/goat (Chemicon) at a dilution of 1:1000).  
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Blue reaction product was detected after the application of TMB (Sigma) and 

reaction stopped with 1M H2SO4.  Absorbance levels were detected with a 

Wallac Victor2 1420 multilabel counter (Perkin Elmer, Wellesley, MA) interfaced 

with Workout software (version 1.5, Perkin Elmer), and these levels were 

normalized per µg protein applied to the well.  The time course of synaptophysin 

and PSD-95 levels in untreated, control neurons was performed with cell extracts 

from three neuronal cultures and means from experimental groups compared 

using ANOVA and pair-wise comparisons were made with Newman-Keuls post-

hoc test (GraphPad, San Diego, CA).  A p<0.05 was considered a significant 

difference between groups. 

 

Results 

Analysis of spine density and length 

 Changes in the morphology of dendritic spines are routinely used as 

measures of synaptic maturation, and to determine whether ADAMTS4 could 

affect dendritic spine morphology, neurons were subjected to ADAMTS4 or 

vehicle treatment, fixed in 4% paraformaldehyde and spines detected with the 

fluorescent-tagged actin-binding protein, phalloidin (Fig. 16 A, B).  Spine length, 

maximum head diameter and minimum neck diameter were quantified using NIH 

ImageJ, and these measurements were used in several analyses.  The mean 

density of spines was calculated by averaging the number of spines measured 

per 10µm segment of dendrite analyzed for control and ADAMTS4-treated young 

and mature neurons (Fig. 16 C), and no alterations in spine density was detected 
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with treatment with ADAMTS4 in either young or mature neurons.  Since longer 

protrusions often indicate less mature spines, mean spine length was calculated 

by averaging the lengths for each protrusion measured (Fig. 16, D), and 

ADAMTS4 treatment significantly increased the lengths of protrusions (spines 

and filopodia included) in young and mature neurons. 

 

Figure 16. Human recombinant ADAMTS4 increases dendritic protrusion length 

in young and mature neurons. 
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Figure 16. Human recombinant ADAMTS4 increases dendritic protrusion length 

in young and mature neurons.  Photomicrographs of primary rat cortical neurons 

treated with culture medium containing BSA (A) or 50nM ADAMTS4 (B) are 

depicted and quantifications of protrusion density (C) and protrusion length (D) 

are shown, which were examined at 8-11 DIV (Young) or 20-22 DIV (Mature).  At 

the end of culture, dendritic spines were visualized by using the Alexafluor 488-

conjugated actin binding protein, phalloidin.  Spines were analyzed with NIH 

ImageJ, and mean protrusion density was calculated by averaging the number of 

protrusions (spines and filopodia) per 10µm segment of dendrite measured (C), 

and mean spine length was calculated by averaging lengths for all protrusions  

measured (D).  Treatment with ADAMTS4 did not significantly alter spine density 

(C), however, spine length was significantly increased (D) in young and mature 

neurons with ADAMTS4 treatment.  (* p ≤ 0.02 compared to young control, ** p ≤ 

0.02 compared to mature control).  Three separate cultures were utilized in these 

experiments.  n=133, young control; 167 young ADAMTS4; 211, mature control; 

115, mature ADAMTS4, C.  n=763, young control; 977 young ADAMTS4; 1289, 

mature control; 750, mature ADAMTS4, D. 

 

Analysis of dendritic spine morphology 

Since changes in spine morphology can reflect changes in synaptic 

function, spines were categorized into morphological classes utilizing the 

measurements detailed above to determine whether ADAMTS4 could alter the 

proportion of spine types.  The morphology of spines is used as an indicator of 
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their maturity, with filopodia defined as precursors to spines, thin spines being 

the most immature spines followed by mushroom spines being more mature and 

stubby spines the most mature.  The percentages of different spine types was 

calculated by averaging the numbers of different types divided by the total 

number of spines measured for each 10µm segment of dendrite measured.  In 

accordance with the previous finding of ADAMTS4 increasing length, ADAMTS4 

treatment increased the percentage of filopodia, the longest in length of the 

morphological categories in both young and mature neurons (Fig. 17, top left 

panel).  ADAMTS4 treatment also significantly increased the percentage of thin 

spines while decreasing the percentage of stubby spines in mature neurons (Fig. 

17, top right and bottom right panels). 
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Figure 17. Treatment of primary neurons with ADAMTS4 alters the proportion of 

various spine types. 
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Figure 17. Treatment of primary neurons with ADAMTS4 alters the proportion of 

various spine types.  Percentages of filopodia, thin spines, mushroom spines and 

stubby spines are depicted in neurons treated with culture medium containing 

BSA (control) or 50nM ADAMTS4 examined at 8-11 DIV (Young) or 20-22 DIV 

(Mature).  At the end of the treatment period, dendritic spines were visualized by 

using the Alexafluor 488-conjugated actin binding protein, phalloidin.  Spines 

were analyzed with NIH ImageJ, and mean percentage of type was calculated by 

averaging the percentage of protrusion calculated for each 10µm segment 

measured.  Treatment with ADAMTS4 significantly increased the percentages of 

filopodia in young and mature neurons (upper left panel), and significantly 

increased the percentage of thin spines while reducing the percentage of stubby 

spines in mature neurons (upper and lower right panels).  (* p ≤ 0.02 compared 

to young control, ** p ≤ 0.02 compared to mature control). Three separate 

cultures were utilized in these experiments.  n=133, young control; 167 young 

ADAMTS4; 211, mature control; 115, mature ADAMTS4. 

 

Quantification of localized synaptic proteins 

Since changes were detected in the morphology of spines, we were next 

interested in determining whether there would be concurrent alterations in 

proteins enriched at the synapse, but before directly examining ADAMTS4 

treated neurons, a time course detecting synaptic proteins was conducted in 

control-treated neurons to verify that these ELISAs could detect maturational 

changes in the expression of these synaptic proteins.  Neurons were grown and 
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cell proteins extracted at 5, 12 and 21 DIV.  Synaptophysin levels increased in 

control neurons as the culture aged (Fig. 18, upper panel).  PSD-95 protein 

levels showed a similar increase in individual cultures, however, due to variability 

between these values, these increases were not statistically significant (Fig. 18, 

lower panel). 

 

Figure 18. Synaptic marker proteins increase with neuronal culture age. 
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Figure 18. Synaptic marker proteins increase with neuronal culture age.  Units of 

synaptophysin (upper panel) and PSD-95 (lower panel) immunoreactivity per µg 

protein measured by ELISA in neurons at 5, 12 and 21 DIV.  Neurons were 

grown under basal conditions, proteins extracted at days 5, 12 and 21 and 

subjected to synaptophysin or PSD-95 ELISA.  Units of immunoreactivity were 

normalized per µg protein, and significant increases in immunoreactivity are 

detected in synaptophysin (upper panel), but not PSD-95 (lower panel) as DIV 

increases.  *, significant difference from 5DIV, p<0.05, **, significant difference 

from 12 DIV, p<0.05.  This experiment was performed three times using cells 

isolated from separate litters of rat pups. 

 

To determine whether ADAMTS4 treatment could lead to alterations in 

synaptic protein levels, neurons were treated with ADAMTS4 or vehicle culture 

medium containing BSA, the treatment continued for 2 days and cell proteins 

extracted at 8-11 DIV (Young) or 20-22 DIV (Mature).  Despite seeing clear 

changes in dendritic spine morphology, no significant alterations in levels of 

synaptophysin (Fig. 19, upper panel), SNAP-25 (Fig. 19, middle panel) or PSD-

95 (Fig. 19, lower panel) were observed in response to ADAMTS4 treatment. 
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Figure 19. ADAMTS4 does not significantly alter synaptic protein levels. 
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Figure 19. ADAMTS4 does not significantly alter synaptic protein levels.  

Quantitative analysis of immunoreactivity of synaptophysin (upper panel), SNAP-

25 (middle panel) and PSD-95 (lower panel) in neurons treated with medium 

containing BSA (control) or 50nM ADAMTS4 in neuronal proteins extracted at 8-

11 DIV (young) or 20-22 DIV (mature)as measured by ELISA.  Treatment was 

incubated for 2-3 days followed by extraction of proteins and subjection to 

synaptophysin, SNAP-25 or PSD-95 ELISA.  Units of immunoreactivity were 

normalized per µg protein.  These experiments were performed three times 

utilizing cell cultures derived from 3 separate litters of rat pups. 

 

Alterations in immunostaining of synaptic proteins 

Since ADAMTS4 was clearly affecting dendritic spine morphology, yet no 

changes were seen in synaptic proteins as detected by ELISA, changes in 

synaptic markers were examined by immunocytochemistry to clarify the previous 

findings, and potentially find localized changes in synaptic marker expression 

that were not detected with the sensitivity of ELISA.  Instead of protein treatment, 

these neurons were transfected with a vector to drive the expression of 

ADAMTS4, mutant ADAMTS4 or empty vector (Fig. 20, A, C, E).  Neurons were 

transfected and allowed to grow for 8-11 DIV or 20-22 DIV, and following this, the 

neurons were fixed and immunostained for synaptophysin, SNAP-25 and PSD-

95 (Fig. 20, B, D, F).  Transfected neurons were visualized by their green color 

since the vector to drive the gene of interest contains a separate promoter to 

drive the expression of EGFP, and once a transfected cell was visualized, red 
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immunostaining of synaptic proteins on EGFP-expressing transfected neurons 

was quantified for staining detected on the cell bodies and neurites of transfected 

neurons.  Experimental groups were compared to empty vector alone transfects, 

and no changes were detected in immunostaining on cell bodies (Fig. 21, A-F), 

however, there was a trend toward a decrease in PSD-95 levels in the cell bodies 

of mature neurons (Fig. 21, F).  When the immunostaining of synaptic proteins 

was quantified on the neurites of transfected neurons, there was a significant 

decrease in PSD-95 staining on the neurites of young neurons overexpressing 

ADAMTS4 and expressing the ADAMTS4 mutant protein (Fig. 22, E).  

Immunostaining of adjacent neurons was also quantified with no significant 

correlations to ADAMTS transfection seen (data not shown). 

 

Figure 20. Synaptic marker staining in transfected neurons.  Neurons were 

transfected with empty vector (E), a vector to drive the expression of ADAMTS4 

(C) and a vector to drive the expression of proteolytically inactive mutant 

ADAMTS4 protein (A), allowed to grow for various time points, fixed and 

immunostained for synaptophysin (B), SNAP-25 (D) and PSD-95 (E).  Neurons 

pictured are 21 DIV.  Scale = 5µm. 
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Figure 20. Synaptic marker staining in transfected neurons. 
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Figure 21. Alterations in levels of synaptic markers on neuronal cell bodies in 

response to ADAMTS4. 
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Figure 21. Alterations in levels of synaptic markers on neuronal cell bodies in 

response to ADAMTS4.  Primary neurons transfected with a vector to drive the 

expression of ADAMTS4, an ADAMTS4 mutant construct, or controls transfected 

with empty vector, and allowed to grow to a specific young (8-11 DIV, A, C, E) or 

mature (20-22 DIV, B, D, F) time point after which the cells were fixed and 

immunostained for Synaptophysin, SNAP-25 or PSD-95.  For transfected cells, 

the maximum optical density of immunoreactivity over a 50µm2 area of the cell 

body was quantified for: Synaptophysin (A-B), SNAP-25 (C-D) or PSD-95 (E-F).  

No significant alterations in immunostaining were observed in response to 

ADAMTS4 or mutant ADAMTS4 transfection.  19≤n≥64 for each group 

quantified. 

 

Figure 22. Alterations in immunoreactivity of synaptic markers on neurites of 

transfected neurons.  Control, ADAMTS4 and mutant ADAMTS4-transfected 

neurons were grown for 8-11 DIV (A, C, E) or 20-22 DIV (B, D, F), followed by 

fixation and immunostaining for synaptic markers along a 20µm length of the 

neurites of transfected cells.  Optical density of synaptophysin (A-B), SNAP-25 

(C-D) and PSD-95 (E-F) staining was quantified, and PSD-95 staining was 

significantly reduced in ADAMTS4 and mutant ADAMTS4-transfected neurons.  

*, significant difference from PCMS, p<0.05.  20≤n≥56 for each group quantified. 
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Figure 22. Alterations in immunoreactivity of synaptic markers on neurites of 

transfected neurons. 
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Discussion 

 These studies present evidence to indicate that ADAMTS4 plays a role in 

the maturation of dendritic spines.  We show that ADAMTS4 treatment of primary 

cultured neurons increases the proportion of immature, filopodial protrusions in 

comparison to the proportion of filopodia in untreated cultures.  Additionally, we 

show that ADAMTS4 protein treatment of mature neurons converts mature 

stubby spines to filopodia.  This effect was correlated with a decrease in PSD-95 

staining, especially in the neurites of young neurons.  This effect appears to be 

independent of the proteolytic action of ADAMTS4 in that these neurons were 

cultured on poly-l-lysine/laminin substrate and in addition, transfection of a vector 

to drive the expression of an inactive mutant ADAMTS4 resulted in a loss of 

PSD-95 immunoreactivity.  Thus, the presence of increased levels of ADAMTS4 

could play a critical role in activating a plastic response in the adult CNS, or even 

the loss of synapses associated with inflammation and neurodegenerative 

disease. 

 The role of extracellular proteases in neural and synaptic plasticity is 

largely unknown, although these proteases are increasingly recognized as 

important mediators in the reorganization of the ECM that occurs during the 

plastic response after injury.  There is an absence of data examining whether the 

ADAMTSs mediate synaptogenesis in the CNS, or whether they have a role at all 

in vivo.  The mechanism by which ADAMTS4 reverses or inhibits the maturation 

of dendritic spines is currently unknown.  Our studies indicate that this effect may 
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be independent of the proteolysis since the proteolytically inactive mutant 

ADAMTS4 reduced levels of PSD-95 in a similar fashion to native ADAMTS4. 

Our laboratory has presented the first evidence to indicate that ADAMTSs 

may act by signaling at the cell surface to mediate cell functions.  Due to this 

scant substantiation that ADAMTSs can act in a role other than proteases, we 

turn to a related family of proteases, the matrix metalloproteinases (MMP), that 

demonstrate that proteases can act in a signaling capacity.  In fact, treatment of 

neural cells with MMP-1, a collagen protease, decreases levels of cAMP and 

activates a pertussis-toxin sensitive G protein-coupled receptor to stimulate the 

release of MMP-9 (Conant et al., 2002).  Furthermore, MMP-1 interacts with α2β1 

integrin to stimulate dephosphorylation of Akt and induce neuronal death (Conant 

et al., 2004).  Additionally, MMP-7 was recently shown to transform mature 

mushroom spines to immature filopodia, an effect very similar to those presented 

here by ADAMTS4, and this action was independent of proteolysis by MMP-7 

(Bilousova et al., 2006).  Thus, it is highly likely that the ADAMTSs can act as 

signaling molecules, and more than proteases. 

The mechanism of ADAMTS4 action to inhibit the maturation of dendritic 

spines is unknown.  If this effect is independent of proteolysis, there are many 

possibilities as to what the mediators may be.  Our lab previously showed that 

ADAMTS4 treatment induces activation of extracellular signal-related kinase 

(ERK) 1/2 MAPK to increase neurite outgrowth, and other studies indicate that 

phosphorylation of ERK1/2 leads to varied effects on synapses.  Brain-derived 

neurotrophic factor (BDNF) increases spine density in hippocampal CA1 
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pyramidal neuronal cultures through activation of ERK1/2 (Alonso et al., 2004).  

Furthermore, treatment of mature hippocampal neurons with semaphorin3A 

activated ERK1/2 to reduce the staining intensity of PSD-95 and synaptophysin 

(Bouzioukh et al., 2006).  Thus, ERK1/2 activation could potentially lead to 

modulations in synapses through its activation by ADAMTS4.  There are several 

other possibilities for mediators of synaptogenesis by ADAMTS4.  The ADAMTSs 

carry thrombospondin (TSP) type-1-like motifs and TSP itself is implicated in 

synaptogenesis.  TSP-1 and -2, which promote synaptogenesis in vitro as well as 

in vivo, are expressed by immature astrocytes, but not by mature astrocytes, and 

the authors suggest that this temporally regulated lack of expression by mature 

astrocytes may explain why the adult CNS is largely unable to support 

synaptogenesis (Christopherson et al., 2005). 

Yet another possibility of the mechanism of action of ADAMTS4 is through 

the actions of syndecan-2, a heparan sulfate-containing PG.  Interestingly, 

syndecan-2 induces mature dendritic spines in young neurons (Ethell and 

Yamaguchi, 1999; Ethell et al., 2001), and what’s more, ADAMTS4 clearly binds 

syndecan-1 (Gao et al., 2004).  It is unclear whether this binding could affect 

dendritic spine maturation.  It may be that syndecan-1 sequesters ADAMTS4 to 

block its effects in potentiating the immature morphology of filopodia.  Further 

studies are clearly needed to elucidate the role of this interaction in 

synaptogenesis. 

 Regardless of the mechanism of action of ADAMTS4 in synaptogenesis, 

the results presented in this study implicate ADAMTS4 as an important mediator 
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of synaptic morphology and therefore, function.  If mature spines can be 

destabilized and reversed to an immature phenotype, this could lead to new 

synaptic connections or perhaps a loss of current synapses.  Additionally, this 

effect could provide a mechanism for the loss of synapses that occurs in many 

inflammatory conditions where ADAMTS expression is increased.  At any rate, 

this study presents exciting evidence to indicate that the ADAMTSs play an 

important role in synaptogenesis that warrants further examination. 
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Conclusions 
 
 Neural plasticity is a complex phenomenon involving cell proliferation, 

migration, neurite outgrowth and synaptogenesis, and while this process is 

paramount in the development of the immature CNS, most regions of the adult 

CNS exhibit limited neural plasticity in response to experience, attrition or injury.  

Understanding how changes in the morphology and function of neurons (and the 

nervous system) are activated and regulated is critical to treating injured adult 

brains where plasticity is often inadequate for complete reinnervation and 

recovery of function.  Evidence is emerging to indicate the importance of the 

ECM, especially highly negatively charged, CS-containing, PGs, in limiting 

regeneration and remodeling responses of the CNS.  Additionally, it might be 

possible to overcome these limitations of the ECM by degrading either the CS 

polysaccharides or by proteolytic cleavage of the core PG proteins.  Our studies 

sought to determine how proteolytic degradation of the ECM regulates the neural 

plastic response, specifically neurite outgrowth and synaptogenesis.  In sum, 

these studies have shown that astrocytes and neurons cultured in vitro 

expressed the PG, brevican, and in astrocytes, the amount of secreted, intact 

brevican holoprotein was increased by treatment with TGFß, at least in part via 

down regulation of ADAMTS activity.  Additionally, we found that astrocytes, 

neurons and microglia expressed ADAMTS4 that remained associated with the 
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cell surface, and that the ADAMTSs actively cleaved brevican in neurons and 

astrocytes.  A second series of experiments were conducted to elevate the level 

of ADAMTS4 in neuronal cultures which stimulated the extension of neurites from 

these neurons.  Increasing ADAMTS4 expression in dispersed, cultured neurons 

from embryonic rat forebrain increased the length of primary and secondary 

neurites, regardless of whether the enzyme was proteolytically active.  

ADAMTS4 treatment induced the appearance of phosphorylated ERK1/2 and the 

neurite promoting effect was entirely dependent upon activation of the ERK1/2 

MAPK pathway, as inhibitors of this pathway nearly completely diminished 

ADAMTS4-induced neurite outgrowth.  In the final study, treatment with 

ADAMTS4 induced alterations in dendritic spine morphology, including an 

increase in the proportion of immature dendritic filopodia that was associated 

with a concomitant decrease in post-synaptic PSD-95 immunoreactivity.  These 

results provide the original observation that ADAMTSs can influence neural 

plasticity and provide the foundation for further, more detailed investigation as to 

the mechanism of how the ADAMTS proteases affect neural plasticity. 

 At the initiation of these experiments, before directly testing the hypothesis 

that ADAMTSs could alter neural plasticity, it was of interest to characterize the 

expression patterns of brevican and ADAMTS4, and the proteolytic processing of 

brevican in these neural cultures because little to nothing was known about the 

deposition of brevican in neural cultures.  Conserved sequences near the N-

terminus of brevican, aggrecan and versican are the specific sites for ADAMTS 

cleavage in these proteins, with alternative MMP cleavage sites with conserved 
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sequences, located upstream in the proteins.  Using these known sequences, 

antibodies can be generated against the neoepitope peptide that is exposed 

upon cleavage by the ADAMTSs, and levels of cleaved substrate may be 

measured using these antibodies to provide an estimate of the activity of these 

proteases.  We used the anti-neoepitope antibody for rat brevican cleavage by 

the ADAMTSs, anti-EAVESE, in the experiments performed in published Paper 

1.  This antibody was useful in establishing that the ADAMTSs were active in 

cleaving brevican in our cultures (Fig. 3, middle panel) but more importantly, the 

measure of EAVESE as a proportion of the level of intact substrate could be 

used as an indirect measure of ADAMTS proteolytic activity (Fig. 6, lower 

panels). 

The above methods were utilized to determine the expression patterns of 

brevican and ADAMTS4 in neural cultures so that these cultures could eventually 

be used to test our hypothesis.  Brevican and its N-terminal cleavage fragment 

were detected in the medium of astrocytes and neurons, and several isoforms of 

intact brevican were found associated with the cell lysate fraction in these 

cultures (Fig. 3, upper panel).  No brevican expression was detected in the cell 

lysate or medium of microglial cultures (Fig. 3, upper panel).  The N-terminal 

cleavage fragment of brevican was detected in the medium of neurons and 

astrocytes, and not in the cell lysate (Fig. 3, upper and middle panels).  The N-

terminus of brevican contains a hyaluronan-binding domain and many studies 

exist to show that the lecticans bind to hyaluronan at the N-terminus and tenascin 

at the C-terminus to form a matrix lattice (Yamaguchi, 2000; Bruckner et al., 
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2003).  Since the N-terminal cleavage fragment of ADAMTS4 was detected in the 

medium and not cell lysate, it suggests that hyaluronan is not participating in any 

matrix formation in these cultures.  Brain link proteins (Bral) stabilize the 

interactions between hyaluronan and the lecticans (Oohashi et al., 2002; Bekku 

et al., 2003), and perhaps these proteins are not present or present in insufficient 

concentration to properly stabilize binding.  The expression patterns for link 

proteins in vitro are currently unknown. 

The presence of ADAMTS4-cleaved brevican indicated that these 

proteases were present and active in astrocytes and neurons, and ADAMTS4 

was detected in the cell lysate fraction of microglia, neurons and astrocytes (Fig. 

3, lower panel).  ADAMTS4 is produced with an N-terminal pro-domain that 

undergoes furin-mediated removal in the trans-Golgi network followed by 

secretion as a 68kD protein that is processed C-terminally to yield 53kD and 

40kD products (Flannery et al., 2002; Wang et al., 2004).  The 53kD form was 

detected in the cell lysate of astrocytes and neurons, and several forms were 

found in the cell lysate of microglia, all of which coordinated with the bands 

detected for human recombinant ADAMTS4 (Fig. 3, lower panel).  ADAMTSs are 

well established as proteases that bind pericellular region in many cell types in 

vitro, and accordingly, ADAMTS4 was not detected in the medium of any of the 

cultures examined (Kuno and Matsushima, 1998; Gao et al., 2004). 

We established that astrocytes produced a brevican-rich matrix, and we 

next attempted to modulate this matrix with cytokines and other factors.  Several 

studies show increased PG deposition including aggrecan, neurocan and 
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versican in response to TGFß in several cell and tissue types (Bassols and 

Massague, 1988; Asher et al., 2000; Stokes et al., 2001).  Other studies 

examining alterations in levels of ADAMTSs resulting from TGFβ treatment are 

not as clear and appear to be selective to the protease examined.  Others show 

that TGFβ decreased ADAMTS1 levels, while increasing ADAMTS4 levels, 

although the ADAMTS4 study also revealed increased TIMP activity in 

accordance with increased ADAMTS4 (Cross et al., 2005; Ng et al., 2006).  We 

found that TGFβ increased full-length brevican in the medium of astrocyte 

cultures through the inhibition of ADAMTS activity (Figs. 4, 7).  Our lab recently 

found that lipopolysaccharide (LPS) induced ADAMTS4 protein in vitro 

(unpublished findings), and LPS is known to stimulate the secretion of ADAMTS1 

(Kuno et al., 1997), indicating that ADAMTS4 may be a protease associated with 

inflammatory responses.  Since TGFβ is classically a cytokine that correlates 

with reduced inflammation, it is logical to find that TGFβ would reduce the activity 

of a protease potentiating the inflammatory response.   

 With characterization studies completed, the next series of experiments 

tested the hypothesis that increased cleavage of brevican by ADAMTSs results 

in altered neural plasticity.  The astrocyte culture, rich in a brevican ECM, was 

utilized as a growth substrate for neurons to more closely imitate the inhibitory in 

vitro conditions afforded by ECM PGs.  PGs are well-known inhibitors of neurite 

outgrowth, an effect that is dependent upon both the core protein and CS chains 

contained therein (Silver and Miller, 2004; Carulli et al., 2005).   
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Mounting evidence indicates that modifications of CS-containing PGs 

within the ECM can lead to physiologically relevant changes in the CNS.  The 

large number of studies of chondroitinase treatment indicate that removal of CS 

chains activate plasticity.  Modulation of CS-containing PGs activate plastic 

responses in the CNS, and chondroitinase treatment to remove the CS chains 

from PGs allowed for axonal penetration of a glial scar that was produced in 

response to injury (Moon et al., 2001).  Additionally, chondroitinase treatment 

resulted in reactivation of plasticity in visual cortex after the critical period in rats 

undergoing monocular deprivation (Pizzorusso et al., 2006).  The mechanism of 

inhibition by the core protein is still unclear, however, our lab and others have 

postulated that the interactions of CS-containing PGs of the lectican family with 

hyaluronan and tenascin, other ECM components, create a meshwork of ECM 

that is difficult for cells and neurites to penetrate, and that proteolytic degradation 

of the core protein may loosen these associations and afford increased plasticity 

(Yamaguchi, 2000); Fig.8, A, B).  There is evidence to demonstrate that 

proteolysis of the ECM is critical to activate the plastic response.  Increased 

protease expression occurs during regeneration, neuronal sprouting and 

synaptogenesis, and even more compelling, blocking proteolysis of the ECM 

impedes neural plasticity (Szklarczyk et al., 2002; Yuan et al., 2002; Reeves et 

al., 2003; Kim et al., 2005; Mayer et al., 2005).  We attempted to test the 

hypothesis that increased proteolysis of CS-containing PGs by ADAMTSs could 

alter synaptic plasticity.  To accomplish this, neurons were transfected with a 

vector to drive the expression of ADAMTS4, or empty vector as a control, and 
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applied to a monolayer of astrocytes to provide an inhibitory PG-rich matrix for 

which the neurons to extend neurites.  Initially, the experimental data supported 

this notion, and consistent with our hypothesis, neurons overexpressing 

ADAMTS4 extended longer neurites as compared to empty vector transfects 

(Fig. 9, E).  The increased length of neurites was initially attributed to escalated 

cleavage of PGs by ADAMTS4, however our next experiments suggested that 

proteolysis of ECM proteins by the ADAMTSs may not be important in the 

increases seen in neurite outgrowth.  To test this, we performed the experiment 

again but plated these transfected neurons on a permissive poly-l-lysine/laminin 

substrate where the increased expression of ADAMTS4 would not have 

abundant substrate produced by astrocytes to cleave, and interestingly, the same 

results were obtained (Fig. 10, E).  Neurons over-expressing ADAMTS4 

extended longer neurites, regardless of whether they were plated on an astrocyte 

monolayer secreting inhibitory CS-containing PGs or permissive poly-l-

lysine/laminin substrate (Figs. 9-10).  This was certainly surprising and indicated 

that the mechanism proposed in our hypothesis was not supported.  We next 

reformulated our hypothesis to presume that ADAMTS4 could exert biological 

effects in the absence of its proteolytic capacity.  Although there was no evidence 

to show that ADAMTSs could act in a non-proteolytic fashion, there were studies 

indicating that MMPs, a family of related proteases, could transduce cell signals 

in the absence of proteolytic activity.  For example, MMP-1 interacts with integrin 

receptors to stimulate dephosphorylation of Akt and induce apoptosis (Conant et 

al., 2004), and perhaps ADAMTSs could act in a similar fashion.  To more 
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directly test the notion that ADAMTS4 increases neurite length in the absence of 

proteolysis of CS-containing PGs, we repeated the previous experiment with an 

added parameter: a vector to drive the expression of proteolytically inactive, 

mutant ADAMTS4 protein (Gao et al., 2004), and plated these neurons on poly-l-

lysine/laminin substrate.  Surprisingly, mutant ADAMTS4 significantly increased 

neurite outgrowth in a manner similar to native human ADAMTS4-transfects (Fig. 

11, G), suggesting the possibility that ADAMTS4 was binding to a cell surface 

receptor to induce intracellular signals that resulted in longer neurite lengths.  

Interestingly, the thrombospondin motif and spacer region contained within 

ADAMTS family members mediate substrate binding (Kuno and Matsushima, 

1998; Kashiwagi et al., 2004), and perhaps this interaction may be the means 

through which ADAMTS4 is binding to an unknown cell surface receptor to 

activate signaling. 

Given the domains of ADAMTS4 and the binding patterns of proteins with 

similar domains, there are many cell surface receptors that ADAMTS4 could bind 

to transduce cell signals to stimulate neurite outgrowth.  ADAMTS4 contains TSP 

motifs, and TSP itself induces neurite outgrowth through the activation of 

integrins (Neugebauer et al., 1991; DeFreitas et al., 1995), which are well-known 

cell surface signal transducers.  Interestingly, this effect could be blocked by 

heparin, indicating that the binding may be mediated by a PG containing heparan 

sulfate or a sulfated glycolipid (Neugebauer et al., 1991).  Clearly TSP increases 

neurite outgrowth, but can a TSP motif act in a similar way?  Studies with the 

protein SCO-spondin, with 26 TSP repeats, indicate that this is the case.  This 
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protein increases neurite outgrowth in a variety of neurons and neuron-like cells, 

and this action is mediated by the interaction of a sequence in the TSP motif, 

WSGWSSCSRSCG, with α1β1 integrin (Monnerie et al., 1998; Gobron et al., 

2000; El-Bitar et al., 2001; Bamdad et al., 2004).  Thus, perhaps the TSP motifs 

of ADAMTS4 could act similarly to activate integrin signaling to increase neurite 

outgrowth.  We attempted preliminary experiments with integrin antibodies to 

block integrin ligands and signal transduction to determine if this could attenuate 

ADAMTS4-mediated increases in neurite outgrowth, and encountered difficulties 

when basal neurite outgrowth was inhibited (data not shown).  Thus, it may be 

difficult with this type of experiment to determine which integrins, if any, play a 

role in signaling via the ADAMTSs to increase neurite outgrowth if these integrins 

are essential for normal neurite outgrowth. 

Interactions of ADAMTS4 with other moieties may be the means through 

which this protease is stimulating cell signaling.  The ADAMTSs bind ECM 

components like heparan sulfate (HS) and CS, and in fact, this association is 

important for substrate binding and cleavage (Tortorella et al., 2000; Flannery et 

al., 2002; Kashiwagi et al., 2004).  ADAMTS4 binds the HS of syndecan-1, but it 

is unknown whether this binding is necessary to induce cell signals (Gao et al., 

2004).  Neurocan, typically inhibitory to neurite outgrowth, when bound to 

HSPGs, promotes neurite outgrowth, although it is unknown whether this 

interaction is a sequestering phenomena or whether signals are induced through 

the interaction between neurocan and HSPGs (Akita et al., 2004).  Heparin-

binding growth associated molecule (HB-GAM) binds syndecan-3 to increase 
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neurite outgrowth, an association that is mediated by the heparan sulfate chains 

of syndecan-3 (Raulo et al., 1994; Kinnunen et al., 1996).  Furthermore, 

syndecans play important roles during development to promote neuronal cell 

migration (Toba et al., 2002).  Thus, it is plausible that ADAMTS4 could be 

interacting with syndecan HS to promote neurite outgrowth. 

We next attempted to elucidate the cell signals induced by ADAMTS4 to 

examine whether the intracellular signaling pathways known to be involved in 

ligand-induced neurite plasticity were also stimulated by the action of the 

ADAMTSs.  Human recombinant ADAMTS4 was added to the culture medium of 

neurons growing on poly-l-lysine/laminin substrate, and the cell lysate collected 

at 20, 40 and 60 minutes after addition to determine the levels of various signals 

that were induced by ADAMTS4 treatment (Figs. 13, 14).  Analysis of alterations 

in general protein phosphotyrosine levels revealed changes in several proteins 

(Fig. 13, A-F), and analyses with antibodies specific to phospho-ERK1/2 revealed 

that there were increases in activated, phospho-ERK1/2 MAPK in neuronal 

cultures treated with human recombinant ADAMTS4 compared to vehicle-treated 

controls (Fig. 14, A-D).  It is important to note, however, that the human 

recombinant enzyme preparations utilized in these studies were purified at 

Roche Biosciences, and while these proteases are presumed to be pure, the 

exact protein character of the prerarations is unknown, and the possibility that the 

effects detected in response to ADAMTS treatment are due to a contaminating 

substance cannot yet be eliminated.  Further studies are necessary to fully 

investigate this possibility.  More importantly, blockade of the MAPK pathway 
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attenuated the ADAMTS-mediated increases in neurite outgrowth (Fig. 15, A-C), 

suggesting a vital role for the ERK MAPK pathway in ADAMTS-induced neurite 

outgrowth.   

Activation of the MAPK pathway is important in inducing neurite outgrowth 

in a variety of neuronal-like cell types such as neuroblastoma cells, NG108-15 

cells and hippocampal neurons (Schmid et al., 2000; Gerecke et al., 2004; Gu et 

al., 2005), but can interactions with syndecans or integrins, (as proposed cell 

surface receptors for ADAMTS4) stimulate the MAPK pathway to modulate 

neurite outgrowth?  The α1 integrin subunit binds protein tyrosine phosphatase 

(PRL-3) to activate ERK1/2 and increase neurite outgrowth (Peng et al., 2006).  

Additionally, connective tissue growth factor (CCN-2), which like ADAMTS4, 

possesses a thrombospondin type-1 motif, binds syndecan-2 to activate ERK1/2 

signaling (Chen et al., 2004), so ADAMTS4 could interact with syndecans or 

integrins to stimulate ERK1/2 signaling.  Furthermore, interactions of ADAMTS4 

with PGs may even mediate this effect.  Basic fibroblast growth factor (FGF)-2 

binds HS on the PG agrin to activate ERK1/2 signaling and alter neurite 

outgrowth in PC-12 cells (Kim et al., 2003), although this may be an HS selective 

event.  ADAMTS4 could orient FGF-2 binding to HS on agrin, however, agrin 

expression is low in the CNS relative to the PNS, so this may be unlikely or could 

occur via another PG that contains HS in the CNS.  The cell surface receptor 

activated by binding ADAMTS4 is currently unknown, and at this point, our 

research only allows for speculation, so further studies are needed to determine 

the identity of this receptor.   
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 Since ADAMTS4 increases neurite outgrowth, it clearly was of interest as 

to whether the ADAMTSs may influence other parameters of morphological 

neural plasticity, such as synapse-associated plasticity.  It is largely unknown 

what role ECM proteases play in synaptogenesis and synaptic reorganization, 

although indirect evidence indicates that these proteases may be important in 

this capacity since ADAMTSs are increased during periods of synaptic 

restructuring in the adult nervous system (Yuan et al., 2002; Mayer et al., 2005).  

Alterations in the morphology of dendritic spines are correlated with functional 

and structural changes at the post-synaptic density and more generally, can 

influence behavior (Engert and Bonhoeffer, 1999).  Thus, to analyze alterations 

in dendritic spine morphology in response to ADAMTS4, neuronal cultures were 

treated with 50nM human recombinant ADAMTS4 for 2-3 days, the neurons were 

fixed with 4% paraformaldehyde and immunostained for actin, a protein whose 

polymerized filaments are abundant and concentrated in dendritic spines.  

Dendritic spines were visualized by confocal microscopy, counted in segments of 

10µm, and protrusion length and the diameters of the neck and head of the 

protrusion were measured.  Significant increases in the overall lengths of 

dendritic protrusions were detected in response to ADAMTS4 treatment (Fig. 16, 

D).  Increased protrusion length is an indication of immaturity, and to further 

investigate the possibility that ADAMTS4 was inhibiting the maturation of 

dendritic spines, specific morphological types of spines were examined.  

Dendritic spines may begin as filopodia that are seeking a synaptic contact, and 

these may disappear or mature into a dendritic spine, which may be subdivided 
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into several morphological types: thin, mushroom and stubby, with thin being the 

most immature of the three, and stubby being the most mature and stable (Ziv 

and Smith, 1996; Fiala et al., 1998; Harris, 1999).  ADAMTS4 treatment resulted 

in increased percentage of filopodia, in both young and mature cultures (Fig. 17), 

indicating that ADAMTS4 may be important in preventing the maturation of 

synapses or in inducing the formation of new filopodia.  This increase in filopodia 

was accompanied by decreases in PSD-95 immunoreactivity in the post-synaptic 

density of neurites of neurons transfected with native or mutant ADAMTS4 (Fig. 

22, E).  Since these neurons were grown on permissive poly-l-lysine/laminin 

substrate and since the mutant ADAMTS4 construct yielded similar results, it is 

likely that the effects seen on synaptogenesis with ADAMTS4 treatment is 

independent of proteolysis, however, further studies are needed to determine 

whether this is the case or not.  Regardless of how ADAMTS4 is acting to alter 

synaptic maturation, the results presented in paper 3 implicate ADAMTS4 as an 

important mediator of synaptic morphology and therefore, function.  These 

actions of ADAMTS4 may have wide-range consequences, for instance, if 

mature spines can be destabilized and reversed to an immature phenotype, this 

could lead to new synaptic connections or perhaps a loss of current synapses.  

Additionally, this effect could provide a mechanism for the loss of synapses that 

occurs in many inflammatory conditions where ADAMTS expression is increased.  

At any rate, the effect of ADAMTS4 in altering synaptogenesis is clearly novel 

and potentially significant.  Further studies are required to determine how 
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ADAMTS4 is acting in the exquisite regulation of synapse formation and 

maintenance.   

 As with increases in neurite outgrowth, it is possible that the effects of 

ADAMTS4 on synapse morphology and function are mediated by the integrins.  

Integrins mediate effects on synaptic maturation, LTP, and NMDA receptor 

responses (Chavis and Westbrook, 2001; Chan et al., 2003; Lin et al., 2003; 

Bernard-Trifilo et al., 2005).  Even more interesting, hippocampal neurons treated 

with an RGD-containing peptide to activate integrins exhibit increased spine 

length and increased numbers of filopodia, similar to the results of the studies in 

Paper 3 (Shi and Ethell, 2006).  Alternatively, a syndecan family member could 

play a role in mediating this effect, since syndecan-2 has been shown to be a key 

regulator of dendritic spine formation.  Induction of syndecan-2 expression in 

immature hippocampal neurons resulted in clustering of syndecan-2 and the 

formation of mature dendritic spines (Ethell and Yamaguchi, 1999).  This effect 

was regulated by EphB2 receptor tyrosine kinase, which phosphorylates 

syndecan-2 (Ethell et al., 2001).  Again, since ADAMTS4 may be able to bind 

and/or activate integrin receptors or syndecan HSPGs, these associations may 

play a role in dendritic spine formation. 

 This manuscript provides evidence that ADAMTS4 increases neurite 

lengths and prevents maturation of dendritic spines, however, it is currently 

unknown how the secretion of ADAMTSs in vivo affects neural plasticity, and 

whether or not ADAMTSs are critical for neurite outgrowth and synaptogenesis.  

ADAMTS4 is secreted by astrocytes, neurons and microglia, and these cells 
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could potentially alter neural plasticity through the production of ADAMTS4 or 

other ADAMTSs (Fig. 23).  While it is clear that ADAMTS4 is secreted and binds 

the cell surface, the cellular origin of such ADAMTS4 protein is unknown, and 

could potentially be secreted from neurons at the dendrite and/or axon to alter 

neurite outgrowth (A).  Furthermore, since astrocytes and microglia express 

ADAMTS4, the role of these cells in ADAMTS-mediated neurite outgrowth is 

possible and cannot be ignored (B, C).  In addition to neurite outgrowth, dendritic 

spine maturation could be altered by secretion of ADAMTS4 from neurons (D), 

astrocytes (G) or microglia (H).  Furthermore, ADAMTSs may exert effects on 

other CNS processes like astrocyte reactivity and microglial migration and 

invasion where a remodeling of the CNS is necessary for these processes to 

occur (E, F).  Although we provide evidence to indicate that the ADAMTSs 

mediate neural plasticity in a non-proteolytic manner, there may be a balance 

between the proteolytic and non-proteolytic actions of ADAMTS4 in regulating 

neural plastic processes.   
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Figure. 23: ADAMTS4 mediates neural plasticity.  Neurons, astrocytes and 

microglia secrete ADAMTS4 and potentially mediate neurite outgrowth and 

synaptogenesis in vivo (A-D, G, H).  Furthermore, secretion of ADAMTS4 by 

astrocytes and microglia may play a role in astrocyte reactivity (E) and microglial 

migration and invasion (F). 
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In sum, the studies presented here provide evidence that ADAMTS4 can 

modulate neural plasticity in a non-proteolytic-dependent manner.  These are the 

very first studies to indicate that ADAMTSs can act in a capacity other than a 

protease, and even more exciting, that they modulate neurite outgrowth and 

synaptogenesis.  Further studies are needed to elucidate the exact function of 

ADAMTS4 in these processes, and there is still much work to be done to identify 

the cell surface receptor and the entire signal cascade that remains obscured 

between ADAMTS4 addition and alterations detected in neurite outgrowth and 

synaptogenesis.  Once elucidated, perhaps the ADAMTSs can be utilized as 

therapeutic targets in patients with traumatic brain or spinal cord injury where the 

formation of a glial scar in response to the injury results in an inhibitory 

environment that hampers plasticity and complete recovery of the CNS.  This 

resistance to plasticity in the adult brain perhaps could be altered with ADAMTS4 

treatment.  Of course, there is a great deal of work to be done to understand the 

exquisite regulation between protecting established synapses and forming new 

ones.  In a brain that is injured, the outgrowth of neurites and filopodia could 

provide a means for new synaptic contacts and recapture of function, but of 

course, it is paramount to regulate this process to prevent the formation of 

aberrant connections.  Furthermore, if ADAMTS4 induces the reversal of mature 

contacts, this could result in the loss of function and memories, and be very 

destructive, so it will be extremely exciting to research this area further to 

determine the exact roles for the ADAMTSs in neural plasticity and in treatment 

of the damaged CNS.  Overall, these studies provide compelling evidence that 
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ADAMTS4 acts in a non-proteolytic manner to increase neurite outgrowth and 

prevent synapse maturation in vitro.  These are the first experiments to implicate 

the importance of ADAMTS4 in neural plasticity, and even more surprising, that 

these effects are mediated by cell signaling rather than proteolysis. 
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