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ABSTRACT OF THE DISSERTATION

Mechanisms of Thrombospondin-4 in Pain Modulation
By
John Park
Doctor of Philosophy in Pharmacology and Toxicology
University of California, Irvine, 2014

Professor Zhigang David Luo, Chair

Upregulation of the thrombospondin-4 (TSP4) or calcium channel a26-1 subunit
(Ca 0,d,)inthe dorsal spinal cord and dorsal root ganglia plays a causal role in neuropathic
pain development through an unidentified mechanism. TSP4 blockade either by antibodies
or inactivation of the TSP4 gene prevents development of chronic pain states. Intrathecal
injection of TSP4 proteins into naive rats can cause dorsal horn neuron hyperexcitability
and allodynia, which are blocked by the Ca 0,0, ligand gabapentin. These findings
suggest that TSP4 and Ca 0,6, may interact together in mediating pain processing. Here,
| show that TSP4 binding to Ca 0,3, is detectable in the same immunocomplexes from
rodent spinal cords and in solid-phase binding. SPOT Peptide array analysis and in vitro
binding of TSP4 recombinant truncation proteins to Ca a.,0, reveal multiple binding sites
within the TSP4 Epidermal Growth Factor-like domains (EGF-like) and coil-coil domain.
Functionally, lumbar intrathecal injection of EGF-like domain proteins is sufficient to
induce behavioral hypersensitivity. Selective ablation of Ca 0,0, from Na 1.8-positive
sensory neurons abolishes EGF-like domain induced thermal hyperalgesia, but not tactile
allodynia. A 15-mer TSP4 peptide from the EGF-like domains can block both Ca a,0,-
and TSP4-induced behavioral hypersensitivity, presumably by disrupting the interaction
between TSP4 and Ca a.,0,. My data suggest that the EGF-like domains of TSP4 interact
with Ca 0,9, to induce chronic pain states in a modality specific manner. Emerging data

also suggest that Ca 0,06, and TSP4 interact to induce synapse formation. To determine

Xi



if maladaptive changes in synapses correlate with neuropathic pain states in a nerve
injury model with injury-induced upregulation of TSP4 and Ca a.0,, | examined synapse
numbers at ultrastructure level in superficial dorsal horn of rats after trigeminal nerve injury.
| found a significant increase in both excitatory and inhibitory synapses within lamina |
and Il of the superficial dorsal horn, respectively, and a decrease in mean synaptic length,
a marker for synapse strength, of inhibitory interneurons mainly in lamina | of the injury
side. Together, it is likely that injury-induced TSP4/Ca a.0, contribute to the development
of chronic pain states after nerve injury through a mechanism involving dysregulation of

excitatory and inhibitory synapses in the superficial dorsal horn.
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INTRODUCTION

Pain is the most common symptom for which patients seek medical attention.
A recent survey has indicated that chronic pain, including neuropathic pain caused by
injuries in the peripheral or central nervous systems (CNS), is one of the leading causes
of disability in the United States. The prevalence of chronic pain in the United States is
estimated to be 35.5% or 105 million people (Harstall, 2003; Mitka, 2003). This disorder
costs more than $100 billion per year in direct health-care expenditure and lost work
time. Neuropathic pain syndromes include spontaneous pain and evoked pain such as
allodynia (exaggerated response to otherwise innocuous tactile stimuli) and hyperalgesia
(exaggerated pain sensations as a result of exposure to mildly noxious stimuli) (Bridges et
al., 2001; Woolf and Mannion, 1999). The use of conventional analgesics such as opioids
and non-steroidal anti-inflammatory drugs is less effective for treating neuropathic pain
and often associated with poor tolerability, unfavorable side effects, and concerns over
long-term safety and abuse potential (Woodcock, 2009). The lack of specific therapeutics
for neuropathic pain is mainly due to our insufficient knowledge in understanding the

molecular mechanism of neuropathic pain.

Pain Processing

Pain information processing starts from activation of peripheral nociceptors, causing
action potentials to propagate along the primary afferent nerve fibers into sensory neurons
in dorsal root ganglia (DRG). They are further relayed to the spinal dorsal horn through
the central axons of sensory neurons. The action potentials reaching the central terminals
of sensory afferents can cause membrane depolarization, activation of voltage-gated
calcium channels (VGCCs), and calcium influx, which triggers synaptic vesicle exocytosis.
This then leads to the release of excitatory neurotransmitters including glutamate, pain-

inducing peptides such as substance P, and calcitonin gene-related peptide (CGRP) into



the synaptic cleft. These neurotransmitters can then cause activation of post-synaptic
dorsal horn projection neurons and interneurons, leading to spinal modulation of sensory
signals (Park and Luo, 2010).

Noxious stimuli of various modalities are processed by a set of sensory nerve fibers,
including unmyelinated C fibers, thinly myelinated Ad fibers, and myelinated AR fibers.
Ad and C primary fibers, also known as nociceptors because they are activated mainly
by high intensity noxious stimuli, originate from mainly small to medium size neurons in
DRG and form synaptic connections with distinct spinal dorsal horn neurons primarily in
spinal laminae | and Il (Todd, 2010). Nociceptors can be further defined as peptidergic
and non-peptidergic expressing neurons. Many peptidergic nociceptors typically express
neuropeptides substance P and CGRP, and can be further defined by the expression of
nerve growth factor recetor trkA (Snider and McMahon, 1998). In contrast, non-peptidergic
nociceptors are defined by its binding of the plant isolectin B4 and its expression of glial
cell-derived neuroptrophic factor receptors and purinergic P2X3 receptor (Molliver and
Snider, 1997; Snider and McMahon, 1998). Ap fibers are mainly from larger DRG neurons
that transmit non-painful tactile stimuli and terminate in laminae 1l1I-V (Light and Perl,
1979; Rethelyi et al., 1982; Shortland and Woolf, 1993; Shortland et al., 1989).

The physiological changes that underlie chronic pain processing could occur at
multiple levels, including changes in sensory afferent activity, alterations in neurotransmitter
release, spinal reorganization, and alterations in descending pain facilitation and inhibition
(Kuner, 2010). An important aspect of this neuroplasticity is the altered expression of a
wide range of receptors and channels. For instance, our lab has reported data from gene-
chip microarray analysis demonstrating that nerve injury causes an upregulation of the
VGCC subunit a25-1 (Ca a.,0,) and thrombospondin-4 mRNA in DRG, both are important
for neuropathic pain information processing (Kim et al., 2009; Kim et al., 2012; Valder et

al., 2003; Wang et al., 2002).



Voltage-Gated Calcium Channel Subunits

The VGCC complex typically consists of channel-forming a1-subunit (~170kDa)
along with auxiliary 8- (~52kDa), a2- (~15-kDa), 6- (~17-25kDa) and y-subunits (~32kDa)
(Catterall et al., 2005; Dolphin, 2013). So far, ten a1-subunits have been identified in
mammals and are encoded by distinct genes (Catterall et al., 2005). This subunit is also
subjected to alternative splicing (Altier et al., 2007; Bourinet et al., 1999; Castiglioni
et al., 2006; Lin et al., 2004; Lin et al., 1997; Lin et al., 1999; Lipscombe and Raingo,
2007; Rajapaksha et al., 2008; Tsunemi et al., 2002). The a1-subunit consists of four
homologous domains (I-IV), each having six transmembrane helices (S1 through S6),
which together form the calcium conduction pore, voltage sensors, and gating apparatus
(Yu et al.,, 2005). The S4 transmembrane domain contains positive charged amino
acids for voltage sensing. There are four known B-subunits (8-1 through (-4), which
are intracellular proteins that enhance cell surface expression of the a1-subunits and
modulate the gating properties through their interactions with the channel-forming a1-
subunit and intracellular signaling molecules (Flynn and Zamponi, 2010; Hidalgo and
Neely, 2007; Karunasekara et al., 2009). Four a2&-subunits have been identified (a26-
1 through a26-4), each consisting of two disulfide-linked peptides (a2 and ) that are
encoded by the same gene (De Jongh et al., 1990a; Ellis et al., 1988). Similar to the
B-subunit, a2d subunits promote and stabilize cell surface expression of VGCCs (Davies
et al., 2007; Klugbauer et al., 2003). Eight y-subunits have been identified and appear
to act as glycoproteins with four transmembrane segments, but the exact function of the
y-subunit is not well defined (Dolphin, 2009; Iftinca and Zamponi, 2009). Together, the

auxiliary subunits modulate the functional properties of the a1-subunit (Fig. 1).

Ca a,5in Pain Processing
Ca 0,0 subunit has been implicated to play a role in neuropathic pain. It has been

shown that injury-induced increase of Ca 0,5, subunit in sensory neurons and spinal



dorsal horn correlates with neuropathic pain states (Li et al., 2006; Luo et al., 2001).
Blocking nerve injury-induced spinal Ca a.0, protein upregulation with dorsal rhizotomy or
intrathecal Ca 0,0, anti-sense oligodeoxynucleotide treatment either prevented (Boroujerdi
et al., 2008) or reversed (Li et al., 2004) tactile allodynia. This is further supported by
evidence indicating that upregulated Ca a.,9, in transgenic mice over-expressing Ca a.0,
in neuronal cells results in behavioral hypersensitivities in the absence of nerve damage
(Lietal., 2006). In contrast, Ca a,d, genetically ablated mice show a defect in mechanical
and thermal sensitivity, and a delayed response to nerve injury compared to wild-type
mice (Patel et al., 2013). Most importantly, Ca a,8, subunit has been identified as the
binding site for gabapentin (Neurontin) and pregabalin (Lyrica), which are anti-convulsant
and anti-neuropathic pain medications. Ca a,0, ligands pregabalin and gabapentin are
effective in alleviating neuropathic pain (Brown et al., 1998; Field et al., 2006), but their
anti-neuropathic pain properties are abolished in knock-in mice expressing a mutant
Ca 0,9, that cannot bind gabapentin and pregabalin (Field et al., 2006). However, the
cellular mechanism underlying the mode of action of these drugs is unclear.

Atthe spinal level, elevated Ca 0,5, mediates behavioral hypersensitivities through
enhanced excitatory pre-synaptic input that activates glutamate receptors at post-synaptic
dorsal horn neurons (Nguyen et al., 2009). Recent studies suggest that injury-induced
increase of Ca .0, in DRG leads to increase trafficking of Ca a.,d, proteins to the pre-
synaptic terminals, which can be reduced by pregabalin (Bauer et al., 2009; Hendrich
et al., 2008; Li et al., 2004). In fact, it has been shown that Ca a,d, proteins promote
trafficking of a1-pore forming VGCC subunit to presynaptic terminals and increase
synaptic vesicle release probability (Hoppa et al., 2012). Together, these findings suggest
that injury-induced Ca 0,5, subunit may contribute to the initiation and maintenance
of neuropathic pain by altering VGCC cell surface expression and/or neurotransmitter
release at their afferent presynaptic terminals, thus modulating the excitability and/or

synaptic neuroplasticity in the dorsal horn.



Thrombospondin-4 and its role in chronic pain states

A recent study has shown that Ca 0,0, is the neuronal receptor for astrocyte-
secreted thrombospondins (TSPs) in mediating excitatory CNS synaptogenesis (Eroglu
et al., 2009). TSPs are large oligomeric, multidomain, extracellular matrix proteins that
mediate cell-cell and cell-matrix interactions through binding to other extracellular matrix
proteins, membrane proteins, and cytokines (Adams and Lawler, 2004; Bornstein, 2001).
TSP consists of five isoforms in mammals, TSP1-5, which can be broken down into two
subfamilies, subgroup A and B (Fig. 2). TSP1 and TSP2 are part of the subgroup A family
that shares the same structure and functional domains, and are assembled as trimers for
secretion. These proteins are shown to be highly expressed during early postnatal ages,
and remarkably reduced during adulthood when the amount of excitatory synaptogenesis
is significantly reduced (Christopherson et al., 2005). Subgroup B consists of TSP3-5 that
forms a pentameric structure with functional domains different from that in Subgroup A.

TSPs are found to be localized to different tissues in a non-overlapping manner,
suggesting that these proteins may carry out similar functions in different tissues (Adams et
al., 2001). TSP1 and 2 seem to play a role in platelet aggregation, inflammatory response,
and angiogenesis regulation during tumor growth and wound repair, and connective
tissue extracellular matrix assembly. The biology of TSP3 is not well studied (Adams and
Lawler, 2004). TSP5 is mainly expressed in cartilage and certain connective tissues and
plays a role in chondrocyte differentiation, attachment and cartilage extracellular matrix
assembly (Adams and Lawler, 2004). TSP4 has been recently demonstrated to be involved
in the following: 1) intracellular functions in the secretory pathways by interacting with
transcriptional factor Atféa (Lynch et al., 2012); 2) regulation of vascular inflammation and
adaptive responses of cardiomyocytes to pressure overload and in human hypertrophied
hearts (Cingolani et al., 2011; Frolova et al., 2012; Gabrielsen et al., 2007; Mustonen et
al., 2008; Mustonen et al., 2010); 3) promotion of atherosclerotic processes by attracting

and retaining macrophages in atherosclerotic lesions (Frolova et al., 2010); 4) regulation



of protective astrogenesis following ischemic injury to the brain cortex in a NOTCH1-
dependent manner (Benner et al., 2013).

Furthermore, TSP4 has recently been identified by our lab to play a role in
neuropathic pain development. We have shown that TSP4 is upregulated in spinal cord
post peripheral (Kim et al., 2012) or trigeminal nerve injury (Li et al., 2014). Upregulated
TSP4 is involved in mediating behavioral hypersensitivities because injury-induced pain
states can be prevented or reversed by blocking TSP4 with intrathecal TSP4 anti-sense
oligodeoxynucleotides or antibodies, and genetic ablation of TSP4 gene in spinal nerve
ligated mice (Kim et al., 2012; Li et al., 2014). In addition, intrathecal injection of TSP4
proteins leads to spinal neuron hyperexcitability and behavioral hypersensitivity (Kim et al.,
2012). Interestingly, TSP4 has been shown to bind to the von Willebrand factor A (VWF-A)
domain of integrin aM and Ca a,, that plays a role in inflammatory responses underlying
atherosclerosis (Pluskota et al., 2005) and excitatory CNS synaptogenesis (Eroglu et
al., 2009), respectively. However, it remains unclear if TSP4 and Ca 0.0, interaction is
important in mediating chronic pain states. We hypothesized that spinal TSP4 induces

abnormal synapse modulation and pain states by interacting with Ca 0.3, .
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Figure 1. Structural organization of voltage-gated calcium channel subunits
(VGCC). The VGCC is composed of the a1- (purple), a26- (blue), B- (red), and y- (yellow)
subunits. The predicted a-helices are depicted as cylinders. The a2d subunit is encoded
by the same gene, but post-translationally cleaved into a2 and & peptides that are linked
by disulfide bonds (S-S). Sequence analysis of a2&-subunit reveals the presence of the
von Willebrand Factor type A (VWA) domain. The gabapentin binding site is upstream of
the VWA domain.
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Figure 2. Schematic diagram of the domain structures of thrombospondin family
members. N-terminal laminin G-like domain (purple), oligomerization domain (grey),
procollagen repeat (blue), properdin-like type 1 domain (red), epidermal growth factor-like
type 2 domain (orange), calcium binding type 3 domain (yellow), and C-terminal L-type
lectin-like domain (green).
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CHAPTER 1

Interactions of voltage-gated calcium channel alpha-2-delta-1 subunit

with thrombospondin-4 proteins

Abstract

Dysregulation of voltage-gated calcium channel a,d, subunit (Caa,5,) and
thrombospondin-4 (TSP4) proteins at the spinal level after peripheral nerve injury
contributes to neuropathic pain states through an unknown mechanism. A recent finding
showed that Ca 0,0, is the neuronal TSP receptor in synapse formation. Based on these
findings, | hypothesized a novel mechanism in which TSP4 and Ca 0,0, proteins interact
to cause neuropathic pain states. To determine if TSP4 and Ca a,0, indeed interact, |
examined whether TSP4 and Ca a,9, interact in vivo and in vitro. Immunoprecipitation
data indicate that both proteins are detectable in the same immunocomplexes from rodent
spinal cords. In addition, Ca a.0, recombinant proteins bind to immobilized TSP4 proteins
dose-dependently in vitro. These findings support that Ca a,d, proteins indeed interact
directly with TSP4 in vitro and in vivo. To investigate the binding domains of TSP4 to
Ca0,0,, | made TSP4 recombinant truncation proteins for in vitro binding and found that
the epidermal growth factor-like (EGF-like) domains and coil-coil domain of TSP4 have
similar binding affinity to recombinant Ca a.0, proteins. This is confirmed by mapping
the Ca a,0,-binding domains of TSP4 with SPOT Peptide Array analysis that indicates
multiple high affinity Ca a,8,-binding peptides within these domains and the C-terminal
domain. Thus, the interaction between Ca 0,5, and TSP4 is likely mediated by multiple

sites in the coil-coil and EGF-like domains of TSP4.
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Introduction

Ca 0,0, is a structural subunit of high voltage-gated calcium channels (Dolphin,
2009; Kim and Chung, 1992). So far, four Ca a,0-subunits have been identified (Ca a.0,
through Ca 0,0,), each consisting of two disulfide-linked peptides (a, and ©) that are
encoded by the same gene (De Jongh et al., 1990a; De Jongh et al., 1990b; Ellis et
al., 1988). Ca a,0, subunit is ubiquitously expressed in many tissues and is highly
expressed by CNS neurons (Cole et al., 2005). Functions of Ca 0,9, include regulation
and stabilization of VGCC trafficking to the plasma membrane and presynaptic terminals
(Davies et al., 2007; Elmariah et al., 2004; Elmariah et al., 2005; Hoppa et al., 2012),
fine-tuning channel functions and gating properties (Davies et al., 2006; Davies et al.,
2010; Klugbauer et al., 1999; Klugbauer et al., 2003; Mori et al., 1991; Singer et al., 1991)
and modulation of synaptogenesis and synaptic functions (Eroglu et al., 2009; Hoppa
et al., 2012). Gabapentinoids, such as gabapentin and pregabalin, bind to Ca a,5, and
Ca 0,0, subunits with high affinity (Gee et al., 1996; Marais et al., 2001), and exhibit anti-
neuropathic pain properties in patients (Backonja et al., 1998; Backonja and Glanzman,
2003; Dworkin and Kirkpatrick, 2005; Guay, 2005; Levendoglu et al., 2004; Rosner et
al., 1996; Stacey et al., 2008; To et al., 2002; Zareba, 2005) and animal models (Hwang
and Yaksh, 1997; Luo et al., 2002; Luo et al., 2001). Interestingly, only the Ca a.,3,, but

271

not Ca a,d,, gene is upregulated in neuropathic pain models after nerve injuries (Bauer

272

et al., 2009; Li et al., 2014), and anti-neuropathic pain properties of gabapentinoids are
abolished in knock-in mice expressing a mutant Ca 0,0, that cannot bind gabapentin and
pregabalin (Field et al., 2006).

Thrombospondins (TSPs) are secreted multi-domain extracellular glycoproteins
involved in cell to cell and cell to matrix interactions. TSP consists of five isoforms in
mammals, TSP1-5, which can be broken down into two subfamilies, subgroup A and B.
TSP1 and TSP2 are part of the subgroup A family that shares the same structure and

functional domains, and are assembled as trimers for secretion. Subgroup B consists
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of TSP3-5 that forms a pentameric structure with functional domains different from that
in Subgroup A. This subfamily lacks the procollagen domain and type 1 repeats, and
they are less than 50% homologous to TSP1/2 (Adams and Lawler, 2004). TSP1 and
TSP2 are involved in modulation of platelet aggregation, angiogenesis, inflammation,
extracellular matrix assembly and wound repair. TSP5 is mainly expressed in cartilage and
connective tissues, involved in regulation of differentiation, attachment of chondrocyte,
as well as assembly of cartilage extracellular matrix. While TSP3/4 are expressed in
multiple sites, their functional roles are not well defined (Adams and Lawler, 2004). It
has been suggested that TSP4 may be involved in local signaling in the nervous system
because it is a preferred substrate for neurons in promoting neurite outgrowth (Arber and
Caroni, 1995). Recent studies have suggested that TSP4 proteins interact with Ca a.0,
in mediating pathophysiological conditions (Eroglu et al., 2009; Xu et al., 2009). In this
study, | investigated if interaction between TSP4 and Ca 0,0, proteins occur, and what

TSP4 domains are involved in binding to Ca 0.9, .
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Methods and Materials

Construction of the Recombinant TSP4 Truncated cDNA: The recombinant
truncated TSP4 proteins were prepared by the PCR-driven overlap extension
technique (Heckman and Pease, 2007) using full-length rat TSP4 cDNA (Genbank
accession #: X89963) in pCEP-Pu vector as template. Segments of the TSP4
cDNA were amplified using two flanking master primers and internal primers that
introduced the mutation for truncation and created an overlapping nucleotide
sequence. The construct with the N-terminal domain of TSP4 deletion was prepared
with the internal primers 5- CACGCGCTAGTCTCTCTGTTCCAG-3’ (forward),
5- CTGGAACAGAGAGACTAGCGCGTG-3' (reverse), and master primers 5'-
CGCAGAACTGGTAGGTATGG-3"  (forward), 5-CTTATCATGTCTGGATCCGGC-3’
(reverse). The construct containing only the EGF-like domain of TSP4

was  obtained  with internal primers 5-CGCGCTAGTCCCAACACGTC-3

(forward) and 5’- GCTTCTTGGTTTATCCACAGACATAG-3’ (reverse),
5-CTATGTCTGTGGATAAACCAAGAAGC-3 (forward) and 5'-
GACGTGTTGGGACTAGCGCG-3’ (reverse), and master primers

5-CGGGACTTTCCTACTTGGCAG-3' (forward), 5-CCCGACACCCGCCAACACC-3
(reverse). The construct containing the type-3 calcium binding
domain and C-terminal domain of TSP4 was created with the
internal  primer 5- CACGCGCTAGTCAAGGATGTGGAC-3  (forward), 5-
GTCCACATCCTTGACTAGCGCGTG-3'  (reverse), and master primers 5-
CGCAGAACTGGTAGGTATGG-3"  (forward), 5-CTTATCATGTCTGGATCCGGC-3’
(reverse). The construct containing the N-terminal domain only construct was
prepared with the internal primers 5-GTGGTGAGGGGCTAAACCAAGAAG-3’
(forward), 5-CTTCTTGGTTTAGCCCCTCACCAC-3 (reverse), and
master primers 5-CTAGAAGCTGGGTACCTTAAGGC-3’ (forward), and
5-CAAGCTGTGACCGTCTCCG-3’ (reverse). The construct containing
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the N-terminal domain and coil-coil domain of TSP4 was obtained with the
internal primers 5-CTCCTCCAGCATAAACCAAGAAGC-3’ (forward) and
5-GCTTCTTGGTTTATGCTGGAGGAG-3’ (reverse). The same master primers for the
N-terminal domain only construct was used. The constructs were inserted back into
pCEP-pu vector containing the BM40 signal peptide (Kohfeldt et al., 1997) (Narouz-Ott
et al., 2000) and N-terminal 6x-Histdine tag using restriction sites Kpnl and BamHI. The

constructs were confirmed by sequencing (Eton Biosciences, San Diego, CA).

Expression and Purification of Recombinant TSP4 proteins: The recombinant
rat TSP4 cDNA (Genbank accession #: X89963) with a six-histidine tag at the N-terminal
was transfected into human embryonic kidney cell line 293-EBNA cells (Invitrogen,
Carlsbad, CA) using the calcium phosphate transfection method. The transfected cells
were selected with 0.5ug/ml puromycin and grown to confluency. Secretion of the full-
length TSP4-His and truncated TSP4-His proteins into DMEM/F-12 medium (Mediatech,
Manassas, VA) was confirmed by Western blot using anti-penta His monoclonal antibody
(Qiagen, Valencia, CA). The TSP4-His proteins were purified using a Ni-NTA column
based on the manufacturer’s instructions (Invitrogen, Carlsbad, CA), concentrated with
Amicon Ultra-4 Centrifugal Filter Unit (50K Molecular weight cut off, Millipore, Billerica,
MA), aliquoted and stored at -80 °C until use. The recombinant truncated TSP4-His

proteins were expressed and purified in a similar manner.

Purification of FLAG-Ca a.,5.: FLAG-Ca 0,5, cDNA was transiently transfected
into human embryonic kidney cells-293 (HEK 293) using lipofecatime 2000 (Invitrogen).
The transfected cells were washed twice with PBS buffer, then extracted in protein
extraction buffer (50mM Tris, 150mM NaCl, 1mM EDTA, 0.1% Triton-X, pH7.4) in two-
three days. The cell lysate was incubated on ice for 15 min followed by centrifugation

at 13,000 g for 20 minutes at 4 °C. The supernatant was incubated with anti-FLAG M2
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agarose affinity resin (Sigma-Aldridge, St. Louis, MO) by rotating for 2 hr at 4 °C, and then
washed three times with protein extraction buffer. FLAG-Ca, 0,0, was eluted in elution

buffer (0.1M glycine, pH 3.5) and stored at -20 °C for future use.

Solid-Phase Binding: The reagents for solid-phase binding were from Invitrogen
(Cat# CNBO0011). Recombinant truncated TSP4 proteins were immobilized onto a 96-well
polystyrene plates (Thermo) overnight at 4 °C in coating buffer A. All further incubations
were carried out at RT for 1 hr, and proteins or antibodies were diluted in assay buffer
containing bovine serum albumin (BSA). After blocking, the plates were incubated with
affinity purified FLAG-Ca a,0, for 1 hr, washed, then incubated with mouse monoclonal
anti-FLAG antibody (1:1000; Sigma-Aldridge), followed by horse radish peroxidase (HRP)-
conjugated secondary antibody. The bound FLAG-Ca a,0, complexes were detected by
measuring a color reaction (yellow product) at 450 nm after adding tetramethylbenzidine

(TMB) for 15 min followed by adding sulfuric acid to stop the reaction.

Membrane Preparation and Radioligand Binding: TsA-201 cells stably
expressing Ca, 2.2e [A24a, 31a], Ca B, and Ca, 0,0, (Lin et al., 2004) were harvested in
Tris/EDTA buffer (5mM Tris/HCL, 5mM EDTA, pH 7.4 containing PMSF, leupeptin, and
pepstatin A), incubated on ice for 15 min, sonicated, and then centrifuged at 1000 g for
10 min. The supernatant was collected and centrifuged at 50,000 g for 30 min at 4 °C.
The pellet was re-suspended in the same buffer. Cell membranes (50ug) were incubated
in the presence of 20nM of [*H]gabapentin (PerkinElmer, Waltham, MA) with or without
purified recombinant TSP4 proteins in 10mM HEPES (pH 7.4) for 90 min at RT, and filtered
onto pre-wetted GF/C filters under vacuum. The filters containing the cell membranes
were washed three times with 3ml of ice-cold Tris buffer (pH 7.4), and used for liquid-
scintillation counting. For nonspecific binding, the binding assay was performed in the

presence of 10uM gabapentin. Specific binding was obtained by subtracting nonspecific

binding from total binding. All experiments were carried out in duplicates and plotted using
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Graphpad Prism (Graphpad Software, San Diego, CA)

Surface Plasmon Resonance Binding: All experiments were carried out using
BlAcore 3000 and CM5 Sensor Chip (GE Healthcare Sciences, Piscataway, NJ), and at
25°C. Ca, 0,0, antibody (mouse, Sigma-Aldrich St. Louis, MO) was coupled to the dextran
matrix of a CM5 sensor chip using Amine Coupling Kit as described by (Johnsson et
al., 1991). Excess reactive esters were quenched by injection of 1.0M ethanolamine-
hydrochloride, pH 8.5. The binding assays were performed using HBS-P buffer (0.01M
HEPES, pH 7.4, 0.15M NaCl, 0.005% and surfactant P20) as running buffer. Purified TSP4
proteins and Ca, .0, protein extracts from tsA-201 cells stably expressing Ca, 2.2e [A24a,
31a], Ca p,, and Ca, 0,0, (Lin et al., 2004) as described earlier were diluted in HBS-P
buffer (GE Healthcare). Ca, a,0, protein extracts were injected at a flow rate of 10ul/min
over the immobilized Ca, 0,3, antibody flow cells, followed by injection of purified TSP4
proteins at a flow rate of 20ul/min. Non-specific binding of TSP4 to the flow cell without
the presence of immobilized Ca a,5, antibody was subtracted from all binding curves
using BlAevaluation software version 3.0 (GE Healthcare) and plotted using Graphpad

Prism (Graphpad Software).
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Results
TSP4 binds to Ca 0,5,

To examine potential interactions between TSP4 and Ca0,0,, | examined if
both proteins were detectable in immunoprecipitation complexes from in vivo and in
vitro experiments. My data showed that Ca a,0, proteins were detectable in TSP4
immunoprecipitates from rat and mouse spinal cord extracts (Fig. 1A). In addition, TSP4
proteins were detectable from Ca a,8,-immunoprecipitates from cells overexpressing
Ca 0,0, and TSP4 recombinant proteins in vitro (Fig. 1B). These data support that Ca 0.5,/
TSP4 proteins are at least in the same immunocomplexes. To determine if a direct
interaction between Ca a.,5,/TSP4 proteins occur, | performed an ELISA-based ligand
binding of recombinant Ca a.0, proteins to immobilized TSP4 in transient expression
experiments in vitro. My data indicated that recombinant Ca 0,3, proteins bound to TSP4
proteins dose-dependently (Fig. 2A), supporting a direct interaction of these proteins.
Conversely, | used surface plasmon resonance spectroscopy (SPR) to measure the real-
time binding of TSP4 proteins to immobilized Ca a,5, on a BlAcore CM5 sensor chip.
Ca 0,0, proteins from tsA-201 cell lysates overexpressing VGCC a.,, B,, and Ca a.0,
subunits were immobilized on the chip surface by covalently bound Ca 0,3, antibodies.
Injected TSP4 proteins bound to immobilized Ca 0.0, in a dose-dependent manner, which
was in agreement with the ELISA-based ligand binding assay (Fig. 2B).

To examine whether the interaction between TSP4 and Ca a.0, can be blocked
by Ca a.0,-ligand gabapentin, | measured [*H]gabapentin binding to tsA-201 cell lysates
overexpressing VGCC a,,, B,, and Ca a,d, subunits in the presence of purified TSP4
proteins. Binding analysis showed that TSP4 could dose-dependently decrease bound
[*H]gabapentin binding to Ca a.8,, further supporting an interaction between TSP4 and
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Ca 0,9, proteins.
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Mapping of the TSP4 binding motifs to Ca a.,5,

To identify the TSP4 binding domain to Caa,d,, | created the following five
recombinant truncation constructs of TSP4: N-terminal domain deletion construct that
encodes the EGF-like domain, calcium binding domain, and C-terminal domain [ND];
EGF-like domains alone construct (EGF-like); calcium binding domain and C-terminal
domain (CD); N-terminal domain alone construct (NT); and N-terminal domain together
with coil-coil domain (NT+CC) (Fig. 3A). The TSP4 mutant proteins from these constructs
were expressed in vitro and purified through His-tag columns (Fig. 3B). The recombinant
truncated TSP4 proteins were tested in an ELISA-based ligand-binding assay for binding
to recombinant Ca 0,0, proteins. The EGF-like domain containing proteins (ND and
EGF-like) and coil-coil domain proteins of TSP4 bound to Ca a.0, with a higher affinity
than proteins containing the N-terminal domain, calcium-binding domain, and C-terminal
domain (Fig. 4A). My data indicated that the coil-coil and EGF-like domains of TSP4
contained the major binding sites to Ca a,8, proteins.

| also synthesized a series of overlapping 15-mer peptides that cover the entire
length of TSP4 to further delineate the TSP4 binding motif to Ca a.0,. Similarly, specific
TSP4 linear peptides encoding the coil-coil and EGF-like domains, but not calcium-binding
domain peptides bound to Ca a,d, over-expressing lysates (Fig. 4B). A few specific TSP4
peptides from the N-terminal and C-terminal domain also bound to Ca a,0, (Fig. 4B),
which may contribute to the low binding affinity to Ca 0,5, observed from the NT and CD

truncated proteins (Fig. 4A).
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Discussion

TSPs are secreted multidomain glycoproteins, and are involved in diverse
biological processes given their ability to bind numerous proteins in the extracellular
matrix. For instance, a recent study has identified Ca a.0, as the neuronal TSP receptor
involved in promoting excitatory synaptogenesis (Christopherson et al., 2005; Eroglu et
al., 2009). Interestingly, TSP4 and Ca a,3, proteins are known to play a causal role in
neuropathic pain through an unknown mechanism (Kim et al., 2012; Li et al., 2004). It is
likely that injury-induced TSP4 causes spinal sensitization and neuropathic pain through
interactions with the Ca a.0,. Here, | show that TSP4 proteins directly bind to Ca a,3,in
vitro and in the spinal cord. Through the use of an array of linear peptides that cover the
whole amino acid sequence of TSP4, | determined the core Ca a.0,-binding motifs to
the coil-coil domain, EGF-like domain, and C-terminal domain of TSP4. Deletion of the
Ca 0,0,-binding motifs from TSP4 significantly diminished Ca 0,0, binding to immobilized
TSP4 truncated proteins in an ELISA-based binding assay. Thus, the interaction of these
proteins may be critical in mediating spinal dorsal horn neuron sensitization and regulating
behavioral hypersensitivity during chronic pain states.

Binding sites can be typically divided as: 1) linear sites that follow the primary amino
acid sequences; 2) nonlinear binding sites that are made up of short fragments and are
adjacent in spatial proximity. To better understand the binding sites in TSP4 to Ca a,0,, |
used SPOT peptide synthesis method and ELISA-based binding assay for identification
of linear binding sites and discontinuous binding sites. Specific TSP4 linear peptides from
the coil-coil domain or EGF-like domains of TSP4, but not the calcium binding type-3
domains bind to Ca 0,5, with considerable affinity; thereby suggesting that the coil-coil
domain and EGF-like domains of TSP4, when presented as unstructured parts of TSP4,
may represent a linear binding site for Ca a,5,. However, a few discontinuous TSP4
peptides from the N-terminal and C-terminal domain of TSP4 do bind to Ca a,0, with high

affinity. In fact, truncated TSP4 proteins containing the N-terminal or C-terminal domain
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exhibit low affinity binding to Ca a,d,. Since Ca a,d, binds to multiple non-continuous
TSP4 peptides, this suggests that the interaction between TSP4 and Ca a,3, is mediated
through multi-domains (N-terminal, coil-coil domain, EGF-like domain, and C-terminal
domain of TSP4) and may be conformationally defined.

The functional effect of the coil-coil domain and EGF-like domains of TSP4 in pain
processing is unclear. TSPs are characterized by containing the coil-coil domain, EGF-
like domains, calcium-binding type 3 repeats, and a highly conserved C-terminal domain.
The coil-coil domain of TSPs is important for the assembly of TSP proteins into trimers
(TSP1/2) or pentamers (TSP3/4/5) (Adams and Lawler, 2004; Lawler et al., 1985; Lawler
et al., 1995; Sottile et al., 1991). In contrast, the EGF-like domains of TSP4 have been
shown to bind to the von Willebrand Factor A (VWF-A) domain of integrin proteins that
interact with extracellular matrix proteins (Pluskota et al., 2005; Whittaker and Hynes,
2002). In addition, the EGF-like domains of TSPs bind to the VWF-A domain of Ca a.0,
proteins and cause excitatory synapse formation (Eroglu et al., 2009). Interestingly, injury-
induced upregulation of Ca a,d, proteins in the superficial dorsal spinal cord may cause
abnormal excitatory synaptogenesis and neuronal hyperexcitability (Li et al., 2014). Thus,
| propose that the binding of the EGF-like domains of TSP4 to Ca a,5, may trigger a
structural conformational change since it is known that VWF-A domains can switch a
protein’s structure from an inactive to an activate state upon ligand binding (Whittaker
and Hynes, 2002). The TSP4/Ca 0,6, complex may then induce an intracellular signaling
cascade that ultimately leads abnormal excitatory synaptogenesis and chronic pain
states. Identification of proteins associated with TSP4/Ca 0,5, complexes could provide
critical insight on downstream mechanisms of TSP4/Ca 0,5, and development of chronic
pain states.

The Ca 0,0, subunits were identified as the molecular targets for gabapentin.
However, it is unclear whether gabapentin has any consistent drug effect on VGCC

function, despite the high affinity of gabapentin to Ca a.,0, subunits. It has been reported
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that the anti-neuropathic pain effects of gabapentin correlate with the expression level of
its binding protein Ca 0.0, in animal models (Luo et al., 2002). Mutation of the binding site
for gabapentinoids within Ca a,8, abolishes the anti-hyperalgesic properties of the drugs
(Field et al., 2006), establishing that binding of gabapentinoids to Ca a,3, is responsible
for their anti-hyperalgesic actions. Gabapentin can also inhibit TSP4-induced dorsal horn
neuron sensitization and behavioral hypersensitivity (Park et al., submitted; in revision),
suggesting that elevated spinal TSP4 mediates spinal neuron sensitization and pain states
through its interaction with Ca a,8, Since gabapentin binding site is located upstream of
the VWF-A domain of Ca a,8, (Wang et al., 1999), itis less likely that the inhibitory effects
of gabapentin on synaptogenesis, dorsal horn neuron sensitization, and hyperalgesia
derive directly from binding of TSP4 to Ca a,3,. In support of this notion, competitive
binding between TSP4 and [*H]gabapentin showed only partially diminished binding of
gabapentin to Ca 0,0, at high doses of TSP4. In addition, gabapentin did not affect the
binding between TSP4 and Ca a.,0, using the ELISA-based binding assay and SPR (data
not shown). Instead, gabapentin binding to Ca a,5, may cause conformational changes to
the protein and therefore interfere with TSP4/Ca 0.9, interactions indirectly.

In summary, my findings provide evidences to support that TSP4 directly interacts
with Ca 0., proteins through its EGF-like domains and coil-coil domain. Blocking the
interaction of these proteins could lead to long-term downstream effects in modulating

chronic pain states.
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Figure 1. TSP4 interacts with Ca a.3..

A. Representative Western blots showing co-immunoprecipitation (IP) of Ca a,0, with
TSP4 proteins by anti-TSP4 antibody. IP from rat and mouse spinal cord samples. Lys.:
spinal cord lysate as a positive control. -: no IP anti-TSP4 antibody. +: with IP anti-TSP4
antibody. Estimated molecular weights (kDA) are shown on the left.

B. Representative Western blot showing IP of FLAG-tagged Ca 0.0, with TSP4 proteins
by anti-FLAG antibodies. IP from 293-EBNA cell line co-transfected with TSP4 and FLAG-
tagged Ca 0,0, cDNA. +: with transfection of FLAG-tagged Ca 0,9, -: without transfection
of the FLAG-tagged Ca 0.0, construct. Estimated molecular weights (kDA) are shown on
the left.
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Figure 2. Direct binding of TSP4 to Ca a,5,

A. Summarized data (means + SEM; n=6) showing that FLAG-Ca 0.,0,, but not bovine
serum albumin (BSA), dose-dependently binds to immobilized TSP4. **p < 0.01, ***p <
0.001 compared with the background level (without adding FLAG- Ca 0.9,), *p < 0.05, ##p
< 0.001 compared between adjacent doses by one-way ANOVA analysis with Bonferroni
post-tests.

B. Sensogram of TSP4 dose-dependently binding to captured Ca a.,5,. Ca a,0, antibody
was immobilized to a CM5 sensor chip to capture Ca 0,5, proteins from Ca a,d,
overexpressing protein extracts at a flow rate of 10ul/min. HBS-P buffer or purified TSP4
proteins were injected over a captured Ca a,3, flow cell at a flow rate of 20ul/min.

C. Radioligand binding of [*H]gabapentin to Ca 0.5, over-expressing lysates in the
presence of purified TSP4 proteins. The final concentration of [*H]gabapentin was 20nM.
Values are the means + SEM; n=4-6. *p < 0.05, ***p < 0.001 compared with the background
level (without adding TSP4) by one-way ANOVA analysis with Bonferroni post-tests.
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Figure 3. Creation and expression of recombinant TSP4 proteins.

A. Domain structure of full-length TSP4 and recombinant TSP4 truncation proteins. Top:
N-terminal domain (blue), coiled-coil oligomerization domain (grey), four type Il EGF-
like domain repeats (orange), seven type lll calcium binding repeats (yellow), and the
C-terminal domain (green).

B. A representative Western blot of the purified recombinant TSP4 proteins detected by
anti-His antibodies under reducing conditions. The approximate molecular weight (kDa)
is show on the left.
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Figure 4. Identification of Ca 0,5, binding sites in TSP4.

A. Binding of FLAG-Ca 0,3, to immobilized TSP4 or truncated TSP4 proteins (n=6-9) at
equal molar concentration to TSP4 (80ug/ml) in an ELISA-based ligand binding assay.
Values are the MeantSEM; ***p <0.001 compared with full-length TSP4 by one-way
ANOVA analysis with Bonferroni post-hoc test.

B. Summary of normalized binding of Ca 0.9, lysates to 15-mer peptides (overlapping by
12 amino acids) encompassing the entire TSP4 amino acid sequence. Summarized data
normalized to TSP4 peptide number 78.
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CHAPTER 2

Epidermal growth factor-like domain of thrombospondin-4 proteins

plays a crucial role in mediating behavioral hypersensitivities

Abstract

Upregulation of thrombospondin-4 (TSP4) or voltage-gated calcium channel
subunit alpha-2-delta-1 (Ca a,0,) proteins in the dorsal spinal cord contributes to
neuropathic pain development through an unidentified mechanism. Intrathecal injection
of TSP4 proteins into naive rats can cause dorsal horn neuron hyperexcitability and dose-
dependent, slow-onset and long-lasting allodynia, which can be blocked by the Ca a.0,
ligand gabapentin. These findings suggest that TSP4 and Ca a,5, may interact together
in mediating pain processing. Here, | used TSP4 recombinant truncations proteins to
identify the molecular determinant(s) of TSP4 in mediating behavioral hypersensitivity. |
examined what TSP4 domains are pro-nociceptive, and whether blocking/deleting Ca a.0,
could abolish its nociceptive effects. Lumbar intrathecal injection of the TSP4 EGF-like
domains is sufficient to induce gabapentin-sensitive tactile allodynia, mechanical and
thermal hyperalgesia. Selective ablation of Ca a.0, from Na 1.8-positive sensory neurons
abolishes TSP4 EGF-like domain-induced thermal hyperalgesia, but not tactile allodynia.
A Ca a,0,—binding TSP4 peptide within the EGF-like domains can block both Ca a.0,-
and TSP4-induced behavioral hypersensitivity, presumably by disrupting the interaction
between TSP4 and Ca a,3,. Together, these findings indicate that the interactions of
TSP4 with Ca a,, through its EGF-like domains are important in mediating chronic pain

in a modality-specific manner.
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Introduction

Neuropathic pain is caused by injuries in the peripheral or central nervous systems
(CNS) and can lead to pain syndromes that include spontaneous pain and evoked pain
such as allodynia (exaggerated response to otherwise innocuous tactile stimuli) and
hyperalgesia (exaggerated pain sensations as a result of exposure to mildly noxious
stimuli) (Bridges et al., 2001; Woolf and Mannion, 1999). Upon peripheral nerve injury,
there is a parallel upregulation of the voltage gated calcium channel auxiliary subunit
alpha-2-delta-1 (Ca 0.,9,) and astrocyte-secreted thrombospondin-4 (TSP4) mRNA in the
dorsal root ganglia (DRG), and protein in the spinal cord that correlates with the onset
of allodynia (Kim et al., 2009; Kim et al., 2012; Li et al., 2004; Luo et al., 2002; Luo et
al., 2001; Pan et al., 2014; Valder et al., 2003; Wang et al., 2002). Studies have shown
that increased Ca a,, proteins contribute to the neuropathic pain development because
tactile allodynia was either prevented (Boroujerdi et al., 2008) or reversed (Li et al., 2004)
by blocking nerve injury-induced spinal Ca 0,9, protein upregulation with dorsal rhizotomy
or intrathecal Ca a.0, anti-sense oligodeoxynucleotide treatment, respectively. This is
further supported by evidence indicating that upregulated Ca a,0, plays a significant
role in the development of behavioral hypersensitivities in the absence of nerve damage
from mice over-expressing Ca a.0, in neuronal cells (Li et al., 2006). In addition, Ca a,3,
ligands pregabalin and gabapentin are effective in alleviating neuropathic pain (Brown
et al., 1998; Field et al., 2006), but their anti-neuropathic pain properties are abolished
in Ca 0,0, genetically ablated mice (Patel et al., 2013) and knock-in mice expressing a
mutant Ca a.0, that cannot bind gabapentin and pregabalin (Field et al., 2006b).

Currently, the mechanisms underlying Ca a.0,-mediated neuropathic pain states
are not clear. Gabapentin has been shown to inhibit synaptogenesis by blocking the
interaction of Ca a,0, with thrombospondin (TSP) proteins (Eroglu et al., 2009). TSPs
are large oligomeric, multidomain, extracellular matrix proteins that mediate cell-cell and

cell-matrix interactions through binding to other extracellular matrix proteins, membrane
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proteins, and cytokines (Adams and Lawler, 2004; Bornstein, 2001). The TSP family
consists of two subfamilies, subgroup A (TSP1-2) and subgroup B (TSP3-5), which is
organized by oligomerization state and domain structure. TSP4 plays an important role
in the development of neuropathic pain states (Kim et al., 2012). TSP4 blockade by
intrathecal anti-sense oligodeoxynucleotides, antibodies, or genetic ablation of the TSP4
gene reverses or prevents behavioral hypersensitivities (Kim et al., 2012). Also, | showed
that TSP4 directly binds to Ca a,8, through its coil-coil domain and EGF-like domains of
TSP4 (see Chapter 1). Together, these observations support my hypothesis that spinal
TSP4 interacts with Ca 0,0, to promote chronic pain states. In this study, | investigated
the interaction between TSP4 and Ca a,0, and its role in development of behavioral
hypersensitivity, and identified the functional determinant of TSP4’s pro-nociceptive

effects.
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Methods and Materials

Animals: Male adult Harlan Sprague Dawley rats (<150g) were from Harlan
Sprague Dawley. The Ca a.,0, over-expressing transgenic mice were generated as
described previously (Li et al., 2006). The Ca a,5," mice were generated by floxing the
exon 6 of the Ca a,0, gene (MGI ID: 88295) with loxP sites (collaboration with Dr. G.
Feng at MIT). Homozygous Ca a,5," mice were crossed with the Na 1.8-Cre mice with
Cre recombinase expression only in Na 1.8-positive sensory neurons (Minett et al., 2012;
Nassar et al., 2004; Stirling et al., 2005) to generate heterozygous Ca, 0,5 N""#Ce* mice,
which were used to generate homozygous Ca, a,5 Ne"'#C* mice for experiments. Mouse
genotyping was performed by TransnetYX, Inc. (Cordova, TN). All animals were housed
in separate cages and exposed to a 12hr light/dark cycle with food and water ad libitum.
All animal care and experiments were performed according to protocols approved by the

Institutional Animal Care Committees of the University of California, Irvine.

Peptides: The following peptides were synthesized and verified by mass
spectrometry and high-performance liquid chromatography analysis by Genscript
(Piscataway, NJ): Ca a.,9,-binding peptide 23 (QACGPLSFQSPTPN) and its scramble
peptide (TNPTPSQFSLPGCAQ); Ca a,5,-binding peptide 49 (PGVRCTNLAPGFRCD)
and its scramble peptide (GLAFVNCPRRDTGCP), Ca a,0,-binding peptide 143
(YTAFNGVDFEGTFHV) and its scramble peptide (DAVFFTNEVGGYFHT). The

lyophilized peptides were dissolved in sterile water.

Tactile Allodynia: The animals were placed in Plexiglass chambers on a wire-mesh
bottomed cage for acclimatization (at least 60 minutes). Von Frey filaments (Stoelting,
Wood Dale, IL) were used to determine the 50% paw withdrawal threshold (PWT) using
the up-down method of Dixon (Dixon, 1980). A series of von Frey filaments were applied

to both plantar surfaces of the hind paws, starting with a buckling weight of 2.0g or 0.41g
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for rat or mice, respectively, in ascending order of strength with sufficient force to cause
the filament to buckle. A positive response was defined as a rapid withdrawal and/or
licking of the paw upon application of the stimulus, which prompted the use of the next
weaker filament. Absence of a paw withdrawal response after five seconds prompted
the use of the next filament of increasing weight. This paradigm was continued until four
more measurements have been made after the initial change of the behavioral response
or until five consecutive negative (assigned a score of 15 g for rats or 3g for mice) or four
consecutive positive (assigned a score of 0.25 g for rats or 0.01g for mice) responses
have occurred. The resulting scores were used to calculate the 50% response threshold

as described previously (Luo et al., 2001b).

Thermal Hyperalgesia (Hargreaves Method): The animals were placed in a
Plexiglass chambers on a glass panel that was maintained at 30°C for acclimatization
(at least 60 min). A heat stimulus was applied to both the plantar surface of the hind
paw using a high intensity light bulb projecting through a small aperture below the glass
panel. When the animals move their paw away from the thermal stimulus, the light beam
automatically shuts off. The length of time between the start of the light beam and the
withdrawal of the hind paw was defined as the paw withdrawal latency (PWL). A cut off

time of 20 seconds was used to avoid tissue damage to the hind paw.

Mechanical Hyperalgesia (Randall-Selitto test): The rats were first acclimated
to human touch and holding positions for a week ahead of the experiments. Mechanical
hyperalgesia was measured with the Randall-Selitto Test using a Paw Pressure
Analgesymeter (Ugo Basile North America, Collegeville, PA) thatapplies anincreasing force
with a rate of 16 grams/second to the hindpaw between a flat surface and a blunt pointer
(Randall and Selitto, 1957). Paw pressure withdrawal thresholds (PPT) were determined

as the amount of force, measured through a scale located on the Analgesymeter, which
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induced a hind paw withdrawal. Rats were acclimated to holding posture for additional
five minutes before each reading and constantly watched for conditioned false responses

that were not included in data analysis.
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Results
EGF-like domains of TSP4 are pro-nociceptive

Previous findings have shown that increased spinal TSP4 protein alone is
sufficient to induce tactile allodynia, thermal and mechanical hyperalgesia (Kim et al.,
2012) through interaction of TSP4 with Ca a,0, (Park et al., submitted, in revision).
To confirm that a direct interaction between TSP4 and Ca a,8, in vivo is required for
TSP4’s pro-nociceptive effects, | examined whether deletion of the Ca a,5, binding motif
from TSP4 could abolish its pro-nociceptive effects in vivo. Accordingly, | injected the
recombinant truncated TSP4 proteins into L5/6 spinal region of naive adult male rats
and tested their hind paw sensitivity to mechanical and thermal stimuli. The design of
the TSP4 recombinant truncation constructs is shown in Figure 1. These constructs
were expressed in vitro and purified through His-tag columns (Fig. 1B) as described in
Chapter 1. Intrathecal (i.t.) injection of the EGF-like domain containing constructs (EGF-
like and ND) at equal molar dose to full-length TSP4 (45ug/rat), which was shown to
be pro-nociceptive (Kim et al., 2012), induced a reduction in paw withdrawal threshold
to von Frey filaments (tactile allodynia), withdrawal latency (thermal hyperalgesia), and
withdrawal threshold (mechanical hyperalgesia) with an onset time and duration similar
to that induced by full-length TSP4 proteins (Kim et al., 2012) (Fig. 2A-C). In contrast,
lowering the dose of EGF-like proteins to an equal molar dose of the sub-threshold dose
of full-length TSP4 (20ug/rat) protein or i.t. injection of recombinant truncated proteins
in the absence of the EGF-like domains of TSP4 (CD, NT, and NT+CC) did not cause
behavioral hypersensitivities (Fig. 2A-C and Fig. 3A). Similar to that of full-length TSP4,
i.t. injection of Ca a.,9, ligand gabapentin can dose-dependently reverse tactile allodynia
induced by EGF-like domains of TSP4 within an hour (Fig. 3A, B). Together, these findings
suggest that the EGF-like domains of TSP4 are the functional determinant of TSP4’s pro-

nociceptive effects through an interaction with the Ca a.,9, proteins.
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Next, to examine whether EGF-like’s pro-nociceptive effect requires Ca a.0,, |
used a Cre-Lox strategy to delete Ca a,0, from primary afferent voltage-gated sodium
channel 1.8 (Na 1.8) expressing neurons. Our lab generated a mouse line harboring a
floxed exon 6 of Ca 0,5, gene (Ca a,8,"" (collaboration with Dr. G. Feng at MIT) and
then crossed it with a well-characterized mouse line expressing Cre recombinase in
Na 1.8 positive neurons (Na 1.8°%) (Fig. 4A, B). The Cre recombinase in Na 1.8% mice is
expressed by up to 75% of DRG neurons, including unmyelinated C, thinly myelinated A9,
low-threshold mechanoreceptors and some A fibers (Abrahamsen et al., 2008; Shields
et al., 2012; Stirling et al., 2005). Previously, i.t. injection of TSP4 (5ug/mouse) into
mice lacking Ca 0,5, in Na 1.8 Cre-expressing neurons (Ca a,5,"*"®) resulted in tactile
allodynia with a similar onset time and duration as that observed in similarly treated
control Ca a,5,"" mice, but TSP4-induced thermal and cold hyperalgesia was abolished
in Ca 0,0,"*"® mice (Park et al., submitted, in revision). Similarly, i.t. injection of EGF-
like domain proteins at equal molar dose (1ug/mouse) to full-length TSP4 (5ug/mouse)
caused tactile allodynia with a similar onset time and duration as that induced by similar
EGF-like domain protein injections in rats (Fig. 2 and Fig. 3) and control Ca a,5,"" mice
(Fig. 4C). However, i.t. injection of EGF-like domain protein-induced thermal hyperalgesia
seen in control Ca a,5," mice and naive rats was abolished in Ca a,5,"*'¢ mice (Fig.
4D). Taken together, these findings highly suggest that interaction between the EGF-like
domains of TSP4 and Ca 0.0, in Na 1.8-positive sensory fiber terminals is required for

EGF-like domain induced thermal hyperalgesia in a modality specific manner.

Effects of intrathecal Ca a,5,-binding TSP4 peptides on behavioral
hypersensitivity

To determine if a direct interaction between TSP4 and Ca a.0, in vivo is required for
pain processing, | examined if Ca a,0,-binding peptides of TSP4 from the SPOT peptide

array analysis (see Chapter 1) could block TSP4-induced tactile allodynia. | synthesized
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three specific high-affinity Ca a.,3,-binding peptides from different domains of TSP4
(coil-coil domain, Peptide 23; EGF-like domain, Peptide 49; C-terminal domain, Peptide
143) and injected the Ca 0.,0,-binding peptides into the L5/6 spinal region of post-TSP4
injected animals with peak allodynia (Day 3 post-bolus TSP4 injection). Ca a.0,-binding
peptide 49, but not its scramble peptide blocked TSP4-induced tactile allodynia dose-
dependently at 4 hr post-peptide injection (Fig. 5A). This effect lasted for <6 hrs. Ca a,0,-
binding peptide 143 partially attenuated TSP4-induced tactile allodynia, but this effect is
not significantly different from its respective scramble peptide (Fig. 5B). Also, i.t. injection
of peptide 23 had no effect on TSP4-induced tactile allodynia (Fig. 5C). Bolus injection
of peptide 23, 49, or 143 into naive rats did not have a pro-nociceptive effect (Fig. 5D).
Together, my data suggest that the Ca a.0,-binding peptide within the EGF-like domain
(peptide 49) of TSP4 has an anti-nociceptive effect in TSP4-induced tactile allodynia.
Previously, our lab has reported that transgenic mice with Ca a,0, overexpression
in neuronal cells (TG) cause an enhanced excitatory synaptic input in the superficial
dorsal horn and behavioral hypersensitivity in the absence of nerve injury (Li et al., 2006;
Zhou and Luo, 2014). Ca a.0,-induced spinal neuron sensitization and pain states can
be blocked by gabapentin (Li et al., 2006; Zhou and Luo, 2014), TSP4 antibodies, and
genetic ablation of TSP4 from TG mice (Park et al., submitted, in revision). Using this TG
model, | examined if Ca a.,0,-binding TSP4 peptide 49 and 143 that were found effective in
blocking TSP4-induced tactile allodynia could also attenuate Ca a.8,-induced behavioral
hypersensitivity. My data indicated that i.t. injection of Ca a.,3.-binding peptide 49, but
not its respective scramble peptides, could reverse allodynia in the Ca a.,6, TG mice with
an onset time of 2- to 4-hr and a duration of <6-hr (Fig 6A). Ca a,3,-binding peptide
143 could partially attenuate allodynia in the Ca a,5, TG mice, but this anti-nociceptive
effect is not significantly different from its respective scramble peptide (Fig. 6B). These
results indicate that the Ca a.,9,-binding peptide from the EGF-like domains of TSP4 can
attenuate Ca a.0,-induced tactile allodynia by possibly interfering with the TSP4 and
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Ca 0,9, interaction.

| next examined the effect of the Ca a,5,-binding peptides on a unilateral L5/6 spinal
nerve ligation (SNL) neuropathic pain model. We have previously shown that TSP4 and
Ca 0,9, protein levels are increased in L5/6 dorsal spinal cord at day 2 and 14 post injury
(Kimetal.,2012; Lietal., 2004; Luo et al., 2001). These time points correlated respectively
with the onset and established behavioral hypersensitivity, thereby suggesting that injury-
induced TSP4 and Ca a,3, proteins in the dorsal spinal cord may play a role in neuropathic
pain development. Intrathecal injection of Ca a.,0,-binding peptide 49, but not peptide 143
or respective scramble peptide, into the lumbar L5/6 region two-weeks post injury caused
a dose-dependent increase in paw withdrawal threshold after nerve injury with an onset
time of 4 hr and a duration of <6 hr (Fig. 7A, B). Thus, these findings suggest that spinal
TSP4 interacts with Ca a.0, proteins to cause tactile allodynia, whereby blocking this

interaction with Ca a,8,-binding peptide 49 can attenuate nerve-injury induced allodynia.
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Discussion

We have previously shown that peripheral nerve injury induces upregulation
of TSP4 and Ca 0,3, at the spinal cord level (Kim et al., 2012; Li et al., 2004), which
contributes to chronic pain states through possible interactions between TSP4 and
Ca 0,9,. My findings here identified the EGF-like domains of TSP4 as the pro-nociceptive
domain that interacts with Ca a.0,. Administration of Ca a,5,-binding TSP4 peptide from
the EGF-like domains can partially attenuate nerve-injury induced tactile allodynia, and
block TSP4- and Ca a.,0,-induced tactile allodynia. Together, these results support that
the EGF-like domains of TSP4 are the functional determinants in mediating behavioral
hypersensitivity through its interactions with Ca a.0, proteins.

Here, | showed that all truncated TSP4 proteins containing the EGF-like domains
induce similar behavioral hypersensitivities as full-length TSP4 proteins, but those
containing the N-terminal, coil-coil, calcium-binding, and C-terminal domains do not.
Conversely, a study has shown that the EGF-like domains of TSP interact with the von
Willebrand Factor A (VWF-A) domain of Ca a,6, and mediates its synapse-inducing
effects (Eroglu et al., 2009). The VWF-A domain is conserved within the a, moiety of
all Ca 0,3, subunits and is also found in integrins that have been shown to interact with
extracellular matrix proteins (Whittaker and Hynes, 2002). Thus, the EGF-like domains
of TSP4 may directly interact with the VWF-A domain of Ca a,3, in mediating behavioral
hypersensitivity. Since gabapentin binds to a site upstream of the VWF domain of Ca a.0,
(Wang et al., 1999), it is less likely that the inhibitory effects of gabapentin on EGF-like-
domain-induced behavioral hypersensitivities are mediated through a direct blockage of
TSP4 binding to Ca 0,9, (Fig. 3A, B). Instead, gabapentin binding to Ca a,5, may cause
conformational changes to the protein that may interfere with TSP4/Ca 0,9, interactions.

Since Ca 0,0, is expressed in the central terminals of DRG neurons that project
to the superficial laminae of dorsal spinal cord (Bauer et al., 2009), | examined whether

genetic ablation of Ca 0,5, from a subpopulation of primary afferent terminals affect
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TSP4 EGF-like domain induced behavioral hypersensitivity. Genetic ablation of Ca 0.0,
from Na 1.8-positive neurons had no affect on basal behavioral responses to innocuous
mechanical stimuli and noxious thermal stimuli. This is consistent with studies showing
that behavioral responses to noxious thermal stimuli and innocuous mechanical stimuli
remain intactin mice in which all Na 1.8-positive neurons have been ablated with diphtheria
toxin (Abrahamsen et al., 2008). However, genetic ablation of Ca a,5, from Na 1.8-
positive neurons resulted in a significantly reduced response to EGF-like induced thermal
hyperalgesia, but had no effect on EGF-like induced tactile allodynia (Fig. 4C, D). These
data suggest that Ca 0,0, presumably at the central afferent terminals of Na 1.8-positive
neurons, expressed by up to 75% of DRG neurons (Shields et al., 2012), are required for
EGF-like domain induced thermal hyperalgesia, but that at central terminals of Na 1.8-
negative sensory neurons are responsible for EGF-like domain induced mechanical
allodynia. Interestingly, global knockout of Ca a,0, showed no effect to noxious thermal
stimuli, but a significantly reduced behavioral hypersensitivity to innocuous mechanical
and noxious cold stimuli (Patel et al., 2013). These discrepancies between the Ca a,5,"*'#
and global Ca a,d, knockout may result from compensatory factors or pathways as a
result of general deletion of Ca a,3,. Together, these findings indicate that the EGF-like
domains of TSP4 and its interaction with Ca a,5, mediate behavioral hypersensitivity in a
modality-specific manner.

To determine if Ca 0,0, binding peptides of TSP4 can block interactions between
TSP4 and Ca 0,9, in nociception, | designed Ca a,0,-binding peptides from the coil-
coil domain (Peptide 23; QACGPLSFQSPTPN), C-terminal domain (Peptide 143;
YTAFNGVDFEGTFHV) and EGF-like domain (Peptide 49; PGVRCTNLAPGFRCD)
of TSP4. | chose high affinity Ca a.0,-binding peptides from the coil-coil domain and
EGF-like domains of TSP4 since direct in vitro binding studies revealed these domains
to be the major binding site for Ca a,d,. The C-terminal domain peptide 143 bound to

Ca 0,0, with the highest affinity amongst other TSP4 peptides. The amino acid sequence
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of peptide 143 is highly conserved among the TSP family (TSP1-5) and fully conserved
among subgroup B (TSP3-5) in rodents and humans. In contrast, the coil-coil and EGF-
like domain peptide sequences are highly conserved to TSP4 in rodents.

Since the EGF-like domain is the pro-nociceptive domain of TSP4 that directly
0

binds to Ca a | hypothesized that a TSP4 peptide from the EGF-like domain could

271

block the interaction between TSP4 and Ca a,d, and thereby attenuate behavioral
hypersensitivity. To determine the effects of Ca a.,0,-binding peptides from the EGF-like
domain, coil-coil domain, and C-terminal domain on nociception, | used a rat neuropathic
pain model. Intrathecal injection of Ca a.,0,-binding peptide 49, but not peptide 143, can
partially attenuate nerve-injury induced tactile allodynia, thereby providing further support
for interaction of TSP4 to Ca a,8, proteins that contribute to neuropathic pain states. To
confirm the anti-nociceptive effect of the Ca a.,9.-binding peptide that may block TSP4/
Ca 0,9, interaction without the influence from other injury factors, | also examined if
behavioral hypersensitivity induced by an increased spinal TSP4 or Ca a,8, proteins alone
can be attenuated by Ca a,0,-binding peptide 49. | found that Ca a,5,-binding peptides
49, but not peptide 23 and 143, could block TSP4-induced tactile allodynia. Also, Ca a.0,-
induced tactile allodynia from transgenic mice overexpressing Ca 0,0, in neuronal cells
can be attenuated by Ca a,0,-binding peptide 49, but not peptide 143 after i.t. injection.
Therefore, Ca a,0,-binding peptide from the EGF-like domain, but not coil-coil domain or
C-terminal domain can diminish behavioral hypersensitivity by blocking the interaction
between TSP4 and Ca 0.9.,.

Furthermore, i.t. injection of Ca a,8,-binding peptides alone does not have any acute
effect or pro-nociceptive effect. Even though i.t. injection of EGF-like domain containing
proteins is pro-nociceptive (ND and EGF-like), the EGF-like domain containing linear
peptide (Peptide 49) alone cannot induce behavioral hypersensitivity in naive animals.
The results suggest that protein-protein, but not peptide-protein interaction is critical for

TSP4’s pro-nociceptive effect. Thus, the functional effect of TSP4 may require multiple
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binding regions and a protein interface upon folding, which is supported by my SPOT
peptide data (see Chapter 1).

Recent studies reveal that gabapentin can inhibit Ca a,5, and VGCC trafficking,
thereby reducing the increase of Ca 0,9, to the pre-synaptic terminals of nerve-injured
DRGs in the dorsal horn in vivo (Bauer et al., 2009; Hendrich et al., 2008). Moreover,
transgenic overexpression of Ca a,d, in neuronal cells causes an enhanced excitatory
transmission and behavioral hypersensitivity that can be attenuated by gabapentin (Li
et al., 2004; Li et al., 2006). Similarly, bolus injection of Ca a,0,-binding TSP4 peptide
49 can also block Ca a,d,-induced tactile allodynia. Future studies will need to explore
whether the Ca 0,0,-binding peptides could modulate excitatory transmission and reduce
Ca 0,9, trafficking to presynaptic sites in the dorsal spinal cord.

The ability of gabapentin to inhibit TSP4-induced dorsal horn sensitization and
behavioral hypersensitivity highlights the critical role between TSP4 and Ca a.0,
interaction in mediating chronic pain states. We have previously shown that TSP4 and
Ca 0,0, blockade either by intrathecal antibodies, antisense oligodeoxynucleotides,
genetic ablation of TSP4 gene, or pharmacological treatment of gabapentin can prevent
behavioral hypersensitivity and spinal neuron hyperexcitability (Park et al., submitted,
in revision). Also, gabapentin can block TSP-induced synapse formation by interfering
with TSP and Ca 0,9, interaction (Eroglu et al., 2009), indicating that the interactions of
Ca 0,0, with TSP4 may contribute to aberrant excitatory synaptogenesis in neuropathic
pain states. This is further supported by recent findings showing that trigeminal nerve-
injury causes an increase in Ca a.0, in the superficial dorsal horn and correlates with
aberrant excitatory synaptogenesis and enhances presynaptic excitatory input (Li et al.,
2014). However, it is unclear how synaptogenesis is involved in the rapid reduction of
behavioral hypersensitivity by gabapentin. Even though | cannot rule out the possibility
that gabapentin mediates its effect independent of binding to Ca a.0.,, it is reasonable to

suspect that TSP4 and Ca 0,9, interaction may be important in maintaining TSP4-induced
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dorsal horn sensitization and behavioral hypersensitivity. The fast action of gabapentin
may derive from interfering with TSP4/Ca a.0, interactions that could increase recycling
of VGCC at the cell surface/synapse, subsequently leading to decrease synaptic activity.
Likewise, it will be interesting to explore whether Ca a,5,-binding peptides can block
excitatory synapse formation and surface expression of VGCC in a similar manner as
gabapentin.

In summary, my findings demonstrate that the EGF-like domains of TSP4 is the
molecular determinant in mediating hypersensitivities to different modalities that requires
its interaction with Ca a,8,. Blocking the interaction with Ca a,d,-binding peptides
can attenuate pain hypersensitivity, which can be used as a future tool to study the
mechanism underlying TSP4 and Ca a.,9, interaction in chronic pain states. Extensive
studies examining Ca a.,9,-binding peptides as a potential treatment for chronic pain are
warranted. Together, my findings indicate a new mechanism of neuropathic pain and

point to a new direction for managing chronic pain.
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Figure 1. Design and purification of recombinant TSP4 proteins.

A. Domain structure of full-length TSP4 and recombinant TSP4 truncation proteins. Top:
N-terminal domain (blue), coiled-coil oligomerization domain (grey), four type Il EGF-
like domain repeats (orange), seven type lll calcium binding repeats (yellow), and the
C-terminal domain (green). B. A representative Western blot of the purified recombinant
TSP4 proteins detected by anti-His antibodies under reducing conditions. The approximate
molecular weight (kDa) is show on the left.
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Figure 2. Direct intrathecal (i.t.) injection of TSP4 truncation proteins containing
the EGF-like domains into L5/6 spinal region of naive rats induced behavioral
hypersensitivities. Paw withdrawal threshold (PWT) (A.), paw withdrawal latency (PWL)
(B.), and paw pressure threshold (C.) were tested before, at day-four (peak behavioral
hypersensitivity), and day-ten (recovery) post-i.t. injection of recombinant TSP4 truncated
proteins using von Frey filaments, Hargreaves thermal stimulation, and Randall-Selitto
paw pressure stimulation, respectively. Data presented are the means + SEM from 5-8
rats in each group. **p <0.01, ***p < 0.001 compared with pre-treatment level by one-way
ANOVA analysis with Bonferroni post-hoc test.
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Figure 3. Intrathecal injection (i.t.) of EGF-like domains of TSP4 into naive rats
induced dose-dependent and reversible allodynia that could be blocked by
gabapentin. A. Bolus EGF-like construct injection started at time O followed by blind
daily behavioral test using von Frey filaments. Bolus injection of gabapentin (300ug/rat)
or saline was administered at day-three post TSP4 injection, followed by behavioral tests
after 1 hr, and then continued daily.

B. Dose-dependent effect of gabapentin/rat in reversal of tactile allodynia. The dotted line
represents the PWT before i.t. injections. Data presented are the Means + SEM from 6
rats in each group. **p <0.01, ***p <0.001 compared with pre-treatment level by one-way
ANOVA analysis with Bonferroni post-hoc tests.
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Figure 4. Intrathecal injection (i.t.) of EGF-like domains of TSP4 into Ca a,5 N*''®
mice induced tactile allodynia, but not thermal hyperalgesia.

A. Gene structure of Ca a,0, gene. B. A diagram showing the strategy of generating the
Ca 0,0, conditional knockout (KO) mice by floxing exon 6 of the Ca 0,5, gene with loxP
sites. C, D. Bolus EGF-like injection (1pg/mouse) into the L4/5 region of Ca a,5, "'® or
control Ca a,5,"" mice were tested before and at day-four post-i.t. injection using von
Frey filaments (C.) or Hargreaves thermal stimuli (D.). Data presented are the Means *
SEM from 9 mice in each group. ***p <0.001compared with pre-treatment level, #p<0.01
compared between groups by one-way ANOVA analysis with Bonferroni post-hoc tests.
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Figure 5. Ca a,5,-binding TSP4 peptide 49 has an anti-nociceptive effect in TSP4-
induced tactile allodynia. A-C. TSP4 (45ug/rat) proteins or PBS buffer were injected into
L5/6 spinal region of naive rats at day 0 after baseline testing, followed by daily behavioral
tests using von Frey filaments. +: rats treated with TSP4, -: rats treated with PBS. Tactile
allodynia peaked between 3-4 days post TSP4 injection. The top and bottom dotted line
represents the mean PWT before and three days after i.t. injection of TSP4, respectively.
Bolus i.t. injection of Ca a.0,-binding TSP4 peptide 49 (A.), 143 (B.), 23 (C.), or respective
scramble peptides was administered at day-three post injection, followed by behavioral
tests at 2 hr and 4 hr post-peptide treatment. The peptide was administered at 5X Molar
excess (2.1nmol/rat), molar equivalent (0.4nmol/rat), or 5X less molar (0.08nmol/rat) dose
to the pro-nociceptive dose of TSP4 (45ug/rat). Data presented are the Means £+ SEM
from 6-9 rats in each group. *p<0.05, **p<0.01, ***p <0.001 compared with pre-treatment
level by one-way ANOVA analysis with Bonferroni post-hoc tests. #p<0.01 compared
between Ca a.0,-binding peptide and scramble peptide by one-way ANOVA analysis with
Bonferroni post-hoc test.

D. Bolus i.t. injection of Ca a,8,-binding TSP4 peptide 23, 49, or 143 into naive rats was
tested before, at day-four, and day-ten post-peptide injection using von Frey filaments.
Data presented are the Means + SEM from 6-7 rats in each group.
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Figure 6. Ca a,5 -binding TSP4 peptide 49 attenuates Ca 0,5,-induced tactile
allodynia. Bolus i.t. injection of Ca a,3,-binding peptide 49 (A.), 143 (B.), or respective
scramble peptides (0.047nmol/mouse) at equal molar dose to TSP4 (5ug/mouse) was
administered to Ca a,0,-overexpressing transgenic mice (TG) and their age- and sex-
matched wild-type littermates (WT) at time 0, followed by behavioral test for PWT at 2-hr,
4-hr, and 6-hr post peptide treatment. Data presented are the Means + SEM from 9-10
mice in each group. **p<0.01, ***p <0.001 compared with pre-treatment level by one-way
ANOVA analysis with Bonferroni post-hoc tests. #p<0.05, #p<0.01, ##p<0.001 compared
between TG and WT mice by two-way ANOVA analysis with Bonferroni post-hoc test.
$p<0.01 compared between Ca 0,5, -binding peptide and scramble peptide treated TG
mice by two-way ANOVA analysis with Bonferroni post-hoc test.
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Figure 7. Ca a,5,-binding TSP4 peptide 49 causes partial reversal of injury-induced
tactile allodynia in two-week SNL rats. Bolus i.t. injection of Ca a,5,-binding peptide 49
(A.), 143 (B.), or respective scramble peptides at 10X molar excess (4.2nmol/rat) or 5X
molar excess (2.1nmol/rat) of TSP4 (45ug/rat) was administered to post-two week SNL
rats at time 0, followed by behavioral test for PWT at 2-hr, 4-hr, and 6-hr post peptide
treatment. Injection of peptides did not affect the behavioral threshold on the non-injury
side. Ip, ipsilateral to injury; C, contralateral to injury. Data presented are the Means +
SEM from 6-12 rats in each group. ***p <0.001 compared with pre-treatment level by one-
way ANOVA analysis with Bonferroni post-hoc tests.
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CHAPTER 3

Synaptic ultrastructure changes in trigeminal-spinal-complex post

trigeminal nerve injury

Abstract

Trigeminal nerves collecting sensory information from the orofacial area synapse
on second order neurons in the superficial dorsal horn of subnucleus caudalis and cervical
C1/C2 spinal cord (Vc/C2), which is a critical site for sensory information processing.
Injury to the trigeminal nerves may cause maladaptive changes in synaptic connectivity
that plays an important role in chronic pain development. Here, | examined whether injury
to the infraorbital nerve, a branch of the trigeminal nerves, led to synaptic ultrastructural
changes when the injured animals have developed neuropathic pain states. Transmission
electron microscopy was used to examine synaptic profiles in Vc/C2 at three-weeks post-
injury, corresponding to the time of peak behavioral hypersensitivity following chronic
constriction injury to the infraorbital nerve (CCI-ION). Using established criteria, synaptic
profiles were classified as associated with excitatory (R-), inhibitory (F-), and primary
afferent (C-) terminals. Counts were made of each type within the superficial dorsal
horn of the Vc/C2 and compared between sham and injured animals, and synaptic
contact length was also measured. Compared with data from sham controls, rats with
trigeminal nerve injury had increased numbers of R- (laminar |) and F- (lamina Il) profiles
and decreased mean synaptic length of F-profiles (lamina II) within the Vc/C2 superficial
dorsal horn three-weeks post injury. However, the synapse numbers and mean synaptic
length of C-type profiles are similar between sham and CCI-ION rats. Together, these
changes in excitatory and inhibitory synaptic profiles in the superficial dorsal horn of Vc/

C2 may contribute to the development of orofacial pain states.
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Introduction

Trigeminal nerve injuries can lead to the development of neuropathic pain, which
is debilitating and difficult to treat (Bennetto et al., 2007; Zakrzewska and McMillan,
2011). This disorder can lead to pain sensations with innocuous stimuli (allodynia) or
exaggerated pain sensations with supra-threshold stimuli (hyperalgesia) (Iwata et al.,
2011; Zakrzewska and McMillan, 2011). Mechanisms underlying neuropathic pain are not
well understood. Recently, our group and others have reported that neuropathic pain has
been attributed, at least in part, to synaptic changes in the neuronal circuitry of the spinal
cord that may mediate injury-induced pain sensations (Li et al., 2014a; Li et al., 2014b;
Sandkuhler, 2009).

The trigeminal spinal subnucleus caudalis and cervical C1/C2 spinal cord (Vc/
C2) is the major projection site for trigeminal nerves transmitting both noxious and non-
noxious information (Sessle, 2000). The Vc/C2 receives nociceptive information through
glutamatergic peripheral inputs (Bae et al., 2000; Hu, 1990). Vc/C2 neuron excitability is
significantly enhanced after trigeminal nerve injury due to increased receptive field sizes,
basal level and evoked hyperexcitability that reflect central sensitization (Chiang et al.,
2005; Iwata et al., 2001; Iwata et al., 2004; Li et al., 2014b; Tsuboi et al., 2004). Also,
local inhibitory interneurons involving y-aminobutyric acid (GABAergic) and/or glycinergic
interneurons have been shown to modulate Vc/C2 neuron activities (Avendano et al.,
2005; Bae et al., 2005; Jacquin et al., 1989) and pre-synaptic inhibition of primary
afferent terminals (Todd, 1996). After nerve injury, there appears to be a disinhibition in
the superficial spinal dorsal horn and spinal trigeminal nucleus through a reduction in
GABAergic inhibitory transmission (Martin et al., 2010; Moore et al., 2002) and loss in
GABA-immunoreactive neurons (Castro-Lopes et al., 1993; Eaton et al., 1998; Ibuki et
al., 1997; Martin et al., 2010; Moore et al., 2002; Somers and Clemente, 2002). Together,
synaptic alterations of excitatory or inhibitory neurons in the Vc/C2 may contribute to

chronic orofacial pain states. However, it is not clear if these synaptic changes are

68



mediated by increased spinal synapses and/or enhanced synaptic activity of existing
synapses.

In this study, | examined ultrastructural changes of synapses in a rat model of chronic
constriction injury of the infraorbital nerve (CCI-ION) in relation to orofacial neuropathic
pain development. Since the ION branch of the trigeminal nerve is exclusively sensory
and nociceptive fibers terminating mainly in lamina I-1ll of the Vc/C2 (Morris et al., 2004;
Todd, 2010), and CCI-ION injury leads to peak orofacial hypersensitivity three-weeks
after nerve injury (Li et al., 2014a; Vos et al., 1994), | examined changes in synapse
profiles in the superficial dorsal horn of Vc/C2 from sham and CCI-ION rats three-weeks

post surgery with electron microscopy.
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Materials and Methods

Experimental Animals: Six adult male Harlan Sprague-Dawley rats weighing
approximately 200g were used for this study. The animals were exposed to 12 h light/12
h dark cycle with food and water available ab libitum. The animal usage and experimental
protocols were approved by Institutional Animal Care and Use Committee of the University

of California Irvine.

Surgery: The unilateral chronic constriction injury to the infraorbital nerve was
performed as described (Kernisant et al., 2008). Briefly, isoflurane anesthetized rats with
hair shaved above the left eye were put in a stereotaxic frame. An anterior-posterior skin
incision following the curve of the frontal bone was made above the left eye. The ION
lying on the maxillary bone was exposed and dissected free from surrounding connective
tissue within the orbit. Fine forceps and a silk suture (5-0) loaded needle with a bended
tip were used to place two loose ligations around the IoN, 3-4 mm apart. Sham operated
animals were similarly prepared with no ION ligation. The muscle layers and skin incisions

were closed with silk sutures (5-0) and rats were recovered on a warm heating pad.

Behavioral Testing: Blinded orofacial behavioral testing was performed as
described (Li et al., 2014a; Vos et al., 1994). Briefly, the rat vibrissal pad was shaved
under light isoflurane anesthesia one day before behavioral test. Rats were habituated
at least one hr prior to behavioral testing. Orofacial mechanical sensitivity to von Frey
filament stimulation was performed with a series of von Frey filaments (numbers 3.61,
3.84, 4.08, 4.31, 4.56, 4.74, 4.93 and 5.18; equivalent to 0.4, 0.6, 1.0, 2.0, 4.0, 6.0, 8.0
and 15g of force, respectively) with Dixon’s Up-Down method (Dixon, 1980) on both sides
of the vibrissal pad. The following behaviors were considered a positive response to von
Frey filaments: 1) a brisk withdrawal reaction; 2) an escape/attack reaction in which a

rat avoided the filament either by moving away from the filament to assume a crouching

70



position against a cage wall or burying its head under the body, or attacked the filament by
biting and grabbing; 3) asymmetric face grooming shown as at least three uninterrupted
face-wash strokes directed to the facial area being stimulated, often preceded by a brisk
withdrawal reaction. Presence or absence of a positive response prompted the use of
the next lower or higher stimulating force, respectively, which was repeated for a total of
six responses to von Frey stimuli. The 50% withdrawal threshold values were calculated
using the formula: 10%*%)/10%, where X is the value of the final von Frey filament used in
log units, k is the tabular value for the positive/negative response patterns from Chaplan
et al. (Chaplan et al., 1994) and d is the mean differences between stimuli in log units.
Scores of 0.25 or 15 g were assigned, respectively, when consecutive positive or negative

responses were observed.

Electron Microscopy: CCI-ION and sham rats were perfused with 2%
paraformaldehyde/2% glutaraldehyde three-weeks post CCI-ION that correlates with
orofacial hypersensitivity in the injury side of CCI-ION rats (Li et al., 2014). The Vc/C2
was isolated, rinsed in 0.1M sodium cacodylate buffer, and post-fixed in 1% osmium
tetroxide in 0.1M sodium cacodylate buffer for 1 hour, dehydrated in increasing serial
dilutions of ethanol (70%, 85%, 95%, 100%) for 10 min each, incubated in propylene
oxide for 1 hour, incubated in propylene oxide/Spurr’s resin (1:1) for 1 hour, and then
embedded in Spurr’s resin overnight. Ultrathin sections (~60nm thickness) were cut using
a Leica Ultracut UCT ultramicrotome (Leica, Vienna, Austria), mounted on copper grids,
stained with uranyl acetate and lead citrate. Images of the Vc/C2 were viewed on a JEOL
1400 transmission electron microscope (JEOL, Tokyo, Japan) and images were captured

using a Gatan Digital camera (Gatan, Pleasanton, CA, USA).

Image Processing: The sampling procedure was performed as described by

Darian-Smith et al. (Darian-Smith et al., 2010). Briefly, synapses in electron micrographs
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(5000X) were counted along tracks (4um wide, with 10um between tracks) taken at
different depths and running parallel to the dorsal surface of the spinal cord. Data from
three tracks were combined for analysis to identify any laminar specificity. In each non-
overlapping image, the following synapse types were identified: R = synapses with round
vesicles, asymmetric synapse, and a single large synaptic contact (presumed to be
excitatory); C = large presynaptic terminal with round vesicles and often form multiple
synaptic contacts and contain dense-cored vesicles (presumed to be primary afferent
axons); F = presynaptic terminals with pleomorphic-flattened vesicles and symmetric
synapses (presumed to be inhibitory synapses). An observer who was blinded for animal
groups identified these synaptic profiles from each image.

To identify changes in the proportion of a particular type of synaptic profile after
CCI-ION, counts of each synaptic profile were divided by the total of all synaptic profile
counts across all tracks per dorsal horn section and expressed as a percentage of total
synaptic counts. Synaptic profile numbers for each track were also normalized to area
of 100um?. To determine whether any changes in synaptic profile numbers were actual
changes in particular synapse types, but not changes in size of the profiles, | estimated
their numerical density by using the size-frequency method (DeFelipe et al., 1999). The
number of synapse profile per unit volume was estimated using the formula N = N,/d,
in which “N,"is the number of a particular type of synapses per unit area and “d” is the
average length of corresponding synaptic densities (um). The synapse length provides
a normalization factor for sampling bias introduced by tissue thickness. For all synapses
identified, the post-synaptic density length was measured using ImageJ software.

To determine if unilateral CCI-ION injury caused bilateral effects on synaptic
profiles, sham rats were also included as controls for comparisons using univariate
analysis of variance (ANOVA). For changes in total synaptic profile counts, one-way
ANOVA with post hoc Bonferroni tests was used to compare sections between the

ipsilateral and contralateral Vc/C2 of both CCI-ION and sham rats. For laminar specificity,

72



sections from the ipsilateral and contralateral Vc/C2 of CCI-ION rats were compared
with that from the ipsilateral and contralateral Vc/C2 of sham rats using two-way ANOVA
with repeated measures, followed by Bonferroni post hoc test between tracks (ipsilateral
vs. contralateral Vc/C2 of CCI-ION; ipsilateral Vc/C2 of CCI-ION vs. ipsilateral Vc/C2 of
sham). All statistical analysis were performed by using PRISM 6.0 (Graphpad, San Diego,
CA).
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Results

| examined whether there were changes in the number of different types of synapses
during the development of chronic orofacial pain after CCI-ION. As shown in Figure 1,
unilateral CCI-ION injury caused a reduction in orofacial threshold to von Frey filament
stimuli, or tactile allodynia in the injury side three weeks post-surgery compared with that
from the non-injury side and sham operated rats. This is consistent with previous reports
from this model (Li et al., 2014a; Vos et al., 1994). Thin sections of the Vc/C2 spinal cord
were collected from CCI-ION and sham rats three weeks post-surgery and examined for
synaptic changes. Profiles were identified and counted from 12 most superficial tracks
(4um wide spaced at 10um intervals) running parallel to the dorsal surface of the spinal
cord and covering lamina I/l (Darian-Smith et al., 2010). | combined every three tracks
for analysis to identify any laminar specificity. Figure 2 shows typical examples of each
type of profile quantified in my analysis. The R-profiles were defined as having a single
asymmetric synapse (large post-synaptic density) with round vesicles (Figure 2A). In
contrast, C-profiles were large, contain round and dense core vesicles, and often form
multiple asymmetric synapses (Figure 2C). The F-profiles contained pleomorphic vesicles
and form symmetrical synapses (Figure 2B).

Table 1 shows the total number of each synaptic profile (R-, F-, and C-profile)
counted and the total area of Vc/C2 dorsal horn analyzed across all tracks. A total of
4,516 and 5,041 profiles were quantified from three CCI-ION and sham-operated animals,
respectively. Each profile type was normalized with respect to the tissue area examined
(per 100um?) or expressed as a proportion of total profiles summed across all tracks
per animal. There was no significant difference in either the counts per unit area or the
percentage of synapse profiles between the nerve-injured and sham dorsal horn sections
(Table 1; Figure 3A and B). These data suggest that CCI-ION injury did not affect total
synaptic profile counts or proportion of each synapse type within the superficial dorsal

horn. Since the total areas of Vc/C2 dorsal horn sections examined were not significantly
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different between CCI-ION and sham rats (Figure 3C), potential sampling bias of synaptic

profile counts is less likely.

CCI-ION injury led to increased R-profiles in superficial dorsal horn
Area

To examine whether there was a laminar difference in the synaptic profile numbers
after CCI-ION, | quantified each synapse profile type per 100pm? at the superficial
laminae of the dorsal horn, and compared data from the ipsilateral CCI-ION to that from
contralateral CCI-ION and ipsilateral sham rats using two-way ANOVA with Bonferroni
post hoc test. As shown in Table 2, there was no significant “group” (CCI-ION ipsilateral,
CCI-ION contralateral, sham ipsilateral, sham contralateral) effect on R-, F-, or C-synaptic
profile counts per 100um?, which is in agreement with the results shown in Table 1 and
Figure 3. However, there was a significant interaction between “group” effects and laminar
specificity for the R-profiles, but not the C- and F-profiles (Table 2; Figure 4), which
corresponds to a significant increase in R-profile types within 45um of the superficial

dorsal horn three-weeks after CCI-ION injury (Figure 4A).

Volumetric Density

To ensure that changes in profile types observed in Figure 4 were not due to
sampling bias introduced in ultra thin sections, | used the size-frequency method (Darian-
Smith etal., 2010; DeFelipe et al., 1999) to estimate the numbers of profiles per unit volume
and compared data from the CCI-ION ipsilateral dorsal horn with that from the CCI-ION
contralateral and sham ipsilateral dorsal horn using two-way ANOVA with Bonferroni post
hoc test. My data indicated that the overall group effect was not significant, but there was
a significant interaction between the effects of injury and laminar specificity for the R- and
F-synaptic profiles, but not the C-synaptic profiles (Table 2; Figure 5), which corresponds

to a significant increase in the R-profiles within 45um of the superficial dorsal horn and
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F-profiles within 45um-90um of the superficial dorsal horn three-weeks after CCI-ION
injury (Figure 5).

Synapse Length

To provide a measure of the strength of synaptic contacts associated with different
synaptic profile types, | measured the post-synaptic length for each profile type, a
parameter that can be affected by changes in synaptic efficacy and plasticity (Desmond
and Levy, 1986; Pierce and Lewin, 1994). For F-profiles, there was a significant reduction
in post-synaptic length post CCI-ION injury, particularly within 45um of the superficial
dorsal horn (Figure 6B). In contrast, CCI-ION injury did not cause a significant change on

post-synaptic length of R- and C-synaptic profiles.
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Discussion

Findings from our previous studies have indicated that CCI-ION trigeminal nerve
injury leads to aberrant excitatory synaptogenesis in the superficial dorsal horn of trigeminal
spinal complex (Vc/C2) that correlates with dorsal horn neuron sensitization and orofacial
neuropathic pain states (Li et al., 2014b). This suggests that nerve injury-induced aberrant
synaptogenesis is likely a form of neuroplasticity underlying the development of orofacial
neuropathic pain post trigeminal nerve injury. However, it is not clear if this nerve injury-
induced maladaptive change affects the number and/or strength of different synapse
types. In this study, | examined synapse ultrastructure in superficial dorsal horn of Vc/C2
from sham and CCI-ION rats three-weeks post injury when the injured rats exhibit severe
orofacial pain states (Figure 1) (Li et al., 2014a). My data indicate that trigeminal nerve
injury leads to an increase in mainly R-synaptic profiles (presumably excitatory synapses)
and a decrease in F-synaptic length (presumably inhibitory synapses) in lamina | of Vc/C2,
as well as an increase in F-synapse profiles in lamina Il of Vc/C2 (Figure 7). In contrast,
there is no significant change in C-synaptic profiles, presumably primary afferents, on
the injury side. Together, my data support that maladaptive synaptic changes in dorsal
spinal cord post trigeminal nerve injury may contribute to the development of orofacial
neuropathic pain states.

To ensure that the increase in R-synaptic profiles was not due to an increase in
size of R-profiles that could increase the likelihood of detecting the same profile more
than once in individual micrographs, | applied the size-frequency method to correct for
sampling biases introduced by the fact that the synapses are several times larger than
the tissue section thickness. This sampling method has been shown to be efficient in
analyzing large areas in spinal dorsal horn and reducing variations across samples (Benes
and Lange, 2001; Darian-Smith et al., 2010; DeFelipe et al., 1999). My data indicate that
findings from the size-frequency method correlate well with results of synaptic profile

counts per unit area, confirming an increase in the number of R-profiles, presumably
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excitatory synapses, in superficial dorsal horn of the injury side three-weeks after CClI-
ION nerve injury compared to that from non-injury side of CCI-ION and sham control rats.
A potential limitation in this synapse-profiling scheme is that an identified “R-profile” could
be a “C-Profile” since both profiles share similar structural morphology. For instance, if a
synapse profile consists of round vesicles, one asymmetrical synapse, and at least one
dense-core vesicle, it would be considered a C-profile since at the ultrastructural level,
dense core vesicles are associated with primary afferent fibers (Bailey and Ribeiro-da-
Silva, 2006; Ribeiro-da-Silva et al., 1989). However, if tissue sectioning leads to loss of
the dense core vesicle, the profile could be misidentified as an R-profile instead. While
| cannot conclusively determine whether the significant increase in R-profiles is from
excitatory interneurons or primary afferent fibers, our previous data indicate that almost
all increased synapses in superficial dorsal horn of Vc/C2 contain VGLUT2 vesicular
glutamate transporter (Li et al., 2014b), which is expressed in many of the excitatory
interneurons (Braz et al., 2014; Maxwell et al., 2007; Oliveira et al., 2003; Santos et al.,
2009; Todd et al., 2003; Yasaka et al., 2010), and myelinated, but not unmyelinated,
afferents in lamina | (Todd et al., 2003). This suggests that increased excitatory synapses
in superficial dorsal horn post nerve injury may have direct effects on at least orofacial
tactile allodynia (Li et al., 2014b), which is mediated mainly by myelinated sensory fibers
(Julius and Basbaum, 2001). Interestingly, genetic ablation of VGLUTZ2, but not VGLUT1,
attenuates nerve-injury induced tactile allodynia, cold and thermal hyperalgesia (Leo et
al., 2009; Rogoz et al., 2012). Since cold and thermal hyperalgesia are mainly transmitted
by unmyelinated nociceptive afferents (Julius and Basbaum, 2001), it is possible that
increased synapses in excitatory interneurons contribute to hypersensitivities to these
modalities indirectly. Further functional studies are warranted to further delineate the
functionality of nerve injury-induced R-synaptic profiles.

Interestingly, | also show an increase of F-synaptic profile counts, presumably

inhibitory, on the injury side of CCI-ION compared to sham rats within lamina Il of the
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Vc/C2 superficial dorsal horn after corrections for sampling bias by the size-frequency
method (DeFelipe et al., 1999). In addition, a significant decrease in mean synaptic
length of F-profiles was observed within lamina | of Vc/C2 superficial dorsal horn from
the injury side of CCI-ION rats compared with that from non-injury side of CCI-ION and
sham rats. Synaptic length, the length of post-synaptic density along the parallel pre- and
post-synaptic membranes of the profiles, is a structural correlate of synaptic strength
(Pierce and Lewin, 1994). There was no significant change in mean synaptic length
of R- and C-synaptic profiles in the injury side of superficial dorsal horn post CCI-ION
injury, supporting that synaptic strength of these profiles were not likely changed post
injury. Together, these results suggest that an increase in inhibitory circuitry in lamina
Il combined with a decrease in inhibitory synaptic strength in lamina | of Vc/C2 may
contribute to abnormal sensation processing.

The contributory role of inhibitory interneurons to neuropathic pain states processing
remains controversial due to confounding findings from neuropathic pain models.
Findings from some studies have shown a reduction of GABAergic inhibitory transmission
in lamina Il neurons following chronic constriction injury (CCI) or spared nerve injury (SNI)
of the sciatic nerve (Moore et al., 2002) and a substantial loss of GABA-immunoreactive
neurons following CCI (Eaton et al., 1998; Ibuki et al., 1997; Martin et al., 2010). These
changes could attribute, at least in part, to neuronal cell death following nerve injury
that could result in the loss of inhibitory input onto excitatory neurons, or disinhibition, in
spinal superficial dorsal horn, leading to chronic pain states after nerve injury (Castro-
Lopes et al., 1993; Eaton et al., 1998; Ibuki et al., 1997; Moore et al., 2002; Somers and
Clemente, 2002). However, findings from other stereological studies have shown no loss
in neuronal population, or GABA-immunoreactivity in the superficial dorsal horn following
CCI (Polgar et al., 2004; Polgar et al., 2003). These discrepancies may be attributed in
part to variations in examining specific populations of inhibitory interneurons by selective

immunoreactive markers (such as GABA, glycine, and glutamate decarboxylase) and/
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or global measurements of inhibitory interneurons without assessing for synapses and
laminar specificity at the ultrastructural level. My findings showed no overall injury effect
on total F-synaptic profile counts in the Vc/C2 superficial dorsal horn that complements
previous findings using stereological methods (Polgar et al., 2004; Polgar et al., 2003),
but an increase in F-synaptic profile counts only within lamina Il of the Vc/C2 after CCI-
ION injury compared to sham animals. It is possible that this injury-induced plasticity
leads to increased inhibitory synaptic input (from other interneurons) into lamina Il
inhibitory interneurons, resulting in disinhibition that may contribute to neuropathic pain
states. This is supported by findings that the numbers of F-synaptic profiles and GABA-
immunoreactive inhibitory synapses are significantly increased within superficial dorsal
horn of a primate model following cervical dorsal rhizotomy (Darian-Smith et al., 2010). In
addition, inhibitory interneurons within lamina Il of the superficial dorsal horn can receive
inhibitory synaptic input from glycinergic and/or GABAergic interneurons (Labrakakis et
al., 2009; Lu et al., 2013; Miraucourt et al., 2007; Takazawa and MacDermott, 2010),
forming a feed-forward inhibitory control within lamina II/Ill of the superficial dorsal horn
to polysynaptic low-threshold AB-fiber input onto nociceptive neurons (Labrakakis et al.,
2009; Lu et al., 2013; Miraucourt et al., 2007; Miraucourt et al., 2009). Thus, disrupting
this inhibitory circuit by increased inhibitory synapses may elicit CCI-ION injury-induced
allodynia, similar to that resulted from suppression of this feed-forward inhibitory circuit
following spinal nerve ligation injury (Lu et al., 2013) or strychnine-induced disinhibition
(Labrakakis et al., 2009). Furthermore, my findings suggest that a reduction in inhibitory
synaptic strength and/or connectivity in lamina | of superficial dorsal horn, presumably
through reduced inhibitory control to nociceptors at this location, may contribute to the
development of neuropathic pain states.

Bilateral behavioral hypersensitivity has been reported in this model, even though
that in the contralateral side is much less server (Li et al., 2014a; Martin et al., 2010; Vos

et al., 1994). This bilateral effect may be due to trigeminal primary afferents projecting
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to the contralateral Vc/C2 region (Jacquin et al., 1990; Panneton et al., 1991) or other
systemic effects such as bilateral activation of microglial cells and over production of
cytokines post injury. Since these bilateral effects post CCI-ION injury are not specifically
correlated with the onset and duration of orofacial pain states (Li et al., 2014a; Martin et
al., 2010; Vos et al., 1994), and my data show injury-side specific synaptic plasticity, but
similar synaptic ultrastructures between non-injury (contralateral) side of CCI-ION and
injury side of sham rats, it is likely that changes in synapse ultrastructures in the Vc/C2
region of the injury side play a dominant role in orofacial hypersensitivity.

Spinal neurons are heterogeneous and include, but are not limit to, projection
neurons, excitatory andinhibitory interneurons. Sensory afferents projectingtoVc/C2 dorsal
horn can form direct synaptic connections with these neurons, and excitatory or inhibitory
interneurons can directly or indirectly modulate the activity of projection neurons, and/or
other interneurons through specific synaptic connections (Braz et al., 2014). This well-
organized spinal circuitry, in conjunction with descending modulation, forms the molecular
basis for sensory information processing at the level of trigeminal-spinal complex. In order
to understand the role of nerve injury-induced aberrant synaptic neurotransmission in
orofacial pain processing, it is critical to understand the nature of injury-induced changes in
synaptic ultrastructures. In combination with other recent findings, my findings presented
here allow us to propose the following molecular mechanism underlying the CCI-ION
induced aberrant synaptic transmission. 1) CCI-ION injury leads to overexpression of the
calcium channel alpha-2-delta-1 proteins in trigeminal neurons and pre-synaptic afferent
terminals in superficial Vc/C2 that contributes to orofacial neuropathic pain states (Li et
al., 2014b). 2) CCI-ION injury also induces upregulation of thrombospondin-4 (TSP4)
in Vc/C2 regions that contributes to orofacial neuropathic pain states (Li et al., 2014a).
3) Elevated alpha-2-delta-1 proteins are synaptogenic and promote aberrant excitatory
synaptogenesis in superficial dorsal horn by interacting with thrombospondin proteins

(Chou et al., 2002; Eroglu et al., 2009; Kim et al., 2012; Li et al., 2014a; Lo et al., 2011). 4)
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CCI-ION may also cause disinhibition of inhibitory interneurons in lamina Il and projection
neurons in lamina | (Figure 7). In conclusion, my findings support that trigeminal nerve
injury leads to maladaptive excitatory/inhibitory synaptic plasticity that likely contributes
to central sensitization and orofacial neuropathic pain states (Li et al., 2014a; Li et al.,
2014b). Identification of affected subpopulations of neurons as well as their synaptic
connectivity in future studies will shed some light on the detail mechanism of orofacial

neuropathic pain processing post trigeminal nerve injury.
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Figure 1. Unilateral chronic constriction injury to the infraorbital nerve (CCI-ION)
caused orofacial hypersensitivity to mechanical stimuli three-weeks post-surgery
in rats. Sensitivity to von Frey filament stimulation on the whisker pad was tested two- or
three-weeks post CCI-ION or sham operations. Dashed line represents averaged orofacial
response thresholds to von Frey filaments without injury in naive rats. Data presented are
the means + SEM from 3 rats for each group. Ip, ipsilateral to injury; C, contralateral to
injury. #p < 0.01 for CCI-ION-Ip vs. CCI-ION-C; %%p < 0.001 for CCI-ION-Ip vs. sham-Ip
by two-way ANOVA followed by Bonferroni post hoc test.
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Figure 2. Example of different synaptic profiles in electron micrographs of Vc/
C2 superficial dorsal horn from CCI-ION rats. A. a R-type terminal (arrow) with a
large synaptic profile and uniform round vesicles typical of an excitatory synapse. B.
F-type terminals (arrows) with pleomorphic vesicles and synapse typical of an inhibitory
synapse. C. a C-type primary afferent terminal synapsing with multiple dendrites (arrows).
d. dendrite. Scale bars = 0.5um.
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Figure 3. Quantification of total synaptic profile counts in Vc/C2 superficial dorsal
horn of CCI-ION and sham rats. A, B: Summarized data of the proportion of each
synaptic profile (R, F, and C) per total profile count (A) and per 100um? (B) through dorsal
horn superficial laminae. C: Summarized data of the total area of tissue examined. Data
presented are the means + SEM from 3 rats for each group. Ip, ipsilateral to injury; C,
contralateral to injury.
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Figure 4. R- (A), F- (B), and C- (C) profile counts expressed per 100um? through the
superficial laminae (I-11) of Vc/C2 dorsal spinal cord. Data presented are the means +
SEM from 3 rats for each group. ##p < 0.001 for CCI-ION-Ip vs. CCI-ION-C; %p < 0.01
for CCI-ION-Ip vs. sham-Ip by two-way ANOVA followed by Bonferroni post hoc test. Ip,
ipsilateral to injury; C, contralateral to injury.
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Figure 5. R- (A), F- (B), and C- (C) profile counts using the size-frequency method
(profile/100um?3) through the superficial laminae (I-11) of Vc/C2 dorsal spinal cord. Data
presented are the means + SEM from 3 rats for each group. ##p < 0.001 for CCI-ION-Ip
vs. CCI-ION-C; %p <0.05, %%p < 0.001 for CCI-ION-Ip vs. sham-lp by two-way ANOVA
followed by Bonferroni post hoc test. Ip, ipsilateral to injury; C, contralateral to injury.
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C, contralateral to injury.
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Figure 7. Schematic representation of proposed synaptic changes in the superficial
dorsal horn after trigeminal nerve injury. 1) After nerve-injury, there is an increase of
excitatory synapses by presumably excitatory interneurons (grey) onto other interneurons
or projection neurons (orange) in lamina |. This enhance excitatory input can increase
the excitability of projection neurons and facilitate the transmission of pain signals to the
brain. 2) Under non-injured conditions, there is a preexisting inhibitory tone by inhibitory
interneurons (yellow) on lamina | projection neurons that result in decrease excitability
of lamina | neurons and thereby modulate pain transmission. After nerve-injury, there is
a decrease of inhibitory synaptic strength in lamina I, which may result in disinhibition
of lamina | projection neurons. 3) Inhibitory interneurons at lamina |l receive increase
inhibitory input after nerve-injury that may result in disinhibition of nociceptive pathways
under inhibitory control by local inhibitory neurons, thereby allowing non-nociceptive
signals to activate nociceptive pathways and consequently increase excitability of
projection neurons.
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CHAPTER 4

Conclusions and Perspectives

Chronic pain is a rising health problem that is predicted to affect up to 30% of
the adult population in the United States alone (Johannes et al., 2010). Few patients
with chronic pain obtain complete relief from drugs that are currently available such as
opioids and non-steroidal anti-inflammatory drugs (NSAIDS), while more than half report
inadequate pain relief (Woodcock, 2009). The underlying challenge of developing better
drugs to manage chronic pain relies on better understanding of the mechanisms that
contribute to altered sensory information processing, including sensitization of peripheral
primary sensory neurons and nociceptive neurons in the spinal cord.

The Ca 0,3, ligand gabapentin and pregablin is widely used as an anticonvulsant
and for treating chronic pain, but has a 40-50% success rate in achieving adequate pain
relief in clinical trials (Bockbrader et al., 2010; Perret and Luo, 2009). Despite the success
of these gabapentinoid drugs, the underlying mechanism to its anti-hyperalgesic effects
is still unknown. A number of studies have demonstrated upregulation of Ca 0,5, gene
and protein expression in the dorsal root ganglia (DRG) from nerve injury models that
contribute to neuropathic pain states (Li et al., 2004; Li et al., 2006; Luo et al., 2002;
Luo et al., 2001; Valder et al., 2003; Wang et al., 2002), which may be a key target for
the action of gabapentin. Mice expressing a mutated Ca a,5, gabapentin-binding site
abolish gabapentin’s anti-hyperalgesic effects, lending further support for Ca 0.0, as the
target for gabapentinoid drugs (Field et al., 2006). Another action of gabapentin is shown
to inhibit synaptogenesis via blocking the interaction of Ca a,5, with thrombospondin
(TSP) proteins. This function of Ca a.0, is independent of voltage-gated calcium channel
function (Eroglu et al., 2009). Interestingly, our lab has demonstrated that TSP4 protein

is upregulated in the dorsal spinal cord after nerve-injury and contributes to spinal
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presynaptic hypersensitivity and neuropathic pain states (Kim et al., 2012). Thus, it is
highly likely that TSP4 interacts with Ca 0,3, in mediating abnormal synapse modulation
and chronic pain states, which may be attenuated by gabapentin.

Our studies provide a large body of evidence indicating that TSP4 and Ca a,3,
indeed interact to mediate behavioral hypersensitivity in a modality-specific manner,
which can be blocked by gabapentin or a specific TSP4 peptide that binds to Ca a,3..
We mapped the nociceptive function of TSP4 to the EGF-like domains; however, the
down-stream mechanism of TSP4/Ca 0,3, interaction in modulating pain state processing
remains elusive. Interestingly, the EGF-like domains of TSP4 have been shown to bind
to the von Willebrand Factor A (VWF-A) domain of integrins (Pluskota et al., 2005), and
Ca 0,0, (Eroglu et al., 2009). The primary role of VWF-A domain of Ca a.9, is intracellular
trafficking, especially for Ca a, subunits to the plasma membrane (Canti et al., 2005). Also,
gabapentinoids can inhibit Ca 0.9, trafficking to the superficial and deep dorsal horn in
primary afferents without affecting the upregulation of Ca a,5, gene or protein expression
after nerve injury (Bauer et al., 2009). Since TSP4 is an extracellular matrix protein
secreted by astrocytes (Christopherson et al., 2005; Eroglu et al., 2009), it is unlikely that
TSP4 has an effect on Ca 0,9, intracellular trafficking. Instead, an extracellular interaction
between TSP4 and Ca a,3, could modulate voltage-gated calcium channel activity, retain
or recruit channels at the cell surface of pre-synaptic terminals such that recycling is
reduced, or triggers intracellular signaling cascades that subsequently lead to increased
synaptic activity and chronic pain (Figure 1). This enhanced synaptic activity is supported
by our electrophysiology data showing that either upregulation of TSP4 (Kim et al., 2012)
or Ca a,0, (Zhou and Luo, 2014) leads to an increase in frequency, but not amplitude,
of AMPA-receptor mediated spontaneous miniature excitatory postsynaptic currents
(mEPSC) in dorsal horn neurons, which can be normalized by gabapentin (Zhou and Luo,
2014). Gabapentin’s effects in normalizing abnormal pre-synaptic neurontransmission

induced by TSP4/Ca a,d, interactions may represent a yet identified mechanism for the
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anti-hyperalgesic actions of gabapentin. Future studies on how TSP4/Ca a.0, regulate
synaptic neurotransmission, affect surface expression of calcium channels or anterograde
trafficking of Ca 0,5, will show new insights on downstream mechanisms of TSP4/Ca 0.9,
interactions.

Our findings at the ultrastructural level support that trigeminal nerve injury leads
to maladaptive changes in excitatory synaptogenesis and inhibitory interneuron synaptic
plasticity that likely contribute to orofacial neuropathic pain states through abnormal
sensitization of dorsal horn neurons and synaptic circuitry. This is supported by the
following findings: 1) Both peripheral and orofacial neuropathic pain models demonstrate
an increase in Ca a,8, proteins in DRG and trigeminal neurons, and pre-synaptic afferent
terminals that results in spinal neuron sensitization (Li et al., 2004; Li et al., 2006; Li et
al., 2014b; Zhou and Luo, 2014). 2) Similarly, peripheral and orofacial neuropathic pain
models also show an upregulation of TSP4 proteins in the DRG/trigeminal ganglia and
dorsal spinal cord that contributes to chronic pain states (Kim et al., 2012; Li et al., 2014a;
Pan et al., 2014). 3) Elevated Ca 0,0, proteins are synaptogenic and promote excitatory
synaptogenesis by interacting with TSP proteins (Eroglu et al., 2009; Kim et al., 2012; Lo
etal., 2011). In addition, TSP4 proteins are known to regulate actin cytoskeleton that plays
a pivotal role in synapse formation and remodeling (Arber and Caroni, 1995; Narouz-Ott
et al., 2000; Tan and Lawler, 2009). Together, these observations suggest that aberrant
excitatory synaptogenesis induced by TSP4/Ca 0.0, interactions may contribute to the
pathophysiology of neuropathic pain.

However, it is unclear whether TSP4/Ca 0,6, complex plays a direct role in
inhibitory synapse formation after nerve injury. Previous findings showed that TSPs
promote excitatory, but not inhibitory synaptogenesis (Christopherson et al., 2005;
Eroglu et al., 2009). Instead, non-TSP secreted proteins from astrocytes are involved
in the formation of inhibitory synapses that use gamma amino butyric acid (GABA) as

the neurotransmitter (Elmariah et al., 2004; Elmariah et al., 2005). Interestingly, high
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concentrations of inhibitory neurotransmitter GABA can inhibit TSP-induced excitatory
synapse formation, thereby suggesting that GABA inhibitory neurotransmission may
control excitatory synapse connections (Eroglu et al., 2009). This concerted balance
between excitatory and inhibitory synapses in the spinal dorsal horn may be lost during
chronic pain states. This is supported by our electron microscopy data that show a
reduction in inhibitory synaptic strength and/or connectivity, presumably through reduced
inhibitory control to nociceptors at this location, and aberrant excitatory synaptogenesis
in the superficial dorsal horn. Thus, maladaptive excitatory/inhibitory synaptic plasticity
most likely contributes to the development of chronic pain states. Identification of affected
subpopulations of neurons as well as their synaptic connectivity in future studies will shed
some light on the detail mechanism of chronic pain mechanisms.

Gabapentin can prevent the formation of new synapses by blocking the interaction
between TSP and Ca a.,0, proteins (Eroglu et al., 2009). However, how synaptogenesis
is involved in the rapid reduction of behavioral hypersensitivity by gabapentin (within
15min of drug administration) remains unclear. It is more plausible to hypothesize that
the effect of gabapentin on synaptogenesis and/or trafficking could have more clinical
implications for chronic uses and instead, the rapid action of gabapentin may influence
recycling endosomes and membrane stability of calcium channels at the cell surface. It
is presently unclear whether the rapid action of gabapentin is mediated by a direct drug
interaction between Ca a,5.- and Ca a,-subunits or requires protein-protein interaction
between TSP4 and Ca a.,9,. Future studies characterizing how TSP4/Ca 0,9, interactions
regulate synapse formation during development and maintenance of chronic pain states
will need to be conducted.

We hypothesize that directly blocking the interaction between TSP4 and Ca a,3,
could serve as a novel therapeutic target in the treatment of chronic pain conditions. We
developed a 15-amino acid peptide from the EGF-like domain of TSP4 that bind to Ca a.0,
as a tool to study TSP4/Ca a,d, interactions. Intrathecal injection of this TSP4 peptide
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can attenuate behavioral hypersensitivity induced by TSP4 proteins or overexpression
of Ca a,d, in mouse neuronal cells. In addition, we found that the Ca a,3,-binding TSP4
peptide suppressed tactile allodynia in a rat neuropathic pain model derived from unilateral
L5/6 spinal nerve ligation (Kim and Chung, 1992). This model causes an increase in
TSP4 and Ca 0,0, protein levels in the dorsal spinal cord that contributes to the initiation
and development of behavioral hypersensitivity (Kim et al., 2012; Li et al., 2004), which
can be blocked by gabapentin (Luo et al., 2001; Zhou and Luo, 2014). Even though
we cannot exclude the possibility that Ca a,0,-binding peptide effects are mediated by
other mechanisms independent from its binding to Ca a.0, proteins, these observations
suggest that the Ca a.0,-binding peptide can attenuate behavioral hypersensitivity and
that the interaction between TSP4 and Ca a,0, are important in mediating chronic pain
states. Although, how the Ca a.0,-binding peptide leads to its anti-nociceptive effect is
unclear. Since peptides typically have poor plasma membrane permeability, the anti-
nociceptive effect of Ca a,d,-binding peptide through Ca a.0,-mediated intracellular
trafficking is less plausible. Instead, the Ca a,0,-binding peptide is most likely binding
to extracellular Ca 0,3, in the dorsal spinal cord that leads to its anti-nociceptive effect.
Further experiments regarding whether the Ca a,0,-binding peptides have similar effect
as gabapentin on dorsal horn sensitization and synaptogenesis may shed light on how
this peptide leads to its anti-nociceptive effect.

The clinical implications of TSP4 peptides that block the interaction between TSP4
and Ca 0,0, is promising. Our Ca a.,9,-binding TSP4 peptide is anti-nociceptive and does
not alter the basal behavioral responses to innocuous mechanical stimuli. We will need to
further access the effect of the Ca a,8,-binding TSP4 peptide on nociception with different
pain modalities and animal pain models such as inflammatory pain. Also, gabapentinoid
drugs are known to cause somnolence, but it is unclear whether interfering with TSP4/
Ca 0,0, interactions contributes to the sedative effects of these drugs. If not, TSP4

peptides may potentially lead to better side effect profiles. Clearly, more work is needed to
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examine and resolve the tolerability and efficacy of TSP4 peptides in chronic pain states.

Together, these findings lead us to the following proposed mechanism. The
EGF-like domains of TSP4 bind to the VWF-A domain of Ca a,0, to trigger structural
rearrangement since VWF-A domains can cause structural conformational changes from
an “inactive” to an “active” state upon ligand-binding (Whittaker and Hynes, 2002). The
activated TSP4/Ca 0,6, complex can then induce an intracellular signaling cascade that
results in abnormal formation of excitatory synapses, dorsal horn neuronal sensitization,
and behavioral hypersensitivity (Fig. 1 and Fig. 2). Further studies unraveling the
mechanisms underlying the contribution of Ca a,5, and TSP4 to neuropathic pain states
will help to reveal the detail downstream mechanisms. Nonetheless, blocking interactions
of these proteins may serve as a novel strategy for improving therapeutic efficacy and

specificity for pain management interventions.
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Figure 1. Predicted mechanisms of molecular interaction between TSP4 and
Ca a,5,. Astrocyte secreted TSP4 proteins bind to the von Willebrand factor-A (VWF-A)
domain of the Ca a.,0, subunits through its EGF-like domains to cause a conformational
change in the protein from an inactive to an active state. This activated complex may
trigger the following events: 1) the activated Ca 0,0, subunit may bind to and modulate
the pore-forming a1-subunit function. The a1-subunit is important for calcium entry that
trigger presynaptic neurotransmitter release in response to depolarization. Through
an unidentified mechanism, activated Ca 0,5, subunit may stabilize calcium channel
localization to the plasma membrane. The TSP4/Ca 0,5, complex may also interact directly
with extracellular matrix proteins (i.e. integrins, collagens, laminin, fibronectin) that bind
to other structural proteins and cytoskeleton that may contribute to the stabilization of
calcium channel localization. 2) The activated Ca 0,0, proteins may modulate unidentified
interacting proteins independent of calcium channels and trigger a cascade of molecular
events, which include but are not limited to recruitment of receptors, scaffolding proteins,
and/or reorganizing extracellular matrix proteins that promote synaptic adhesion between
presynaptic and post-synaptic terminals.
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Figure 2. A schematic diagram showing the role of TSP4 and Ca 0,8, in chronic
pain states. A. Under non-injured states, activation of nociceptors by a mild stimuli leads
to excitatory neurotransmitter glutamate release from the presynaptic afferent nerve
terminals in the spinal dorsal horn. This signaling to dorsal horn neurons can transmit
information about the intensity of the stimuli from the periphery to the brain. Astrocytes
remain unchanged during this non-injured state. B. Under injury-induced chronic pain
states, there is an increase of TSP4 and Ca a,d, proteins in the spinal dorsal horn.
Upregulated TSP4 proteins are secreted by activated astrocytes and it can bind to Ca a,3,
proteins transported from DRG to presynaptic terminals, extracellular matrix proteins
(i.e. collagen, laminin, fibronectin), cell adhesion proteins (i.e. neuroligin), and/or other
unidentified proteins in the spinal cord. So far, the TSP4/Ca a,5, complex can induce
an increase in excitatory neurotransmitter release through an unidentified mechanism
and an increase in excitatory synapse formation by interacting with unidentified proteins
involved in synaptic organization and function. These feed-forward mechanisms cause
amplification of postsynaptic neuron activation and excitatory synaptic connections, which
together contribute to the development and maintenance of chronic pain states.
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