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Abstract

Long-term depression is a long-lasting decrease in signalling between neurons in the
central nervous system. It can be elicited via a number of mechanisms, including NMDA
receptors and mGLuR receptors. NMDA-dependent LTD is caused by the endocytosis of
AMPA receptors in response to stimuli, whereas mGLuR-dependent LTD acts via the
action of kinases. Recent studies have demonstrated a novel form of LTD, which is
dependent on serine protease action. Molecular changes in protein expression also
accompany the generation of this new type of LTD, although the exact mechanism has not
been determined. The aims of this current study are to determine the mechanism by which
subtilisin could modulate LTD, and whether this effect was solely dependent on proteolytic
action, or other factors. Subtilisin-mediated LTD was elicited in hippocampal slices of
mice as an experimental model, and each slice was retained at the end of every experiment
to enable protein levels to be analysed via immunoblotting.

Initial experiments were carried out to evaluate the relationship between subtilisin activity
and metalloprotease action, based on previous studies that demonstrated subtilisin
proteolysis of the synaptic protein VAMP-1, a known target of the metalloprotease tetanus
toxin. The putative link between these two proteases was tested by addition of zinc to the
perfusing solution, which promotes the activity of zinc-based metalloproteases. Subtilisin
however was completely unaffected by this change to extracellular levels of zinc.
Experiments were also conducted in the presence of the metal ion chelators EDTA and
captopril to determine the contribution of metal ions to subtilisin action. Addition of the
general metal chelator EDTA failed to decrease subtilisin action, and the zinc-specific
chelator captopril likewise did not display inhibitory action against subtilisin. Attempts
were also made to produce a direct comparison between the action of subtilisin and tetanus
toxin, however, preliminary experiments were unsuccessful as the tetanus toxin used in the
experiment was unable to cause VAMP-1 proteolysis.

The possibility that subtilisin action was solely dependent on their inherent serine protease
function was also explored wusing the general serine protease inhibitor
phenylmethanesulfonylfluoride (PMSF). The use of PMSF could provide a better
indication of the link between LTD and subtilisin proteolysis, and also shed light on the
order of protein degradation. Perfusion of PMSF-inactivated subtilisin prevented the
proteolysis of proteins, and also prevented the generation of LTD and abolished the

proteolytic activity of subtilisin. These results indicate a close link between the LTD-



inducing and proteolytic effects of subtilisin, and in conjunction with the metalloprotease
experiments, suggest a serine protease basis for subtilisin-mediated LTD.

These results suggested that subtilisin action was not based on metalloprotease degradation
of VAMP-1 alone, but on a more general proteolytic effect involving other protein targets
such as the netrin receptor Unc5SH3 and the cytoskeletal protein actin. The specific role of
the Unc5H3 and VAMP-1 proteins in the subtilisin process was studied using protein-
specific antibodies to prevent proteolysis. Preincubation of hippocampal slices with
VAMP-1 proteins did not prevent the proteolytic effects of subtilisin, nor could it prevent
the generation of LTD. Preincubation of hippocampal slices with VAMP-1 antibody in the
presence of either the cell permeabiliser triton, or the pore-forming chemical streptolysin
also had no inhibitory effect on subtilisin action. Hippocampal slices were also
preincubated with Unc5H3 antibodies to determine the importance of this protein to the
activity of subtilisin; however, this did not change the proteolytic or electrophysiological
effects of subtilisin. Addition of either triton or streptolysin to the preincubation solution
containing Unc5H3 antibodies failed to prevent the effects of subtilisin on the hippocampal
slice, a result identical to those obtained with VAMP-1 antibody preincubations.

The importance of actin proteolysis in mediating subtilisin action was also assessed by
addition of the actin stabiliser jasplakinolide to the aCSF used in perfusions to prevent
actin degradation. Jasplakinolide was unable to prevent the onset of subtilisin-mediated
LTD or its associated degradation of actin.

In order to verify whether the effects of subtilisin represented a novel form of LTD, the
LTD elicited by subtilisin was compared to that of more established methods of eliciting
LTD, such as the mGIuR agonist DHPG. Slices exposed to DHPG failed to elicit LTD,
however, the GABA mimetic ethylenediamine (EDA) appeared to be a potent inducer of
LTD. EDA produced a significantly smaller LTD effect in comparison to subtilisin,
which was not accompanied by degradation of any proteins associated with subtilisin
perfusion.

It would be of interest to know whether other serine proteases could cause this LTD effect,
and based on previous studies, it is known that members of the S8A subfamily and the STA
subfamily of serine proteases are capable of causing the same effects as subtilisin. To date
much work has been performed on subtilisin, and other groups S8A serine proteases such
as Proteinase-K. In comparison, very little is known about of the mechanism utilised by
group S1A serine proteases in causing LTD. In order to gain a greater understanding of
The possibility that other serine proteases could generate LTD was also investigated as part
of this study, with particular emphasis on members of the S8A (to which subtilisin

belongs) and S1A subfamily of serine proteases, which are biochemically similar to
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members of the S8A subfamily. Previous studies have shown that proteinase-K and
cadeprin, both members of the S8A, as well as a-chymotrypsin, a member of the SIA
subfamily, can replicate this LTD effect. By studying the impact of a-chymotrypsin on
fEPSP and protein degradation, it was hoped that this would provide a much more
balanced view on the mechanisms behind the LTD-inducing effects of serine proteases.
Previous experiments with subtilisin had ruled out the action of mGluRs or the role of
electrically-stimulated LTD as the basis for subtilisin-mediated LTD. For this study these
two factors were investigated using o-chymotrypsin in order to discover the different
mechanisms utilised by these two serine proteases. Electrically-elicited LTD is known to
be sensitive to the action of protein phosphatases, and in the light of this knowledge,
experiments were conducted using the phosphatase inhibitors phenylarsine oxide (PAO)
and sodium orthovanadate. Sodium orthovanadate did not affect the progression of a-
chymotrypsin LTD; however, PAO did significantly decrease the magnitude of this type of
LTD. This suggests a possible role for tyrosine kinase in this process, although more
experiments would be necessary to provide a definite link as sodium orthovanadate had no
effect on the action of chymotrypsin. The involvement of mGLuR in a-chymotrypsin LTD
was tested using the p38 MAPK inhibitor SB203580. Perfusion of this chemical did not
result in a noticeable decrease in a-chymotrypsin activities, and taken together with
previous experiments in subtilisin, suggests that serine protease-mediated LTD is not
solely dependent on these two pathways for their neuronal depressive actions.

The results presented here strongly suggest that LTD caused by serine proteases such as
subtilisin and a-chymotrypsin do not involve metalloprotease functions. Instead, LTD is
closely linked with the proteolysis of a select number of proteins that are cleaved by the
endogenous proteolytic functions of these serine proteases. Furthermore, serine protease-
mediated LTD is not simply restricted to subtilisin alone, but can involve other members of
the S8A subfamily of serine proteases such as a-chymotrypsin. Information gathered over
these investigations also suggests the involvement of mechanisms utilised by other forms

of LTD, but their overall action depends on categorically different mechanisms.
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Chapter 1 - Introduction

1.1 Protease overview

1.1.1 Protease families

Proteases are involved in numerous physiological functions, and act by cleaving the
peptide bonds within proteins. They exist in almost all types of organisms, and in
mammalian cells, they have roles in angiogenesis, cell differentiation, matrix remodelling
and regulation of the immune system. They are separated into six different families based
on their catalytic mechanism, consisting of the threonine, aspartate, cysteine, asparagine,
glutamic acid, metalloprotease and serine protease families. Proteases within each family
are further divided into clans based on the structure of their cleavage proteolytic and
inhibitory sites, which form the basis for their substrate specificity (Rawlings et al., 2005).
For the purposes of this investigation, only proteases in the serine, cysteine and

metalloprotease are directly relevant.

1.1.2 Cysteine proteases

Cysteine proteases are a family of proteases that utilise a nucleophilic cysteine residue as
part of a catalytic triad at their active site for proteolysis. Their members are divided into
three clans: calpains, papains (which include cathepsin) and bleomycin hydrolase, and
grouped based on their structure (Storer & Ménard, 1994). The catalytic cysteine residue
is located at position 25 of the active site of the papain subgroup, which includes

cathepsins.

1.1.2.1 Cathepsins

In humans 11 cathepsins are known to exist in humans, where they are expressed
ubiquitously in cells due to their role in cell turnover and apoptosis (Berti & Storer, 1995;
Turk et al., 2012).
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Cathepsins are active in the nervous system, where they regulate cell survival during both
development and normal physiological function. During neuronal development, cathepsins
B and L work collectively to prevent neuronal apoptosis in the cerebral cortex and
cerebellum. In their absence apoptosis occurs, accompanied by an accumulation of
lysosomal bodies in neurons and enlargement of axonal processes (Felbor et al., 2002).
These proteases have also been implicated in several neurological disorders including
schizophrenia, which alters cathepsin K expression levels; and myoclonus epilepsy, which
is accompanied by mutations in the cysteine inhibitor cystatin B (Pennacchio ef al., 1996;
Ko et al., 2006). The action of cathepsin B may also be related to serine proteases as it
cleaves urokinase-type plasminogen activator precursor at the same site as kallikrein and

plasmin (Kobayashi et al., 1991).

1.1.2.2 Caspases

Another important group of cysteine proteases are the caspases, which regulate the crucial
caspase apoptotic pathway in both developing and adult cells. Members of the caspase
subgroup are involved in immune system function, such as interleukin-1B-converting
enzyme, which converts the inflammation mediator protein IL-B precursor to their active,
mature form (Thornberry et al., 1992). Caspases also act within mitochondria, where
members such as caspase 8 can trigger apoptosis by cleaving the proapoptotic Bel2 family

member BID (Li et al., 1998).

1.1.3 Metalloproteases

Metalloproteases are proteases that utilise metal ions as part of its catalytic apparatus, and
can be separated into groups based on the specific metal ion within the active site. They
perform a wide range of physiological roles, and are involved with angiogenesis, the
progression of cancer and other disorders. One well-known group of metalloproteases are
the zinc metalloprotease family, which utilise zinc ions and are further categorised
depending on whether they incorporate single or double zinc ions at the core of their
functional site. Zinc metalloproteases are subsequently divided into clans based on the
amino acid sequence at their active site, several of which are well known, such as the "a
disintegrin and metalloprotease" (ADAM), matrix metalloprotease (MMP) and the tetanus
toxin (TeTx)/botulinum toxin (BTx) families (Hooper, 1994)
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1.1.3.1 Endogenous metalloproteases

In humans, endogenous metalloproteases include the ADAM family of metalloproteases,
which consist of 21 members and regulate the activation of growth factors, receptors and
many other signalling molecules by removing the ectodomain of the precursor protein
(Edwards et al., 2008). In comparison, matrix metalloproteases (MMPs) are most well
known as modulators of long-term synaptic signalling and in particular, the involvement of
MMP-9 in long-term potentiation (LTP) is well attested in literature. MMP-9 is intimately
involved in the induction of late-phase LTP in hippocampus, where it facilitates actin
polymerisation by inactivating cofilin through Bl-integrin signalling. Enlargement of
dendritic spines is also dependent on the function of MMP-9, which have profound
implications for hippocampal-dependent memory due to the dependence of this type of
memory on dendritic remodelling (Nagy et al., 2005; Wang et al., 2008). Other MMPs are
also involved in hippocampal processes, as evidenced by the effect of MMP inhibitors that
reduce LTP magnitude and decreased LTD stability, whereas specific inhibition of MMP-9
had no effect on LTD. (Meighan et al., 2007).

MMPs also expressed outwith the nervous system, where they have roles in processes such
as ephrin signalling, where MMPs 1,2,9 and 13 facilitate the release of the active EphrinAl
monomer by cleaving the membrane-attached Ephrin Al precursor (Beauchamp et al.,
2012). Members of both the ADAM and MMP metalloprotease families are noted for their
involvement in the formation of proteolytic machinery underlying the progression of
Alzheimer’s disease. They are also known to actively target adhesion molecules such as
N-cadherin on both pre- and postsynaptic membranes, which cause an attenuation of
synaptic transmission by reducing the number of synaptic proteins available (Restituito et

al., 2011).

1.1.3.2 Clostridial metalloproteases

Other metalloproteases, such as the tetanus/botulinum family of metalloproteases, are also
known to have significant effects on the synapse. The tetanus and botulinum toxin groups
encompass a number of neurotoxins with potent inhibitory effects on synaptic signalling.
This is caused by their selective cleavage of synaptic proteins that prevent the formation of
the exocytotic machinery essential for vesicle release. Seven botulinum toxins known to
exist, and are denoted as types A, B, C, D, E, F and G, which together target a wide range
of synaptic proteins. Botulinum toxin types A and E can cause paralysis by cleaving

SNAP-25, a membrane-bound component of the exocytotic SNARE assembly. Another
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membrane-SNARE protein, syntaxin, is the target of botulinum toxin C proteolysis, and is
triggered in response to stimuli-induced Ca2+ influx (Binz et al., 1994; Binz T. et al.,
1994; Mochida et al., 1995). In comparison, types B, D, F and G cleave a set of proteins
on the vesicle membrane known as the vesicle-associated membrane proteins (VAMP) or
synaptobrevin. The proteolytic site of each subtype varies however, with type G cleaving
an ala-ala bond, type F at a Glyn-Lys bond and type D cleaving the following Lys-Ile
bond. Botulinum type B has the distinction of sharing the same cleavage site as tetanus
toxin when targeting the VAMP protein, with both cleaving the sole Gln-Phe bond in this
protein (Schiavo et al., 1994a; Schiavo et al., 1994b; Yamasaki et al., 1994b). Tetanus
toxin proteolysis is dependent on the presence of their light chains, as targeted expression
of this TeTx domain alone is sufficient to cause VAMP-2 cleavage and loss of Ca*" evoked

transmitter release (Gaisano et al., 1994).

1.1.3.3 Inhibition of metalloproteases

Metalloproteases can be inhibited by several different mechanisms, which inactivate their
active site via allosteric changes, or disrupt their metalloprotease mechanism by removing
the metal ion essential for proteolysis. Examples of inhibitors include the endogenous
family of “Tissue inhibitors of metalloproteases” (TIMPs), consisting of four members
which act against both ADAMs and MMPs.

TIMPs are involved in the progression of cancer, and the presence of TIMP 1 & 2 in
hepatocellular cancer cells is associated with poor disease prognosis, whereas TIMP 3 is
located in the extracellular matrix, where it can determine the spread of cancerous cells by
acting as a regulator of angiogenesis (Pavloff et al., 1992; Altadilla et al., 2009). TIMPs
are also involved in the progression of other disorders, such as Sorsby’s fundus dystrophy,
which is caused by a mutation in TIMP-3 leading to dysfunctional regulation of
angiogenesis (Anand-Apte ef al., 1997).

Metalloproteases can also be effectively inhibited by metal ion chelators, which remove
the catalytic metal ion required for proteolysis and causing the active site to become inert.
One example is captopril, an inhibitor for angiotensin converting enzyme involved in the
conversion of angiotensin I to angiotensin II. It inhibits angiogenesis by restricting the
movement of endothelial cells, and also possesses anti-tumour properties (Volpert et al.,
1996; Smith & Vane, 2003). Captopril is also a capable inhibitor of gelatinous A/MMP 2
activity, and can restrict the growth of lung tumours and metastases (Prontera et al., 1999).
Other metal chelators include EDTA, which has been demonstrated to be a very potent

inhibitor of zinc proteases such as TeTx and BTx. At a concentration of ImM, EDTA was
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able to inactivate BTx N/D light chain domains responsible for botulinum toxin toxicity

(Yamasaki ef al., 1994a).

1.1.4 Serine proteases

Serine proteases constitute the largest protease family in existence, and are involved in
food processing, cell apoptosis, epidermal homeostasis and neuronal signalling. They are
characterised by their use of a serine residue as part of the catalytic mechanism, which is
usually accompanied by histidine and aspartate residues forming a catalytic triad. Some
serine proteases exhibit atypical catalytic triads that utilise residues other than histidine or
aspartate, but are still considered part of the serine protease family. One such example is
aspartyl dipeptidase, in which the aspartate residue is replaced by a glutamate residue and
is not inhibited by the general serine protease inhibitor PMSF (Conlin ef al., 1994). Other
examples include the Ser/His/His triad utilised by the cytomegalovirus of the Herpes virus
and the catalytic mechanism of sedolisin proteases that rely on a Ser/Glu/Asp triad. In
addition to these variations of the serine protease triad, some serine proteases utilise a
serine dyad at their active site, an example of which is one comprised of serine and lysine
residues. Examples of serine proteases using this dyad active site can be found in E.Coli
proteases, such as the Lon protease, type I peptidases and the C-terminal peptidases (Ekici

et al., 2008).

1.1.4.1 Structure and mechanism

The key catalytic process of a typical serine protease is dependent on a catalytic triad of
Asp-His-Ser residues, and its efficiency can be modified by both endogenous and
exogenous factors affecting the active site. The active site of subtilisin BPN’ is maintained
partly through the presence a hydrogen bond between the histidine and serine residues of
the catalytic triad. A network of hydrogen bonds attached to the catalytic aspartic acid
residue also contribute to the stability of the active site, with a hydrogen bond establishing
a connection between the aspartic acid and histidine residues of the triad (Wright et al.,
1969; Kuhn et al., 1998). Amino acids surround the catalytic triad also determine the rate
of proteolysis, with the replacement of Ile at position 31 (adjacent to the catalytic Asp
residue) with leucine resulting in a 2 to 6-fold increase in enzyme efficiency (Takagi et al.,

1988). Additional regulation in some serine proteases such as subtilisin BPN” is provided
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by metal ion binding sites. In subtilisin BPN’ this consists of 2 cation-binding sites, the
first being a site specific for calcium, the second site capable of binding both monovalent
and divalent metals with both sites working in unison to provide greater stability for the
active site (Alexander ef al., 2001). Other examples of serine proteases requiring divalent
metal ions include the intracellular subtilisins of gram-positive bacteria, which can be
inactivated by addition of chelating agents that disrupt both protease structure and lowers

their catalytic rate (Gamble et al., 2012).

A major step in subtilisin-mediated proteolysis is the formation of a tetrahedral
intermediate between the protease and the substrate, which facilitates hydrolysis. The
structure of this intermediate is established and maintained by an oxyanion hole, which is
supported by two hydrogen bonds between the active site residues Ser221 and Asnl55.
The oxyanion hole also ensures the release of the carbonyl oxygen during the transition
from the tetrahedral intermediate into an acyl-enzyme. An additional stabilizing factor
during this stage is the presence of a hydrogen bond donated to the target peptide by the
enzyme residue Asnl55. Replacement of this residue by leucine prevents this bond from
being formed, and results in a reduction of the catalytic rate of subtilisin (Robertus et al.,
1972; Bryan et al., 1986; Bryan P. et al., 1986). The catalytic rate is also determined by
the presence of the serine and histidine residues at the active, as loss or replacement of
either residue causes a major decrease in the proteolytic rate. Concurrent loss of both
residues results in the most significant decrease in catalysis (Perona & Craik, 2008).
Temperature is also a major determinant of serine protease activity, which acts to decrease
catalytic activity. This is evident at higher temperatures, as serine proteases that are active
at this temperature lack intramolecular interactions, rendering them less stable. For this
study subtilisin was chosen, as it is a bacterial protease with optimal function at
physiological pH and temperatures, and is therefore suitable for use with in-vitro

preparations (Tiberti & Papaleo, 2011).

1.1.4.2 Reqgulation of serine proteases

Regulation of serine protease action is crucial to normal biological function due to their
involvement in many physiological processes. Subtilisin expression is regulated by
signaling via inhibitory molecules and autoproteolysis, which is dependent on the autolytic
and conformational stability of the enzyme (Wells & Powers, 1986). Changes to the
extracellular environment can also be a factor in the suppression several subtilisin-like

proteases.  For example, fasting decreases the level of proprotein convertase
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subtilisin/kexin type 9 (PCSK9) whilst simultaneously increasing cholesterol synthesis,
with both regulated by the sterol response element-binding protein (SREBP) 2 (Browning
& Horton, 2010). A further regulatory mechanism exists in some serine proteases
involving the formation of a complex between the protease and other proteins in a process
that increases the removal rate of the serine protease. An example can be found in the
removal of subtilisin A from blood, which forms a complex with a-macroglobulin and

accelerates the process. (Mitsudo et al., 2003).

1.1.4.3 Inhibition of Serine Proteases

Serine proteases are inhibited by a wide range of both synthetic and biological compounds,
reflecting the large number of proteases present in this family. Amongst biological
inhibitors, serpins are distinguished as one of the earliest serine protease inhibitors to be
discovered, and is also one of the most extensively studied. Serpins are a superfamily of
proteins that mainly inhibit serine proteases belonging to the chymotrypsin subfamily, and
regulate activities such as blood clotting via anti-thrombin, or neurological processes via
neuroserpin. Serpins are also found in the immune system, where they inhibit endogenous
enzymes responsible for apoptosis, as well as bacterial proteases such as subtilisin. In the
central nervous system, neuroserpin acts as the main regulator for tissue plasminogen, a
serine protease with a broad specificity of action involving processes such as
neuritogenesis. The neuroserpin-plasminogen interaction is also involved in synaptic

plasticity, and also affect learning and memory processes (Miranda & Lomas, 2006).

Likewise, serine protease inhibitors also affect normal physiological function by directly
antagonizing the activities of serine proteases and can also determine cell susceptibility to
disease. They can prevent cellular damage by endogenous proteases, such as neutrophil-
mediated endothelial cell damage. The effects of neutrophils are partly mediated through
the release of elastase and other serine proteases, and are inhibited by urinary trypsin
inhibitors. These inhibitors are able to inhibit both the extracellular release of elastase by
neutrophils as well as decreasing their production and secretion (Nakatani et al., 2001).
Serine protease inhibitors are also capable of preventing some autoimmune diseases, such
as Netherton syndrome. This disease is caused by mutations in the Spink5 gene which
encodes a serine protease inhibitor effective against a range of serine proteases such as
subtilisin A and trypsin (Mitsudo et al., 2003). Removal of this serine protease inhibitor

also has an adverse impact on the severity of acne rosacea, a disorder caused by an
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epidermal serine proteases known as the which is caused by stratum corneum tryptic
enzyme (Yamasaki et al., 2007).

In addition, invasion of host cells by pathogenic organisms is also severely restricted by
the presence serine protease inhibitors, due to their reliance on serine proteases to facilitate
cell penetration. This is demonstrated by the activity of toxoplasma gondii in the presence
of two irreversible serine protease inhibitors, which prevents cellular penetration by the

parasite in a does-dependent manner (Conseil ef al., 1999).

1.1.4.4 Reqgulation of the cytoskeleton by serine proteases

In addition to adhesion molecules, serine proteases are also capable of targeting other
elements of the cytoskeletal structure. A serine protease known as alkaline serine protease
exists in the muscle cells of lobsters, where they degrade troponin-C and myosin and help
protein turnover within the contractile apparatus (Mykles, 1989). Similar proteases also
exist in fish as myofibril-bound serine proteases, although in addition to degrading myosin,
actin, tropomyosin and o-actinin are also targets for proteolysis (Cao et al., 2000).
Examples of mammalian serine proteases that target cytoskeletal proteins also exist, such
as the trypsin-like serine proteases found within intestinal smooth muscle cells of rats.
These act as regulators of enzyme catabolism and inactivate native enzymes (Beynon &
Kay, 1978). The subtilisin-like proprotein convertase PACE4 is also known to be a
regulator of myosin light chain expression, and is a factor controlling myogenic

differentiation via the IGF-II pathway (Yuasa et al., 2009).

1.1.4.5 Serine proteases and requlation of Hemostasis

Serine proteases are also intimately involved in haemostasis, with notable roles in platelet
formation and control of blood pressure. PCSK-9 is a regulator of epithelial Na" channels
(ENaC) and can reduce their surface and total cellular expression. This protease induces a
change in intracellular trafficking of ENaC subunits by directing more subunits to the
proteasomal compartment without impacting on channel endocytosis or cell surface
degradation (Sharotri et al., 2012). A serine protease, thrombin, is produced as the final
protease of the blood coagulation cascade and as such, it has a crucial role in formation of
blood clots by acting on a number of different targets. Amongst these targets are the
metalloprotease TAFI, platelet factor XIII and fibrinogen, which undergoes proteolytic
activation to produce fibrin. These three proteins are essential to the formation of a stable

blood clot. Thrombin also acts as the ligand for protease-activated receptor 1 and 4, which
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activate platelets in a process accelerated by the cofactor glycoprotein Iba (Ramakrishnan

et al., 2001; Huntington, 2005).

1.1.4.6 Serine Proteases and the Immune System

Serine proteases form a crucial part of the immune response in mammals, where they have
a role in initiating various immune pathways such as the complement system, mediation of

the inflammatory response and the elimination of foreign bodies.

1.1.4.6.1 Activators of the Complement Pathway

Members of the serine protease family can be found in the complement system, such as the
serine protease complement factor D, which unlike most serine proteases does not require
proteolytic activation in order to function. Instead, it is activated by the substrate,
complement factor B, a serine protease which represents an important regulatory step for t
alternative complement pathway activation (Volanakis & Narayana, 2008). The
complement system can also be initiated via the lectin pathway, with activation through
either lectinsficolin or mannose-binding lectin (MBL). Both processes involve two MBL-
associated serine proteases that are activated in response to lectin signalling and possess

proteolytic activity against the complement proteins C2, C3 and C4 (Matsushita et al.)

1.1.4.6.2 Mediators of Innate Immune Response

In addition to their role in initiating immunological pathways, some serine proteases can
also act directly on invading pathogens, such as neutrophil elastase and granzymes found
within white blood cells.

Granzymes are a group of proteases stored within the lytic granules of cytotoxic T cells
and natural killer cells, and function as initiators of cell death by utilising the pore-forming
protein perforin to trigger cell apoptosis. The role of each member of the granzyme family
varies and in humans 5 members are known to exist, denoted as granzymes A, B, H, K and
M (Zhang et al., 2001).

Granzyme A activates a DNAse which cause nicks in single-stranded DNA, a feature that
characterizes the granzyme A-driven alternative apoptotic pathway (Fan et al., 2003). In
addition, granzyme A cleaves laminin proteins A, B and C, which are key elements in
maintaining the integrity of the nuclear envelope. Laminin B is also a target for the related

granzyme B, although this occurs at a much lower rate, and the protease is completely
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ineffective against laminin A and C (Zhang et al., 2001). Granzyme K, which is located on
the same chromosome as granzyme A, has similar properties with the latter and act on the
same SET complex as granzyme A. However, expression of granzyme K is lower than
granzyme A in cytotoxic cells, but both share partial functional redundancy (Zhao et al.,
2007). Granzyme H is known for its antiviral properties, which can be traced to their
proteolytic action against the adenovirus DNA-binding protein, an essential component
necessary for viral DNA replication. This granzyme also has a secondary role as an
activator of granzyme B by cleaving the inhibitory 100K assembly protein (Andrade et al.,
2007). In comparison to these, granzyme M is mainly expressed in natural killer cells, but
is also capable of causing DNA damage in a similar manner to granzyme B by inactivating
the inhibitor for caspase-activated DNAse. An additional target of this granzyme is the
structural protein o-tubulin, which cause a disorganization of the microtubule network and
thereby increasing the susceptibility of the cell to apoptosis (Lu et al., 2006; Bovenschen et
al., 2008).

Neutrophil elastase is found within neutrophils, where they co-localise with proteinase 3
and cathepsin G. They belong to the chymotrypsin subfamily of serine proteases, and can
mediate inflammation by upregulating interleukin-8 through toll-like receptor 4 signalling.
Neutrophil elastases also possess anti-bacterial properties, and are actively involved in
processing bacteria for destruction within phagosomes. They restrict the spread of these
bacteria by cleaving their virulence factors, lowering both the spread and survival rate of
the bacteria (Weinrauch er al.,, 2001; Devaney et al, 2003). This neutrophil serine
protease also promotes blood coagulation in conjunction with the endogenous cathepsin G,
although these effects are not systemic, but localized to the thrombus. This mechanism is
utilized by the immune system to control bacterial spread during infection, by restricting
their presence to a limited number of microvessels (Massberg et al, 2010). During
infection serine proteases can also direct the migration of immune cells to the infection site
by activating the chemoattractant ligand chemerin, which binds to receptors found on the

surface of dendritic cells and macrophages (Zabel et al., 2005).

1.1.4.7 Serine Proteases and Diseases

Serine proteases are commonly found in disease-causing organisms, where they have roles
such as assisting cell penetration, facilitating the release infective spores or help regulate
the pathogenic maturation process. The activities of viral and bacterial serine proteases are
clinically important, as they enable the survival of well-known pathogenic organisms such

as the HIV virus and E.Coli. In addition, mutations to endogenous serine proteases in the
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body can also increase susceptibility to pathogenic invasion of the body, and underlie a

number of neurological disorders.

1.1.4.7.1 Serine Proteases and Pathogenic Disease

Pathogenic organisms such as viruses are highly dependent on serine proteases for multiple
stages in their life cycle. The viral serine protease VP4 plays an essential role in
processing both avian and fish birnavirus through the use of a serine-lysine catalytic dyad
(Lejal et al., 2000). Another example is the hepatitis C virus, which undergoes processing
by the NS3 serine protease prior to activation and release. This process is dependent on an
induced-fit stabilisation of the catalytic His-Asp hydrogen bond by the substrate, a
catalytic step common to many viral proteases (Tomei et al., 1993; Barbato ef al., 2000).
Furthermore, serine proteases are involved in the activation of HIV envelope proteins by
furin, a protease which works in conjunction with proprotein convertase 7 to cleave HIV
glycoprotein 160 (Hallenberger ef al., 1997).

Serine proteases are also expressed in E.Coli, where they are perform crucial roles to
enable the normal function of this bacterium. These include signal peptidase (SP), which
removes the N-terminal signal peptide of proteins that have been translocated across the
membrane; and the UmuD protease, which is involved in the cellular SOS response to
DNA damage. Both proteases utilise the same unusual serine-lysine dyad catalytic
mechanism, and share the same arrangement of residues within their active site.
Activation of UmuD leads to the inactivation of another serine protease, LexA, which
allows SOS genes to become activated (Paetzel & Strynadka, 1999; Luo et al., 2001).
Other notable serine proteases in E.Coli include Lon protease, which shares the same
catalytic dyad mechanism as SP and UmuD. It regulates the degradation of short-lived
regulatory proteins, and also assists in the removal of abnormal or defective proteins
(Botos et al., 2003). E.Coli also express the heat shock-inducible protein HtrA, which has
serine protease activity and is homologous to the mammalian HtrA2 protein. It promotes
cell apoptosis by suppressing the activity of inhibitors against apoptotic proteins. This
allows the activation of caspase protease family members, in particular the initiator caspase

3 that triggers the apoptotic pathway (Verhagen et al., 2002).

1.1.4.7.2 Serine Proteases in Neurological lliness

Serine proteases are intimately involved in many physiological processes, and can also be

found in the nervous system. Defects in either expression or function of these proteases
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underlie several neurological diseases, including Alzheimer’s disease (AD), Parkinson’s
disease (PD) and multiple sclerosis. As an example, the expression of the apoptotic HtrA2
protease is related to the onset of both Alzheimer’s and Parkinson’s disease, as a disruption
to their expression increases susceptibility of striatal neurons to degradation. This is also
supported by animal models of the disease, in which mice treated with HtrA2 display
symptoms characteristic of the onset of Parkinson’s disease. A mutation within the HtrA2
gene can also be found in many patient’s suffering from Parkinson’s disease, and this
compromised mitochondrial function and increased the likelihood of apoptosis (Martins et
al., 2004; Strauss et al., 2005). This protease is also linked to amyloid beta activity, a
protein that constitutes a major component of amyloid plaques found in the neural tissue of
patients suffering from Alzheimer’s disease. Intracellular amyloid beta induces neuronal
apoptosis via an interaction with HtrA2, and has a potential role in modulating the
expression of amyloid processing protein (Park ef al., 2004). Other serine proteases
affected by AD and PD includes neurosin, which is localized to senile plaques in
Alzheimer’s disease and to lewy bodies in Parkinson’s disease. In both diseases they are
severely downregulated in the affected brain regions of patients and are expressed at a
lower concentration in the CSF of patients with AD (Ogawa et al., 2000; Mitsui S ef al.,
2006; Mitsui et al., 2006). Neurosin is also associated with the degradation of myelin
proteins such as myelin basic protein and myelin-associated protein, and remyelination of
oligodendrocytes after central nervous system insult. This is further supported by a
correlation between neurosin and myelin expression levels in a mouse model of multiple
sclerosis, with demyelination decreasing and remyelination increasing neurosin expression

(Terayama et al., 2005; Bando et al., 2006).

1.1.4.8 Serine Proteases and the Nervous System

Serine proteases also perform important physiological functions in the nervous system. A
well-known CNS serine protease is neuropsin, which modulates the turnover of adhesion
molecules. Through this mechanism, it regulates the synaptic morphology of neurons and
is involved with both the early stage of LTP generation and LTD. Both forms of
neuropsin-mediated synaptic plasticity are present postsynaptically, in a manner similar to
electrically induced synaptic changes. The action of this protease at a macromolecular
level also impacts on physiological function, as inhibition of neuropsin attenuates both the
generation of LTP and memory formation in mice (Tamura ef al., 2005). Neuropsin is
highly expressed in the hippocampus, where it acts as a regulator of LTP and is associated

with increased levels of the LTP indicator protein zif268. Its expression is elevated in
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response to stimulation, and is one of contributing factors for hippocampal kindling (Chen
et al., 1995) The effects of neuropsin are partly mediated through the degradation of
fibronectin and collagen, which can disrupt the extracellular environment and affect the
stability of neuronal connections (Rajapakse et al., 2005). In hippocampal Schaeffer
collateral axons, neuropsin selectively cleaves the synaptic adhesion molecule L1
associated with the development of spatial memory. Neuropsin-dependent LTP relies
solely on its proteolytic activity proteins of the extracellular matrix and has no direct effect
on NMDA receptors. This is significant as all other forms of LTP are characterised by an
NMDA-dependent increase in calcium levels (Komai S et al., 2000; Komai et al., 2000;
Matsumoto-Miyai et al., 2003).

1.1.4.9 Subtypes of Serine Proteases

Within each group of serine proteases, members are further classified into distinct clans,
and several clans have been particularly well characterised and extensively studied. This
includes type II transmembrane protease, tissue kallikrein-related proteases, chymotrypsin
and subtilisin groups. Trypsin and chymotrypsin members are two of the most intensively

studied members as these were amongst the first serine proteases to be discovered.

1.1.4.9.1 Chymotrypsin subfamily

The trypsin clan of serine proteases are distinguished by an active site containing a His-
Asp-Ser catalytic triad, and regulate a number of biological functions such as digestion and
synaptic plasticity. They are further subdivided into subfamilies, the most prominent of
which are the type Il transmembrane proteases, tissue kallikrein-related peptidases, trypsin

and chymotrypsin.

1.1.4.9.1.1 Type Il Transmembrane Proteases

These membrane-bound serine proteases are found in all vertebrates, where they interact
directly with extracellular signalling cues and neighbouring cells (Kitamoto et al., 1995;
Hooper et al., 2001) Their main role is to process other digestive proteases, although they
also have roles in the regulating cardiac function, auditory function and epithelial
homeostasis. An example of an epithelial serine protease is matriptase, which regulates
prostatin and controls the initiation of a zymogen cascade crucial to epithelial

differentiation (Westler et al., 2002; Szabo & Bugge, 2008). Other members of this clan,
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such as CAP1/PRss8, are responsible for maintaining the integrity of the fully formed
epithelial barrier. Mutations of this serine protease can result in a loss of occludin and

disrupt the function of tight junctions (Leyvraz et al., 2005).

1.1.4.9.1.2 Tissue Kallikreins

These proteases were initially investigated as regulators of blood pressure through
bradykinin receptors.  Subsequent discovery of kallikrein-related peptidases also
demonstrated that this group of serine proteases contribute to epidermal cell desquamation
and may also act as possible tumour cell markers (Leeb-Lundberg ef al., 2005; Lundwall &
Brattsand, 2008).

Notable members of the kallikrein-related peptidase family include kallikrein related
protease 8 (neuropsin) which has a major role in regulating brain plasticity, and kallikrein-
like protease 6 (neurosin), which is a risk factor for Alzheimer’s disease (Mitsui et al.,

20006).

1.1.4.9.1.3 Trypsins

Trypsins are well known for their involvement in the digestive process, where they are
initially synthesised as inactive trypsinogen molecules. Proteolytic cleavage of this
precursor activates the protease by changing the position of active site residues to form a
more ordered arrangement. Due to this important physiological role of trypsin, aberrant
expression can cause digestive tract disorders such as hereditary pancreatitis, which occurs
due to a mutation in trypsinogen. Trypsin also promotes pathological tumour cell growth
by activating MMPs, and some members of the trypsin family possess metalloprotease
elements are sensitive to changes in metal ion concentrations. One such example is the
trypsin-like protease NS3 proteinase, which possesses a zinc-binding domain, supporting
the possibility that other serine proteases may not solely rely on serine protease action, but
can incorporate mechanisms of other protease families such as metalloproteases (Khosravi-

Far et al., 1995; Love et al., 1996; Kukor et al., 2002).

1.1.4.9.1.4 Chymotrypsins

Chymotrypsins are secreted by pancreatic cells in a manner similar to trypsin, but are
separated and distinguished as a different clan of serine proteases due to variations in

peptide specificity. Both types of serine proteases share a high degree of structural
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homology, and trypsin can acquire chymotrypsin-like properties by a combination of S1
site replacement and addition of chymotrypsin surface loops. Trypsin modified in such a
manner utilises extended loops in a similar way to chymotrypsin proteolysis, which
improves substrate binding. This change converts the normal trypsin specificity for basic
side-chains to a preference for hydrophobic side-chains characteristic of chymotrypsin
action (Hedstrom et al., 1992). The mechanism of catalysis of both chymotrypsin and
trypsin are typical of the serine protease family, involving the formation of an enzyme-
substrate complex acting as a tetrahedral intermediate during proteolysis (Bender & Kezdy,

1964).

1.1.4.9.2 Subtilisins

The subtilisin family of serine proteases encompass a number of physiologically important
members. Of particular importance are the serine proteases belonging to the proprotein

convertase subfamily, and the subtilisin/subtilisin-like proteases.

1.1.4.9.2.1 Proprotein convertases

The proprotein convertase family of subtilisin proteases is involved with a wide range of
cellular activities, including regulation of plasma low-density lipoprotein (LDL) levels.
This process is regulated by proprotein convertase subtilisin/kexin type 9 (PCSK9), which
selectively directs the transport of LDL receptors to lysosomes by interacting with amyloid
precursor proteins. These associations are mediated through apolipoprotein B, which
prevent autophagic degradation of LDL and increasing the amount available for the
vesicular LDL formation (Sun et al., 2012; DeVay et al., 2013; Kosenko et al., 2013).
Insulin is also an endocrine target of the subtilisin-like proprotein convertases, with
members furin, PCSK2 and PCSK3 responsible for proteolytic activation of proinsulin in

islet B cells (Smeekens et al., 1992).

1.1.4.9.2.2 Subtilisin and Subitilisin-like Proteases

The subtilisin subfamily is a group of well-known serine proteases widely used in
commercial applications and as a research tool for selective studies on protein
modification. They were named after the bacteria, bacilis subtilis, from which these serine
proteases were initially extracted. Well-known members include subtilisin BPN’ and

subtilisin Carlsberg (subtilisin A), and there are over 100 subtilisin-like proteases, known
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as subtilases, which share similar active site sequences with established subtilisins (Siezen
& Leunissen, 1997). Subtilisin and subtilisin-like proteases are synthesised as precursor
proteins consisting of a regulatory signal peptide sequence for secretion connected to the
active enzyme domain via an amino acid sequence. This signal peptide directs the initial
protease localisation to the cell membrane, undergoing subsequent autolytic cleavage to
release the mature enzyme. In the absence of autocatalytic proteolysis, the activation
process can be triggered using other subtilisins (Power et al., 1986; Ikemura ef al., 1987).
Activation of subtilisin BPN’ involves dimerization of two precursor subtilisin molecules,
which provide mutual assistance to activate each other (Hu et al., 1996). The structure of
mature subtilisin enzymes consists of a single polypeptide chain folded into three parts

linked by hydrogen bonds, with the active site at its core (Wright ef al., 1969).

1.2 Long-term depression

The heterosynaptic form of long-term depression was first characterised in the 1980s,
where it was discovered that conjunctive stimulation of climbing fibres could elicit a long-
lasting decrease in synaptic signal at parallel fibre-Purkinje cell synapses (Ito & Kano,
1982). This effect had previously been proposed to explain the findings of (Lynch ef al.,
1977), which suggested that LTP would be accompanied by a concurrent decrease in
synaptic signalling in neighbouring cells. Subsequent experiments also demonstrated the
existence of homosynaptic LTD, which could be triggered by repetitively stimulating at a
frequency of 1-3 Hz (Dudek & Bear, 1992). This represented one of the first experiments
related to LTD, and subsequent studies have shown the existence of LTD paradigms in
other regions of the brain, such as the hippocampus. LTD generated in the hippocampus
has been extensively studied due to its relation to both the formation and storage of

memory.

1.2.1 LTD and LTP

Long-term depression (LTD) and long-term potentiation (LTP) represent two opposing
types of long lasting alterations to nervous system signalling. Long-term depression
describes a process by which a stimulus elicits a sustained decrease in the size of an

evoked potential, whereas long-term potentiation has the opposite effect of causing a long-
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lasting increase in potential size. The relationship between these effects is most notably
demonstrated during the generation of heterosynaptic LTD, and can be interchangeable
under certain conditions.  Heterosynaptic LTD can be generated in untetanised
hippocampal CA1 neurons in response to the expression stimulation-induced LTP in
neighbouring cells. This process is dependent on the stimulation-induced release of ATP
by astrocytes, which spatially sharpens the initial LTP effect (Chen et al., 2013).

The neuronal expression of either LTD or LTP is regulated by changes to the basal levels
of intracellular calcium, with raised levels promoting LTD, and lower levels promoting the
formation of LTP. Both processes involve AMPA receptors, but their expression levels are
either increased or decreased reflecting the opposing effects of LTP and LTD (Beattie et
al., 2000; Xiao et al., 2001).

These two synaptic processes can be regulated by growth factors, such as brain-derived
neurotrophic factor (BDNF), which promotes the generation of LTP by activating the
tyrosine kinase B (TrKB) receptor. Blockading these receptors using inhibitors prevents
LTP and instead facilitates a switch from LTP to LTD (Montalbano et al, 2013).
Curiously, the BDNF precursor pro-BDNF has the opposite effect to active BDNF, and
promotes the expression of LTD. This is partly explained by pro-BDNF targeting the p75
neurotrophin receptors (p75NTR), in comparison to BDNF, which targets TrKB receptors.
Regulation of these two processes by BDNF and pro-BDNF supports the involvement of
growth factors in long-term modulation of synaptic signalling (Woo et al., 2005). Types of
LTD are categorised based on the mechanism used to elicit these effects, with the most

well-known being NMDAR or mGluR-mediated LTD.

1.2.2 NMDA receptor-dependent LTD

LTD elicited by n-methyl-D-aspartate (NMDA) receptors was first discovered as a
contributing factor to homosynaptic LTD. Subsequent studies indicated that this type of
LTD could also be triggered by low frequency stimulation (LFS). NMDA-dependent LTD
involves activation of L-type voltage-gated calcium channels, independent of an increase
in intracellular calcium levels. The mechanism by which NMDA receptors trigger LTD is
however dependent on a clathrin-based endocytosis of AMPA receptors, a process that
occurs after an influx of calcium. This is regulated by the calcium sensing protein
hippocalcin that binds to a subunit of the AP2 adaptor complex, a protein acting as a link

between clathrin and the proteins to be endocytosed (Palmer et al., 2005). This type of
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AMPAR-dependent LTD is stabilised by interaction between the AMPAR-binding protein
(ABP) and glutamate receptor interacting protein (GRIP), which is bound to AMPA
receptors during LTD. Failure of this association destabilizes the LTD effect, an event that
can be mediated through the PICK 1 calcium sensor. The PICK 1 protein also regulates
actin turnover at the synaptic site by binding F-actin and promoting the depolymerisation
of actin fibers, thereby modifying neuronal morphology (Rocca et al., 2008). The need for
F-actin turnover in NMDAR-dependent LTD was also demonstrated by studies where the
addition of either the actin stabilizer phalloidin, or a cofilin inhibitory peptide prevented
NMDA-mediated LTD. This study also found that changes to actin were regulated by
calcium through the calcium-dependent serine-tyrosine phosphatase, calcineurin (Morishita
et al., 2005). Additionally, NMDAR-LTD is involved in the lateral transport of these
receptors, a process regulated by actin and sensitive to the action of actin stabilizers such
as Jasplakinolide, which prevents actin depolymerisation (Ireland & Abraham, 2008)

Other cytoskeletal proteins are also associated with LTD, but mostly through indirect
mechanisms by disrupting the cell structure. Silencing the microtubule-associated protein
1B changes synaptic plasticity and impairs LTD generation. This was partly due to the
targeting of Tlam1, an activator of Racl GTPase, which has a downstream effect on actin
(Rio et al., 2004). A number of protein kinases, such as Cdk5 (cyclin-dependent kinase 5),
are also involved in the progression of NMDA-dependent LTD. CdkS5 activity is linked
with that of the nuclear activator p35, and decreasing its expression impairs the generation
of both LTD and LTP. This in turn can lead to deficiencies in spatial learning and memory
(Ohshima et al., 2005). Glycogen synthase kinase 3 is also a contributor to the induction
of LTD, and its expression is further enhanced by LTD via protein phosphatase 1 upon the
generation of LTD. Conversely, inhibition of this kinase is also able to inhibit NMDA-
dependent LTD (Peineau et al., 2007).

The different subunits of the AMPA receptors are also important to the progression of
NMDAR-LTD, with the GluR1 subunit being a particularly important component. This
AMPA subunit is normally constitutively phosphorylated by protein kinase A under
physiological conditions, however during LTD it undergoes targeted dephosphorylation
(Sandkiihler J et al., 1997; Lee et al., 1998; Chamberlain et al., 2013).
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1.2.3 mGluR-dependent LTD

LTD can also be elicited by metabotropic glutamate receptors (mGluRs), and differ from
NMDAR-dependent LTD in several aspects. In the hippocampal CA1 region, they can be
triggered through the action of both mGluR1 and mGIuRS. In the cerebellum and perihinal
cortex, the mechanism for mGLuR-dependent LTD also involves several kinases.
Cerebellar mGluR-dependent LTD requires activation of protein kinase C (PKC), as
demonstrated by a loss of LTD induction in the presence of PKC inhibitors, and the LTD-
mimicking effect of the PKC agonist phorbol-12, 13-diacetate. In the cortex, induction of
mGIuR-LTD involves a complex formed from the neuronal Ca*sensor (NCS) protein
NCS-1 and PICK 1, proteins that detect changes to the intracellular levels of calcium (Jo et
al., 2008). Experiments using hippocampal slice preparations have also demonstrated the
necessity of p38 MAP kinase and protein tyrosine phosphatase activation during the
induction of synaptically-induced mGIluR-LTD (Moult et al., 2008). In addition to kinase,
mGLuR-mediated LTD in the mature synapses of the adult brain is accompanied by an
increase in protein synthesis. In contrast, mGluR-mediated LTD in the developing nervous
system is not associated with any form of protein synthesis, but cause a large decrease in
presynaptic function that is absent from the mature synapses. This data indicates within
the same type of LTD, different individual mechanisms may be employed under different
environmental conditions (Nosyreva & Huber, 2005). At GABAergic synapses, mGluR-
dependent LTD cause a decrease in GABA, a process regulated via endocannabinoid

signalling (Chevaleyre & Castillo, 2003).

1.2.4 Other forms of LTD

Other forms of LTD are less well-characterised, but several are known to share similarities
in mechanism with either NMDAR-dependent or mGLuR-dependent LTD. High frequency
stimulation paradigms, previously associated with the formation of LTP alone, are now
known to cause of several types of LTD in a number of brain regions. Patterned high
frequency stimulation can elicit a type of LTD dependent on AMPA receptor endocytosis,
whilst being independent of NMDA receptor signalling. Instead, it requires co-activation
of both GABAA and muscarinic acetylcholine receptors that help maintain low levels of
postsynaptic depolarisation, a factor which facilitates LTD induction (Zhua et al., 2013).

High frequency stimulation is also the basis for long-term depression in kainate receptors,
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which relieves slow hyperpolarisation in hippocampal mossy fibre synapses. It is
dependent on the activation of adenosine A2A receptors, a process also involved in
NMDA-dependent LTP; however, kainate-dependent LTD do not involve NMDA receptor
signalling (Chamberlain et al., 2013).

In addition, the endocrine signalling molecule insulin is also capable of generating LTD.
This form of LTD is dependent on a concurrent rise in intracellular Ca*" and the activation
of protein kinases including phosphate kinase C and phosphatidylinositol 3-kinase (PI3K).
It is however independent of either NMDA or mGLuR input, as demonstrated through the
use of kynurenic acid, an NMDA receptor blocker, and MCPG, a broad-spectrum
metabotropic glutamate receptor antagonist. Both compounds failed to prevent the
induction of insulin-LTD, which is mechanistically separate from LTD generated by low
frequency stimulation. An interesting feature of this type of LTD is the existence of
regional differences in the mechanism used to elicit LTD. In hippocampal neurons, the
effects of insulin-LTD are mediated through a clathrin-dependent endocytosis of the
GluR2 AMPA receptor subunit present on the postsynaptic membrane, a process shared
with LFS-induced LTD. In the neurons of the ventral tegmental region however, insulin
induces LTD in excitatory synapses by inhibiting the release of presynaptic glutamate.
This is regulated through endocannabinoid signaling, requiring the activation of a receptor

tyrosine kinase (Schnabel et al., 1999; Labouebe et al., 2013).

1.2.5 Serine protease-dependent LTD: A novel form of LTD

A recent study discovered a novel form of LTD, which could be elicited by group S8A
serine proteases such as subtilisin. The S8A group of serine proteases encompasses a
number of proteins, including subtilisin A, proteinase K, cadeprin and a-chymotrypsin,
which are all capable of eliciting LTD (MacGregor et al., 2007). Initial studies suggested
that this type of LTD was dependent on the proteolytic action of the serine protease, as
LTD induction was sensitive to the action of protease inhibitors. Subsequent studies
support the model of a proteolytic basis for subtilisin-mediated LTD, as this long-lasting
decrease in synaptic signalling was accompanied by a selective degradation of actin,
VAMP-1 and Unc5H3 proteins. This type of LTD was not NMDA or mGluR-dependent,
although it shares some similarities in mechanism with other forms of LTD, such as the
need for protein synthesis during the establishment of LTD, a process also present in

electrically-elicited LTD. Subtilisin-mediated LTD is also sensitive to mGIuR antagonists,
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indicating a possible indirect role for mGluRs in this type of LTD. Studies have also found
that subtilisin-mediated LTD involves proteasome mechanisms, although activation of
caspases alone is not the sole cause of LTD (Forrest ef al., 2013).

Further evidence of the role of subtilisin in generating LTD was provided by behavioural
studies in mice exposed to this protease. Injection of subtilisin into the dorsal
hippocampus immediately after an inhibitory avoidance test caused noticeable deficits in
memory formation in experimental mice. This impairment was dose-dependent, with
effects being most prominent at higher levels of subtilisin infusion. These memory
impairments reflect the role of other more established forms of LTD, such as NMDA-LTD,

in the regulation of memory formation (Kornisiuk ez al., 2011).

1.2.6 Roles of LTD

Physiological roles for LTD have been difficult to ascertain with absolute certainty due to
inherent difficulties of eliciting this effect in vivo, as well as the lack of LTD-specific
inhibitors. However, over the decades mounting evidence has suggested that LTD is
crucial to a number of neuronal processes, and in particular, the formation of memory in

several brain regions.

1.2.6.1 Memory and Learning in the Hippocampus

The hippocampal region of the brain has long been thought of as a region heavily involved
in the formation of new memories, and the existence of within the neurons of the CAl
neurons have been linked to the memory process. This is supported by evidence from
numerous studies in which different aspects of the LTD process were inhibited, leading to
disruptions in both morphology and functionality of neuronal structures. An investigation
involving the inhibition of the serine/threonine protein phosphatase 2A, a protein necessary
for LTD in the forebrain, demonstrated a decrease in NMDAR-dependent LTD. This
decrease reduced the abilities of mice when tested in both water maze tests and T maze
tests for place recognition (Nicholls et al, 2008). Impairment of dopaminergic
neurotransmission by inhibiting the dopaminergic transport protein also caused a decrease
in the size of the hippocampal LTD at CA1-CA3 synaptic junctions. In addition,
performance in the Morris water maze test was also reduced by an inhibition of the

dopamine transporter, which links the effects of LTD to elements of behavioural-related
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learning and memory (Morice et al., 2007). Other functions of the hippocampus, such as
novelty recognition, are also linked to the expression of LTD. LTD is facilitated by
exploration of a novel environment containing either familiar or new objects, with both
stimuli triggering effects via dopamine D1/5 receptors and 5-hydroxytryptamine 4 (5-HT4)
receptors (Kemp & Manahan-Vaughan, 2004; Lemon & Manahan-Vaughan, 2006). These
studies provide evidence of LTD involvement in hippocampal processes and in particular,

with regards to learning and memory, that can have behavioural implications.

1.2.6.2 Stress-induced LTD and memory processes

Impairments in spatial memory retrieval within the hippocampus can be attributed to the
induction of LTD. LFS-LTD is facilitated by the release of corticosterone, which is
dependent on glucocorticosteroid receptor activation and protein synthesis. Antagonists of
these processes are therefore capable of blocking the induction of LFS-LTD (Xu et al.,
1998). Corticosterone can also elicit mGluR dependent LTD in the hippocampus, as
demonstrated by the formation of DHPG-dependent LTD in hippocampal slices of rats
subjected to acute stress that caused an elevation of corticosterone levels. In contrast,
hippocampal slices from control rats which were not subject to stress, and the resulting
spike in corticosterone, did not respond to DHPG (Chaouloff ef al., 2007). NMDA-
dependent LTD is similarly capable of causing memory impairments, and in particular, the
GIluN2B subunit is known to be the basis for NMDAR-LTD modulated disruption of
memory retrieval.  Addition of a GIluN2B-selective antagonist promoted memory
following acute stress, but produced no effect on controls, highlighting their crucial role in
stress-induced memory impairment. General inhibitors of NMDA-dependent LTD is also
capable of alleviating stress-induced memory impairments, and these investigations
indicate that hippocampal LTD alone is capable of triggering memory impairments (Wong

et al.,2007).

1.3 Protein markers

Over the course of this study, the expression levels of several proteins were measured as
part of the experiments performed. These encompass a wide range of proteins which are

either relevant directly or indirectly to the function of the nervous system.
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1.3.1 Netrins

Netrins are a group of signalling molecules that are expressed in several regions of the
central nervous system. They act as regulatory factors direct the proper migration of
neuronal cells, and provide either chemoattractive or chemorepulsive cues depending on
the target receptor.

The balance between these two opposing netrin effects is crucial to the normal
development of the nervous system, as demonstrated in animals with disrupted netrin-1
signalling. The loss of netrin can lead to abnormal axonal projections and in the
hippocampus cause the failure of commissural axons to cross the midline. In turn, this
causes a disorganisation of the neurons travelling to the ipsilateral septum, and the ectopic

termination of netrin-1 mutant neurons (Barallobre et al., 2000)

1.3.1.1 Netrins in chemoattraction

In the cerebellum, netrin-1 is released by cells of the lateral ganglionic eminence, acting as
a chemoattractant signal to guide the migration of corticofugal neurons to the ganglionic
eminence (Métin et al., 1997). Netrin also attracts the neurons of the ventral midbrain,
promoting dopaminergic outgrowth to this region and is one of several factors directing
thalamorcortical axon projection to the internal capsule. Loss of these signalling cues
cause disorganised axon projections through the ventral midbrain and a general
misguidance of these neurons (Braisted et al., 2000; Lin et al., 2005). Netrin signalling
can be transformed from a chemoattractant signal to a chemorepulsive one by external
factors. An example can be found in Xenopus neurons, where the response to netrin is
Ca”"-dependent. Blockading Ca®" entry switches cellular response to netrin, from a

chemoattractive cue to a chemorepulsive signal (Hong et al., 2000).

1.3.1.2 Netrin in chemorepulsion

In the striatal ventricular zone, netrin-1 is expressed as a chemorepulsive signal that drives
the migration of subventricular neurons into the developing striatum (Hamasaki et al.,
2001). Netrin-1 is also responsible for directing the termination of dentate gyrus/hilus
neurons in the CA3 region of the hippocampus, and inhibition of these signals has
implications for memory processes (Steup et al., 2000). Axon projections of spinal

commissural neurons are also guided by chemorepulsive cues from netrin signalling. In
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their absence, these neurons are unable to project medially and instead continue ventrally

where they invade the motor column (Serafini ef al., 1996).

1.3.1.3 Mechanism of Action of Netrins

Netrin signalling is regulated by adenosine receptor A2, and by laminin-1, both of which
regulate netrin via cAMP-1 expression. One mechanism of netrin action involves
regulating elements of the cytoskeleton within neurons.  An example is the
phosphorylation of the microtubule-associated protein 1B, which is phosphorylated by
glycogen synthase and cyclin-dependent kinases in response to netrin signalling (Hopker et
al., 1999; Corset et al., 2000; Rio et al., 2004). Netrin is also able to regulate actin
turnover via the Unc5H receptors, which cause an upregulation of actin polymerisation via

Rho GTPases (Dent et al., 2004).

1.3.1.4 Netrin Receptors

Netrin receptors are separated into two different groups: Deleted in Colorectal Cancer
(DCC), which mediates chemoattraction in response to netrin; and the Unc5H family of
receptors, which mediate chemorepulsion in response to netrin. These are often
colocalised to the same neuronal pathways, but are generally expressed in different
regions. Both types of receptors can be found in Schwann cells after spinal cord injury,
where DCC is preferentially expressed in the injury site and the surrounding unmyelinated
region, whilst Unc5H receptors are more abundant in the intact nerves (Webber ef al.,
2011). In some instances both receptors are colocalised together at the same sites, as is the
case in retinal ganglion cells, where both are downregulated in response to axotomy of
dopamine-containing neurons (Ellezam et al., 2001; Flores et al., 2009). Developmentally,
the expression of these two receptors is also linked in the spinal cord, where both receptors
are expressed predominantly at different stages of development. During development,
DCC receptors constitute the largest portion of netrin receptors being expressed in these
neurons. In contrast, Unc5H receptors are the predominant form of netrin receptors in the

adult, indicating a change in the role of netrin over this time period (Manitt et al., 2004).
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1.3.1.4.1 Deleted in Colorectal Cancer (DCC)

DCC is responsible for mediating the chemoattractant effects of netrin, and are found
invarious neuronal processes. Expression of DCC in the locus coeruleus during
development is responsible for directing neuronal migration from the dorsal rhombomere
to the dorsolateral pontine tegmentum. In the forebrain, DCC guides the migration of
luteinizing hormone-releasing hormone neurons from the vomeronasal organ (VNO) to the
forebrain. Although both DCC and Unc5H3 are expressed in these cells, only DCC
mutations causes abnormal neuronal migration, indicating a more important role for netrin
chemoattraction in this process (Schwarting et al., 2001; Schwarting et al., 2004; Shi et al.,
2008).

DCC-mediated netrin chemoattraction also involves the BHLH transcription factors
NSCL-1 and NSCL-2 as part of neuronal guidance during the formation of the
precerebellar nuclei.  Reducing the levels of these transcription factors induces an
upregulation of Unc5H3 and a subsequent change to netrin chemorepulsion. Both effects
act to halt neuronal migration and cause ectopic accumulation of these cells (Schmid et al.,

2007).

1.3.1.4.2 Unc5H Receptors

The Unc5H family of receptors consists of four members: Unc5H1, Unc5SH2 Unc5H3 and
Unc5H4, and are known as dependence receptors due to the presence of death domains
which can trigger apoptosis. These apoptotic effects are usually prevented by netrin,
which cause the multimerization of Unc5H receptors. The chemorepulsive response
mediated through Unc5H receptors however requires a dimerization of Unc5H and DCC
receptor cytoplasmic domains (Hong et al., 1999). All members of the Unc5H receptor
family mediate netrin chemorepulsion, although variations between members exist both in
their expression and their response to netrin binding.  These differences are further
explored below, with particular emphasis on Unc5H1 and Unc5H3, which are of most

relevance to this study.

1.3.1.4.2.1 Unc5H1

The Unc5HI receptor expression can be found in neurons extending both dorsally and
ventrally in the mouse hindbrain during development. They also regulate the dorsal

projection of branchiomotor neurons, and are downregulated during initial acquisition of
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trace memory in mice, encouraging axonal extension and formation of new nerve terminals
(Barrett & Guthrie, 2001; Donahue et al., 2002; Murray et al., 2010). In the spinal cord,
Unc5H1 has proapoptotic roles unrelated to netrin signalling, and is also the mediator
through which netrin chemorepulsion is effected (Williams et al., 2006). Unc5HI
expression is regulated by the Pax6 transcription factor, c-kinase 1 and protein kinase C,
which forms a complex with Unc5H1 receptors to promote their endocytosis. The
formation of such a complex can prevent growth cone collapse in response to netrin
signalling, indicating the major role of these proteins in modulating neuronal migration and

synaptic formation (Williams ef al., 2003; Numayama-Tsuruta et al., 2010).

1.3.1.4.2.2 Unc5H3

In contrast to Unc5H1, which has a major role in regulating apoptosis, Unc5SH3 is mostly
utilised as a chemorepulsive receptor for netrin. Unc5H3 receptor expression is necessary
for delineating the rostral cerebellar boundary during development. Mutations of this
receptor can cause migrating neuroprogenitor cells to ignore chemorepulsive netrin cues,
resulting in the ectopic expression of granule cells. As the position of granule cells are
responsible for directing the subsequent migration of Purkinje cells, this also leads to
ectopic Purkinje cell expression, leading to an overall reduction in the anatomical size of
the cerebellum. These changes also decrease foliation of the cerebellum, producing motor
function deficits in mice. Mutations in the gene encoding Unc5H3 receptors also cause
ataxia and hyperactivity in experimental mice models (Przyborski et al., 1998; Goldowitz
et al., 2000; Choi et al., 2003). Migration of cerebellar interneurons in the first few
postnatal weeks is guided by netrin-1 signalling through Unc5H3 receptors at short
distances, without the involvement of DCC receptors. Migration within the corticospinal
tract is also directed by Unc5H3 receptors. These neuronal movements can be abolished
by mutations to the Unc5H3 receptor, causing ectopic migration and reducing the number
of decussating neurons at the hindbrain-spinal cord junction (Finger et al., 2002; Guijarro
et al., 2006). In dorsal root ganglia, neuronal migration is regulated by netrin-1 signalling
through the Unc5H3 receptors expressed in proprioceptive neurons (Guana & Condic,
2003; Masuda et al., 2008).

Both Unc5H3 and Unc5HI are implicated in the dorsal migration of spinal accessory
motor neurons away from the ventral midline region. In this process Unc5H3 signaling
has a more prominent role as the loss of Unc5H3 alone can prevent cell migration, whereas
loss of Unc5H1 did not interrupt the migration of these neurons (Dillon et al., 2007). The

apoptotic role of Unc5H3 is also highlighted in colorectal cancer cells, which express
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lowered levels of this receptor. This corresponds to a decreased level of apoptosis, which

enhances the spread of these tumour cells (Bernet et al., 2007).

1.3.2 GTPases

Guanine nucleotide binding proteins are a family of enzymes that act by cycling between
guanosine-diphosphate bound and guanosine-triphosphate bound states, and are commonly
known as Guanosine triphosphatases (GTPases). They are involved in cellular activities
such as intracellular vesicle transport, cytoskeletal organisation, cell morphogenesis and
protein kinase cascades. The Ras GTPase superfamily is one of the most well known
GTPase families, and consists of five groups: Rho/Rac, Ras, ARF, Ran and Rab GTPases.
Members of the Rho GTPases in particular are of most interest to this current study

(Wennerberg et al., 2005).

1.3.2.1 Rho GTPases

Rho GTPases constitute a major element in the regulation of the actin cytoskeleton and
focal adhesions in cells, and are responsible for the organization of actin filaments,
specifically the formation of lamellipodia and filopodia (Nobes & Hall, 1999). They are
regulated by the guanine nucleotide exchange factors (GEFs), which catalyse the exchange
of GDP to GTP and thereby activating the GTPase. Conversely, GTPase activating
proteins (GAPS) promote their intrinsic GTPase activity, leading to hydrolytic inactivation
(Moon & Zheng, 2003; Rossman et al., 2005). Rho GTPases are separated into different
groups depending on their overall structure, the most well known members being Cdc42,
RhoA and RhoB. In the context of the current study, RhoA and RhoB levels were
measured due to their role as regulators of actin, a protein severely affected by the

perfusion of subtilisin and other serine proteases used over the course of this study.

1.3.2.1.1 RhoA GTPase

A major role of RhoA is the regulation of the actin cytoskeleton via ROCK kinase, a
process underlying many activities of RhoA such as the loss of cell adherence in response
to Ras activation in cell cultures. This is due to either a disruption of acto-cytoskeletal
components by RhoA, causing cell integrity to become compromised (Khosravi-Far ef al.,
1995). RhoA downregulates nuclear migration of precerebellar neurons towards cells
expressing netrin by signalling through ROCK, although high levels of netrin-1 are capable

46



of inhibiting ROCK action an negating the effects of RhoA. This process is caused by the
maintenance of cAMP levels via a netrin-dependent mechanism, leading to increased
intracellular levels of DCC receptors (Causeret et al., 2004; Moore et al., 2008; Li et al.,
2013).

RhoA is also involved in the reduction of growth cone size in response to Semaphorin3A
signalling, by decreasing the availability of f-actin patches necessary for growth cone
elongation. As a result, actin monomers are formed into intra-axonal F-actin bundles that
interact with myosin II to cause axonal contraction. Semaphorin 4D is also capable of
causing growth cone collapse via RhoA activation and utilises receptor tyrosine kinase
ErB-2 as an intermediate. This actin-myosin response to RhoA expression is also utilised
by BDNF to abolish chemoattractant signalling by Cdc42 (Swiercz et al., 2004; Gallo,
2006).

RhoA also assists in axonal guidance by stabilising the region behind the growth cone and
preventing the formation of lamellipodia in this area. This restricts growth cone turning by
suppressing most protrusions, allowing it to migrate towards a chemoattractive signal

(Loudon et al., 2006).

1.3.2.1.2 RhoB GTPase

The gene encoding RhoB is one of a group of rapidly inducible genes activated in response
to stimulation or retroviral protein-tyrosine kinases (Jahner & Hunter, 1991). It is a known
inducer of cell apoptosis, and has potent inhibitory effects on cell transformation and
human tumor growth. RhoB is a target for the tumor suppressing farnesyltranferase
inhibitors, which act via RhoB to inhibit cell growth (Du et al., 1999). RhoB itself
possesses anti-tumour properties as a trigger for apoptosis, and restricting the activation of
Akt kinases by insulin growth factor 1 (Chen et al., 2000). Conversely, inhibition of RhoB
via PI3K and Akt kinases represents a crucial step in Ras-mediated oncogenesis (Jiang et
al., 2004).

RhoB is also an important regulator of intracellular transport, and is responsible for
directing movement of RhoB-containing endosomes to the cell membrane (Sandilands et
al., 2004). RhoB also regulates the localization of serine/threonine kinase PRKI1 to
endosomes and the intracellular trafficking of Cdc42 (Mellor et al., 1998). RhoB also
regulates the recruitment of Rac GTPase, allowing changes to the actin cytoskeleton at
both central and peripheral sites in preparation for cell migration (Huang et al., 2011).
Recently, RhoB was found to mediate long-term synaptic changes. Its expression is

associated with the induction of early-LTP, and by acting through cofilin, operates as a
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modulator of spine and dendritic morphology (McNair et al., 2010).

1.3.3 Actin

Actin are cellular proteins that are organised into filaments providing mechanical support
to cells and form the primary mechanism for cell motility. They are responsible for
transport of vesicles within cells, and assist in the formation of cell-cell junctions necessary

for the integrity of multicellular organisms (Pollard & Cooper, 2009). Three different

isoforms of actin exist in vertebrates: o, p and Y, which are differentiated by changes to the

N-terminus. Actin belongs to superfamily of sugar kinases, and fold into two major A/B
domains (Bork et al., 1992).

In cells actin either exist as individual G-actin monomers, or are joined together as F-actin
filaments. F-actin formation and extension involve addition of ATP-bound G-actin
monomers to the positive, or barbed end of the filament. Conversely, decreases in filament
length involve the dissociation of ADP-bound G-actin monomers from the negative, or
pointed end through the inherent catalytic ATPase mechanism of F-actin. Actin
dissociation from the filament is also aided by weakening the bonds binding ADP-actin to
the actin filament at the pointed end. The relative balance between the rate of these two
activities regulates the overall filament length (Dominguez & Holmes, 2011). F-actin is
essential to the formation and regular function of the cell cytoskeleton, and consists of two
G-actin actin chains formed into a left-handed helix. Extension and contraction of actin
filament length are regulated by the activities of nucleation factors at either end of the
filament. Known regulatory factors for actin include cofilin, DNase I, cordon-bleu and
profilin. Cofilin and the actin binding protein DNAse I cooperatively bind actin in the
cytoplasm and are colocalised with actin in vivo. Cofilin is expressed in both the
cytoplasm and the periphery, where it promotes actin depolymerisation, cell protrusions
and drives cell migration. In contrast, DNase I expression is limited to the cytoplasm
(Chhabra et al., 2002).

Polymerisation of actin is promoted by profilin, which has a high affinity for G-actin
monomers that are bound to its C-terminal via an a-helix. Profilin forms a complex that
sequesters actin monomers, and stabilises them via a catalytic exchange of actin-bound
ADP for ATP in a process that increases the ability of the actin monomer to become
polymerised. Profilin activity is more potent at the pointed end of actin filaments and are

highly expressed in dynamic cells where there is a need for constant actin turnover, and is
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expressed at lower levels in more mature, stable cells (Schluter ef al., 1997). Cordon-bleu
is another promoter of actin filament length, and act by increasing the assembly of cross-
linked actin monomers at the barbed end of actin. It binds actin via three WASP 2
domains (wiskott-aldrich syndrome protein homology 2) and has a key role in increasing
neurite outgrowth and branching. Inhibition or loss of cordon-bleu can result in an
attenuation of dendritic growth (Ahuja et al., 2007).

Actin filaments, in conjunction with myosin, form part of the acto-myosin mechanism
underpinning cell contraction in smooth and striatal muscle cells (Hanson & Lowy, 1963;
Graceffa & Dominguez, 2003). Actin-myosin interactions involve a strong association
between the DNase-binding loop on actin and the head of myosin, which is stabilised by

loops present in both actin and parts of the myosin head (Lorenz & Holmes, 2010).

1.3.3.1 Actin in cell migration and elongation

Cell migration depends on two processes regulating the actin cytoskeleton at the leading
edge. Lamellipodium is transient and is present at the extreme front of the leading edge,
where it promotes growth cone protrusion and retraction. Further back towards the cell
soma, acto-myosin filaments form the lamella that drives the main migratory process
(Ponti et al., 2004). Actin involvement in these migratory processes are regulated by
growth factors such as platelet-derived growth factor (PDGF), which acts via integrin-
linked kinases and P38 MAPK signalling to promote migration. PDGF activation of Rho
GTPases represents another form of actin regulation, as Rho GTPase trigger P21-activated
kinase phosphorylation of LIM-kinase via P21-activated kinase. This leads to the
phosphorylation of cofilin, which is subsequently activated (Edwards et al, 1999;
Esfandiarei et al., 2010). Lamellipodia in migrating cells also contain nascent adhesions,
where actin binds to the cytoplasmic domains of the integrin adhesion receptors to
establish these projections (Choi et al., 2009).

Lamellipodia activity is concurrent with the action of the finger-like cytoplasmic filopodia
projections responsible for guiding the growth cone. Filopodia arise from lamellipodia in a
process controlled by members of the WASP family of proteins, and the direction of these
projections take are partly dependent on the action of Src family kinases, which regulate
filopodial motility (Biyasheva ef al., 2003; Robles et al., 2005). Filopodial extension and
lateral movement depends on a balance between retrograde flow and polymerisation of
actin bundles at an angle to the leading edge (Mallavarapu & Mitchison, 1999; Oldenbourg
et al., 2000). In the dendritic network, members of the Arp family of proteins regulate

actin dynamics by controlling lamellipodia reorganistation. VASP (vasodilator-stimulated
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phosphoprotein) molecules also support these activities by preventing the capping of the
actin filament at the barbed end and promoting actin filament clustering, which are
subsequently stabilised by cross-linkage proteins such as fascin. The importance of these
cross-linking proteins is underlined by the use of RNA interference on fascin expression,
which results in a decrease in filopodia density and a disruption of their morphology.
Conversely, overexpression of fascin promotes extension of existing filopodia and the
development of new filopodia (Svitkina et al., 2003; Vignjevic et al., 2006; Applewhite et
al., 2007).

The extent of lamellipodia and filopodia growth is dependent on the ratio of G-actin to F-
actin within the growth cone, with a higher ratio promoting protrusion (Lee ef al., 2013).
Filopodia are also important clinically as the driving force behind the invasive behaviour
of cancer cells, which utilise actin bundles in conjunction with trafficking proteins such as

dynamin to invade and degrade the extracellular matrix (Li ef al., 2010).

1.3.3.2 The Actin Cytoskeleton

Another important component of the actin cytoskeleton is the stress fibres, which are found
as either dorsal or ventral fibres, or as unattached transverse arcs. Dorsal stress fibers
connect to a substrate at one end via focal adhesion points and are assembled by formin-
dependent actin polymerisation. In comparison, transverse arcs are unconnected at either
end, and are formed by annealing the end of myosin and actin bundles from lamellipodia.
However, both types of fibres are capable of becoming ventral fibres and binding focal
adhesion points at either end (Hotulainen & Lappalainen, 2006). Interactions between
focal adhesion points, dorsal and ventral stress fibres are regulated by talin, vinulin and
paxilin, with paxilin expression in particular being elevated prior to actin filament
assembly at the focal adhesions (Barry & Critchley, 1994). This dynamic actin assembly is
assisted by cortactin, which binds actin and the Arp2/3 complex to act as a link between
cadherin adhesions and the actin cytoskeleton. Inhibition of cortactin blocks Arp2/3-
dependent actin assembly and the association of actin with cadherin, in addition to
attenuating cell growth (Weaver et al., 2002; Helwani et al., 2004).

Actin forms a complex with the cadherin tail and B-catenin in a process requiring the
presence of both actin cables and myosin II, which is regulated by a-catenin and vinulin.
As cell elongation proceeds, cadherin adhesions are formed sequentially along actin fibres,
with fully developed adhesion points found mainly in the lamellipodia. Actin is necessary
for the establishment of cadherin adhesions, and as the cell moves cadherin adhesion points

are degraded, causing actin depolymerisation (Kobielak & Fuchs, 2004; Lambert et al.,
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2007). Cadherin adhesions are also involved in Ca®*" -driven filopodia penetration of
neighbouring cells, which is the first stage in the establishment of cell-cell junctions.
These are established by the binding of cadherin to the cytoplasmic end of filopodia,
concurrently with the binding of desmosomes to the opposite end in target cells. The
process is completed by the reorganisation of actin reorganisation into punctae, a stage
crucial to ensuring the complete sealing of the intracellular space (Vasioukhin et al., 2000).
At apical junctions, adhesion proteins such as cadherin associate with both actin and other
cytoplasmic proteins such as Rac GTPase, which may improve the efficiency of binding.
The integrity of tight junctions are also susceptible to actin depolymerisation, which causes
the endocytosis of occludin, a plasma membrane protein integral to the function of tight
junctions (Shen & Turner, 2005; Miyoshi & Takai, 2008).

Actin cytoskeletal changes are accompanied by a simultaneous increase in protein
biosynthesis, driven by transcription factors activated by actin polymerisation. By acting
through several signalling cascade this ultimately leads to the activation of nuclear

transcription factors and an increase in protein expression (Olson & Nordheim, 2010).

1.3.3.3 Actin and the endocytotic pathway

F-actin also takes part in clathrin-mediated endocytosis, where it is involved with multiple
stages of the clathrin processes, such as their separation and cell surface mobility.
Inhibition of actin by either latrunculin A or Jasplakinolide, which both stabilise actin,
almost completely inhibits clathrin-related processes (Yarar et al., 2005).

Actin filaments also drive the cell membrane invagination preceding the formation of
clathrin-coated endocytotic vesicles. A model of this process involves the polymerisation
of actin filaments around the endocytotic site, pushing the invaginated membrane inwards

to form a separate vesicle (Galletta et al., 2010).

1.3.4 Synaptic proteins

Synaptic transmission in the nervous system is dependent on exocytotic release of
neurotransmitters in response to stimuli. The following steps are observed in this process:
synthesis of the neurotransmitter in the Golgi apparatus, followed by vesicular transport to
the synaptic site, where they are sequestered by synaptic proteins in preparation for release.

In response to stimulation, voltage-gated calcium channels open, elevating intracellular
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Ca”" levels and triggering the fusion of vesicles with the cell membrane at the synapse and
release their cargo of neurotransmitters. The release mechanism involves a number of
proteins, which are collectively known as SNARES (Soluble NSF Attachment Protein
receptor). The main proteins belonging to this complex are the synaptobrevins/vesicle-
associated membrane proteins (VAMPs), synaptotagmin, SNAP-25, synaptophysin and
syntaxin. A disruption to the expression of these proteins is the major cause of many
pathological processes, such as botulism, caused by the cleavage of VAMPs by clostridial
toxins. As part of this study, the expression levels of several members of the SNARES
family were measured. Synaptobrevin/VAMP-1 is a protein highly susceptible to subtilisin
cleavage as shown in previous studies, and is therefore a good marker for changes to
subtilisin action. Synaptotagmin and synaptophysin both act as synaptic protein controls
for VAMP, and are known be more resilient in resisting subtilisin proteolysis based on

previous studies.

1.3.4.1 Synaptotagmin

Within the SNARE complex, synaptotagmin selectively binds calcium under physiological
conditions, and is responsible for the intracellular response to the calcium influx as a result
of stimuli. The essential role of synaptotagmin was demonstrated in a knockout mouse
model lacking this protein, which displayed severe disruptions to synaptic transmission and
caused the death of homozygous knockout mice within 48 hours of birth (Geppert et al.,
1994). In a similar manner, point mutations in synaptotagmin that decrease Ca*" affinity
lowers the rate of vesicle release in response to calcium influx (Yoshihara & Littleton,
2002). Synaptotagmin promotes vesicle fusion by binding VAMP in a Ca®"-dependent
manner; however, it is also associated with SNAP-25 and syntaxin in a Ca*" independent
manner (Stein et al., 2007).

In addition to promoting the exocytosis of vesicles, synaptotagmin is also involved with
the endocytosis of spent vesicles from the membrane after neurotransmitter release. A
mutation in this protein depleted the amount of synaptic vesicles available for
neurotransmitter release by reducing vesicle reuptake, but had no impact on the transport
of newly synthesized vesicles to the synaptic site. As membrane fusion proteins are
recycled for reuse after neurotransmitter release, inhibition of the endocytotic process
decreases the availability of these proteins and prevents the replenishment of synaptic
vesicles (Deak et al., 2004). The effectiveness of the synaptotagmin response to Ca*" is
also dependent on the composition of the synaptotagmin heterodimers. Some members of

the synaptotagmin family such as synaptotagmin IV possess a very low affinity to calcium
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in comparison to synaptotagmin I, and can therefore reduce the overall rate of calcium
binding at synapses (Littleton ef al., 1999). In addition to their roles in endocytosis and
exocytosis, synaptotagmin also assists in the recycling process of internalized receptors.
Synaptotagmin III is responsible for the formation and delivery of endosomes containing
internalized receptors to the pericentriolar endocytic recycling compartment. However, an
inhibition of this protein results in a peripheral accumulation of these vesicles, in contrast

to their movement under normal physiological conditions (Grimberg et al., 2003).

1.3.4.2 Syntaxins

Syntaxin links the calcium-sensing function of synaptotagmin to the SNARE vesicle fusion
apparatus. Syntaxins, SNAP-25 and synaptobrevin form the complex responsible for
vesicle docking, determining the state of the vesicle prior to fusion. This complex is also
necessary for vesicle fusion to take place, and the loss of syntaxin precludes the formation
of a stable SNARE complex (O'Connor et al., 1997; Walter et al., 2010). Syntaxin, and the
associated SNAP-25 protein, are both recycled after vesicle fusion and are expressed

widely in synaptic vesicles (Walch-Solimena et al., 1995).

1.3.4.3 Synaptosomal-Associated Protein 25 (SNAP-25)

SNAP-25 (Synaptosomal-Associated Protein 25) is a target-membrane SNARE, and is
essential for evoked release at neuromuscular junctions and nervous system synapses.
They are expressed in the neurons of the mossy fibre region and the dentate gyrus of the
hippocampus, and can be found in axonal growth cones during development (Oyler et al.,
1989; Osen-Sand et al., 1993).

It is also capable of forming complexes with other SNARE proteins such as the
synaptobrevins/VAMPs and syntaxin. SNAP-25 acts as a stabilizing factor for a a-SNAP
sensitive complex between VAMP and syntaxin. In their absence, SNAP-25 is able to
interact with synaptotagmin, linking the elements of the SNARE complex with calcium-
sensing proteins (McMahon & Siidhof, 1995; Schiavo et al, 1997; Schiavo G. et al.,
1997).

Loss of SNAP-25 also affects synaptic recycling in a similar manner to synaptotagmin, by
reducing the readily releasable vesicle pool and abolishing the fast Ca**-mediated response

(Zhang et al., 2002).
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1.3.4.4 Synaptophysin

Synaptophysin is a member of the SNARE protein group often associated with VAMP, and
consists of two members, synaptophysin and synaptoporin (synaptophysin II). Both are
often co-expressed at nerve terminals, and are colocalised within the same vesicles.
However, synaptoporin expression is largely restricted to a few selective neuronal
populations, whereas synaptophysin expression can be found in most nerve terminals
(Fykse et al., 1993).

The synaptophysin protein spans the cell membrane 4 times, with both the amino and
carboxyl terminals residing in the cytoplasmic domain. Differences in the structure of
synaptophysin between species are due to changes in the intravesicular loops.  The
cytoplasmic domain however, which contains the Ca®" binding site, is highly conserved
between species (Rehm et al., 1986; Johnston et al., 1989).

During postnatal murine brain development, a 80-fold increase in synaptophysin was
observed in the cerebellum, correlating with a period of synaptogenesis (Knaus et al.,
1986). This relationship between synaptophysin and synaptogenesis is clearly visible
during the development of the rat hippocampal dentate gyrus. Changes to synaptophysin
expression corresponded to periods of denervation and renervation in this region, and
increasing the expression of synaptophysin corresponded to an increase in the size of the
inner molecular layer. This suggests that synaptophysin expression can be used as an
indication of terminal formation or loss within the region (Masliah et al., 1991).
Synaptophysin expression is also activity-dependent, as cell-cell contact triggers their
expression in newly formed puncta, whereas in quiescent cells the expression of these

proteins is more dispersed (Chhabra et al., 2002).

Synaptophysin also interacts with VAMP proteins, a process that only occurs in the adult
nervous system, as embryonic VAMP is unable to bind the synaptophysin equivalent in the
embryo (Becher et al., 1999). Synaptophysin regulates VAMP transport to the synaptic
vesicles in a dose-dependent manner, specifically the movement of the VAMP-2 isoform,
as the VAMP-1 isoform is unaffected by changes to synaptophysin expression. This
targeting mechanism involves the formation of a heterodimer complex between the
cytoplasmic domains of both synaptophysin and VAMP-2, which can be further promoted
by inhibiting the formation of the VAMP-syntaxin-SNAP 25 complex (Edelmann et al.,
1995; Washbourne et al., 1995; Pennuto et al., 2003; Bonanomi et al., 2007).

Synaptophysin is also a regulator of activity-dependent synapse formation, as

demonstrated by differences in synaptic formation between cells carrying wild-type and
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mutated forms of synaptophysin (Tarsa & Goda, 2002).

Expression of synaptophysin is also clinically relevant due to their role in synaptic
signaling. Mice possessing mutated synaptophysin show a reduced capability for object
novelty recognition and have spatial learning deficiencies. Synaptophysin expression is
also reduced in Alzheimer’s disease, where patients display a 50% reduction in the
expression of this protein in the parietal, temporal and midfrontal cortex (Masliah et al.,

1989; Schmitt et al., 2009).

1.3.4.5 VAMP

The synaptobrevin/VAMP (vesicle-associated membrane protein) family of proteins
consist of 10 members in humans, involved in either exocytosis or endocytosis within cells
of the nervous system and the neuroendocrine system.

The structure of VAMP-1 consists of three separate domains: a proline-rich domain, an
internal domain and a hydrophobic carboxyl-terminal that anchors the protein to the
membrane (Trimble et al, 1988). In the central nervous system, VAMP proteins are
associated with both synaptic vesicles and the presynaptic plasma membrane, remaining on
the membrane of the cytoplasmic domain throughout the vesicle fusion process
(Taubenblatt et al., 1999). The most well-known members of the VAMP family, VAMP-1
and VAMP-2, are expressed in the rat central nervous system, but their distribution varies
according to location. VAMP-2 is widely distributed and strongly expressed in many
major neuronal nuclei and is found in regions including the autonomic motor nuclei, the
sensory nuclei and the supraoptic nuclei. In contrast, VAMP-1 expression is present in
more specialised areas such as the nerve terminals of thalamic neurons or the zona incerta
of the subthalamic nuclei. Both members of VAMP are highly expressed in the locus
coeruleus, where they are colocalised with synaptophysin (Trimble, 1993; Raptis et al.,

2005).

The synaptobrevin/VAMP proteins can also be found in non-neural tissue, such as the
kidneys, spleen or adrenal glands, although variations exist in the type of VAMP proteins
expressed by each individual tissue. VAMP-2 is expressed in rat pancreatic islets, where it
is involved in the release of secretory granules containing insulin and microvesicles
containing GABA (Regazzi et al., 1995; Rossetto et al, 1996). VAMP protein
homologues are also associated with exocytosis and reuptake of GluT4-containing small
vesicles in rat adipocyte cells, which are released in response to insulin signalling (Cain et

al., 1992).
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Multimerisation of the VAMP protein leads neurotransmitter release, and this process can
be triggered via several mechanisms. Multimerisation can be induced by phosphorylation
of VAMP proteins by endogenous kinases, such as the calmodulin-dependent protein
kinase II and casein kinase II. Both phosphorylate residues within the cytoplasmic region
of VAMP whilst the protein is localised within synaptic vesicles (Nielander ef al., 1995).
Application of stimuli can also promote the multimerisation of VAMP and synaptophysin,
increasing the proportion of these proteins from 10% to 25% of the total protein expression
in synaptosomes via a kinase-independent mechanism (Khvotchev & Siidhof, 2004). In
addition to synaptophysin complexes, VAMP also forms complexes with syntaxin and
SNAP-25, a process which precedes their anterograde axonal transport to nerve endings.
These interactions are dependent on the involvement of the VAMP N-terminal, and can be
blocked by mutations in this region which prevent subsequent vesicle priming (Shiff &
Morel, 1997; Walter et al., 2010).

This complex also has an important association with the Ras GTPase Rab3A, which is
necessary for exocytosis in a variety of tissues. Genetic knockout models of VAMP also
demonstrate a delay in fast endocytosis after stimulation, a process used for synaptic
vesicle recovery. This demonstrates the role of VAMP in replenishing the rapid-release
pool of vesicles at the synaptic site (Horikawa et al., 1993; Deédk et al., 2004). VAMP
action occurs downstream of vesicle docking, as their absence does not prevent vesicle
targeting and docking in response to stimuli. Likewise, spontaneous transmitter release is

unaffected by the loss of VAMP (Broadie ef al., 1995).

In the spinal cord, both VAMP-1 and VAMP-2 are widely expressed, VAMP-1 most
prominently in the nerve terminals of the ventral horn, and VAMP-2 found mainly in the
dorsal horns. In general VAMP-1 is localised to motor neurones, whereas VAMP type 2 is
localised in adrenergic and sensory neurones (Li et al., 1996). The axonal expression in
response to nerve damage differs between VAMP-1 and VAMP-2, with VAMP-1 being
less severely affected and possessing a faster recovery period than VAMP-2. There were
however no differences to the expression of VAMP-1 or VAMP-2 within the cell soma
after injury (Jacobsson ef al., 1998).

Synaptic proteins also perform crucial roles in the human immune system by facilitating
the release of neutrophil granules. The exocytotic release of these granules is dependent
on the presence of complexes formed by different VAMP isoforms. Release of both
neutrophil-specific and tertiary granules are mediated through complexes containing

VAMP-1 and VAMP-2 and SNARE proteins, whereas the release of axurophilic granules
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involves formation of a complex containing VAMP-1 and VAMP-7. Both sets of VAMP
complexes interact with the plasma membrane by an association with syntaxin (Mollinedo

et al., 2006).
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1.4 Aims of this project

Based on previous studies, it is known that subtilisin-mediated LTD involves the selective
degradation of proteins, although as a relatively new type of LTD, very little is known of
its mechanism. The purpose of these investigations was therefore to determine if subtilisin-
mediated LTD was dependent proteolytic action alone, and if mechanisms from other types
of proteases, such as metalloproteases, were involved. A secondary aim was to determine
the relative importance of the proteins most susceptible to subtilisin action to the resultant
LTD effect. Finally, the action of subtilisin was compared to those of other types of LTD
in order to verify that this was a novel type of LTD. Subtilisin action was also compared
to those of another serine protease, to determine whether these effects were restricted to

subtilisin alone, or could be replicated by other members of the serine protease family.

1) Potential metalloprotease mechanisms were investigated by altering extracellular

conditions to either enhance or inhibit the action of metalloproteases.

2) The importance of proteolytic activity to the generation of LTD by subtilisin was

investigated by selectively inhibiting serine protease activity.

3) The importance of the proteins most susceptible to subtilisin action was investigated by
targeted blockade using protein-specific antibodies, and for actin, through the use of a

polymerising agent.

4) Subtilisin-mediated LTD was also compared to other common types of LTD to establish
whether this type of LTD was a novel form of LTD.

5) The ability of other serine proteases to generate effects similar to subtilisin was

evaluated by comparing the action of another serine protease, namely a-chymotrypsin,

with subtilisin.
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Chapter 2 - Methods

2.1 Hippocampal slice preparation

Hippocampal slices were prepared from young adult male mice (ICR strain), weighing
between 25-35g. Mice were anaesthetised using an intraperitoneal injection of 25%
urethane, at a dosage of 1ml/100g. After a short period, limb and corneal reflexes were
checked to determine the effectiveness of anaesthesia. Upon the cessation of these
reflexes, the mouse was killed by cervical dislocation. The brain was rapidly removed and
placed into ice-cold, oxygenated aCSF containing (mM): KH2PO4 (2.2); KCI (2.0);
NaHCO3 (25); NaCl (115); CaCl2 (2.5); MgS04 (1.2); glucose (10); distilled water. The
hemispheres were separated, and the hippocampus dissected from each side. The
hippocampi were then sliced transversely using a Mcllwain tissue chopper to produce
slices with a thickness of 450um. Slices were transferred to a petri dish containing cold,
oxygenated aCSF, for separation into individual slices. The volume of aCSF within the
dish was then reduced by removal via a syringe to obtain an optimal level that allowed
oxygen diffusion into the slices whilst ensuring they would be sufficiently immersed. The
slices were then placed in a closed incubation chamber continuously gassed with 95%

0,/5% CO,, at room temperature.

2.2 In-Vitro Electrophysiological Recordings

Slices were kept in the incubation chamber for at least 1 hour prior to recording to allow
acclimatization and recovery after dissection. Individual slices were retrieved and placed
on a wire mesh within a 1ml recording chamber, and held in place using small silver bars
placed over the top of the slice. Oxygenated (95% 0,/5% CO,) aCSF was continuously
perfused over the slice at a rate of 3-4ml/min. The temperature of the aCSF was maintained
between 28 and 30°C using a water bath. Stimuli were delivered via a concentric, bipolar
stimulating electrode, positioned manually using micromanipulators on the stratum
radiatum in the CA2 region to elicit orthodromic-evoked responses. Stimuli were produced
using a NeuroLog period generator (NL303) and delay-width (NL403), and delivered using

a NeuroLog stimulus isolator (NL800) to ensure signal fidelity. The stimulus was
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delivered at 330pus square wave pulses at a frequency of 0.1Hz through the bipolar

electrode.

Recording electrodes were made using borosilicate glass capillaries, pulled to a fine tip of
lum using a Kopf vertical pipette puller. Under a microscope, the tip was then broken to a
diameter of around 2-8uM to lower the electrical resistance of the electrode, and
subsequently filled with 4mM NaCl with a fine needle. The micropipette was then attached
onto micromanipulators, and an Ag/AgCl wire electrode, connected to a headstage, was
inserted into the top end of the micropipette prior to use. The other end of this electrode
was connected to a NeuroLog pre-amplifier (NL104), and the evoked response was filtered
using Neurolog filters (NL125) as well as a noise canceller (Hum Bug, Quest Scientific).
This response was visualised using a Gould Oscilloscope 1602, and the signal was
captured using Cambridge Electronic Design microplus1401 interface onto the computer-
based Signal software. Population spikes were recorded by placing the recording electrode
on the CA1 pyramidal cell layer; for field excitatory post-synaptic potentials (EPSPs), the
electrode was place in the stratum radiatum to record at the synapse junction of CA3 and
CA1 pyramidal neurons. (Figure 1.1) A sampling frequency of 10000Hz was used to
capture waveforms over the course of the experiment, with stimuli delivered every second
during the setup of the experiment, and at 10-second intervals during the course of the
experiment. The strength of the stimulus was adjusted using a Neurolog pulse buffer
(NL510) to produce a maximum response from the slices; the population spike size being
defined by the difference between the positive and negative peak potentials, and the fEPSP
size defined as the difference between the negative peak potential and the recovering
baseline. For all experiments, after attaining maximal response, the stimuli was reduced to
a submaximal response of around 70% prior to the start of recordings to allow for changes
in potential size in response drugs perfused over the course of the experiment. For each
experiment, a stable baseline was maintained 10 minutes prior to the start to allow an
accurate measure of the action of drugs. Percentage values are derived from the average of
10 points prior to addition of the drug. Data from all experiments were analysed and
normalised using GraphPad Prism software, with baseline percentage value derived from

averaging the 10 points prior to addition of the drug.
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Figure 1.1 Diagram of acute in-vitro mouse hippocampal slice, and locations of

stimulating/recording electrodes.

General locations for electrode placement are shown above. Stimulating electrodes were
placed within the CA2 region of the hippocampal slice, and recording electrodes in the
pyramidal layer (for population spikes) or the stratum radiatum (for fEPSPs). Diagram
locations: comm. = commissural; sc. = Schaeffer collaterals; ent. = Entorhinal cortex; mf.

= mossy fibres.

2.3 Bradford Assay

After electrophysiology was completed, slices were removed from the recording chamber
and placed into Eppendorf tubes kept on dry ice, and subsequently stored at -80°C until
further use. Proteins were subsequently extracted from these hippocampal slices for
western blotting. 110ul of RIPA buffer (composition: 50mM Tris; 150mM NaCl; 1%
Igepoal; 0.5% TritonX 100; 0.1% sodium dodecyl sulphate [SDS]; complete Mini EDTA-
free protease inhibitor cocktail tablet {composition: aprotinin; bestatin; calpain inhibitor I;
calpain inhibitor II; chymostatin; E-64; leupeptin; o2-macroglobulin; petabloc SC;
pepstatin; PMSF; TLCK-HCL; trypsin inhibitor (chicken, egg white); trypsin inhibitor
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(soybean)}) was added to the Eppendorf tubes and the mixture of solution and slice tissue
was homogenized with a pestle until no visible debris was left. The tubes were then placed
in a centrifuge and spun at 13,000 rpm at 4 degrees Celsius for 5 minutes to remove cell
debris. Eppendorfs were carefully removed from the centrifuge, and the clear supernatant
carefully pipetted into a new Eppendorf tube, taking care not to disturb the pellet at the
bottom of the original tube. During this process samples and solutions were kept on ice to

minimize protein degradation.

A Bradford Assay was used to measure protein concentration in each sample by comparing
the samples to a set standard. The standard concentration curve for this assay was prepared
using 0, 0.25, 0.5, 1.0, 1.5 and 2.0pg/ml Bovine Serum Albumin, using a stock solution of
2mg/100ml. Samples for the assay were prepared by adding 4ul sample to 396l distilled
water in an Eppendorf tube. Biorad reagent was mixed with distilled water at a 1:1
dilution, and 200l was added to each sample and standard solution and mixed thoroughly
using a vortex. 200ul from each solution was pipetted into a 96-well plate in duplicates,
and measured using fluorometry at 595nm on a plate reader, with values analyzed using
Revelation Link software. Once the protein concentration in each sample was established,
proteins were normalized using the lowest protein value, by adding distilled water to reach

an optimal protein concentration of 12-15ug protein per gel lane.

2.4 Western blotting

After normalisation, samples for the western blots were prepared by mixing 65% sample
(32.5ul), 25% 4x sample buffer (12.5ul) and 5% 10x reducing agent (5ul) in Eppendorf
tubes. The solution in the tubes were then mixed thoroughly using a vortex before being
placed into a water bath and heated to 70°C for 10 minutes, prior to gel loading. A mixture
of NuPage MOPS running buffer (50ml) and distilled water (950ml) was prepared, 200ul
of which was set aside in a conical flask and 0.5ml NuPage antioxidant added to this
solution. NuPage 4-12% Bis-tris gel cassettes was removed from packaging, and rinsed
with distilled water. The comb was carefully removed to prevent damage to the loading
wells, and rinsed three times with NuPage buffer from the conical flask. After the last
rinse, the buffer was left in the wells before being placed in a gel tank for electrophoresis,
with the wells on the inside of the central reservoir. The remaining buffer in the conical
flask, containing antioxidant, was poured into the central reservoir. The rest of the buffer

was added to the outside this reservoir to keep the gel cool and prevent it from drying out.
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Each gel was loaded with10ul Amersham Full-Range Rainbow Molecular Weight Marker
(RPN800V), and 15l of prepared samples (for 15-lane gels) or 20ul prepared samples (for
10 or 12-lane gels) into individual wells. The gels were then run for 1 hour and 20 minutes,
at 150V, 240 mA. PVDF membranes and transfer buffer were prepared in the interim.
Transfer buffer with prepared with the following composition: 50ml NuPageTransfer
buffer, 200ml methanol (100ml for one gel), 750ml distilled water and 1ml antioxidant.
These were thoroughly mixed before setting aside 200ml of buffer for the central reservoir.
The remaining solution was used to soak the filter paper, PVDF membrane, transfer case
and sponges for the transfer process. Prior to soaking in transfer buffer, PVDF membranes
were soaked in methanol for one minute to allow the membrane to interact with the
transfer buffer. Sponges were flattened using a small roller, to ensure they were fully
saturated in transfer buffer, before 2 were placed into the case. Once electrophoresis was
completed, the gel cassettes were removed from the tank, and placed on a flat surface. The
gel cassettes were then cracked around the edges, and the top removed carefully to prevent
damage to the gel. Pre-soaked filter paper was placed on top of the gel, which was then
turned over, and the gel carefully separated from the other side of the cassette. The PVDF
membrane was then placed onto the exposed side with another soaked filter paper on top of
the membrane. The filter papers were checked to ensure no bubbles could affect the
protein transfer, before being placed onto the sponge stack in the case. Another gel was set
up in the same manner as the first, with 3 sponges separating the two gel sets. A final 2
sponges were placed on top of the second gel set before the case cover was added, with all
sponges checked for bubbles prior to placement. The complete case was then secured in
the running tank. Transfer buffer from the flask was poured into the central reservoir in
the case, up to lem from the top of the case, to prevent the membrane from drying out.
Distilled water was added to the rest of the running tank to keep the case cool during the
transfer process. The transfer was run for 1 hour 10 minutes at 30V, 450mA. After the
protein transfer was completed, the membrane was separated from the gel, and rinsed
several times with distilled water. They were then immersed in ponceau solution over 5
minutes to determine whether the transfer was successful. The membrane was then rinsed
with distilled water, before being checked for the presence of protein bands. The
membrane was then immersed in 0.1 NaOH for 10-30 seconds to remove the ponceau
solution from the membrane. The membranes were again rinsed with distilled water before
being stored in TBST. TBST was made by mixing 100ml TBS stock solution (comprising
48.4g TRIS and 160g NaCl in 21 distilled water, pH adjusted to 7.6 using 50% HCI, before
addition of 0.5ml Tween), and topped up to 11 with 900ml distilled water. Membranes

were subsequently blocked by immersion in a milk-TBST solution (5g milk powder in
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100ml TBST) for one hour on a shaker. They were then cut to separate protein bands in
order to allow individual primary antibody incubation. Both primary and secondary
antibodies were prepared in the milk-TBST solution. Primary antibodies were left in at
4°C on a shaker, before being washed in TBST for three 15-minute intervals. The blots
were then incubated using the relevant secondary antibody for 1 hour at room temperature,
on a shaker.

The following antibodies were used over the course of these experiments. Unc5SH1 (Gt) at
1:1,000 dilution; Unc5H3 (Gt) at 1:1,000 (for EDTA experiments only) and 1:500 dilution;
RhoA (Mse) at 1:1,000 dilution; RhoB (Mse) at 1:1,000 dilution; actin (Gt) at 1:10,000
dilution; Synaptotagmin (Mse) at 1:10,000 dilution; Synaptophysin at 1:10,000 dilution
and VAMP-1 (Gt) at 1:10,000 dilution. Secondary antibodies used were Donkey anti-goat
and Goat anti-mouse, both at a 1:5,000 dilution.

After the secondary incubation was completed, membranes were again washed in TBST
for three 15-minute intervals, before being rinsed in water. They were then placed on a flat
surface on a plastic folder, and developing ECL solution was added to the membranes.
The membranes were then covered for 5 minutes to allow the ECL solution to react with
the secondary antibodies, before being placed into the developing cassette. Any excess
ECL was blotted off using tissue, before being placed into the developing cassette.

The cassette was then taken into a dark room, and a developing film was placed into the
cassette for an initial exposure period of 1 second. This film was then developed, and
based on the intensity of the band signal, other film exposures were taken to provide an
optimum band for analysis. These films were then scanned, and analysed using Imagel
software developed by National Institutes of Health. A box encompassing the whole band
was selected, and three background measurements were made prior to measuring the
protein bands in order to take into account any background changes in intensity.
Measurements were taken in triplicate, and the average of the three measurements was
taken for comparison in each band. These were then analysed by carrying out either t-tests
or two-way ANOVAs using GraphPad Prism software. The protein band of each marker
was determined by comparing their expected location with the protein ladder, as

demonstrated in Figure 1.2.

Results were graphed using excel and Sigmaplot, with each data point represented as mean

+ SEM.

All chemicals involved in electrophysiological recordings including aCSF chemicals,

subtilisin and chymotrypsin were sourced from Sigma Aldrich. For immunblotting, gel
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packs, running buffers and transfer buffers were obtained from Life Technologies.
Ponceau solution was obtained from Sigma, ECL solutions from Millipore and Biorad
solution (for protein assays) from Bio-Rad Laboratories. Antibodies for immunoblotting
were obtained from the following companies: Santa Cruz (Actin, Unc5HI1, Unc5H3,
RhoA, RhoB goat-anti-mouse, donkey-anti-goat), Millipore (Synaptophysin), R & D
Systems (VAMP-1, Synaptotagmin).
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Figure 1.2 Relative size of protein markers

The above diagram indicates the expected size of each protein marker, when compared

with the protein ladder on the immunoblot.
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Chapter 3 - Contribution of protease

mechanisms to subtilisin-mediated LTD

3.1 Metalloprotease mechanisms

3.1.1 Introduction

Based on previous studies, it is known that subtilisin targets a number of proteins,
including the synaptic protein VAMP-1 (Forrest et al., 2011). The synaptic proteins
comprising the SNARE complex, which include the VAMP proteins, are also established
targets of the clostridial metalloproteases TeTx and BTx. These neurotoxins are zinc-
dependent metalloproteases, and are therefore susceptible to extracellular changes to metal
ion concentrations. This attribute has been demonstrated in multiple studies in which the
actions of these metalloproteases have either been enhanced by addition of metal ions, or
attenuated using metal chelators (Yamasaki et al., 1994a). Since both subtilisin and the
clostridial metalloproteases target VAMP-1, experiments were conducted to evaluate

possible contributions of metalloprotease mechanisms to the activities of subtilisin.

3.1.2 Results

3.1.2.1 Extracellular zinc ions do not potentiate subtilisin action

In order to examine whether subtilisin was dependent on metalloprotease action, an
experimental protocol was developed in which subtilisin was exposed to exogenously
applied zinc ions. Addition of zinc to the perfusate is known to cause a significant increase
in TeTx activity, and a similar response with subtilisin would suggest that subtilisin acts
via a similar mechanism. To test this hypothesis, the following protocol was used: a
fEPSP with amplitude of 0.5-ImV was established for 10 minutes to allow a stable
baseline to be measured. An aCSF solution supplemented with 50uM zinc was then
perfused over the slice in the recording chamber for 10 minutes, to establish if the addition
of zinc alone had any impact on the fEPSP size. If no change to potential size was

observed after this period, aCSF containing 4uM subtilisin was perfused onto the slice over
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a period of 10 minutes, followed by a 40-minute recovery period in aCSF supplemented
with zinc. Control experiments involved perfusion of normal aCSF throughout this period,
with the exception of the 10 minutes in which subtilisin was applied to the slice. Addition
of zinc did not significantly change the decrease in fEPSP subsequent to subtilisin
perfusion (P = 0.7767, Figure 3.1a). No significant changes were observed in protein
expression as measured by immunoblotting between slices exposed to subtilisin in aCSF,

or in aCSF supplemented with zinc (P > 0.05, Figure 3.1b) for all proteins.

3.1.2.2 The metal ion chelator EDTA does not inhibit subtilisin activity

The action of metalloproteases can also be attenuated through the use of chelators that
remove the catalytic metal ion at the active site. One chelator commonly used to inhibit
metalloproteases is ethylenediaminetetraacetic acid, or EDTA. Previous studies have
suggested that this chelator can act as an effective inhibitor against the metalloprotease
action of both BTx and TeTx (Tetx and BTx B). If EDTA had a similar inhibitory effect
on subtilisin, this could indicate a role for metal ions in the action subtilisin. To test this
hypothesis, a protocol similar to previous experiments with zinc was adopted. After the
formation of a stable fEPSP baseline of 0.5-1.0 mV was obtained over 10 minutes, aCSF
supplemented with 20uM EDTA was applied to the slice over a period of 10 minutes,
again to check for any differences in fEPSP size. Following this period the slice was
perfused with 4uM subtilisin dissolved in aCSF, before a 40-minute recovery period was
observed. In control experiments normal aCSF was perfused throughout, with the
exception of 10 minutes during which subtilisin was applied to the slice. Addition of
EDTA did not significantly change the decrease in fEPSP subsequent to subtilisin
perfusion (Figure 3.2a). No significant changes were observed in the expression of most
proteins measured via immunoblotting (Figure 3.2b). Expression of VAMP-1 however did
differ significantly between slices perfused with EDTA + aCSF and slices perfused with
aCSF alone. N =4 for both treatment groups.
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Figure 3.1a Effect of aCSF supplemented with zinc on hippocampal fEPSP size after

subtilisin perfusion.

The subtilisin-mediated decrease in fEPSP size was not affected by addition of aCSF
supplemented with 50uM zinc to aCSF (27.07 £ 2.22%, N=4) when compared to controls
(31.92 + 7.03%, N=4) (Students t-test, P = 0.6585). Arrows a, b and c indicate time points

at which traces were taken.
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Effect of zinc perfusion of subtilisin-related protein degradation
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Figure 3.1b Effect of S0pM zinc on protein degradation in response to subtilisin.

No significant changes in protein expression were observed across all markers between

slices treated with zinc and with aCSF alone. (P > 0.05, N =4)
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after subtilisin perfusion.

The subtilisin-mediated decrease in fEPSP size was not affected by addition of aCSF
supplemented with 20uM EDTA to aCSF (34.96 + 11.85, N=4) when compared to controls
(31.06 + 3.823, N=4) (Students t-test, P = 0.3132). Arrows a, b and c indicate time points

at which traces were taken.
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Effect of EDTA perfusion on subtilisin-related protein degradation
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Figure 3.2b Effect of 20nM EDTA on protein degradation in response to subtilisin.

No significant changes in protein expression were observed across all markers between

slices treated with EDTA and with aCSF alone. (P > 0.05, N =4), with the exception of
VAMP-1, which was extremely significant (P <0.0001).
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3.1.2.3 Captopril is ineffective as an inhibitor of subitilisin

Captopril is an ACE inhibitor that can be used as an effective chelator of zinc
metalloproteases. Unlike EDTA however, it is specific for zinc endopeptidases such as the
clostridial toxins (Schiavo et al., 1993). The protocol used during this experiment was
identical to the one used for both EDTA and zinc, however, in this experiment aCSF was
supplemented with 100uM captopril. Baseline levels in normal aCSF were established
over a 10-minute period, followed by another 10-minute slice exposure to aCSF containing
captopril. This was followed by 10 minutes of subtilisin perfusion, before a 40-minute
washout/recovery period in aCSF containing captopril.

No significant changes (Figure 3.3a, P = 0.515) were observed in the progression of
subtilisin-mediated LTD between hippocampal slice treated with captopril (63.98 =+
20.84%, N=3) and slices perfused with normal aCSF (39.39 + 27.47%, N=3). No
significant changes were observed in protein expression as measured by immunoblotting
between slices exposed to subtilisin in the presence of zinc (Figure 3.3b, P > 0.05) for all

proteins.

3.1.2.4 Comparison of Subtilisin and Tetanus Toxin effects

The clearest indication of whether subtilisin action was a result of metalloprotease activity
would be to compare the action of subtilisin alongside a metalloprotease. To this end, an
experiment was planned for comparing the effects of tetanus toxin with subtilisin.
Preliminary experiments were carried out to measure the effects of TeTx on hippocampal
slice recordings, which demonstrated no difference between the two groups (Figure 3.4, P
= 0.549). Immunoblotting of these hippocampal slices however indicated no change in the
expression of any proteins, including VAMP-1, the target for tetanus toxin (data not

shown).
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Figure 3.3a Effect of aCSF supplemented with captopril on hippocampal fEPSP size
after subtilisin perfusion.

The subtilisin-mediated decrease in fEPSP size was not affected by addition of aCSF
supplemented with 100uM captopril to aCSF (39.39 + 27.47, N=3) when compared to
controls (63.98 &+ 20.84, N=3) (Students t-test, P =). Arrows a, b and c indicate time points
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Effect of captopril perfusion on subtilisin-mediated protein degradation
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Figure 3.3b Effect of 100pM captopril perfusion on protein degradation in response
to subtilisin.
No significant changes were observed between slices perfused with aCSF + captopril and

slices perfused with aCSF alone. N =3 for both treatment groups.
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No differences were observed in the end fEPSP size between slices exposed to 2uM TeTx
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3.1.3 Discussion

These experiments were conducted as a result of the similar pattern of VAMP cleavage by
both subtilisin and tetanus toxin. This suggested two possibilities; firstly, that subtilisin
and tetanus toxin could share a metalloprotease mechanism. Another possibility was that
subtilisin action depended on the activation of a metalloprotease possessing similar
properties to tetanus toxin, which could explain the degradation of VAMP-1 by both
proteases. However, none of the previous literature regarding clostridial toxins has
demonstrated that they are capable of generating long-term depression. Similarly, all
previous studies regarding subtilisin-mediated LTD have been focused on its
characteristics as a serine protease and have not examined the possibility of a role for
metalloproteases. If subtilisin action was dependent on the action of metalloproteases, this
would represent a new function for the metalloprotease family. Initial experiments were
based on the assumption that subtilisin possessed a zinc-dependent mechanism, as VAMP-
1 was similarly targeted by tetanus toxin, a zinc-dependent metalloprotease (Yamasaki et
al., 1994a). Tetanus toxin is known to be sensitive to the application of chelators such as
EDTA, and the exogenous application of zinc ions (Simpson et al., 1993) However, the
addition of zinc ions did not increase the potency of subtilisin, as would be expected of a
zinc dependent metalloprotease.  Furthermore, addition of the zinc-metalloprotease
inhibitor captopril to aCSF failed to inhibit subtilisin, further supporting the view that zinc
did not have an important role in subtilisin action. Experiments were also carried out to
determine whether subtilisin could utilise, or possess, general metalloprotease functions
involving other metal ions. As a general chelator of metal ions, EDTA represents an
effective inhibitor of many metalloproteases. However, application of EDTA did not have
a significant effect on subtilisin-mediated LTD and proteolysis, unlike their effects on
metalloproteases such as botulinum toxins (Yamasaki et al., 1994b), therefore discounting
the influence of metal ions in subtilisin action. The failure of tetanus toxin to cause
VAMP-1 degradation, as demonstrated by immunoblotting, prevented a definitive
comparison between the mechanisms of subtilisin and an established metalloprotease.
Further optimisation of the application of tetanus toxin would be necessary to rectify this
anomaly. However, based on negative results of all other experiments regarding the role of
metalloproteases in subtilisin action, it would appear likely that metalloprotease
mechanisms do not contribute to subtilisin action.

There were several limitations to the experimental protocol, would could have an impact

on the results presented here. The addition of zinc could lead to a disruption of the ionic
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balance within the cell; however, electrophysiological data did not demonstrate a
noticeable impact in potential when zinc-supplemented aCSF was applied. The use of zinc
at a concentration of 50uM might also be too low to generate a measurable change in
potential due to the action of buffering agents within the aCSF. Furthermore, the use of
20uM of EDTA may be insufficient to buffer endogenous zinc, as previous experiments
were conducted with EDTA at millimolar concentrations (Schiavo et al, 1993). In
addition, the presence of other metal ions found within the aCSF could also affect the

efficiency of these chelators in binding zinc.

3.2 - Serine protease mechanisms

3.2.1 Introduction

Previous studies have demonstrated the existence of a potential link between the LTD
effect caused by subtilisin, and selective degradation of proteins presumably based on its
status as a serine protease. However, to date the relationship between these two processes
is unclear, and it is not known whether perfusion of subtilisin was capable of eliciting LTD
outwith its serine protease action. In order to obtain a better understanding of this
relationship, experiments were conducted using the general serine protease inhibitor
phenylmethylsulfonyl fluoride (PMSF). PMSF possesses inhibitory action against a range
of serine proteases, including the chymotrypsin subfamily that shares a similar catalytic
active site as subtilisin (MacGregor ef al., 2007). Initial experiments were conducted using
PMSF at a concentration of 200uM; a second experiment was also conducted using a much

lower PMSF concentration of SuM.

3.2.2 Results

3.2.2.1 Effect of 200uM PMSF on subtilisin-mediated activities

The first experiment was conducted by preparing a solution containing 200pM PMSF and
4uM subtilisin dissolved in aCSF. This solution was gassed with a mixture of 95% O, and
5% CO2 over a period of 30 minutes to allow interactions to take place between the

protease inhibitor and subtilisin molecules. In this intervening period, a fEPSP with an
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amplitude of 0.5-ImV was again elicited in a hippocampal slice, and maintained over a
period of 10 minutes to allow formation of a stable baseline. The PMSF-subtilisin
perfusate was then perfused over the slice for a 10-minute period, followed by a 40-minute
recovery period in which the slice was perfused with normal aCSF. In control slices,
subtilisin dissolved in aCSF was perfused in place of a PMSF-subtilisin solution over a 10-
minute exposure period. Normal aCSF was perfused throughout the whole experiment,
except for a 10-minute period in which aCSF supplemented with either subtilisin alone or
PMSF + subtilisin was perfused over the slice. Perfusion of hippocampal slices with
PMSF + subtilisin caused a major attenuation of subtilisin activity in comparison to
perfusion with subtilisin alone, with the difference being statistically significant (P
=<0.0001, N=4, Figure 3.5a). Furthermore, results from immunoblotting between the two
treatment groups reflected the differences found in electrophysiological recordings (P <
0.05 for all proteins, N =4, Figure 3.5b). A small depressive effect in fEPSP size was also
observed immediately after perfusion of the PMSF-subtilisin solution began, and although
the potential recovered during the washout period, this could unexpected effect could have

an impact on the results obtained.

3.2.2.2 Effect of 5uM PMSF on subtilisin-mediated activities

In order to determine whether the decrease in fEPSP size was due to an interaction of
PMSF with subtilisin, or due to a high PMSF concentration, experiments were conducted
with a lower concentration of SuM PMSF. A secondary aim of these experiments was to
determine whether the degradation of a specific protein could underlie the generation of
LTD. By comparing the effects of PMSF at two different concentrations, it could be
possible to determine the protein responsible for the LTD effect. The protocol used for this
experiment was the similar to the one used for testing 200uM PMSF, but with the use of a
SuM concentration of PMSF. Normal aCSF was again perfused throughout the whole
experiment, with the notable exception of a 10-minute period in which the mixture of
PMSF and subtilisin, dissolved in aCSF, was perfused.

At a concentration of 5uM, PMSF was able to completely block the onset of LTD in
response to subtilisin perfusion (P < 0.0001, N = 6, Figure 3.6a), and preventing the

degradation of proteins (P < 0.05 for all protein markers, N = 6, Figure 3.6b)
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Figure 3.5a Effect of co-perfusion of 200pM PMSF on fEPSP response to 4puM
subtilisin perfusion.

Slices were treated with either 4uM subtilisin alone or a mixture of 200uM PMSF and
4uM subtilisin. Pretreatment of subtilisin with PMSF significantly attenuated the fEPSP
response to subtilisin (102.16 + 3.63%, N = 4) in comparison to subtilisin alone (alone
32.95 £ 1.55%, N = 4) (P<0.0001). Of note was the initial decrease in PMSF-treated
slices, reached a maximum value of 59.78 + 3.38% (N =4) baseline. Arrows a, b and ¢

indicate time points at which traces were taken.
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Optical Density

Effect of PMSF perfusion on subtilisin-related protein degradation
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Figure 3.5b Effect of co-perfusing 200pM PMSF on protein degradation response to
4pM subtilisin.

Significant differences between the two treatments were observed in all protein markers:
Unc5H1, RhoB (P<0.05, *), Unc5H3, SynT and VAMP-1 (P<0.001, **); RhoA, Actin
(P<0.0001, ***). N =4 for both subtilisin and PMSF + subtilisin.
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Figure 3.6a Effect of co-perfusion of SpuM PMSF the on fEPSP response to 4pM
subtilisin perfusion

Pretreatment of subtilisin with PMSF significantly attenuated the fEPSP response to
subtilisin (93.51 + 3.8%, N = 6) in comparison to subtilisin alone (25.2 + 3.63%, N = 6) (P

< 0.0001). Arrows a, b and ¢ denote time points at which traces were taken as shown

below.
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Effect of perfusing PMSF on subtilisin-related protein degradation
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Figure 3.6b Effect of co-perfusing SuM PMSF on protein degradation response to
4uM subtilisin

Significant differences between the two treatments were observed in all protein markers:
SynT, RhoB (P<0.05,*), Unc5SH3, Unc5H1 and RhoA (P<0.001, **); VAMP-1, Actin
(P<0.0001, ***). N =11 for both subtilisin and PMSF + subtilisin.
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3.2.3 Discussion

Based on the negative results of experiments regarding the contribution of metalloprotease
mechanisms to the action of subtilisin, it was suggested that subtilisin-mediated LTD was
instead dependent on their endogenous serine protease mechanism. In order to confirm this
theory, the serine protease action of subtilisin was inhibited through the use of the general
serine protease inhibitor PMSF. An additional aim was to confirm whether the proteolysis
of proteins in response to subtilisin perfusion was related to the generation of LTD. Using
two concentrations of PMSF, the possibility of a sequential breakdown of proteins was also
explored, which could result in the identification of the precise mechanism of subtilisin
action. However, both concentrations of PMSF produced a similar inhibition LTD
generation usually found after perfusion of subtilisin. PMSF at both these concentrations
were also equally effective in preventing protein degradation in response to subtilisin.
These results reinforce the view that subtilisin action is based solely on its serine protease
function, in agreement with a previous study demonstrating the effectiveness of PMSF as
an inhibitor of subtilisin and related serine proteases (MacGregor et al, 2007). These
experiments did not however provide any new data on its mechanism of action. Further
experiments into the role of serine protease mechanisms could be conducted using lower
concentrations of PMSF, as subtilisin is completely inhibited by 5uM PMSF. At a
concentration of 200uM, PMSF also generated an initial decrease in potential size, which
could be the result of an inhibition of endogenous serine proteases. Reducing the
concentration of PMSF to 5uM abolished this effect. A more specific serine protease
inhibitor, such as eglin (McPhalen et al., 1985) could be more efficient in determining the
susceptibility of individual proteins to subtilisin degradation, therefore highlighting any

potential proteolytic cascades in response to the induction and onset of LTD.
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Chapter 4 — Investigations into the role of specific

protein targets in subtilisin-mediated LTD.

4.1 Importance of VAMP-1 proteins to the action of

subtilisin

4.1.1 Introduction

The action of proteases can be effectively inhibited by preventing interfering with the
binding of the substrate to the active site. This can be effected through a change in the
structure of the active site by substituting key residues at this site, or by altering the
recognition site on the substrate via methylation or phosphorylation.

The shape of the substrate recognition site can also be changed using antibodies targeted to
this site, and is known to be effective in preventing the action of proteases against
substrates. An example of this method is the use of antibodies against malarial merozoites,
which prevent the activation of a key surface protein by proteolytic processing (Blackman
et al.,, 1994). Of particular interest is a study that demonstrated that antibodies against
VAMP proteins could prevent its degradation by tetanus toxin (Poulain et al.,, 1993) It is
therefore plausible that antibodies could also prevent the degradation of VAMP-1 by
subtilisin. The use of antibodies would also allow an evaluation into whether structural
changes to these proteins themselves could trigger LTD.

For the purposes of this investigation, protein-specific antibodies against UncSH3 and
VAMP-1 were used, as these were the proteins most affected by the action of subtilisin.
The following protocol was used for all antibody experiments; with minor changes
between each separate set of experiments. After a 1-hour recovery period following
dissection, hippocampal slices were separated into two groups into petri dishes, each
containing approximately the same number of slices. One dish was set aside as a control,
and slices within were exposed to aCSF alone throughout the incubation period. Slices in
the second dish was incubated in an aCSF solution containing a set concentration of either
VAMP-1 or Unc5H3 antibodies, and both control and antibody dishes were subsequently
left in the incubation chamber gassed with a mixture of 95% O, and 5% CO, for 20
minutes at room temperature. At the end of this period, aCSF in both dishes was removed

via a syringe, and the slices were carefully washed 3 times with fresh, oxygenated aCSF.
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After these washes were completed, normal aCSF was added to both dishes and slices
placed back into the incubation chamber for a recovery period of 30 minutes prior to use.
For experiments involving triton, slices were exposed to a more concentrated antibody
solution for an initial period of 5 minutes, before aCSF containing the 0.01% triton was
added to produce the desired antibody concentration, and left to incubate for a further 15
minutes. Thereafter they were washed 3 times as before, and left to incubate for 30
minutes at room temperature prior to use. Experiments with streptolysin involved
incubation of slices with 500ng streptolysin over a period of 5 minutes, before the addition
of antibody-containing aCSF for the remaining 15-minute period of incubation.

Subsequent washes and recovery incubation period was identical to the other experiments.

4.1.2 Results

4.1.2.1 Effect of 1:5000 VAMP-1 antibody preincubation on subtilisin

VAMP-1 antibodies were initially applied to hippocampal slices at a concentration of
1:5000. A solution containing this concentration of antibodies was prepared by addition of
0.4ul antibody to 20ml of aCSF, a volume that represents the total volume of the petri dish.
Preincubation of hippocampal slices with VAMP-1 antibodies at this concentration did not
result in any significant changes (P > 0.05, N = 4, Figure 4.1a) to the extent of subtilisin-
mediated fEPSP depression. This result was also mirrored by the findings from
immunoblotting, which demonstrated no change (P> 0.05 for all markers, apart from
UncS5H1 (P =0.0063), N = 4, Figure 4.1b) in the levels protein expression, including the
levels of VAMP-1.

4.1.2.2 Effect of hippocampal slice preincubation with 0.01% triton and 1:5000 VAMP-1

antibody on the effects of subtilisin

As the use of 1:5000 VAMP-1 antibodies failed to cause any changes to either fEPSP
response or protein expression levels, it was possible that this was due to the inability of
the antibodies to penetrate the cells within the hippocampal slice. In an effort to eliminate
this variable, the permeabilising agent triton was be used to facilitate antibody entry into
the cells. A 5ml aCSF solution containing 0.4ul VAMP-1 antibody was prepared and

incubated with the hippocampal slices over a period of 5 minutes. A 15ml aCSF solution
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containing 2l triton was prepared, and subsequently added to the slices to yield a total
triton concentration of 0.01% and incubated for a further 15 minutes. Preincubation of
hippocampal slices in with the mixture of 0.01% triton and 1:5000 VAMP-1 antibodies did
not cause any significant changes to the size of the LTD effect in response to subtilisin
perfusion (P > 0.05, N = 4, Figure 4.2a). Likewise, no significant differences were
observed in the pattern of protein degradation between slices preincubated with the triton-

VAMP-1 solution, and those preincubated in aCSF alone (P > 0.05, N =3, Figure 4.2b).
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Figure 4.1a Effect of preincubating hippocampal slices with VAMP-1 antibodies on

fEPSP response to subtilisin perfusion.

Preincubation with VAMP-1 antibodies did not change the fEPSP response to subtilisin
(29.99 + 3.45%, N=3) when compared with slices incubated in aCSF alone (28.51 +
2.21%, N=4)(P = 0.0968). Arrows a, b & c indicate time points at which sample fEPSPs

were taken, as shown below.
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Effect of 1:5000 VAMP-1 antibody preincubation of hippocampal
slices on subtilisin-related protein degradation
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Figure 4.1b Effect of preincubating hippocampal slices with 1:5000 VAMP-1
antibodies on protein expression in response to subtilisin.

There was a very significant difference in protein expression for UncSH1 (P = 0.0063, **)
between the two groups; all other proteins were not significantly different. N = 3 for both

antibody preincubation and untreated groups.
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4.2a Effect of preincubating hippocampal slices with 0.01% triton and 1:5000 VAMP-

1 antibodies on fEPSP response to subtilisin perfusion.

Preincubation with triton and VAMP-1 antibodies did not change the fEPSP response to
subtilisin (40.69 + 8.39%, N=4) when compared with slices incubated in aCSF alone
(34.18 = 9.41%, N=4)(P = 0.631). Arrows a, b & c indicate time points at which sample

fEPSPs were taken, as shown below.
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Effect of hippocampal slice preincubation with 0.01% Triton,
1:5000 VAMP-1 antibody on subtilisin-related protein degradation
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Figure 4.2b Effect of preincubating hippocampal slices with 0.01% triton and 1:5000

VAMP-1 antibodies on protein expression in response to subtilisin.
No significant differences were observed in protein expression between the two treatment

groups. N =4, P> (.05 for all proteins in antibody preincubation and untreated groups.

90



4.1.2.3 Effect of 1:500 VAMP-1 antibody preincubation on subtilisin

Preincubation of slices with 1:5000 VAMP-1 antibodies had no effect on subtilisin-
mediated LTD, or protein degradation in response to subtilisin perfusion. The presence of
triton in the preincubation solution likewise did not produce any noticeable change to
either process, suggesting that the concentration of VAMP-1 antibody could be insufficient
to make an impact on the action of subtilisin. To test this hypothesis, further experiments
were be conducted using a higher concentration of 1:500 VAMP-1 antibody in order to
increase the rate of antibody-protein interactions. The antibody solution was prepared by
addition of 4ul antibody to 20ml of aCSF, which represented the total volume of the petri
dish. Preincubation of hippocampal slices with VAMP-1 antibodies at a concentration of
1:500 did not result in any significant changes (Figure 4.3a; P > 0.05, N =4) to the extent
of subtilisin-mediated LTD when compared to control slices. This result was also mirrored
by data obtained immunoblotting on the same hippocampal slices, which demonstrated no

change (Figure 4.3b) in the levels of VAMP protein expression.

4.1.2.4 Effect of hippocampal slice preincubation with 100ng/ml streptolysin and
1:5000 VAMP-1 antibody on the effects of subtilisin

VAMP-1 antibodies, even at an increased concentration of 1:500, failed to elicit any
changes to the progression of subtilisin-mediated LTD or the associated protein
degradation. The use of permeabilising agents was again considered, and since the
permeabilising chemical triton was ineffective in preventing subtilisin action, an
alternative was considered. The pore-forming compound streptolysin is capable of
forming pores large enough to allow the entry of antibodies into cells, and could therefore
be an effective method of facilitating cellular entry of VAMP-1 antibodies for this
experiment. (Walev et al., 2001) For this experiment, a Sml aCSF solution containing
200ng streptolysin was formulated and incubated with the hippocampal slices over a period
of 5 minutes. A 15ml aCSF solution containing 4ul of VAMP-1 antibody was prepared
with 15ml aCSF, and subsequently added to the slices to produce an antibody 1:500 which
was incubated for a further 15 minutes. Results of this preincubation protocol involving a
combination of streptolysin and VAMP-1 antibody yielded no significant changes to the
extent of the LTD response to subtilisin (Figure 4.4a; P > 0.05, N =4). Protein degradation
was also not inhibited by the addition o or in protein degradation (Figure 4.4b) as a result

of subtilisin perfusion.
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Figure 4.3a Effect of preincubating hippocampal slices with 1:100 VAMP-1

antibodies on fEPSP response to subtilisin perfusion.

Preincubation with VAMP-1 antibodies did not change the fEPSP response to subtilisin
(21.49 £ 5.5%, N=4) when compared with slices incubated in aCSF alone (26.54 + 6.91%,
N=4)(P = 0.5883). Arrows a, b & c indicate time points at which sample fEPSPs were

taken, as shown below.
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Effect of preincubating hippocampal slices with 1:500 VAMP-1 antibody
on subtilisin-related protein degradation
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Figure 4.3b Effect of preincubating hippocampal slices with 1:500 VAMP-1
antibodies on protein expression in response to subtilisin.

No significant differences in protein expression were observed between the antibody

preincubation and untreated groups. N =4, P > (.05 for all proteins
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Figure 4.4a Effect of preincubating hippocampal slices with 100ng/ml streptolysin
and VAMP-1 antibodies on fEPSP size.

Subtilisin-mediated fEPSP response to slice preincubation with 100ug streptolysin, 1:500
VAMP-1 antibody. Preincubation with streptolysin and VAMP-1 antibodies did not
change the fEPSP response to subtilisin (42.65 + 6.38%, N=4) when compared with slices
incubated in aCSF alone (42.85 £ 5.77%, N=4)(P = 0.8512). Arrows a, b & c indicate time

points at which sample fEPSPs were taken, as shown below.
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Effect of hippocampal slice preincubation with streptolysin, 1:500 VAMP-1
antibody on subtilisin-related protein degradation
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Figure 4.4b Effect of hippocampal slice preincubation with 100ng/ml streptolysin and

1:500 VAMP-1 antibodies on protein expression in response to subtilisin.

There were no significant differences in the pattern of protein degradation between slices
preincubated with a mixture of streptolysin and VAMP-1 antibody and control slices

exposed to aCSF alone. N=4, P >0.05 for all protein markers.
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4.2 Effect of UncbH3 antibody preincubation on the

action of 4uM subtilisin

4.2.1 Introduction

The Unc5H3 is an established target for subtilisin action, and also acts as a regulator for
actin via the Rho GTPases. Since actin relatively susceptible to subtilisin degradation,
interfering with the proteolysis of Unc5H3 could represent an effective way of preventing

subtilisin activity.

4.2.2 Results

4.2.2.1 Effect of UncbH3 antibodies at a concentration of 1:1000 on the action of

subitilisin

The first experiments into the effects of hippocampal slice preincubation with Unc5H3
antibodies were conducted using an antibody concentration of 1:1000. The antibody-aCSF
solution was prepared by addition of 2pul Unc5H3 antibody to 20ml of aCSF, held in a petri
dish. Slices underwent three washes in normal aCSF before they were left to recover at
room temperature. Hippocampal slice preincubations using Unc5H3 antibodies at a
concentration of 1:1000 did not result in any significant changes (P > 0.05, N = 4 (aCSF),
N = 5 (triton + Unc5H3 antibody), Figure 4.5a) to the extent of subtilisin-mediated LTD.
Similar results were also obtained from immunoblots of the hippocampal slices used for
recordings, demonstrating no significant differences in protein degradation between slices
preincubated in Unc5H3 antibodies, and those preincubated with aCSF alone (P > 0.05,
Figure 4.5b).
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4.2.2.2 Effect of hippocampal slice preincubation with 0.01% triton and 1:1000

Unc5H3 antibody on the effects of subtilisin

Hippocampal slices were also preincubated with a mixture of 0.01% triton and 1:1000
Unc5H3 antibodies, in an attempt to increase the intracellular concentration of antibody to
allow greater interaction with the Unc5H3 protein. For this study, a 5Sml aCSF solution
containing 2ul VAMP-1 antibody was incubated with the hippocampal slices over a period
of 5 minutes. A 15ml aCSF solution containing 2pl triton was prepared, and subsequently
added to the slices to yield a total triton concentration of 0.01% and incubated for a further
15 minutes. Hippocampal slice preincubation with triton + Unc5H3 antibodies did not
result in any significant changes to the progression of subtilisin-mediated LTD (P > 0.05,
N = 4, Figure 4.6a). The protein expression levels of Unc5SH3 differed very significantly
(P =0.0063) in slices preincubated with triton and Unc5H3, however, no other significant

changes were found in the other protein markers measured (P > 0.05, N =3, Figure 4.6b)
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Figure 4.5a Effect of preincubating hippocampal slices with 1:1000 Unc5H3

antibodies on fEPSP response to subtilisin perfusion.

Subtilisin-mediated fEPSP response to slice preincubation with 1:1000 Unc5H3 antibodies.
Preincubation with streptolysin and Unc5H3 antibodies did not change the fEPSP response
to subtilisin (38.44 + 5.91%, N=4) when compared with slices incubated in aCSF alone
(33.44 £ 6.54%, N=4)(P = 0.5907). Arrows a, b & ¢ indicate time points at which sample

fEPSPs were taken, as shown below.
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Effect of hippocampal slice preincubation with1:1000 Unc5H3 antibody
on subtilisin-related protein degradation
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Figure 4.5b Effect of preincubating hippocampal slices with 1:1000 Unc5H3

antibodies on protein expression response to subtilisin perfusion.

No significant differences in the pattern of protein degradation was observed between
slices preincubated with Unc5H3 antibody and control slices exposed to aCSF alone N=3,

P > 0.05 for all proteins
99



% fEPSP spike amplitude

20 Subtilisin
<>

0 T
0 10 2

—s— Subtilisin

0 30 40
Time (minutes)

—o— Triton, Unc5H3 antibody preincubation + subtilisin

Figure 4.6a Effect of preincubating hippocampal slices with 0.01% triton, 1:1000

Unc5H3 antibodies on fEPSP response to subtilisin perfusion.

Preincubation with triton and Unc5H3 antibodies did not change the fEPSP response to

subtilisin (13.13 £+ 2.33%, N=5) when compared with slices incubated in aCSF alone

(25.78 = 11.01%, N=4)(P = 0.2476). Arrows a, b & c indicate time points at which sample

fEPSPs were taken, as shown below.
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Effect of hippocampal slice preincubation with 0.01% triton,
1:1000 Unc5H3 antibody on subtilisin-related protein degradation
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Figure 4.6b Effect of preincubating hippocampal slices with 0.01% triton and 1:1000

UncSH3 antibodies on protein expression response to subtilisin.

There were no significant differences in the pattern of protein degradation between slices
preincubated with a mixture of streptolysin and Unc5H3 antibody and control slices

exposed to aCSF alone. N=3, P > 0.05 for all protein markers.
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4.2.2.3 Effect of 1:100 Unc5H3 antibody preincubation on subitilisin

Preincubation with 1:1000 Unc5H3 antibodies was ineffective in preventing subtilisin
action, and the addition of triton to the preincubation solution also failed to elicit any
changes in the hippocampal response to subtilisin. In an attempt to increase the number of
antibody-protein interactions, further experiments were conducted using a higher
concentration of 1:100 Unc5H3 antibody. Preincubation of hippocampal slices with
Unc5H3 antibodies at a concentration of 1:100 did not produce significant changes (P >
0.05, N = 3, Figure 5.7a) to the LTD effect in response to subtilisin perfusion. The
ineffectiveness of triton + Unc5H3 antibody preincubation in preventing subtilisin action
was also reflected in the pattern of protein degradation, which did not differ significantly
between slices preincubated with triton and Unc5H3, and slices preincubated with aCSF

alone (P > 0.05, Figure 4.7b).

4.2.2.4 Effect of hippocampal slice preincubation with 100ng/ml streptolysin and
1:100 Unc5H3 antibodies on the effects of subitilisin

Preincubation of hippocampal slices with 1:100 Unc5H3 antibodies alone did not cause
any noticeable change to the effects of subtilisin on the hippocampal slice. Because of the
lack of change in either LTD effect or the pattern of proteolysis with the preincubation of
Unc5H3 antibodies alone, an experiment was attempted using a combination of 100ng
streptolysin and 1:100 Unc5H3 antibody. This would likely increase the amount of
antibodies penetrating into the neurons by facilitating transport via membrane pores. For
this experiment, the protocol followed was identical to the one used during experiments
with streptolysin and VAMP-1 antibodies, with the major exception being the use of
antibodies against Unc5H3 rather than VAMP-1. Preincubation of hippocampal slices
using a mixture of streptolysin and Unc5H3 antibodies failed to prevent LTD in response
to subtilisin perfusion (P > 0.05, N = 4, Figure 4.8a) and the associated protein degradation
(P > 0.05, Figure 4.8b)
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Figure 4.7a Effect of preincubating hippocampal slices with 1:100 UncSH3 antibodies

on fEPSP response to subtilisin perfusion.

No significant differences were detected in the fEPSP response to subtilisin perfusion
between slices preincubated with Unc5SH3 antibody (16.92 £+ 9.18%, N=3), and control
slices exposed to aCSF alone (16.39 + 7.54%, N=3; P = 0.9667). Arrows a, b & ¢ indicate

time points at which sample fEPSPs were taken, as shown below.
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Effect of hippocampal slice preincubation with 1:100 Unc5H3 antibody
on subtilisin-related protein degradation
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Figure 4.7b Effect of preincubating hippocampal slices with 1:100 Unc5SH3 antibodies

on protein expression response to perfusion of subtilisin.

The pattern of protein degradation did not differ between slices preincubated with Unc5H3
antibody and control slices exposed to aCSF alone. N=3, P > 0.05 for all proteins

measured
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Figure 4.8a Effect of hippocampal slice preincubation with 100ng/ml streptolysin,
1:100 Unc5SH3 antibodies on fEPSP response to subtilisin perfusion.

The fEPSP response to subtilisin perfusion was not significantly different between slices
preincubated with streptolysin and Unc5H3 antibody (35.06 + 4.38%, N=4), and control
slices exposed to aCSF alone (27.78 + 2.80%, N=4)(P = 0.211). Arrows a, b & c indicate

time points at which sample fEPSPs were taken, as shown below.
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Effect of 100ng streptolysin 1:100 Unc5H3 antibody slice
precinubation on subtilisin-mediated protein degradation
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Figure 4.8b Effect of hippocampal slice preincubation with 100ng/ml streptolysin and

1:100 Unc5SH3 antibodies on protein expression response to subtilisin.

No significant differences in the pattern of protein degradation were observed between
slices preincubated with a mixture of streptolysin and Unc5H3 antibody and control slices

exposed to aCSF alone. N=6, P >0.05 for all protein markers.
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4.3 Validation of the effects of triton and streptolysin

4.3.1 Introduction

As permeabilising and pore-forming compounds respectively, triton and streptolysin alone
have the potential to influence the action of subtilisin. In order to eliminate this possibility,
experiments were carried out with each compound alone to determine they could affect the

results obtained with antibody preincubations.

4.3.2 Results

4.3.2.1 Effect of 0.01% triton on subtilisin response

This investigation was carried out to determine whether the permeabilising effects of triton
alone would cause a change in the way the hippocampal slices responded to subtilisin. For
this experiment a modified version of the previous antibody preincubation protocol was
used. Hippocampal slices were exposed to 0.01% triton over a period of 20 minutes,
followed by 3 washes in aCSF and a 30-minute recovery period. Preincubation of triton did
not have any adverse effects on progression of subtilisin-mediated LTD, and values for
triton preincubation did not differ significantly from those attained with aCSF alone (P >
0.05, N = 4, Figure 4.9a). The decrease in expression of selected proteins were likewise

unaffected by slice preincubation in triton (P >0.05 for all proteins, Figure 4.9b)

4.3.2.2 Effect of 100ng/ml streptolysin on subtilisin response

Investigations were also carried out to determine whether the use of streptolysin would
impact on the actions of subtilisin. Hippocampal slices were preincubated with 100ug
streptolysin over a 20-minute period, followed by 3 washes in aCSF and a 30-minute
recovery period prior to use. Streptolysin preincubation alone did not alter the decrease in
fEPSP after subtilisin perfusion (P > 0.05, N =4, Figure 4.10a); in addition, it did not
change the pattern of protein degradation after the addition of subtilisin (P > 0.05 for all
proteins, Figure 4.10b).
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Figure 4.9a Effect of preincubating hippocampal slices with 0.01% triton alone on

fEPSP response to subtilisin.

Preincubation with triton antibodies alone did not demonstrate a change to the fEPSP
response to subtilisin (31.54 + 5.07%, N=4) compared with slices incubated in aCSF alone
(26.38 £ 6.09%, N=4; P = 0.5388). Arrows a, b & c indicate time points at which sample

fEPSPs were taken, as shown below.
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Effect of preincubating hippocampal slices with 0.01% Triton
on subtilisin-related protein degradation
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Figure 4.9b Effect of preincubating hippocampal slices with triton alone on protein
expression in response to subtilisin.

No significant differences in the pattern of protein degradation were observed between
slices preincubated with triton and control slices exposed to aCSF alone. N =4, P >0.05 for

all protein markers.
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Figure 4.10a Effect of preincubating hippocampal slices with 100ng streptolysin alone

on fEPSP response to subtilisin.

Preincubation with streptolysin antibodies did not change the fEPSP response to subtilisin
(37.28 + 6.54%, N=4) compared with slices incubated in aCSF alone (41.53 + 4.47%,
N=4)(P = 0.222). Arrows a, b & c indicate time points at which sample fEPSPs were

taken, as shown below.
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Effect of 100ng streptolysin on subtilisin-related
protein degradation
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Figure 4.10b Effect of preincubating hippocampal slices with 100ng/ml streptolysin

on protein expression in response to subtilisin.
No significant differences in the pattern of protein degradation were observed between

slices preincubated with 100pg streptolysin and control slices exposed to aCSF alone. N =

4, P >0.05 for all protein markers.
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4.4 Discussion

Protein-specific antibodies represent an accurate method of identifying a protein of interest
amongst a heterogeneous group of other proteins. In addition, recent studies have also
shown that antibodies provide an effective way of altering the protein structure, without
changing the original amino acids present within the protein. This mechanism can also be
used to block the cleavage sites on a protein and interfering with the function of several
proteases.

In this study, antibodies against VAMP-1 and Unc5H3 proteins were used in an attempt to
block their proteolysis by subtilisin. Initial experiments were conducted on the synaptic
protein VAMP-1, as a disruption of the synaptic site would produce the most obvious
change in synaptic signalling. The first experiments utilised VAMP-1 antibodies at a
concentration of 1:5000, but were unsuccessful in producing an inhibitory effect on
subtilisin action. Addition of 0.01% triton to the VAMP-1 antibody solution used for
hippocampal slice preincubation was also ineffective in modulating the subtilisin response.
VAMP-1 antibodies at a higher concentration of 1:500 were used in the next set of
experiments in an attempt to increase the potential for antibody-protein interactions.
However, even at this concentration VAMP-1 antibodies were still unable to elicit any
noticeable changes to the activity of subtilisin. The presence of 100ng/ml streptolysin,
which caused the formation of pores large enough to allow antibody entry, was unable to
facilitate the entry of VAMP-2 antibodies into the cells.

Experiments were also conducted using antibodies against the Unc5H3 proteins, which
was also one of the proteins most susceptible to subtilisin degradation. There was a
possibility that VAMP-1, being an intracellular protein, was less sensitive to the antibodies
used in vitro. In comparison, the Unc5SH family of receptors, including Unc5H3, are
transmembrane receptors, and therefore could be more readily bound by antibodies.
However, use of Unc5H3 antibodies at concentrations of 1:5000 and 1:500 alone failed to
have any impact on the progression of LTD or proteolysis in response to subtilisin.
Addition of either triton or streptolysin to the antibody solution also failed to produce any
changes to the decrease in fEPSP and protein degradation after perfusion of subtilisin.
These experiments suggest that antibodies may be an ineffective method of inhibiting
subtilisin action, unlike the activity of tetanus toxin, which was decreased in the presence
of antibodies against VAMP-1 (Poulain et al., 1993). However, several variables may
have influenced the results obtained in these experiments. The hippocampal slices were

only incubated with the antibody solution over a period of 20 minutes, even in the presence
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of pore-forming chemicals. The length of this incubation period may be insufficient for
allowing successful antibody penetration into the cells, or the formation of stable antibody-
protein complexes. Furthermore, during the incubation period hippocampal slices were
kept within a static incubation chamber, which could limit the interaction of antibodies
with the target protein. Additionally, this could lead to high levels of antibodies localised
at several different locations, which might not correspond to the regions from which
fEPSPs were elicited during electrophysiological recordings.

The use of antibodies more suited to immunoblotting may also have a role in the low
impact of these antibodies in the hippocampal slices, as this could decrease the efficiency
of their protein binding and reduce the likelihood of antibody penetration. Use of the
permeabilising agent triton-X may not have been effective due to the relatively low
concentration (0.01%) utilised for these experiments. Previous experiments in fixed cells
utilised triton at a concentration of 0.1% to cause membrane permeabilisation and allow
antibody entry (Appleby et al., 2011), although these experiments require the use of live
tissue for electrophysiology, and therefore may require a lower triton concentration. In a
similar manner, a concentration of 100ng/ml streptolysin may have been insufficient for
forming enough pores to allow effective antibody entry. This initial concentration was
based on results of cell studies in literature, which utilised 20-40ng/ml streptolysin to
permeabilise cells (Ogino et al., 2009). However, as hippocampal slices are much thicker
and require a greater diffusion time, therefore a streptolysin concentration of many
magnitudes higher may be necessary. Experiments involving hippocampal slice
preincubation in either triton or streptolysin alone did not result in significant changes to
subtilisin-mediated LTD, suggesting that these chemicals did not have an impact on LTD
or protein degradation mediated through subtilisin. Use of these permeabilising agents is
also likely to have non-specific effects on the hippocampal slice, or the neurons within.
Triton-X, as a detergent, is capable of causing irreversible cell damage due to the cell
membrane, leading to a high level of cell death. However, at the concentration used during
the current experiments, this is unlikely to occur as cell membranes would be capable of
recovering after a wash-out period (Koley & Bard, 2010). Of greater concern is the
potential for uncontrolled entry and exit of molecules, which may change the intracellular
balance of ions. Similarly, previous literature on the use of streptolysin-O indicates that
these toxins are capable of inhibiting the uptake of certain amino acids, namely
phenylalanine and alanine, affecting the rate of protein synthesis, and have causing a
change to the progression of long-term synaptic changes. In addition, streptolysin also
causes a clustering of membrane cholesterol, and reducing the fluidity of the lipid

membrane. This can in turn lead to a decrease in receptor turnover on the neuronal
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surface, reducing synaptic signalling and potentially causing a reduction in the number of
active synaptic connections.

Future experiments into the importance of these proteins might involve the use of
antibodies raised specifically to detect proteins in hippocampal slices, which should
provide a much more accurate result. Alterations to the protocol used in these experiments
could involve the use of a shaker to produce a better distribution of antibodies within the
preincubation solution. This could however damage the neuronal network by disrupting
synaptic connections, and therefore has to be closely monitored. The incubation time for
hippocampal slices may also need to be increased, although the use of acute hippocampal
slices will limit the amount of time available. The use of fluorescent tags on the antibodies

may also allow better visualisation and optimisation of antibody entry into neurons.
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4.5 Investigations into the effects of an actin stabiliser,
Jasplakinolide, on subtilisin-mediated neuronal effects
and protein expression.

4.5.1 Introduction

In addition to the degradation of Unc5H3 and VAMP-1, subtilisin also selectively targets
actin, a structural protein essential for maintaining both cytoskeletal integrity and
preserving the functionality of neurons. Loss of this protein has been proven to cause a
disruptive effect to neuronal signalling by through the loss of synaptic function. Therefore,
it is plausible that the long-term depression caused by subtilisin is due to a selective
degradation of the actin cytoskeleton, leading to a prolonged period of disrupted synaptic
signalling. In addition, actin is a downstream effector protein for Unc5H3 signalling, and
these investigations could shed new light into the role of Unc5H3 proteins in subtilisin
action. In order to determine the relative importance of actin to the actions of subtilisin, an
attempt was made to prevent the depolymerisation of actin using the actin stabiliser
jasplakinolide.

Jasplakinolide is a compound that promotes actin stabilisation in vitro by increasing the
rate of actin nucleation, and preventing their depolymerisation. It is ideally suited to use
with in vitro preparations as their use with in vivo preparations can result in cytotoxic
effects due to uncontrolled actin polymerisation (Bubb et al., 1994; Bubb et al.,, 2000) In
the nervous system, jasplakinolide can act to increase the duration of long-term
potentiation in rat hippocampal slices when perfused throughout the stimulus period and

for a period following LTP induction (Messaoudi ef al., 2007).

4.5.2 Results

In this experiment 100uM Jasplakinolide was perfused over the hippocampal slice for a 10-
minute period before subtilisin perfusion, throughout the perfusion period and 10 minutes
after subtilisin perfusion ceased.

Addition of jasplakinolide did not decrease the extent subtilisin-mediated LTD (Figure
4.11a), also did not prevent the degradation of proteins after subtilisin perfusion (Figure

4.11b).
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Figure 4.11a Effect of 100pM Jasplakinolide on fEPSP response to subtilisin action.
Addition of Jasplakinolide did not change the fEPSP response to subtilisin (17.90 + 4.22%,
N=4) when compared with slices incubated in aCSF alone (17.36 = 5.12%, N=4)(P =
0.9375). Arrows a, b & c indicate time points at which sample fEPSPs were taken, as

shown below.
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Effect of Jasplakinolide perfusion on subtilisin-related protein degradation
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Figure 4.11b Effect Jasplakinolide perfusion on protein expression in response to

subtilisin.
No significant differences in the pattern of protein degradation were observed between

slices perfused with jasplakinolide and control slices perfused with aCSF alone during the

administration of subtilisin. N =4, P >0.05 for all protein markers.

117



4.5.3 Discussion

The degradation of actin by subtilisin represents a potentially significant mechanism of
inhibition, as actin is involved in a wide range of cellular activities. The main function of
this protein is to maintain the cell structure via the actin cytoskeleton and to facilitate the
intracellular trafficking of vesicles (Pollard & Cooper, 2009) Disruption of either functions
has major implications for cell-cell signalling, including at synaptic junctions. A disruption
of actin could potentially affect the integrity of synapses by producing alterations to the
surrounding cytoskeleton; preventing or interfering with vesicle re-uptake due to the loss
of f-actin fibres, and interfere with the transport of neurotransmitter vesicles to the synapse
(Yarar et al, 2005). Stabilising or even reversing the effects of actin degradation could
represent an effective way of preventing decreases to synaptic signalling.

For this experiment, the actin stabiliser Jasplakinolide was used to promote actin
polymerisation and ensure the stability of existing actin fibres. However, this did not
appear to have the desired effect in preventing subtilisin-mediated changes to fEPSP, and
analysis of protein degradation indicated that Jasplakinolide was unable to prevent the
degradation of actin. Other proteins were similarly degraded by subtilisin even in the
presence of jasplakinolide, suggesting that actin may not have such an essential role in the
action of subtilisin as was initially believed. One possible explanation is that the
jasplakinolide was unable to penetrate the cells of the hippocampal slices, and therefore
could not cause a change to the intracellular actin molecules within the neurons. An
alternative explanation is that jasplakinolide molecules were not given sufficient time to
bind to actin due to the high perfusion rate used during the experiment. The concentration
of jasplakinolide used for these experiments were scaled up from the concentrations used
for neurons, although an even higher concentration may be required to in order to have an
effect on hippocampal slices (Jaworski et al, 2009). Despite these results, further
experiments could explore the use of other factors regulating actin, due to the importance

of actin to the function of many cellular processes.
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Chapter 5 - Comparison of the effects of subtilisin

and other forms of LTD

5.1 Introduction

In order to establish whether subtilisin-mediated LTD was a novel form of LTD, the
characteristics of this form of LTD was compared to other more established methods of
eliciting LTD. Of particular interest was whether protein degradation had a role in other
types of LTD, as selective proteolytic degradation of proteins appears to be the process that
characterised subtilisin-mediated LTD. One well-studied type of LTD is dependent on the
action of mGluRs, and can be elicited chemically using the mGluR agonist DHPG (Huber
et al., 2000). For these experiments, the effect of 17uM DHPG was compared against the
effects of subtilisin-mediated LTD. This was tested by a substitution of subtilisin-
containing aCSF for one that contained DHPG, which was perfused over a 10-minute

period in a similar manner to subtilisin.

5.2 Results

5.2.1 Comparison of the effects of 17uM DHPG against 4uM

subtilisin

At a concentration of 17uM, DHPG was expected to generate an mGLuR-mediated LTD.
However, over the course the study, none of the hippocampal slices perfused with DHPG
produced an LTD, and therefore could not be compared to the LTD generated by subtilisin
(Figure 5.1a). Immunoblotting of hippocampal slices was also carried out to determine
whether DHPG alone could cause protein degradation, but due to the failure of DHPG to
produce LTD, this hypothesis remained unproven (Figure 5.1b). Perfusion of DHPG

alone, without the generation of LTD, did not result in any notable protein degradation.
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Figure 5.1a Comparison of DHPG and subtilisin effects on fEPSP size.
Perfusion of DHPG at a concentration of 17uM did not elicit LTD in comparison to the

perfusion of 4uM subtilisin. Arrows a, b & c indicate time points at which sample fEPSPs

were taken, as shown below.
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Comparison of the effects of DHPG and subtilisin on protein degradation
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Figure 5.1b Comparison of 17uM DHPG and 4pM subtilisin perfusions on

protein expression.

Perfusion of subtilisin caused a significant decrease in protein expression compared
with controls. In comparison, slices perfused with DHPG exhibited protein levels
comparable with control slices. A significant difference in Unc5H1 expression was
observed between slices perfused with subtilisin and DHPG (P = 0.0263, *). In
addition, perfusion of subtilisin caused extremely significant decreases in expression
of both VAMP-1 (P < 0.0001, ***) and actin (P = 0.0001, ***) in comparison to slices
treated with DHPG.
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5.2.2 Comparison of the neuronal effects of EDA and subtilisin

Another compound capable of causing LTD is the GABA mimetic ethylenediamine
(EDA). The ability of EDA to generate LTD was accidentally discovered in a study to
investigate the pharmacological attributes of EDA, and to assess their impact in vivo.
Perfusion of EDA in the study resulted in the generation of an LTD effect in a portion of
the hippocampal slices. The mechanisms involved however are unclear, as no other
GABA mimetic compounds are known to generate such an effect. It was suggested that
the LTD-inducing effects of EDA was a result of modifications to receptors such as
mGluRs, resulting in an mGluR-dependent LTD effect (Stone ef al., 2011). The aim of the
following experiment was therefore to provide a comparison between subtilisin, a bacterial
protease, and the inhibitory compound EDA, in its role as an inducer of LTD.

Experiments were conducted using 1mM EDA as a replacement for subtilisin during the
10-minute perfusion period. Any LTD effects generated by EDA perfusion were then
compared with those caused by subtilisin. Perfusion of EDA elicited a much weaker LTD,
as reflected by a decrease in fEPSP amplitude of around 20%. In comparison, subtilisin-
mediated LTD typically reduced the amplitude to around 70-80% of the original fEPSP
size (Figure 5.2a, P > 0.0001). EDA-LTD did not appear to depend on proteolytic action,
as none of the proteins measured were significantly degraded in the presence of EDA, in

sharp contrast to subtilisin-mediated LTD (Figure 5.2b)
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5.3 Discussion

These experiments were conducted primarily to compare the characteristics of subtilisin-
mediated LTD with LTD mediated through other mechanisms. In particular, subtilisin-
mediated LTD is characterised by the selective degradation of several proteins, and it
would be of great interest to determine whether this also occurs in other types of LTD.
Comparison of the effects of subtilisin with DHPG, an mGLuR agonist was not successful,
as DHPG did not generate an LTD effect. There is a possibility that the failure of DHPG
to elicit LTD was a result of the concentration of DHPG being too low to elicit such an
effect, as many previous experiments have utilised DHPG at a concentration of 20uM or
higher (Rush et al., 2002). A test concentration of 100uM DHPG was also applied to a
small number of slices, however, this was also ineffective in generating LTD. The failure
of DHPG to elicit LTD at this concentration suggests that the protocol used in these
experiments may have been at fault, and a longer period of DHPG perfusion may be
necessary to elicit an LTD effect. A second attempt at comparing the effects of LTD
utilising MGluR-mechanisms was made using the GABA mimetic compound EDA.
Previous experiments have indicated that perfusion of EDA is capable of generating LTD
(Stone et al., 2011), and this was proven during the experiment, where EDA almost always
caused LTD induction. Furthermore, the generation of LTD by EDA was not accompanied
by protein degradation, indicating that protein degradation was likely restricted to LTD

generated by subtilisin alone.
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Perfusion of Ethylenediamine (EDA) at a concentration of ImM produced a LTD effect of
(82.49 £ 3.53% baseline, N = 4), which was substantially less than the LTD effect caused
by perfusion of 4uM subtilisin (26.97 + 1.87% baseline, N = 4, P < 0.0001). Arrows a, b

& c indicate time points at which sample fEPSPs were taken, as shown below.
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Comparison of EDA and subtilisin perfusions on protein degradation
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Figure 5.2b Comparison of ImM EDA and 4pM subtilisin perfusions on protein
expression.

Perfusion of subtilisin caused a significant decrease in protein expression compared with
controls. In comparison, slices perfused with EDA exhibited protein levels comparable
with control slices. Significant differences in protein expression were observed between
slices treated with subtilisin alone and those perfused with EDA, however, when compared
to controls only those exposed to subtilisin differed significantly (Subtilisin vs. EDA P >

0.05; N = 4).
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Chapter 6 - Investigations into the activities of the

subtilisin-like serine protease, chymotrypsin

6.1 Comparison of chymotrypsin and subtilisin potency

6.1.1 Introduction

Most studies on serine protease mediated LTD to date have been performed using
subtilisin as the inducing agent. However, past studies have demonstrated other members
of the S8A group of serine proteases can also elicit LTD, including the serine protease a-
chymotrypsin (MacGregor et al., 2007). However, the potency of chymotrypsin is several
magnitudes less than subtilisin, and therefore higher concentrations of chymotrypsin were
needed to produce the same effect. The optimal concentration of chymotrypsin for use in
these experiments was determined through an evaluation of chymotrypsin activity at

different concentrations.

6.1.2 Results

6.1.2.1 Comparison of 4uM chymotrypsin and 4uM subtilisin action

All previous experiments in this study involved the use of subtilisin at a concentration of
4uM. Chymotrypsin was therefore perfused at a concentration of 4uM to provide an
accurate comparison between the activities of these two serine proteases within the current
experimental protocol.

Perfusion of chymotrypsin produced a decrease in fEPSP size which was significantly
lower than those produced by subtilisin (Figure 6.1a, P = 0.0032). The higher potency of
subtilisin in comparison to chymotrypsin was also reflected in the assessment of protein
expression levels. Hippocampal slices treated with subtilisin expressed significantly lower
levels of proteins in all markers when compared to slices treated with chymotrypsin.

(Figure 6.1b, P < 0.05 for all proteins)
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6.1.2.2 Comparison of the effects of 6uM chymotrypsin and 4uM subtilisin

Chymotrypsin at a concentration of 4uM was less potent than 4uM subtilisin, and as a
result, a higher concentration of chymotrypsin was required to produce a comparable LTD
effect. =~ Chymotrypsin was therefore tested at the higher concentration of 6uM
chymotrypsin in an attempt to produce a similar LTD size.

Despite this increase in concentration, there was still a significant difference (P = 0.0073,
Figure 6.2a) in the end LTD size between slices perfused with chymotrypsin and those
perfused with subtilisin. Perfusion of 6uM chymotrypsin was still insufficient to cause the
same level of LTD as 4uM subtilisin perfusion. However, the difference in end fEPSP
between chymotrypsin and subtilisin was much reduced at this concentration. For the
experiment comparing 4uM chymotrypsin against 4uM subtilisin, a difference in end
fEPSP size of 37.68 + 6.13% was observed. In the current experiment, the difference in
end fEPSP size between 6uM chymotrypsin and 4uM subtilisin perfusions was 21.37 +
5.97%.

Analysis of protein degradation in response to either chymotrypsin or subtilisin also
demonstrated the presence of significant differences in the expression levels of both
synaptophysin and VAMP-1. However, expression of both Unc5H]1 and actin were similar

between chymotrypsin and subtilisin (Figure 6.2b).
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Figure 6.1a Comparison of the fEPSP effects of 4uM Chymotrypsin and 4pM

subtilisin perfusion.

The reduction in fEPSP after chymotrypsin perfusion (73.38 + 6.08%, N =4) was
significantly lower than the rate of fEPSP reduction after subtilisin perfusion (37.05 +
4.69%, P = 0.0032). Arrows a, b & c indicate time points at which sample fEPSPs were

taken, as shown below.
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Comparison of effects of chymotrypsin and subtilisin on protein degradation
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Figure 8.1b Comparison of the effects of 4pM chymotrypsin and 4pM subtilisin on

protein degradation.

Protein degradation after perfusion of 4uM

chymotrypsin was significantly lower than after

subtilisin perfusion. P < 0.05 for all proteins, N =4)

N =4 for both chymotrypsin treatment and

subtilisin treatment.
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The reduction in fEPSP after chymotrypsin perfusion (30.11 + 5.79%, N =4) was
significantly lower than the rate of fEPSP reduction after subtilisin perfusion (7 + 0.65%, P
= 0.0073). Arrows a, b & c indicate time points at which sample fEPSPs were taken, as
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Comparison of chymotrypsin and subtilisin effects on protein expression
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Figure 6.2b Comparison of 6pM chymotrypsin and 4uM subtilisin perfusion effects

on protein degradation.
Perfusion of 4uM chymotrypsin resulted in a significant difference in levels of

synaptophysin (P = 0.007) and VAMP-1 (P = 0.036) expression. Expression of Unc5H1

and actin however did not show any significant variations. N =4
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6.1.3 Discussion

Previous studies have shown that chymotrypsin and subtilisin differ in their relative
potencies in the generation of LTD (MacGregor et al., 2007), and this was further
supported by the results obtained over these experiments. At a concentration of 4uM,
chymotrypsin generated an LTD of approximately 75% baseline fEPSP, in comparison to
the LTD generated by subtilisin, which decreased fEPSP to around 35% baseline. This
difference was also reflected in the pattern of protein degradation caused by these serine
proteases, with chymotrypsin perfusion having minimal effect on protein expression, even
in proteins normally most susceptible to subtilisin degradation.

The effect of an increased chymotrypsin concentration of 6uM was compared with the
effects of 4uM subtilisin. The LTD effect generated by chymotrypsin was still weaker
than subtilisin, with chymotrypsin producing a decrease of around 30%, and subtilisin
decreasing fEPSP size to around 7.5% baseline. At this concentration, chymotrypsin was
still unable to cause major changes to protein expression, in contrast to subtilisin
perfusions, which produced a significant decrease in the expression of all protein markers.
Despite the difference in potency between these two serine proteases, chymotrypsin at a
concentration of 6uM was able to generate an LTD effect of a similar magnitude to those
induced by subtilisin. However, this effect on fEPSP was not accompanied by a similar
level of protein degradation, leading to the possibility that mechanisms other than protein
degradation may be responsible for this LTD effect.

Based on these results, a chymotrypsin concentration of 6uM was selected for use in
subsequent experiments, as this concentration produced an LTD effect of comparable size

to 4uM subtilisin.
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6.2 Investigations into the mechanism of chymotrypsin-
mediated LTD.

6.2.1 Introduction

Initial experiments confirmed that chymotrypsin could cause a similar LTD effect as
subtilisin, which was also accompanied by selective protein degradation. However, the
potency of chymotrypsin was far lower than subtilisin, suggesting potential differences in
their mechanisms.  Chymotrypsin-mediated LTD was therefore evaluated against other
common types of LTD using inhibitory compounds previously tested on subtilisin. The
role of phosphatases was examined using the inhibitors phenylarsine oxide (PAO) and
sodium orthovanadate, which block the activation of phosphatases essential to electrically-
stimulated LTD. Both electrically-stimulated and mGluR-dependent LTD requires p38
MAP kinase activity, and the contribution of this kinase to chymotrypsin-induced LTD
was investigated using the selective inhibitor SB203580.

6.2.2 Results

6.2.1 Effect of 25uM PAO on the action of 6uM chymotrypsin

For this set of experiments 25uM PAO was added to the aCSF and perfused over the
hippocampal slices throughout the experimental period, up to 30 minutes of the recovery
period after chymotrypsin perfusion. Perfusion of PAO significantly decreased the effects
of chymotrypsin, causing a LTD effect of 73.81 + 3.96% of baseline values (N = 3). In
comparison, perfusion of chymotrypsin in aCSF alone caused an LTD decrease of 10.41 +

2.15% (N =4), which was extremely significant (P < 0.0001, Figure 6.3).

6.2.2 Effect of 1mM sodium orthovanadate on 6uM chymotrypsin

The effect of sodium orthovanadate on the action of chymotrypsin was evaluated by
dissolving this chemical in the aCSF used for perfusing the hippocampal slices during
electrophysiological recordings. Sodium orthovanadate was used at a concentration of

ImM, and slices were perfused with this modified aCSF for the duration of the experiment,
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up to 30 minutes into the recovery period, when perfusion was switched back to ordinary
aCSF.

Perfusion of sodium orthovanadate did not significantly alter the LTD response in the
hippocampal slice when compared with chymotrypsin perfusion in aCSF alone. LTD
generated by chymotrypsin in the presence of sodium orthovanadate caused a 77.76 +
3.47% (N = 4) reduction in fEPSP size; chymotrypsin in normal aCSF caused a fEPSP
decrease of 71.82 + 3.23 (N =5). Therefore the perfusion of sodium orthovanadate did not
produce a significant change to the chymotrypsin-mediated effects on fEPSP (P = 0.2525,
Figure 6.4).

6.2.3 Effect of SB203580 on 6uM chymotrypsin

A final experiment was conducted to determine the effects of the p38 MAP kinase inhibitor
SB203580 on the activity of chymotrypsin. Over the course of the electrophysiological
recording period, hippocampal slices were exposed to SuM SB203580 dissolved in aCSF
for 50 minutes, before being perfused with normal aCSF for the last 10 minutes of the
recovery period. Perfusion of this inhibitor did not produce a significant change to the size

of the LTD in response to chymotrypsin perfusion (P = 0.2398, Figure 6.5).
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Figure 6.3a Effect of perfusing 25uM phenylarsine oxide (PAO) on fEPSP response to
6pM chymotrypsin.

The reduction in fEPSP size in response to chymotrypsin perfusion was more prominent in
slices perfused with aCSF supplemented with PAO (10.41% =+ 2.15%, N = 4) than slices
perfused with aCSF alone (73.81 + 3.95%, N =3, P<0.0001). Arrows a, b & c indicate

time points at which sample fEPSPs were taken, as shown below.
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Figure 6.4 Effect of perfusing 1mM sodium orthovanadate (SO) on fEPSP response to
6pM chymotrypsin.

The reduction in fEPSP size in response to chymotrypsin perfusion did not differ
significantly between slices perfused with aCSF alone (71.82 + 3.23%, N =5) than slices
perfused with aCSF supplemented with SO (77.76% =+ 3.47%, N =4; P = 0.2525). Arrows

a, b & c indicate time points at which sample fEPSPs were taken, as shown below.
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Figure 6.5 Effect of perfusing SpM SB203580 on fEPSP response to 6pM

chymotrypsin

The reduction in fEPSP size in response to chymotrypsin perfusion was not significantly
different in slices perfused with aCSF supplemented with SB203580 (99.01 + 19.27%, N =
4) than slices perfused with aCSF alone (65.65 £ 16.81%, N =4, P = 0.2398). Arrows a, b

& c indicate time points at which sample fEPSPs were taken, as shown below.
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6.3 Discussion

Previous experiments on serine protease-mediated LTD was mainly focussed on the action
of subtilisin. However, it is known that other members of the S8A serine protease
subfamily, to which subtilisin belongs, also possess LTD-inducing properties (MacGregor
et al., 2007). These other serine proteases vary in their potency and most are less effective
in generating LTD when compared to subtilisin. However, at a sufficiently high
concentration, these other serine proteases can produce an LTD of similar amplitude to
those generated by subtilisin. In order to investigate the action of these other serine
proteases, experiments were conducted on a-chymotrypsin, a serine protease that possesses
a similar structure as subtilisin. In addition, its role as an endogenous serine protease can
also make these experiments more relevant to a physiological context. Initial experiments
involved optimising the concentration of chymotrypsin to produce an LTD of a similar size
to subtilisin by testing the effect of 4uM and 6puM chymotrypsin. Results suggested that
chymotrypsin at concentration of 6uM was able to produce an LTD of around 70%
baseline fEPSP, which was comparable to LTD generated by subtilisin. This chymotrypsin
concentration was therefore used for all subsequent experiments to enable a comparison to
be made with subtilisin action.

Past studies on subtilisin-mediated LTD have demonstrated that new form of LTD may
utilise some of the mechanisms involved with electrically-induced or mGLuR-induced
LTD. Evaluating of the contribution these mechanisms make in the action of
chymotrypsin would provide a clearer understanding of processes underlying serine
protease induced LTD. The contribution of protein phosphatases involved in electrically-
induced LTD was assessed using the protein phosphatase inhibitors PAO and sodium
orthovanadate. The involvement of p38 MAP kinases, which contribute to mGluR-
mediated LTD, was assessed using the inhibitory compound SB203580 which prevents the
activity of this kinase. The addition of SB203580 had no effect on chymotrypsin action,
suggesting that mGLuR activity does not have a major role in this new LTD mechanism.
In contrast, experiments with sodium orthovanadate and PAO were less conclusive. The
size of the chymotrypsin-mediated LTD was reduced in the presence of PAO, but sodium
orthovanadate had no measurable effect on chymotrypsin activity. As a consequence of
these contradictory results, it is unclear if protein phosphatases are a factor in the
generation of chymotrypsin-dependent LTD.

Comparison of these results with those attained with subtilisin suggests that chymotrypsin-

mediated LTD is dependent on slightly different mechanisms.
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Further experiments using different inhibitors may provide a better understanding of
whether these mechanisms are utilised by chymotrypsin, and help determine the exact
mechanisms used by this serine protease to generate LTD. Immunoblotting could also be
performed on these hippocampal slices to determine whether the protein phosphatase or
MAP kinase inhibitors could have an impact on chymotrypsin-mediated protein

degradation.
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Chapter 7 - General Discussion

7.1 Contribution of serine and metalloprotease

mechanisms to subtilisin-mediated LTD

7.1.1 Metalloprotease mechanisms and subtilisin action

The possibility that subtilisin could act via metalloprotease mechanisms was based on the
observation that subtilisin selectively cleaved the synaptic protein VAMP-1. The VAMP
proteins are known to be major targets for botulinum and tetanus toxins, both of which are
zinc-dependent metalloproteases. The possibility that subtilisin could utilise these
mechanisms was explored using three different experimental protocols. Initial experiments
were conducted by addition of 50uM zinc to the aCSF perfused throughout the experiment
in order to enhance the activity of zinc-dependent metalloproteases. These experiments
failed to produce any changes to the progression of subtilisin-mediated LTD, and did not
decrease protein degradation in response to subtilisin perfusion. Furthermore, the use of
100uM captopril, a potent inhibitor of zinc metalloproteases, failed to elicit any change to
the action of subtilisin. The contribution of other metalloproteases was also examined by
addition of the general metal chelator 20uM EDTA to aCSF in order to inhibit
metalloprotease activity. Experiments were also conducted to compare the action of
subtilisin directly with tetanus toxin; however, the use of tetanus toxin in the experimental
protocol did not produce any protein degradation, even on their target protein, VAMP-1.
These experiments suggest that subtilisin action is not dependent on metalloproteases;
however, there were also several shortcomings in the protocol which could have influenced
these results. The concentration of zinc was in the range of several micromolar, but the
aCSF itself contains buffer chemicals in molar concentrations. There is therefore a
possibility that these buffer chemicals could chelate most exogenous zinc ions added to the
aCSF, leaving a very small number of ions to interact with the hippocampal slice.
Similarly, the use of EDTA at a micromolar concentration may not be sufficient to chelate
zinc ions, as other metal ions are present at molar concentrations. These concentrations
would therefore need to be increased to provide a more reliable measurement of the

contribution of metal ion to subtilisin action. This could potentially in major changes to
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aCSF composition, leading the further difficulties in comparisons between slices in normal
aCSF and altered aCSF. The experimental protocol used for comparing tetanus toxin and
subtilisin action in this study was not effective, as the lack of protein degradation by
tetanus toxin suggests that it was inactive during the administration period. As such,
another protocol will be necessary to provide a proper comparison between these
proteases, possibly involving a higher concentration of tetanus toxin, as concentrations of
up to 100uM are known to cause changes to evoked potentials in hippocampal slices

(Calabresi et al., 1989).

7.1.2 Role of serine protease mechanisms in subtilisin-mediated
LTD

Subtilisin itself possesses inherent proteolytic capabilities as a serine protease, and the
contribution of these mechanisms were analysed through the use of the general serine
protease inhibitor PMSF. These experiments were conducted in an attempt to separate the
proteolytic and LTD-inducing effects of subtilisin, and explore the relative importance of
each proteolytic target of subtilisin. The use of PMSF would prevent the proteolytic action
of subtilisin, and could determine whether LTD was closely-related to protein degradation,
as suggested by previous data. The results of the current experiments support this view, as
addition of PMSF was able to prevent both protein degradation, and the generation of
LTD. However, these experiments failed to distinguish between each protein, and was
therefore of limited value. Further experiments with other serine protease inhibitors may
be more selective and produce a partial inhibition of subtilisin activity, which would allow

better quantification of their effects on both neuronal signalling and protein expression.

7.2 Importance of VAMP-1, Unc5H3 and actin degradation

for subtilisin-mediated LTD

These three proteins are most susceptible to subtilisin proteolysis, and their degradation

may have an important part in the progression of subtilisin-mediated LTD.
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7.2.1 Effect of Unc5H3 and VAMP-1 antibodies on subtilisin action

The importance of either VAMP-1 or Unc5H3 was tested using protein-specific antibodies
to target these particular proteins. Preincubation of hippocampal slices with antibodies
failed to prevent the action of subtilisin, even in the presence of pore-forming chemicals
such as triton or streptolysin. This indicates that VAMP-1 and Unc5H3 may not cause
subtilisin-mediated LTD, but could be an indication of subtilisin activity. However, other
explanations for these results are also possible, as there are a number of variables in the
protocol used for these experiments. The antibodies used for these experiments were
optimised for molecular studies, and not for use with in-vitro preparations of hippocampal
slices. There is therefore a possibility that the antibodies themselves could not penetrate
the hippocampal slices sufficiently to produce an effect. In addition, there was no method
of visualising or measuring the amount of antibody that had penetrated the hippocampal
slice, which could potentially be remediated through the use of fluorescent-tagged
antibodies. The location of subtilisin action is also unclear, and it is possible that the
antibodies binding site was sufficiently distant from the cleavage site that they had no
impact on proteolytic cleavage. The duration of the preincubation period could also be a
cause for these negative results, as antibody penetration of cells requires a lengthy period
of time, and an extended preincubation period may help facilitate an increased number of
antibody-protein interactions. However, a balance had to be struck between preincubation
time, and slice viability, due to the use of acute hippocampal slices which decrease in
function over time. A preincubation period several hours long may not provide sufficient
time for accurate electrophysiological recordings to be made from these slices.

The aim of these experiments using antibodies against either UncSH3 or VAMP-1 was to
determine the relative importance of these proteins to subtilisin-mediated LTD. Other
methods should be explored to specifically target these proteins, such as the use of RNAi

to silence the appropriate genes encoding these proteins.

7.2.2 Impact of the actin stabiliser Jasplakinolide on subtilisin

action

Addition of jasplakinolide to the aCSF perfused over the hippocampal slice during
recordings did not have an impact on subtilisin-mediated LTD or protein degradation. In
particular, it did not affect the levels of actin within the hippocampal slice, leading to the

possibility that it did not interact with actin, or at such a low level that it could not have an
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overall impact on actin. A higher concentration of jasplakinolide might provide a better
indication of the role of actin in subtilisin-mediated LTD and provide a measurable change
to actin polymerisation. Alternatively, addition of exogenous actin at a sufficiently high
concentration may compensate for the degradation by subtilisin and give a better

understanding of the actin dynamics underlying subtilisin action.

7.3 Comparison of DHPG and EDA-mediated LTD with
subtilisin-mediated LTD

A comparison was made between subtilisin-mediated LTD and LTD generated by other
means, in order to establish whether differences existed between these types. One of the
major forms of LTD is dependent on the action of mGluRs, which can be elicited by the
mGluR agonist DHPG (Palmer ef al., 1997). A comparison was made between the effects
of perfusing subtilisin and DHPG on hippocampal slices, with the aim of providing a direct
comparison between these two types. However, perfusion of DHPG did not result in the
generation of an LTD effect, preventing a comparison using this compound. A second
experiment was conducted using ethylenediamine, a GABA mimetic previously known to
be capable of generating LTD (Stone et al., 2011). Perfusion of EDA produced an LTD
effect that was smaller in magnitude than the LTD generated by subtilisin. Furthermore, it
was not accompanied by protein degradation, unlike subtilisin-mediated LTD, supporting
the previous view that this was a new form of LTD closely associated with protein
degradation. Additional confirmation of these results will require a repeat of the DHPG
experiments, as EDA is not well-studied as an inducer of LTD in comparison to DHPG or

MCPG, which are well-attested as LTD inducers in literature.

7.4 Comparison of subtilisin and chymotrypsin-mediated
LTD

Previous studies have shown that serine proteases related to subtilisin, such as a-

chymotrypsin, are also capable of producing LTD effects. This serine protease is
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structurally similar to subtilisin, but is less potent in causing LTD. Initial experiments to
optimise the use of chymotrypsin supports this view, as 6uM chymotrypsin was required to
produce a similar LTD effect as 4uM subtilisin.

Experiments were also conducted to evaluate the contribution of protein phosphatases and
protein kinases to chymotrypsin action, which were previously tested on subtilisin-
mediated actions (Forrest ef al., 2011). These results suggest that chymotrypsin action
involve elements of other LTD mechanisms, in a similar manner to subtilisin, which also
utilises mechanisms from other types of LTD. An interesting finding from these
experiments is that chymotrypsin-LTD is less dependent on protein degradation than
subtilisin. Chymotrypsin-mediated LTD at 6uM was similar in to those generated by
subtilisin at 4uM; however, protein degradation at this chymotrypsin concentration
occurred at a much lower rate. This suggests that chymotrypsin may be a better model for

studying the relationship between serine protease-induced LTD and protein degradation.

7.5 Issues on the interpretation of western blots

Western blotting is a useful tool for measuring the presence of proteins, however, it is also
semi-quantitative, as the final measurements can be influenced by a number of different
variables. For these experiments, calculations were made to load 10-12pg of protein into
each gel lane, but without the presence of an accurate loading control, this could not be
definitively verified. An effective housekeeping protein would increase the reliability of
the current results, but due to the proteolytic nature of subtilisin action against a wide range
of proteins, this was not feasible.

The effectiveness of the protein transfer process may also vary between each blot, as there
was no protocol in place to measure the amount of proteins being transferred. The
Ponceau staining used for these experiments only provided a qualitative measurement of
the protein transfer, which if successful would allow the next stage of the protocol to be
performed.

In experiments carried out over a number of blots, these variables may be even more
prominent, as the response of each blot to blocking, antibody preincubation and
chemiluminescence processes will be different. The strength of each protein band is also
very subjective, and is dependent on the exposure time of each film, with longer periods

providing a stronger signal. If samples are spread over several blots, this may prevent the
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detection of small changes to protein expression. An additional issue is that some proteins
respond too strongly to the ECL solution, causing a high chemiluminescence value that
causes individual protein bands to merge. This complicates the quantification process, as
measurements may no longer reflect the size of a single protein band, but instead

incorporate signals from neighbouring lanes.

The reliability of the results obtained using immunoblotting could also be improved by the
use of additional controls. Protein levels in experiments involving the addition of
chemicals to aCSF, such as EDTA, or antibody preincubations agents were not measured
in the absence of subtilisin. Therefore the current results may be influenced by the

treatments themselves, and not accurately reflect the impact of subtilisin on these slices.
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Chapter 8 - Summary

8.1 Main Findings

1) The action of subtilisin was unaffected by either the addition of zinc, which potentiates
the action of zinc-dependent metalloproteases, or the addition of the zinc-specific chelator
captopril. These results indicate that although subtilisin and the zinc metalloprotease share

the same proteolytic target in VAMP-1, their mechanism of action is likely different.

2) Addition of EDTA to the perfusion medium did not attenuate the action of subtilisin.
This result suggests that not only is subtilisin not associated with zinc metalloproteases,

other metalloproteases do not participate in the mechanisms utilised by subtilisin.

3) Inhibition of the serine protease action of subtilisin via PMSF also abolished the
LTD-inducing action of subtilisin. This suggests that these two properties of

subtilisin may be linked in some way.

4) VAMP-1 and Unc5H3 antibodies were intended to selectively block subtilisin
action on their respective proteins. This did not occur and the presence of antibody

alone did not make an impact on the action of subtilisin.

5) Jasplakinolide was unable to prevent actin degradation by subtilisin, although this
may have been due to a general failure of action, as there was no sign of actin

polymerisation in the slices treated with this actin stabiliser.

6) Comparing LTD between the mGLuR agonist and subtilisin was not possible as
DHPG did not elicit an LTD in all slices tested. However, subtilisin-mediated LTD
was compared to the LTD generated by a GABA-mimetic compound,
ethylenediamine. The LTD generated by subtilisin was significantly bigger in
magnitude than the one generated by EDA; furthermore, EDA-mediated LTD did
not demonstrate any significant proteolytic activities against the proteins
analysed, further supporting the view that subtilisin-mediated LTD represents a

novel form of LTD.
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7) Comparing the effects of subtilisin and a-chymotrypsin, subtilisin appeared to be more
potent, requiring only a concentration of 4uM to cause a decrease in fEPSP size of
around 70-80%. Similar values were only attained by a-chymotrypsin at a

concentration of 6uM.

8) Subtilisin and chymotrypsin appear to share a similar mechanism of action, which is not
dependent on the mechanisms used to generate electrical LTD or mGluR-dependent
LTD. However, whilst subtilisin was completely unaffected by the activity of both
sodium orthovanadate and PAO, LTD induced by a-chymotrypsin was significantly

reduced by the presence of PAO in the perfusion medium.

8.2 Future work

Due to the failure of several of these experiments to work as intended, some, such as the
experiments conducted with VAMP-1 and Unc5H3 antibodies may be worth revisiting, but
using antibodies raised specifically for the task. In addition, the effect of subtilisin on actin
has not yet been elucidated despite the attempts made during this investigation. As actin is
such a crucial protein to the normal function of cells and neurons, it would be advisable to
repeat these experiments, but with optimised concentrations of jasplakinolide. The
research presented here is only an overview of some of the molecular elements of subtilisin
action, and indeed effects of serine proteases on the aspects of neuronal signalling. The
similarity in action between subtilisin and chymotrypsin also lends itself to the possibility
that other unknown serine proteases may also possess these same attributes. The ability of
a-chymotrypsin to induce LTD is of great interest, as unlike subtilisin, a bacterial protease,
a-chymotrypsin is an endogenous serine protease, which could be a more attractive option
considering their natural presence in the body. The finding that the effects of subtilisin
could be duplicated with chymotrypsin, albeit at a slightly higher concentration, also make
this an attractive model for supporting evidence gathered from experiments on subtilisin,
and may even represent a good replacement for subtilisin. In light of the results obtained
both in this investigation and in previous studies, it may be worth examining other
endogenous serine proteases such as neuropsin to determine whether they have the
potential to cause the same LTD effects or disruption to memory as subtilisin. Subtilisin
alone is also known to impair the consolidation of memory formation in mice, when

injected into their dorsal hippocampi. Other behavioural tests would help to expand on the
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current knowledge of subtilisin’s physiological roles. Finally, serine proteases have a role
in a number of neurological disorders such as Parkinson’s disease and dementia, and
subtilisin, or its associated proteases such as a-chymotrypsin, may become important

models for studying these diseases.

8.3 Conclusions

The initial discovery of serine protease-mediated LTD stemmed from a study which
discovered a new serine protease, cadeprin, which belonged to the S§A group of small
serine proteases. As part of an evaluation into its activities, cadeprin was found to cause a
novel form of LTD, which was associated with degradation of proteins, a characteristic not
found in other forms of LTD. Comparison of cadeprin with other members of the SSA
group and the related ST A group of serine proteases indicated that other serine proteases,
such as subtilisin and chymotrypsin, could also generate a similar LTD effect (MacGregor
et al., 2007). Further studies into this new type of LTD, using subtilisin as a model,
indicates that subtilisin-mediated LTD is accompanied by a selective degradation of
proteins, with the most affected being the synaptic protein VAMP-1, the netrin receptor
Unc5H3 and the cytoskeletal protein actin (Forrest ef al.,2011). Based on these previous
studies, the current experiments were conducted to determine the relative importance of
these proteins to the action of subtilisin, and also to learn more about the mechanisms
underlying this LTD effect. Results presented in this study indicate that the proteolytic
action of subtilisin does not utilise metalloprotease mechanisms, but is dependent on its
inherent serine protease mechanism. Furthermore, these results confirmed the close
association of protein degradation with the LTD effect generated by subtilisin, although
this effect is not dependent on the proteolysis of VAMP-1, Unc5H3 or actin alone. These
results also confirm the differences between subtilisin-mediated LTD and LTD induced by
mGluR mechanisms, although more experiments would be needed to improve the
reliability of this result. Comparison of the effects of chymotrypsin and subtilisin also
indicate that these two serine proteases utilise similar mechanisms for producing LTD, as
evidenced by the susceptibility of Unc5H3, VAMP-1 and actin to degradation by both
proteases. Both the proteolytic and LTD-inducing effects of chymotrypsin were weaker
than subtilisin, in keeping with previous data on the relative potencies of these two

proteases (MacGregor ef al., 2007). However, unlike subtilisin, chymotrypsin action was
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affected by the presence of PAO, suggesting a possible explanation for the differences in
activity between these two serine proteases.

Long-term depression is known to have major roles in the acquisition and retention of
memories, and interference with this process is the cause of several major degenerative
diseases. In both Alzheimer’s disease and Parkinson’s disease, pathological progression
involves an initial loss of short-term memory deficits, followed by more severe symptoms
such as bradykinesia (for Parkinson’s disease) or speech impairment and the loss of long
term memory (in Alzheimer’s). Subtilisin, or serine protease-mediated LTD, have
previously been shown to affect the consolidation of short-term memories in mice. Direct
injection of subtilisin into the mouse hippocampus after a training session, resulted in an
impairment of their response to foot-shock stimuli (Kornisiuk ez al., 2010). It is therefore
possible for serine protease-mediated LTD to be used as a model for the early stage
symptoms of both AD and PD. In addition, a trypsin-like serine protease neurosin, is
known to be localised within amyloid plaques of patients suffering from Alzheimer’s
disease (Ogawa et al., 2000). This suggests that serine proteases can be an important
factor in the progression of this disease, and the possibility that subtilisin or related serine
proteases such as chymotrypsin may become useful tools for investigating these disorders.
The results obtained in this study have helped to provide a more detailed view of the LTD
mediated through subtilisin, as they have indicated that the actions of this serine protease is
unlikely to occur via metalloprotease mechanisms. These experiments also prove that
other serine proteases such as chymotrypsin are capable of generating LTD with similar
characteristics, opening the possibility that endogenous serine proteases with important

roles in physiology and pathological conditions may also display this synaptic effect.

149



Chapter 10 - References

Ahuja R, Pinyol R,, Nicole Reichenbach, Laura Custer, Klingensmith J., Michael M.
Kessels & Qualmann a.B. (2007). Cordon-Bleu Is an Actin Nucleation Factor
and Controls Neuronal Morphology. Cell 131, 337-350.

Alexander P.A., Ruan B. & Bryan P.N. (2001). Cation-Dependent Stability of Subtilisin.
Biochemistry 40, 10634-10639.

Altadilla A., Rodriguez M., Gonzaleza L.O., Junquera S., Cortea M.D., Gonzalez-Dieguez
M.L,, Linares A., Barbone E., Fresno-Forcelledo M., Rodrigob L. & Vizoso F.].
(2009). Liver expression of matrix metalloproteases and their inhibitors in
hepatocellular carcinoma. Digestive and Liver Disease 41, 740-748.

Anand-Apte B., Pepper M.S,, Voest E., Montesano R,, Olsen B., Murphy G., Apte S.S. &
Zetter B. (1997). Inhibition of Angiogenesis by Tissue Inhibitor of
Metalloproteinase-3. Investigative Ophthalmology & Visual Science 38, 817-
823.

Andrade F., Fellows E., Jenne D.E., Rosen A. & Young C. (2007). Granzyme H destroys
the function of critical adenoviral proteins required for viral DNA replication
and granzyme B inhibition. EMBO Journal 26, 2148-2157.

Appleby V], Corréa S.A.L., Duckworth ].K,, Nash J.E., Noél |, Fitzjohn S.M., Collingridge
G.L. Molnar E., (2011). LTP in hippocampal neurons is associated with a
CaMKII-mediated increase in GluA1 surface expression. Journal of
Neurochemistry . 116, 530-543.

Applewhite D.A,, Barzik M., Kojima S.-i., Svitkina T.M., Gertler F.B. & Borisy G.G.
(2007). Ena/VASP Proteins Have an Anti-Capping Independent Function in
Filopodia Formation. Molecular and Cell Biology 18, 2579-2591.

Bando Y., Ito S., Nagai Y., Terayama R., Kishibe M,, Jiang Y.-P., Mitrovic B., Takahashi T.
& Yoshida S. (2006). Implications of protease M/neurosin in myelination

during experimental demyelination and remyelination. Neuroscience Letters
405, 175-180.

Barallobre M.]., Rio J.A.D., Alcantara S., Borrell V., Aguado F., Ruiz M., Maria A.
Carmona, Martin M., Fabre M,, Yuste R., Tessier-Lavigne M. & Soriano E.
(2000). Aberrant development of hippocampal circuits and altered neural
activity in netrin 1-deficient mice. Development 127, 4797-4810.

Barbato G., Cicero D.O., Cordier F., Narjes F., Gerlach B., Sambucini S., Grzesiek S.,
Matassa V.G., Francesco R.D. & Bazzo R. (2000). Inhibitor binding induces
active site stabilization of the HCV NS3 protein serine protease domain. EMBO
Journal 19, 1195-1206.

Barrett C. & Guthrie S. (2001). Expression patterns of the netrin receptor UNC5H1

among developing motor neurons in the embryonic rat hindbrain. Mechanisms
of Development 106, 163-166.

150



Barry S.T. & Critchley D.R. (1994). The RhoA-dependent assembly of focal adhesions
in Swiss 3T3 cells is associated with increased tyrosine phosphorylation and
the recruitment of both pp125FAK and protein kinase C-d to focal adhesions.
Journal of Cell Science 107, 2033-2045.

Beattie E.C., Carroll R.C., Yu X., Morishita W., Yasuda H., Zastrow M.v. & Malenka R.C.
(2000). Regulation of AMPA receptor endocytosis by a signaling mechanism
shared with LTD. Nature Neuroscience 3, 1291-1300.

Beauchamp A, Lively M.O., Mintz A., Gibo D., Wykosky J. & Debinski W. (2012).
EphrinA1 Is Released in Three Forms from Cancer Cells by Matrix
Metalloproteases. Molecular and Cell Biology 32, 3253-3264.

Becher A., Drenckhahn A., Pahner 1., Margittai M., Jahn R. & Ahnert-Hilger G. (1999).
The Synaptophysin-Synaptobrevin Complex: a Hallmark of Synaptic Vesicle
Maturation. Journal of Neuroscience 19, 1922-1931.

Bender M.L. & Kezdy F.]. (1964). The Current Status of the a-Chymotrypsin
Mechanism. Journal of the American Chemical Society 86, 3704-3714.

Bernet A., Mazelin L., Coissieux M.M., Gadot N., Ackerman S., Scoazec ].Y. & Mehlen P.
(2007). Inactivation of the UNC5C Netrin-1 Receptor Is Associated With
Tumor Progression in Colorectal Malignancies. Gastroenterology 133, 1840-
1848.

Berti P.J. & Storer A.C. (1995). Alignment/Phylogeny of the Papain Superfamily of
Cysteine Proteases. Journal of Molecular Biology 246, 273-283.

Beynon R.J. & Kay J. (1978). The inactivation of native enzymes by a neutral
proteinase from rat intestinal muscle. Biochemical Journal 173, 291-298.

Binz T., Blasi J., Yamasaki S., Baumeister A., Link E., Siidhof T.C., Jahn R. & Niemann H.
(1994). Proteolysis of SNAP-25 by types E and A botulinal neurotoxins. Journal
of Biological Chemistry 269, 1617-1620.

Binz T., Blasi J., Yamasaki S., Baumeister A., Link E., Stidhof T.C., R. ]. & H. N. (1994).
Proteolysis of SNAP-25 by types E and A botulinal neurotoxins. Journal of
Biological Chemistry 269, 1617-1620.

Biyasheva A., Svitkina T., Kunda P., Baum B. & Borisy G. (2003). Cascade pathway of
filopodia formation downstream of SCAR. Journal of Cell Science 117, 837-848.

Bonanomi D., Rusconi L., Colombo C., Benfenati F. & Valtorta F. (2007). Synaptophysin
[ selectively specifies the exocytic pathway of synaptobrevin 2/VAMP2.
Biochemical Journal 404, 525-534.

Bork P., Sander C. & Valencia A. (1992). An ATPase domain common to prokaryotic
cell cycle proteins, sugar kinases, actin, and hsp70 heat shock proteins.
Proceedings of the National Academy of Sciences 89, 7290-7294.

Botos L., Melnikov E.E., Cherry S., Tropea J.E., Khalatova A.G., Rasulova F., Dauter Z.,
Maurizi M.R., Rotanova T.V., Wlodawer A. & Gustchina A. (2003). The catalytic

151



domain of Escherichia coli Lon protease has a unique fold and a Ser-Lys dyad
in the active site. Journal of Biological Chemistry 279, 8140-8148.

Bovenschen N., Koning P.J.A.d., Quadir R., Broekhuizen R., Damen ].M.A,, Froelich C.J.,
Slijper M. & Kummer J.A. (2008). NK Cell Protease Granzyme M Targets a-

Tubulin and Disorganizes the Microtubule Network. The Journal of
Immunology 180, 8184-8191.

Braisted J.E., Catalano S.M., Stimac R., Kennedy T.E., Tessier-Lavigne M., Shatz C.]J. &
O’Leary D.D.M. (2000). Netrin-1 Promotes Thalamic Axon Growth and Is
Required for Proper Development of the Thalamocortical Projection. Journal of
Neuroscience 20, 5792-5801.

Broadie K., Prokop A., Bellen H.J., 0'Kane C.J., Schulze K.L. & Sweeney S.T. (1995).
Syntaxin and synaptobrevin function downstream of vesicle docking in
Drosophila. Neuron 15, 663-673.

Browning J.D. & Horton ].D. (2010). Fasting reduces plasma proprotein convertase,
subtilisin/kexin type 9 and cholesterol biosynthesis in humans. Journal of Lipid
Research 51, 3359-3363.

Bryan P., Pantoliano M.W., Quill S.G., Hsiao H.Y. & Poulos T. (1986). Site-directed
mutagenesis and the role of the oxyanion hole in subtilisin. Proceedings of the
National Academy of Sciences 83, 3743-3745.

Bryan P., Pantoliano M.W., Quill S.G., Hsiao H.Y. & T. P. (1986). Site-directed
mutagenesis and the role of the oxyanion hole in subtilisin. Proceedings of the
National Academy of Sciences 83, 3743-3745.

Bubb M.R,, Senderowicz A.M., Sausville E.A., Duncan K.L., Korn E.D. (1994).
Jasplakinolide, a cytotoxic natural product, induces actin polymerization and

competitively inhibits the binding of phalloidin to F-actin. Journal of
Biological Chemistry. 269, 14869-14871.

Bubb M.R,, Spector ., BeyerB.B., Fosen K.M.. (2000). Effects of Jasplakinolide on the
Kinetics of Actin Polymerization: AN EXPLANATION FOR CERTAIN IN VIVO
OBSERVATIONS jJournal of Biological Chemistr275, 5163-5170.

Cain C.C., Trimblez W.S. & Lienhard G.E. (1992). Members of the VAMP Family of
Synaptic Vesicle Proteins Are Components of Glucose Transporter-containing
Vesicles from Rat Adipocytes. Journal of Biological Chemistry 267, 11681-
11684.

Calabresi P., Benedetti M., Mercuri N.B., Bernardi G. (1989). Selective depression of
synaptic transmission by tetanus toxin: A comparative study on hippocampal
and neostriatal slices. Neuroscience. 30, 663-670.

Cao M.-]., Osatomi K., Hara K. & Ishihara T. (2000). Identification of a myofibril-bound
serine proteinase (MBSP) in the skeletal muscle of lizard fish Saurida wanieso
which specifically cleaves the arginine site. Comparative Biochemistry and
Physiology 125, 255-264.

152



Causeret F., Hidalgo-Sanchez M., Fort P., Backer S., Popoff M.-R., Gauthier-Rouviere C.
& Bloch-Gallego E. (2004). Distinct roles of Rac1/Cdc42 and Rho/Rock for
axon outgrowth and nucleokinesis of precerebellar neurons toward netrin 1.
Development 131, 2841-2852.

Chamberlain S.E.L., Sadowski J.H.L.P., Ruivo L.M.T.-G., Atherton L.A. & Mellor J.R.
(2013). Long-Term Depression of Synaptic Kainate Receptors Reduces
Excitability by Relieving Inhibition of the Slow Afterhyperpolarization. Journal
of Neuroscience 33, 9536-9545.

Chaouloff F., Hemar A. & Manzoni O. (2007). Acute Stress Facilitates Hippocampal

CA1 Metabotropic Glutamate Receptor-Dependent Long-Term Depression.
Journal of Neuroscience 27, 7130-7135.

Chen ], Tan Z., Zeng L., Zhang X., He Y., Gao W., Wu X,, Li Y., Bu B, Wang W. & Duan S.
(2013). Heterosynaptic long-term depression mediated by ATP released from
astrocytes. Glia 61, 178-191.

Chen Z., Sun |., Paradines A., Favre G., Adnane ]. & Sebti S.M. (2000). Both farnesylated
and geranylgeranylatd RhoB inhibit malignant transformation and suppress

human tumor growth in nude mice. Journal of Biological Chemistry 275,
17974-17978.

Chen Z.L., Yoshida S., Kato K., Momota Y., Suzuki J., Tanaka T., Ito ]., Nishino H., Aimoto
S. & Kiyama H. (1995). Expression and activity-dependent changes of a novel

limbic-serine protease gene in the hippocampus. Journal of Neuroscience 15,
5088-5097.

Chevaleyre V. & Castillo P.E. (2003). Heterosynaptic LTD of Hippocampal GABAergic

Synapses: A Novel Role of Endocannabinoids in Regulating Excitability. Neuron
38,461-472.

Chhabra D., Bao S. & Remedios C.G.D. (2002). The distribution of cofilin and DNase I in
vivo. Cell Research 12,207-214.

Choi C.K,, Vicente-Manzanares M., Zareno J., Whitmore L.A., Mogilner A. & Horwitz
A.R. (2009). Actin and a-actinin orchestrate the assembly and maturation of

nascent adhesions in a myosin Il motor-independent manner. Nature Cell
Biology 10, 1039-1050.

Choi Y.S., Hong S.-B., Jeon H.K,, Kim E.J, Oh W.-].a,, Joe S.-Y., Han ].S,, Lee M.-].a. & Lee
H.-W. (2003). Insertional Mutation in the Intron 1 of Unc5h3 Gene Induces

Ataxic, Lean and Hyperactive Phenotype in mice. Experimental Animals 52,
273-283.

Conlin C.A., Hakensson K, Liljas A. & Miller C.G. (1994). Cloning and nucleotide
sequence of the cyclic AMP receptor protein-regulated Salmonella
typhimurium pepE gene and crystallization of its product, an alpha-aspartyl
dipeptidase. Journal of Bacteriology 176, 166-172.

153



Conseil V., Soéte M. & Dubremetz ].F. (1999). Serine Protease Inhibitors Block
Invasion of Host Cells by Toxoplasma gondii. Antimicrobial Agents and
Chemotherapy 43, 1358-1361.

Corset V., Nguyen-Ba-Charvet K.T., Forcet C., Moyse E., Chedotal A. & Mehlen P.
(2000). Netrin-1-mediated axon outgrowth and cAMP production requires
interaction with adenosine A2b receptor. Nature 407, 747-750.

Dedk F., Schoch S, Liu X,, Siidhof T.C. & Kavalali E.T. (2004). Synaptobrevin is
essential for fast synaptic-vesicle endocytosis. Nature Cell Biology 6, 1102-
1108.

Dent E.W.,, Barnes A.M., Tang F. & Kalil K. (2004). Netrin-1 and Semaphorin 3A
Promote or Inhibit Cortical Axon Branching, Respectively, by Reorganization
of the Cytoskeleton. Journal of Neuroscience 24, 3002-3012.

Devaney ].M., Greene C.M., Taggart C.C., Carroll T.P., O’Neill S.]. & McElvaney N.G.
(2003). Neutrophil elastase up-regulates interleukin-8 via toll-like receptor 4.
FEBS Letters 544, 129-132.

DeVay R.M., Shelton D.L. & Liang H. (2013). Characterization of Proprotein Convertase
Subtilisin/Kexin Type 9 (PCSK9) Trafficking Reveals a Novel Lysosomal
Targeting Mechanism via Amyloid Precursor-like Protein 2 (APLP2). Journal of
Biological Chemistry 288, 10805-10818.

Dillon A.K,, Jevince A.R,, Hinck L., Ackerman S.L., Lu X,, Tessier-Lavigne M. &
Kaprieliana Z. (2007). UNC5C is required for spinal accessory motor neuron
development. Molecular and Cellular Neuroscience 35, 482-489.

Dominguez R. & Holmes K.C. (2011). Actin Structure and Function. Annual Rev
Biophys 40, 169-186.

Donahue C.P., Jensen R.V., Ochiishi T., Eisenstein 1., Zhao M., Shors T. & Kosik K.S.
(2002). Transcriptional Profiling Reveals Regulated Genes in the Hippocampus
During Memory Formation. Hippocampus 12, 821-833.

Du W,, Lebowitz P.F. & Prendergast G.C. (1999). Cell growth inhibition by
farnesyltransferase inhibitors is mediated by gain of geranylated RhoB.
Molecular and Cell Biology 19, 1831-1840.

Dudek S.M. & Bear M.F. (1992). Homosynaptic long-term depression in area CA1 of
hippocampus and effects of N-methyl-D-aspartate receptor blockade.
Proceedings of the National Academy of Sciences 89, 4363-4367.

Edelmann L., lHanson P., R.Chapman E. & Jahn R. (1995). Synaptobrevin binding to
synaptophysin: a potential mechanism for controlling the exocytotic fusion
machine. EMBO journal 14, 224-231.

Edwards D.C., Sanders L.C., Bokoch G.M. & Gill G.N. (1999). Activation of LIM-kinase

by Pak1 couples Rac/Cdc42 GTPase signalling to actin cytoskeletal dynamics.
Nature Cell Biology 1, 253-259.

154



Edwards D.R., Handsley M.M. & Pennington C.]. (2008). The ADAM
metalloproteinases. Molecular Aspects of Medicine 29, 258-289.

Ekici O.D., Paetzel M. & Dalbey R.E. (2008). Unconventional serine proteases:
Variations on the catalytic Ser/His/Asp triad configuration. Protein Science 17,
2023-2037.

Ellezam B., Selles-Navarro I., Manitt C., Kennedy T.E. & McKerracher L. (2001).
Expression of Netrin-1 and Its Receptors DCC and UNC-5H2 after Axotomy and
during Regeneration of Adult Rat Retinal Ganglion Cells. Experimental
Neurology 168, 105-115.

Esfandiarei M., Yazdi S.A., Gray V., Dedhar S. & Breemen C.v. (2010). Integrin-linked
kinase functions as a downstream signal of platelet-derived growth factor to
regulate actin polymerization and vascular smooth muscle cell migration. BMC
Cell Biology 11, 16.

Fan Z., Beresford P.]., Oh D.Y., Zhang D. & Lieberman J. (2003). Tumor Suppressor
NM23-H1 Is a Granzyme A-Activated DNase during CTL-Mediated Apoptosis,
and the Nucleosome Assembly Protein SET Is Its Inhibitor. Cell 112, 659-672.

Felbor U., Kessler B., Mothes W., Goebel H.H., Ploegh H.L., Bronson R.T. & Olsen a.B.R.
(2002). Neuronal loss and brain atrophy in mice lacking cathepsins B and L.
Proceedings of the National Academy of Sciences 99, 7883-7888.

Finger ].H., Bronson R.T., Harris B., Johnson K., Przyborski S.A. & Ackerman S.L.
(2002). The Netrin 1 Receptors Unc5h3 and Dcc Are Necessary at Multiple
Choice Points for the Guidance of Corticospinal Tract Axons. Journal of
Neuroscience 22,10346-10356.

Flores C., Bhardwaj S.K,, Labelle-Dumais C. & Srivastava L.K. (2009). Altered Netrin-1
Receptor Expression in Dopamine Terminal Regions Following Neonatal
Ventral Hippocampal Lesions in the Rat. Synapse 63, 54-60.

Forrest C.M,, Jonas I. Addae, Sahana Murthy, L. Gail Darlington, Morris B.]. & Stone
T.W. (2011). Molecular changes associated with hippocampal long-lasting
depression induced by the serine protease subtilisin-A. European Journal of
Neuroscience 34, 1241-1253.

Forrest C.M,, L.G. Darlington & Stone T.W. (2013). Involvement of the proteasome and
caspase activation in hippocampal long-term depression induced by the serine
protease subtilisin. Neuroscience 231, 233-246.

Fykse E., Takei K., Walch-Solimena C., Geppert M., Jahn R., Camilli P.D. & Siidhof T.
(1993). Relative properties and localizations of synaptic vesicle protein

isoforms: the case of the synaptophysins. Journal of Neuroscience 13, 4997-
5007.

Gaisano H.Y., Sheu L., Foskett ].K. & Trimble W.S. (1994). Tetanus toxin light chain
cleaves a vesicle-associated membrane protein (VAMP) isoform 2 in rat

pancreatic zymogen granules and inhibits enzyme secretion. Journal of
Biological Chemistry 269, 17062-17066.

155



Galletta B.J., Mooren O.L. & Cooper J.A. (2010). Actin dynamics and endocytosis in
yeast and mammals. Current Opinion in Biotechnology 21, 604-610.

Gallo G. (2006). RhoA-kinase coordinates F-actin organization and myosin II activity
during semaphorin-3A-induced axon retraction. Journal of Cell Science 119,
3413-3423.

Gamble M,, Kiinze G., Brancale A., Wilson K.S. & Jones D.D. (2012). The role of
substrate specificity and metal binding in defining the activity and structure of
an intracellular subtilisin. FEBS Open Bio 2, 209-215.

Geppert M., Goda Y., Hammer R.E,, Li C., Rosahl T.W.,, Stevens C.F. & Stidhof T.C.
(1994). Synaptotagmin I: A Major Ca2+ Sensor for Transmitter Release at a
Central Synapse. Cell 79, 717-727.

Goldowitz D., Hamre K.M., Przyborski S.A. & Ackerman S.L. (2000). Granule Cells and
Cerebellar Boundaries: Analysis of Unc5h3 Mutant Chimeras. Journal of
Neuroscience 20, 4129-4137.

Graceffa P. & Dominguez R. (2003). Crystal structure of monomeric actin in the ATP
state: Structural basis of nucleotide-dependent actin dynamics. Journal of
Biological Chemistry 278, 34172-34180.

Grimberg E., Peng Z., Hammel L. & Sagi-Eisenberg R. (2003). Synaptotagmin Il is a
critical factor for the formation of the perinuclear endocytic recycling
compartment and determination of secretory granules size. Journal of Cell
Science 116, 145-154.

Guana W. & Condic M.L. (2003). Characterization of Netrin-1, Neogenin and cUNC-
5H3 expression during chick dorsal root ganglia development. Gene Expression
Patterns 3, 369-373.

Guijarro P., Sim6 S., Pascual M., Abasolo 1., Rio ].D. & Soriano E. (2006). Netrin1 exerts
a chemorepulsive effect on migrating cerebellar interneurons in a Dcc-
independent way. Molecular Cell Neuroscience 33, 389-400.

Hallenberger S., Moulard M., Sordel M., Klenk H.D. & Garten W. (1997). The role of
eukaryotic subtilisin-like endoproteases for the activation of human
immunodeficiency virus glycoproteins in natural host cells. Journal of Virology
71, 1036-1045.

Hamasaki T., Goto S., Nishikawa S. & Ushio Y. (2001). A Role of Netrin-1 in the
Formation of the Subcortical Structure Striatum: Repulsive Action on the
Migration of Late-Born Striatal Neurons. Journal of Neuroscience 21, 427 2-
4280.

Hanson J. & Lowy J. (1963). The Structure of F-Actin and of Actin Filaments Isolated
from Muscle. journal of Molecular Biology 6, 46-60.

Hedstrom L., Szilagyi L. & Rutter W. (1992). Converting trypsin to chymotrypsin: the
role of surface loops. Science 255, 1249-1253.

156



Helwani F.M., Kovacs E.M., Paterson A.D., Verma S., Ali R.G., Fanning A.S., Weed S.A. &
Yap A.S. (2004). Cortactin is necessary for E-cadherin-mediated contact
formation and actin reorganization. Journal of Cell Biology 164, 899-910.

Hong K., Hinck L., Nishiyama M., Poo M.-m., Tessier-Lavigne M. & Stein E. (1999). A
Ligand-Gated Association between Cytoplasmic Domains of UNC5 and DCC
Family Receptors Converts Netrin-Induced Growth Cone Attraction to
Repulsion. Cell 97,927-941.

Hong K., Nishiyama M., Henley ]., Tessier-Lavigne M. & Poo M. (2000). Calcium
signalling in the guidance of nerve growth by netrin-1. Nature 403, 93-98.

Hooper ].D., Clements J.A., Quigley ].P. & Antalis T.M. (2001). Type Il Transmembrane
Serine Proteases: Insights into an emerging class of cell surface proteolytic
enzymes. Journal of Biological Chemistry 276, 857-860.

Hooper N.M. (1994). Families of zinc metalloproteases. FEBS Letters 354, 1-6.

Hopker V.H., Shewan D., Tessier-Lavigne M., Poo M. & Holt C. (1999). Growth-cone
attraction to netrin-1 is converted to repulsion by laminin-1. Nature 401, 69-
73.

Horikawa H.P.M,, Saisu H., Ishizuka T., Sekine Y., Tsugita A., Odanib S. & Abe T. (1993).
A complex of rab3A, SNAP-25, VAMP /synaptobrevin-2 and syntaxins in brain
presynaptic terminals. FEBS 330, 236-240.

Hotulainen P. & Lappalainen P. (2006). Stress fibers are generated by two distinct
actin assembly mechanisms in motile cells. Journal of Cell Biology 173, 383-
394.

Hu Z., Haghjoo K. & Jordan F. (1996). Further evidence for the structure of the
subtilisin propeptide and for its interactions with mature subtilisin. Journal of
Biological Chemistry 271, 3375-3384.

Huang M,, Satchell L., DuHadaway ].B., Prendergast G.C. & Laury-Kleintop L.D. (2011).
RhoB Links PDGF Signaling to Cell Migration by Coordinating Activation and
Localization of Cdc42 and Rac. Journal of Cellular Biology 112, 1572-1584.

Huber K.M., Kayser M.S. & Bear M.F. (2000). Role for Rapid Dendritic Protein
Synthesis in Hippocampal mGluR-Dependent Long-Term Depression. Science
288, 1254-1256.

Huntington ].A. (2005). Molecular recognition mechanisms of thrombin. Journal of
Thrombosis and Haemostasis 3, 1861-1872.

Ikemura H., Takagi H. & Inouye M. (1987). Requirement of pro-sequence for the
production of active subtilisin E in Escherichia coli. Journal of Biological
Chemistry 262, 7859-7864.

Ireland D.R. & Abraham W.C. (2008). Mechanisms of Group I mGluR-Dependent Long-
Term Depression of NMDA Receptor-Mediated Transmission at Schaffer
Collateral-CA1 Synapses. Journal of Neurophysiology 101, 1375-1385.

157



[to M. & Kano M. (1982). Long-lasting depression of parallel fiber-Purkinje cell
transmission induced by conjunctive stimulation of parallel fibers and
climbing fibers in the cerebellar cortex. Neuroscience Letters 33, 253-258.

Jacobsson G., Piehl F. & Meister B. (1998). VAMP-1 and VAMP-2 gene expression in rat
spinal motoneurones: differential regulation after neuronal injury. European
Journal of Neuroscience 10, 301-316.

Jahner D. & Hunter T. (1991). The ras-Related Gene rhoB Is an Immediate-Early Gene
Inducible by v-Fps, Epidermal Growth Factor, and Platelet-Derived Growth
Factor in Rat Fibroblasts. Molecular and Cell Biology 11, 3682-3690.

Jaworski J., Kapitein L.C., Gouveia S.M., Dortland B.R., Wulf P.S., Grigoriev 1., Camera P.,
Spangler S.A., Di Stefano P., Demmers J., Kruger H., Defilippi P., Akhmanova A,
Hoogenraad C.C., (2009). Dynamic Microtubules Regulate Dendritic Spine
Morphology and Synaptic Plasticity Neuron. 61, 85-100

Jiang K., Sun ]., Cheng]., Djeu ].Y., Wei S. & Sebti S. (2004). Akt Mediates Ras
Downregulation of RhoB, a Suppressor of Transformation, Invasion, and
Metastasis. Molecular and Cell Biology 24, 5565-5576.

Jo]., Seok Heon, Myung Jong Kim, Gi Hoon Son, Yunkyung Park, Jeremy M. Henley,
Jamie L. Weiss, Morgan Sheng, Graham L. Collingridge & Cho K. (2008).
Metabotropic Glutamate Receptor-Mediated LTD Involves Two Interacting
Ca2+ Sensors, NCS-1 and PICK1. Neuron 60, 1095-1111.

Johnston P.A., Jahng R. & Sudhof T.C. (1989). Transmembrane Topography andE
volutionary Conservation of
Synaptophysin. Journal of Biological Chemistry 264, 1268-1273.

Kemp A. & Manahan-Vaughan D. (2004). Hippocampal long-term depression and
long-term potentiation encode different aspects of novelty acquisition.
Proceedings of the National Academy of Sciences 101, 8192-8197.

Khosravi-Far R., Solski P.A,, Clark G.J., Kinch M.S. & Der C.J. (1995). Activation of Rac1,
RhoA, and mitogen-activated protein kinases is required for Ras
transformation. Molecular and Cell Biology 15, 6443-6453.

Khvotchev M.V. & Siidhof T.C. (2004). Stimulus-Dependent Dynamic Homo- and
Heteromultimerization of Synaptobrevin/VAMP and Synaptophysin.
Biochemistry 43, 15037-15043.

Kitamoto Y., Veile R.A., Donis-Keller H. & Sadler J.E. (1995). cDNA Sequence and
Chromosomal Localization of Human Enterokinase, the Proteolytic Activator

of Trypsinogen. Biochemistry 34, 4562-4568.

Knaus P., Betz H. & Rehm H. (1986). Expression of Synaptophysin During Postnatal
Development of the Mouse Brain. Journal of Neurochemistry 47, 1302-1304.

158



Ko F., Tallerico T. & Seeman P. (2006). Antipsychotic pathway genes with expression
altered in opposite direction by antipsychotics and amphetamine. Synapse 60,
141-151.

Kobayashi H., Schmitt M., Goretzki L., Chucholowski N., Calvete J., Kramer M., Giinzler
W.A,, Janicke F. & Graeff H. (1991). Cathepsin B Efficiently Activates the
Soluble and the Tumor Cell Receptor-bound Form of the Proenzyme
Urokinase-type Plasminogen Activator (Pro-uPA). Journal of Biological
Chemistry 266,5147-5152.

Kobielak A. & Fuchs E. (2004). a-Catenin: At the junction of intercellular adhesion and
actin dynamics. Nature 5, 614-625.

Koley D. & Bard A.J. (2010). Triton X-100 concentration effects on membrane
permeability of a single HeLa cell by scanning electrochemical microscopy
(SECM). Proceedings of the National Academy of Sciences. 107, 16783—-16787

Komai S, Matsuyama T, Matsumoto K, Kato K, Kobayashi M, Imamura K, Yoshida S,
Ugawa S & S. S. (2000). Neuropsin regulates an early phase of schaffer-
collateral long-term potentiation in the murine hippocampus. European
Journal of Neuroscience 12, 1479-1486.

Komai S., Matsuyama T., Matsumoto K., Kato K., Kobayashi M., Imamura K., Yoshida S.,
Ugawa S. & Shiosaka S. (2000). Neuropsin regulates an early phase of schaffer-
collateral long-term potentiation in the murine hippocampus. European
Journal of Neuroscience 12, 1479-1486.

Kornisiuk E., Marina Snitcofsky, CarlosBlanco, L.Harvey A., W.Stone T. & Jerusalinsky
D. (2011). Memory impairment in rats by hippocampal administration of the
serine protease subtilisin. Behavioural Brain Research 219, 63-67.

Kosenko T., Golder M., Leblond G., Weng W. & Lagace T.A. (2013). Low Density
Lipoprotein Binds to Proprotein Convertase Subtilisin/Kexin Type-9 (PCSK9)
in Human Plasma and Inhibits PCSK9-mediated Low Density Lipoprotein
Receptor Degradation. Journal of Biological Chemistry 288, 8279-8288.

Kuhn P., Knapp M,, Soltis S.M., Grant Ganshaw, Michael Thoene & Bott R. (1998). The
0.78 A Structure of a Serine Protease: Bacillus lentus Subtilisin. Biochemistry
37,13446-13452.

Kukor Z., Toth M., Pal G. & Sahin-To6th M. (2002). Human Cationic Trypsinogen
Arg117 is the reactive site of an inhibitory surface loop that controls

spontansous zymogen activation. Journal of Biological Chemistry 277, 6111-
6117.

Labouebe G., Liu S., Dias C., Zou H., Wong ].C.Y., Karunakaran S., Clee S.M., Phillips A.G.,
Boutrel B. & Borgland S.L. (2013). Insulin induces long-term depression of

ventral tegmental area dopamine neurons via endocannabinoids. Nature
Neuroscience 16, 300-308.

159



Lambert M., Thoumine O., Brevier |., Daniel Choquetc, Riveline D. & Mege R.-M.
(2007). Nucleation and growth of cadherin adhesions. Experimental Cell
Research 313, 4025-4040.

Lee C.W,, Vitriol E.A., Shim S., Wise A.L., Velayutham R.P. & Zheng J.Q. (2013). Dynamic
Localization of G-Actin during Membrane Protrusion in Neuronal Motility.
Current Biology 23, 1046-1056.

Lee H.-K,, Kameyama K., Huganir R.L. & Bear M.F. (1998). NMDA Induces Long-Term
Synaptic Depression and Dephosphorylation of the GluR1 Subunit of AMPA
Receptors in Hippocampus. Neuron 21, 1151-1162.

Leeb-Lundberg L.M.F., Marceau F., Miiller-Esterl W., Pettibone D.]. & Zuraw B.L.
(2005). International Union of Pharmacology. XLV. Classification of the Kinin
Receptor Family: from Molecular Mechanisms to Pathophysiological
Consequences. Pharmacological Reviews 57, 27-77.

Lejal N., Costa B.D., Huet ].-C. & Delmas B. (2000). Role of Ser-652 and Lys-692 in the
protease activity of infectious bursal disease virus VP4 and identification of its
substrate cleavage sites. Journal of General Virology 81, 983-992.

Lemon N. & Manahan-Vaughan D. (2006). Dopamine D1/D5 Receptors Gate the
Acquisition of Novel Information through Hippocampal Long-Term
Potentiation and Long-Term Depression. Journal of Neuroscience 26, 7723-
7729.

Leyvraz C., Charles R.-P., Rubera ., Guitard M., Rotman S., Breiden B., Sandhoff K. &
Hummler E. (2005). The epidermal barrier function is dependent on the serine
protease CAP1/Prss8. Journal of Cell Biology 170, 487-496.

Li A, Dawson J.C,, Forero-Vargas M., Spence H.J., Yu X,, Konig I, Anderson K. &
Machesky L.M. (2010). The Actin-Bundling Protein Fascin Stabilizes Actin in
Invadopodia and Potentiates Protrusive Invasion. Current Biology 20, 339-345.

Li H., Zhu H,, Xu C.-j. & Yuan J. (1998). Cleavage of BID by Caspase 8 Mediates the
Mitochondrial Damage in the Fas Pathway of Apoptosis. Cell 94, 491-501.

Li].Y.,, Edelmann L., Jahn R. & Dahlstrom A. (1996). Axonal Transport and Distribution
of Synaptobrevin I and Il in the
Rat Peripheral Nervous System. Journal of Neuroscience 16, 137-147.

Li X,, Saint-Cyr-Proulx E., Aktories K. & Lamarche-Vane N. (2013). Rac1 and Cdc42 but
not RhoA or Rho kinase activities are required for neurite outgrowth induced
by the netrin-1 receptor DCC (Deleted in Colorectal Cander) in N1E-115
Neuroblastoma Cells. journal of Biological Chemistry 277, 15207-15214.

Lin L., Rao Y. & Isacson 0. (2005). Netrin-1 and slit-2 regulate and direct neurite

growth of ventral midbrain dopaminergic neurons. Molecular Cell
Neuroscience 28, 547-555.

160



Littleton ], Serano T., Rubin G., Ganetzky B. & Chapman E. (1999). Synaptic function
modulated by changes in the ratio of synaptotagmin I and IV. Nature 400, 757-
760.

Lorenz M. & Holmes K.C. (2010). The actin-myosin interface. Proceedings of the
National Academy of Sciences 107, 12529-12534.

Loudon R,, Silver L., Yee H.]. & Gallo G. (2006). RhoA-kinase and myosin II are
required for the maintenance of growth cone polarity and guidance by nerve
growth factor. Journal of Neurobiology 66, 847-867.

Love R.A, Parge H.E., Wickersham ].A., Hostomsky Z., Habuka N., Moomaw E.W.,
Adachi T. & Hostomska Z. (1996). The Crystal Structure of Hepatitis C Virus

NS3 Proteinase Reveals a Trypsin-like Fold and a Structural Zinc Binding Site.
Cell 87, 331-342.

Lu H., Hou Q., Zhao T., Zhang H., Zhang Q., Wu L. & Fan Z. (2006). Granzyme M Directly
Cleaves Inhibitor of Caspase-Activated DNase (CAD) to Unleash CAD Leading
to DNA Fragmentation. Journal of Immunology 177,1171-1178.

Lundwall A. & Brattsand M. (2008). Kallikrein-related peptidases. Cellular and
Molecular Life Sciences 65, 2019-2038.

Luo Y., Pfuetzner R.A,, Mosimann S., Paetzel M,, Frey E.A., Cherney M., Kim B,, Little
J.W. & Strynadka N.C.J. (2001). Crystal Structure of LexA: A Conformational
Switch for Regulation of Self-Cleavage. Cell 106, 585-594.

Lynch G.S., Dunwiddie T. & Gribkoff V. (1977). Heterosynaptic depression: a
postsynaptic correlate of long-term potentiation. Nature 266, 737-739.

MacGregor D.G., Mallon A.P., Harvey A.L., Young L., Nimmo H.G. & Stone T.W. (2007).
Group S8A serine proteases, including a novel enzyme cadeprin, induce long-
lasting, metabotropic glutamate receptor-dependent synaptic depression in
rat hippocampal slices. European Journal of Neuroscience 26, 1870-1880.

Mallavarapu A. & Mitchison T. (1999). Regulated Actin Cytoskeleton Assembly at
Filopodium Tips Controls Their Extension and Retraction. journal of Cell
Biology 146, 1097-1106.

Manitt C., Thompson K.M. & Kennedy T.E. (2004). Developmental Shift in Expression
of Netrin Receptors in the Rat Spinal Cord: Predominance of UNC-5
Homologues in Adulthood. Journal of Neuroscience Research 77, 690-700.

Martins L.M., Morrison A., Klupsch K., Fedele V., Moisoi N., Teismann P., Abuin A., Grau
E., Geppert M,, Livi G.P., Creasy C.L., Martin A., Hargreaves I, Heales S.J., Okada
H., Brandner S., Schulz J.B. & Downward T.M.]. (2004). Neuroprotective Role of
the Reaper-Related Serine Protease HtrA2/Omi Revealed by Targeted Deletion
in Mice. Molecular and Cell Biology 24, 9848-9862.

Masliah E., Fagan A., Terry R., DeTeresa R., Mallory M. & Gage F. (1991). Reactive
Synaptogenesis Assessed by Synaptophysin Immunoreactivity Is Associated

161



with GAP-43 in the Dentate Gyrus of the Adult Rat. Experimental Neurology
113, 131-142.

Masliah E., Terry R.D., DeTeresa R.M. & Hansen L.A. (1989). Immunohistochemical
quantification of the synapse-related protein synaptophysin in Alzheimer
disease. Neuroscience Letters 103, 234-239.

Massberg S., Grahl L., Bruehl M.-L.v., Manukyan D., Pfeiler S., Goosmann C., Brinkmann
V., Lorenz M., Bidzhekov K., Khandagale A.B., Konrad I., Kennerknecht E., Reges
K., Holdenrieder S., Braun S., Reinhardt C., Spannagl M., Preissner K.T. &
Engelmann B. (2010). Reciprocal coupling of coagulation and innate immunity
via neutrophil serine proteases. Nature Medicine 16, 887-896.

Masuda T., Watanabe K., Sakuma C., Ikenaka K., Ono K. & Yaginuma H. (2008). Netrin-
1 Acts as a Repulsive Guidance Cue for Sensory Axonal Projections toward the
Spinal Cord. Journal of Neuroscience 28, 10380-10385.

Matsumoto-Miyai K., Ninomiya A., Yamasaki H., Tamura H., Nakamura Y. & Shiosaka S.
(2003). NMDA-Dependent Proteolysis of Presynaptic Adhesion Molecule L1 in
the Hippocampus by Neuropsin. Journal of Neuroscience 23, 7727-7736.

Matsushita M., Endo Y. & Fujita T. Cutting Edge: Complement-Activating Complex of
Ficolin and Mannose-Binding Lectin-Associated Serine Protease. Journal of
Immunology 164, 2281-2284.

McMahon H. & Stidhof T. (1995). Synaptic core complex of synaptobrevin, syntaxin,
and SNAP25 forms high affinity alpha-SNAP binding site. Journal of Biological
Chemistry 270, 2213-2217.

McNair K., Spike R., Guilding C., Prendergast G.C., Stone T.W., Cobb S.R. & Morris a.B.].
(2010). A Role for RhoB in Synaptic Plasticity and the Regulation of Neuronal
Morphology. Journal of Neuroscience 30, 3508-3517.

McPhalen C.A., Schnebli H.P., James M.N.G., (1985) Crystal and molecular structure of
the inhibitor eglin from leeches in complex with subtilisin Carlsberg. FEBS
Letters. 188, 55-58.

Meighan P.C., Meighan S.E., Davis C.]., Wright ].W. & Harding ].W. (2007). Effects of
matrix metalloproteinase inhibition on short- and long-term plasticity of
schaffer collateral/CA1 synapses. Journal of Neurochemistry 102, 2085-2096.

Mellor H., Peter Flynn, Nobes C.D., Hall A. & Parker P.J. (1998). PRK1 Is Targeted to
Endosomes by the small GTPase, RhoB. Journal of Biological Chemistry 273,
4811-4814.

Messaoudi E., Kanhema T., Soule ]., Tiron A., Dagyte G., Silva B.d. & Bramham C.R.
(2007). Sustained Arc/Arg3.1 Synthesis Controls Long-Term Potentiation
Consolidation through Regulation of Local Actin Polymerization in the Dentate
Gyrus In Vivo. Journal of Neuroscience 27, 10445-10455.

Métin C., Deléglise D., Serafini T., Kennedy T.E. & Tessier-Lavigne M. (1997). A role for
netrin-1 in the guidance of cortical efferents. Development 124, 5063-5074.

162



Michael J. Blackman, Terry J. Scott-Finnigan, Shafrira Shai & Holder A.A. (1994).
Antibodies Inhibit the Protease-mediated Processing of a Malaria Merozoite
Surface Protein. Journal of Experimental Medicine 180, 389-393.

Miranda E. & Lomas D.A. (2006). Neuroserpin: a serpin to think about. Cellular and
Molecular Life Sciences 63, 709-722.

Mitsudo K., Jayakumar A., Henderson Y., Frederick M.]., Kang Y.a.,, Wang M., El-Naggar
A K. & Clayman a.G.L. (2003). Inhibition of Serine Proteinases Plasmin,
Trypsin, Subtilisin A, Cathepsin G, and Elastase by LEKTI: A Kinetic Analysis.
Biochemistry 42, 3874-3881.

Mitsui S, Okui A, Uemura H, Mizuno T, Yamada T, Yamamura Y & N. Y. (2006).
Decreased Cerebrospinal Fluid Levels of Neurosin (KLK6), an Aging-Related
Protease, as a Possible New Risk Factor for Alzheimer's Disease. Annals of the
New York Academy of Sciences 977, 216-223.

Mitsui S., Okui A., Uemura H., Mizuno T., Yamada T., Yamamura Y. & Yamaguchi N.
(2006). Decreased Cerebrospinal Fluid Levels of Neurosin (KLK6), an Aging-
Related Protease, as a Possible New Risk Factor for Alzheimer's Disease.
Annals of the New York Academy of Sciences 977, 216-223.

Miyoshi J. & Takai Y. (2008). Structural and functional associations of apical junctions
with cytoskeleton. Biochimica et Biophysica Acta 1778, 670-691.

Mochida S., Saisu H., Kobayashi H. & Abe T. (1995). Impairment of syntaxin by
botulinum neurotoxin C1 or antibodies inhibits acetylcholine release but not
Ca2+ channel activity. Neuroscience 65, 905-915.

Mollinedo F., Calafat J., Janssen H., Martin-Martin B., Canchado J., Nabokina S.M. &
Gajate C. (2006). Combinatorial SNARE Complexes Modulate the Secretion of

Cytoplasmic Granules in Human Neutrophils1. Journal of Immunology 177,
2831-2841.

Montalbano A., Baj G., Papadia D., Tongiorgi E. & Sciancalepore M. (2013). Blockade of
BDNF signaling turns chemically-induced long-term potentiation into long-
term depression. Hippocampus 23, 879-899.

Moon S.Y. & Zheng Y. (2003). Rho GTPase-activating proteins in cell regulation.
Trends in Cell Biology 13, 13-22.

Moore S.W.,, Correia J.P., Sun K.L.W,, Pool M., Fournier A.E. & Kennedy T.E. (2008). Rho
inhibition recruits DCC to the neuronal plasma membrane and enhances axon
chemoattraction to netrin 1. Development 135, 2855-2864.

Morice E., Billard ]J.-M., Denis C., Mathieu F., Betancur C., Epelbaum J., Giros B. &
Nosten-Bertrand M. (2007). Parallel Loss of Hippocampal LTD and Cognitive

Flexibility in a Genetic Model of Hyperdopaminergia. Neuropharmacology 32,
2108-2116.

163



Morishita W., Marie H. & Malenka R.C. (2005). Distinct triggering and expression
mechanisms underlie LTD of AMPA and NMDA synaptic responses. Nature
Neuroscience 8, 1043-1050.

Murray A., Naeem A., Barnes S.H., Drescher U. & Guthrie S. (2010). Slit and Netrin-1
guide cranial motor axon pathfinding via Rho-kinase, myosin light chain kinase
and myosin II. Neural Development 5, 16.

Mykles D.L. (1989). High-molecular-weight serine proteinase from lobster muscle
that degrades myofibrillar proteins. Journal of Experimental Zoology 250, 244-
252.

Nagy V., Bozdagi O., Matynia A., Balcerzyk M., Okulski P., Dzwonek J., Costa R.M,, Silva
Al., Kaczmarek L. & Huntley G.W. (2005). Matrix Metalloproteinase-9 Is
Required for Hippocampal Late-Phase Long-Term Potentiation and Memory.
Journal of Neuroscience 26, 1923-1934.

Nakatani K., Takeshita S., Tsujimoto H., Kawamura Y. & Sekine I. (2001). Inhibitory
effect of serine protease inhibitors on neutrophil-mediated endothelial cell
injury. Journal of Leukocyte Biology 69, 241-247.

Nicholls R.E., Alarcon ].M., Malleret G., Carroll R.C., Grody M., Vronskaya S. & Kande
E.R. (2008). Transgenic Mice Lacking NMDAR-Dependent LTD Exhibit Deficits
in Behavioral Flexibility. Neuron 58, 104-117.

Nielander H.B., Onofri F., Valtorta F., Schiavo G., Montecucco C., Greengard P. &
Benfenati F. (1995). Phosphorylation of VAMP /synaptobrevin in synaptic
vesicles by endogenous protein kinases. Journal of Neurochemistry 65, 1712-
1720.

Nobes C.D. & Hall A. (1999). Rho GTPases Control Polarity, Protrusion, and Adhesion
during Cell Movement. Journal of Cell Biology 144, 1235-1244.

Nosyreva E.D. & Huber K.M. (2005). Developmental Switch in Synaptic Mechanisms of
Hippocampal Metabotropic Glutamate Receptor-Dependent Long-Term
Depression. Journal of Neuroscience 25, 2992-3001.

Numayama-Tsuruta K., Arai Y., Takahashi M., Sasaki-Hoshino M., Funatsu N.,
Nakamura S. & Osumi N. (2010). Downstream genes of Pax6 revealed by
comprehensive transcriptome profiling in the developing rat hindbrain. BMC
Developmental Biology 10.

O'Connor V., Heuss C., Bello W.D., Dresbach T., Charlton M., Hunt |., Pellegrini L., Hodel
A., Burger M., Betz H., Augustine G. & Schafer T. (1997). Disruption of syntaxin-
mediated protein interactions blocks neurotransmitter secretion. Proceedings
of the National Academy of Sciences 94, 12186-12191.

Ogawa K., Yamada T., Tsujioka Y., Taguchi J., Takahashi M., Tsuboi Y., Fujino Y.,
Nakajima M., Yamamoto T., Akatsu H., Mitsui S. & Yamaguchi N. (2000).
Localization of a novel type trypsin-like serine protease, neurosin, in brain
tissues of Alzheimer's disease and Parkinson's disease. Psychiatry and Clinical
Neurosciences 54, 419-426.

164



Ogino S., Kubo S., Umemoto, R., Huang S., Nishida N., Shimada I., (2009). Observation
of NMR Signals from Proteins Introduced into Living Mammalian Cells by
Reversible Membrane Permeabilization Using a Pore-Forming Toxin,
Streptolysin O. Journal of the American Chemical Society. 131, 10834-10835.

Ohshima T., Hiroo Ogura, Kazuhito Tomizawa, Hayashi K., Suzuki H., Saito T., Kamei
H., Nishi A,, Bibb ]J.A., Hisanaga S.-i., Matsui H. & Mikoshiba K. (2005).
Impairment of hippocampal long-term depression and defective spatial
learning and memory in p35-/- mice. Journal of Neurochemistry 94, 917-925.

Oldenbourg R, K. Katoh & Danuser G. (2000). Mechanism of Lateral Movement of
Filopodia and Radial Actin Bundles across Neuronal Growth Cones. Biophysical
Journal 78, 1176-1182.

Olson E. & Nordheim A. (2010). Linking actin dynamics and gene transcription to
drive cellular motile functions. Nature Reviews Molecular Cell Biology 11, 353-
365.

Osen-Sand A., Catsicas M., Staple |., Jones K., Ayala G., Knowles ], Grenningloh G. &
Catsicas S. (1993). Inhibition of axonal growth by SNAP-25 antisense
oligonucleotides in vitro and in vivo. Nature 364, 445-448.

Oyler G., Higgins G., Hart R, Battenberg E., Billingsley M., Bloom F. & Wilson M.
(1989). The Identification of a Novel Synaptosomal-associated Protein, SNAP-
25, Differentially Expressed by Neuronal Subpopulations. Journal of Cell
Biology 109, 3039-3052.

Paetzel M. & Strynadka N.C.J. (1999). Common protein architecture and binding sites

in proteases utilizing a Ser/Lys dyad mechanism. Protein Science 8, 2533-
2536.

Palmer C.L., Lim W, Hastie P.G.R,, Toward M., Korolchuk V.I., Burbidge S.A., Banting G.,
Collingridge G.L., Isaac ].T.R. & Henley ].M. (2005). Hippocalcin Functions as a
Calcium Sensor in Hippocampal LTD. Neuron 47, 487-494.

Palmer M.],, [rving J.A., Seabrook G.R,, Jane D.E., Collingridge G. L. (1997). The Group I
mGlu Receptor Agonist DHPG Induces a Novel Form of LTD in the CA1 Region
of the Hippocampus. Neuropharmacology. 36, 1517-1532.

Park H.-],, Seong Y.-M,, Choi ].-Y., Kang S. & Rhim H. (2004). Alzheimer's disease-
associated amyloid beta interacts with the human serine protease HtrA2/Omi.
Neuroscience Letters 357, 63-67.

Pavloff N., Staskus P.W., Kishnani N.S. & Hawkes S.P. (1992). A new inhibitor of
metalloproteinases from chicken: ChIMP-3. A third member of the TIMP
family. Journal of Biological Chemistry 267, 17321-17326.

Peineau S., Taghibiglou C., Bradley C., Wong T.P., Liu L., Lu ., Lo E., Wu D., Saule E,,
Bouschet T., Matthews P., Isaac ].T.R., Bortolotto Z.A.,, Wang Y.T. & Collingridge
G.L. (2007). LTP Inhibits LTD in the Hippocampus via Regulation of GSK33.
Neuron 53, 703-717.

165



Pennacchio L.A., Lehesjoki A.-E., Stone N.E., Willour V.L., Virtaneva K., Miao ]., D'Amato
E., Ramirez L., Faham M., Koskiniemi M., Warrington J.A., Norio R., Chapelle
A.d.l, Cox D.R. & Myers R.M. (1996). Mutations in the Gene Encoding Cystatin B
in Progressive Myoclonus Epilepsy (EPM1). Science 271, 1731-1734.

Pennuto M., Bonanomi D., Benfenati F. & Valtorta F. (2003). Synaptophysin [ Controls
the Targeting of VAMP2 /Synaptobrevin II to Synaptic Vesicles. Molecular
Biology of the Cell 14, 4909-49109.

Perona J.J. & Craik C.S. (2008). Structural basis of substrate specificity in the serine
proteases. Protein Science 4, 337-360.

Peter R. Moult, Sonia A. L. Correa, Graham L. Collingridge, Fitzjohn S.M. & Bashir Z.1.
(2008). Co-activation of p38 mitogen-activated protein kinase and protein
tyrosine phosphatase underlies metabotropic glutamate receptor-dependent
long-term depression. Journal of Physiology 586, 2499-2510.

Pollard T.D. & Cooper J.A. (2009). Actin, a Central Player in Cell Shape and Movement.
Science 326,1208-1212.

Ponti A., Machacek M., Gupton S.L., Waterman-Storer C.M. & Danuser G. (2004). Two
Distinct Actin Networks Drive the Protrusion of Migrating Cells. Science 305,
1782-1786.

Poulain B, Rossetto O, Deloye F, Schiavo G, Tauc L, Montecucco C. (1993) Effects of
Antibodies against rat brain vesicle-associated membrane protein
(synaptobrevin) prevent inhibition of acetylcholine release by tetanus toxin
or botulinum neurotoxin type B. ] Neurochemistry. 61, 1175-1178.

Power S.D., Adams R.M. & Wells J.A. (1986). Secretion and autoproteolytic maturation
of subtilisin. Proceedings of the National Academy of Sciences 83, 3096-3100.

Prontera C., Mariani B., Rossi C., Poggi A. & Rotilio D. (1999). Inhibition of gelatinase A
(MMP-2) by batimastat and captopril reduces tumor growth and lung
metastases in mice bearing Lewis lung carcinoma. International Journal of
Cancer 81, 761-766.

Przyborski S.A., Knowles B.B. & Ackerman S.L. (1998). Embryonic phenotype of
Unc5h3 mutant mice suggests chemorepulsion during the formation of the
rostral cerebellar boundary. Development 125, 41-50.

Rajapakse S., Ogiwara K., Takano N., Moriyama A. & Takahashi T. (2005). Biochemical
characterization of human kallikrein 8 and its possible involvement in the
degradation of extracellular matrix proteins. FEBS Letters 579, 6879-6884.

Ramakrishnan V., DeGuzman F., Bao M., Hall S.W., Leung L.L. & Phillips a.D.R. (2001).
A thrombin receptor function for platelet glycoprotein Ib-IX unmasked by
cleavage of glycoprotein V. Proceedings of the National Academy of Sciences 98,
1823-1828.

166



Raptis A., Torrejon-Escribano B., Aranda [.G.d. & Blasi . (2005). Distribution of
synaptobrevin/VAMP 1 and 2 in rat brain. Journal of Chemical Neuroanatomy
30,201-211.

Rawlings N.D., Morton F.R. & Barrett A.]. (2005). MEROPS: the peptidase database.
Nucleic Acids Research 34, 270-272.

Regazzi R., Wollheim C.B., Lang ], Theler ].M., Rossetto O., Montecucco C., Sadoul K,
Weller U., Palmer M. & Thorens B. (1995). VAMP-2 and cellubrevin are
expressed in pancreatic beta-cells and are essential for Ca(2+)-but not for GTP
gamma S-induced insulin secretion. EMBO Journal 14, 2723-2730.

Rehm H., Wiedenmann B. & Betz H. (1986). Molecular characterization of
synaptophysin, a major calcium-binding protein of the synaptic vesicle
membrane. EMBO Journal 5, 535-541.

Restituito S., Khatri L., Ninan ., Mathews P.M,, Liu X., Weinberg R.]. & Ziff a.E.B.
(2011). Synaptic Autoregulation by Metalloproteases and y-Secretase. Journal
of Neuroscience 31, 12083-12093.

Rio J.A.D., Gonzalez-Billault C., Urena J.M., Jimenez E.M., Barallobre M.]., Pascual M.,
Pujadas L., Simo S., Torre A.L., Wandosell F., Avila ]. & Soriano E. (2004).
MAP1B Is Required for Netrin 1 Signaling in Neuronal Migration and Axonal
Guidance. Current Biology 14, 840-850.

Robertus ].D., Kraut |, Alden R.A. & Birktoft ].J. (1972). Subtilisin; a Stereochemical
mechanism involving transition-state stabilization. Biochemistry 11, 4293-
4303.

Robles E., Woo S. & Gomez T.M. (2005). Src-Dependent Tyrosine Phosphorylation at
the Tips of Growth Cone Filopodia Promotes Extension. Journal of
Neuroscience 25, 7669-7681.

Rocca D.L., Martin S., Jenkins E.L. & Hanley ].G. (2008). Inhibition of Arp2/3-mediated
actin polymerization by PICK1 regulates neuronal morphology and AMPA
receptor endocytosis. Nature Cell Biology 10, 259-271.

Rossetto O., Gorza L., Schiavo G., Schiavo N., Scheller R.H. & Montecucco C. (1996).
Vamp/Synaptobrevin Isoforms 1 and 2 Are Widely and Differentially
Expressed In Nonneuronal Tissues. Journal of Cell Biology 132, 167-179.

Rossman K.L., Der C.J. & Sondek J. (2005). GEF means go: turning on Rho GTPases
with guanine nucleotide-exchange factors. Nature Reviews Molecular Cell
Biology 6, 167-180.

Rush A.M., Wu |, Rowan M.]., Anwyl R,, (2002). Group I Metabotropic Glutamate
Receptor (mGluR)-Dependent Long-Term Depression Mediated via p38
Mitogen-Activated Protein Kinase Is Inhibited by Previous High-Frequency
Stimulation and Activation of mGluRs and Protein Kinase C in the Rat Dentate
Gyrus In Vitro The Journal of Neuroscience. 22, 6121-6128

167



Sandilands E., Cans C., Fincham V.J., Brunton V.G., Mellor H., Prendergast G.C., Norman
J.C., Superti-Furga G. & Frame M.C. (2004). RhoB and Actin Polymerization
Coordinate Src Activation with Endosome-Mediated Delivery to the
Membrane. Developmental Cell 7, 855-869.

Sandkiihler ], Chen JG, Cheng G & M. R. (1997). Low-frequency stimulation of afferent
Adelta-fibers induces long-term depression at primary afferent synapses with
substantia gelatinosa neurons in the rat. Journal of Neuroscience 17, 6483-
6491.

Schiavo G., Shone C.C., Rossettot C., Alexanders F.C.G.,

Montecucco C. (1993) Botulinum neurotoxin serotype F is a zinc endopeptidase
specific for VAMP /synaptobrevin. Journal of Biological Chemistry. 16, 11516-
11519.

Schiavo G., Malizio C., Trimble W.S., Laureto P.P.d., Milan G., Sugiyama H., Johnson E.A.
& Montecucco C. (1994a). Botulinum G neurotoxin cleaves
VAMP /synaptobrevin at a single Ala-Ala peptide bond. Journal of Biological
Chemistry 269, 20213-20216.

Schiavo G., Rosetto O., Benfenati F., Poulain B. & Montecucco C. (1994b). Tetanus and
Botulinum Neurotoxins Are Zinc Proteases Specific for Components of the
Neuroexocytosis Apparatus. Annals of the New York Academy of Sciences 710,
65-75.

Schiavo G., Rossetto 0., Catsicas S., Laureto P.P.d., DasGupta B.R., Benfenati F. &
Montecucco C. (1993). Identification of the nerve terminal targets of
botulinum neurotoxin serotypes A, D, and E. Journal of Biological Chemistry
268, 23784-23787.

Schiavo G., Stenbeck G., Rothman J. & Séllner T. (1997). Binding of the synaptic vesicle
v-SNARE, synaptotagmin, to the plasma membrane t-SNARE, SNAP-25, can
explain docked vesicles at neurotoxin-treated synapses. Proceedings of the
National Academy of Sciences 94, 997-1001.

Schiavo G., Stenbeck G., Rothman J.E. & Sollner T. (1997). Binding of the synaptic
vesicle v-SNARE, synaptotagmin, to the plasma membrane t-SNARE, SNAP-25,
can explain docked vesicles at neurotoxin-treated synapses. Proceedings of the
National Academy of Sciences 94, 997-1001.

Schluter K., Jockusch B.M. & Rothkegel M. (1997). Profilins as regulators of actin
dynamics. Biochimica et Biophysica Acta 1359, 97-109.

Schmid T., Kruger M. & Braun T. (2007). NSCL-1 and -2 control the formation of
precerebellar nuclei by orchestrating the migration of neuronal precursor
cells. Journal of Neurochemistry 102, 2061-2072.

Schmitt U., Tanimoto N., Seeliger M., Schaeffel F. & Leube R. (2009). Detection of

behavioral alterations and learning deficits in mice lacking synaptophysin.
Neuron 162, 234-243.

168



Schnabel R,, Kilpatrick I.C. & Collingridge G.L. (1999). An investigation into signal
transduction mechanisms involved in DHPG-induced LTD in the CA1 region of
the hippocampus. Neuropharmacology 38, 1585-1596.

Schwarting G.A., Kostek C., Bless E.P.,, Ahmad N. & Tobet S.A. (2001). Deleted in
Colorectal Cancer (DCC) Regulates the Migration of Luteinizing Hormone-
Releasing Hormone Neurons to the Basal Forebrain. Journal of Neuroscience
21,911-919.

Schwarting G.A., Raitcheva D., Bless E.P., Ackerman S.L. & Tobet S. (2004). Netrin 1-
mediated chemoattraction regulates the migratory pathway of LHRH neurons.
European Journal of Neuroscience 19, 11-20.

Serafini T., Colamarino S.A., Leonardo E.D., Wang H., Beddington R., Skarnes W.C. &
Tessier-Lavigne M. (1996). Netrin-1 Is Required for Commissural Axon
Guidance in the Developing Vertebrate Nervous System. Cell 87, 1001-1014.

Sharotri V., Collier D.M., Olson D.R., Zhou R. & Snyder P.M. (2012). Regulation of
Epithelial Sodium Channel Trafficking by Proprotein Convertase
Subtilisin/Kexin Type 9 (PCSK9). Journal of Biological Chemistry 287, 19266-
19274.

Shen L. & Turner J.R. (2005). Actin Depolymerization Disrupts Tight Junctions via
Caveolae-mediated Endocytosis. Molecular and Cell Biology 16, 3919-1936.

Shi M., Guo C., Dai ].X. & Ding Y.Q. (2008). DCC is required for the tangential migration
of noradrenergic neurons in locus coeruleus of mouse brain. Molecular Cell
Neuroscience 39, 529-538.

Shiff G. & Morel N. (1997). Association of Syntaxin with SNAP-25 and VAMP
(Synaptobrevin) During Axonal Transport. Journal of Neuroscience Research
48, 313-323.

Siezen R.J. & Leunissen J.A.M. (1997). Subtilases: The superfamily of subtilisin-like
serine proteases. Protein Science 6, 501-523.

Simpson L.L., Coffield J.A., Bakry N.. (1993) Chelation of zinc antagonizes the
neuromuscular blocking properties of the seven serotypes of botulinum
neurotoxin as well as tetanus toxin. | Pharmacol Exp Ther. 267, 720-727.

Smeekens S.P., Montag A.G., Thomas G., Albiges-Rizo C., Carroll R., Benig M., Phillips
L.A., Martin S., Ohagi S. & Gardner P. (1992). Proinsulin processing by the
subtilisin-related proprotein convertases furin, PC2, and PC3. Proceedings of
the National Academy of Sciences 89, 8822-8826.

Smith C.G. & Vane J.R. (2003). The discovery of Captopril. FASEB Journal 17, 788-789.
Stein A., Radhakrishnan A., Riedel D., Fasshauer D. & Jahn R. (2007). Synaptotagmin

activates membrane fusion through a Ca2+-dependent trans interaction with
phospholipids. Nature Structural & Molecular Biology 14, 904-911.

169



Steup A., Lohrum M., Hamscho N., Savaskan N., Ninnemann O., Nitsch R., Fujisawa H.,
Plischel A. & Skutella T. (2000). Sema3C and Netrin-1 Differentially Affect
Axon Growth in the Hippocampal Formation. Molecular and Cellular
Neuroscience 15, 141-155.

Stone T.W,, Lui C. & Addae ].I. (2011). Effects of ethylenediamine - a putative GABA-
releasing agent - on rat hippocampal slices and neocortical activity in vivo.
European Journal of Pharmacology 650, 568-578.

Storer A. & Ménard R. (1994). Catalytic mechanism in papain family of cysteine
peptidases. Methods in Enzymology 244, 486-500.

Strauss K.M., Martins L.M,, Plun-Favreau H., Marx F.P., Kautzmann S., Berg D., Gasser
T., Wszolek Z., Miiller T., Bornemann A., Wolburg H., Downward J., Riess O.,
Schulz ].B. & Kriiger R. (2005). Loss of function mutations in the gene encoding
Omi/HtrA2 in Parkinson’s disease. Human Molecular Genetics 14, 2099-2111.

Sun H., Samarghandi A., Zhang N., Yao Z., Xiong M. & Teng B.-B. (2012). Proprotein
Convertase Subtilisin/Kexin Type 9 Interacts With Apolipoprotein B and
Prevents Its Intracellular Degradation, Irrespective of the Low-Density

Lipoprotein Receptor. Atheriosclerosis, Thrombosis, and Vascular Biology 32,
1585-1595.

Svitkina T.M., Bulanova E.A,, Oleg Y Chaga, Vignjevic D.M., Kojima S.-i., Vasiliev ].M. &
Borisy G.G. (2003). Mechanism of filopodia initiation by reorganization of a
dendritic network. Journal of Cell Biology 160, 409-421.

Swiercz ].M., Kuner R. & Offermanns S. (2004). Plexin-B1/RhoGEF-mediated RhoA
activation involves the receptor tyrosine kinase ErbB-2. Journal of Cell Biology
165, 869-880.

Szabo R. & Bugge T.H. (2008). Type Il transmembrane serine proteases in
development and disease. International Journal of Biochemistry & Cell Biology
40,1297-1316.

Takagi H., Morinaga Y., [kemura H. & Inouye M. (1988). Mutant subtilisin E with
enhanced protease activity obtained by site-directed mutagenesis. Journal of
Biological Chemistry 263, 19592-19596.

Tamura H., Ishikawa Y., Hino N., Maeda M., Yoshida S., Kaku S. & Shiosakal S. (2005).
Neuropsin is essential for early processes of memory acquisition and Schaffer

collateral long-term potentiation in adult mouse hippocampus in vivo. Journal
of Physiology 570, 541-551.

Tarsa L. & Goda Y. (2002). Synaptophysin regulates activity-dependent synapse
formation in cultured hippocampal neurons. Proceedings of the National
Academy of Sciences 99, 1012-1016.

Taubenblatt P., Dedieu ].C., Gulik-Krzywicki T. & Morel N. (1999). VAMP

(synaptobrevin) is present in the plasma membrane of nerve terminals.
Journal of Cell Science 112, 3559-3567.

170



Terayama R., Bando Y., Jiang Y.-P., Mitrovic B. & Yoshida S. (2005). Differential
expression of protease M/neurosin in oligodendrocytes and their progenitors
in an animal model of multiple sclerosis. Neuroscience Letters 382, 82-87.

Thornberry N.A., Bull H.G., Calaycay J.R., K.T.Chapman, Howard A.D., Kostura M.].,
Miller D.K., Molineaux S.M., Weidner J.R., Aunins J., Elliston K.O., Ayala ].M.,
Casano F.J., Chin ], Ding G.J.-F., Egger L.A., Gaffney E.P., Limjuco G., Palyha O.C,
Raju S.M., Rolando A.M,, Salley ].P., Yamin T.-T., Lee T.D., Shively J.E., MacCross
M., Mumford R.A., Schmidt J.A. & Tocci M.]. (1992). A novel heterodimeric
cysteine protease is required for interleukin-1fprocessing in monocytes.
Nature 356, 768-774.

Tiberti M. & Papaleo E. (2011). Dynamic properties of extremophilic subtilisin-like
serine-proteases. Journal of Structural Biology 174, 69-83.

Tomei L., Failla C., Santolini E., Francesco R.D. & Monica N.L. (1993). NS3 is a serine
protease required for processing of hepatitis C virus polyprotein. Journal of
Virology 67, 4017-4026.

Trimble W. (1993). Analysis of the structure and expression of the VAMP family of
synaptic vesicle proteins. Journal of Physiology 87, 107-115.

Trimble W., Cowan D. & Scheller R. (1988). VAMP-1: A synaptic vesicle-associated
integral membrane protein. Proceedings of the National Academy of Sciences
85, 4538-4542.

Turk V., Stoka V., Vasiljeva O., Renko M., Sun T., Turk B. & Turk D. (2012). Cysteine
cathepsins: From structure, function and regulation to new frontiers.
Biochimica et Biophysica Acta 1824, 68-88.

Vasioukhin V., Bauer C,, Yin M. & Fuchs E. (2000). Directed Actin Polymerization Is the
Driving Force for Epithelial Cell-Cell Adhesion. Cell 100, 209-219.

Verhagen A.M,, Silke ]., Ekert P.G., Pakusch M., Kaufmann H., Connolly L.M., Day C.L.,
Tikoo A., Burke R., Wrobel C., Moritz R.L., Simpson R.J]. & Vaux D.L. (2002).
HtrA2 Promotes Cell Death through Its Serine Protease Activity and Its Ability

to Antagonize Inhibitor of Apoptosis Proteins. Journal of Biological Chemistry
277, 445-454.

Vignjevic D., Kojima S., Aratyn Y., Danciu 0., Svitkina T. & Borisy G. (2006). Role of
fascin in filopodial protrusion. Journal of Cell Biology 174, 863-875.

Volanakis J.E. & Narayana S.V.L. (2008). Complement factor D, a novel serine protease.
Protein Science 5, 553-564.

Volpert 0.V., Ward W.F,, Lingen M.W., Chesler L., Solt D.B., Johnson M.D., Molteni A.,
Polverini P.J. & Bouck N.P. (1996). Captopril inhibits angiogenesis and slows

the growth of experimental tumors in rats. Journal of Clinical Inestigation 98,
671-6709.

171



Walch-Solimena C,, Blasi ]., Edelmann L., Chapman E.R., Mollard G.F.V. & Jahn R.
(1995). The t-SNAREs Syntaxin 1 and SNAP-25 Are Present on Organelles That
Participate in Synaptic Vesicle Recycling. Journal of Cell Biology 128, 637-645.

Walev [, Bhakdi S.C., Hoffman F., Djonder N., Valeva A., Aktories K. & Bhakdi S. (2001)
Delivery of proteins into living cells by reversible membrane permeabilization
with streptolysin-0. Proceedings of the National Academy of Sciences 98, 3185-
3190.

Walter A.M., Wiederhold K., Bruns D., Fasshauer D. & Sgrensen ]J.B. (2010).
Synaptobrevin N-terminally bound to syntaxin-SNAP-25 defines the primed
vesicle state in regulated exocytosis. Journal of Cell Biology 188, 401-413.

Wang X.-b., Bozdagi O., Nikitczuk ].S., Zhai Z.W., Zhou Q. & Huntley G.W. (2008).
Extracellular proteolysis by matrix metalloproteinase-9 drives dendritic spine
enlargement and long-term potentiation coordinately. Proceedings of the
National Academy of Sciences 105, 19520-19525.

Washbourne P., Schiavo G. & Montecucco C. (1995). Vesicle-associated membrane
protein-2 (synaptobrevin-2) forms a complex with synaptophysin. Biochemical
Journal 305, 721-724.

Weaver A.M., Heuser ].E., Karginov A.V., Lee W.-1,, Parsons ].T. & Cooper J.A. (2002).
Interaction of Cortactin and N-WASp with Arp2/3 Complex. Current Biology
12,1270-1278.

Webber C.A., Christie K.J., Cheng C., Martinez ].A., Singh B., Singh V., Thomas D. &
Zochodne D.W. (2011). Schwann Cells Direct Peripheral Nerve Regeneration
Through the Netrin-1 Receptors, DCC and Unc5H2. Glia 59, 1503-1517.

Weinrauch Y., Drujan D., Shapiro S.D., Weiss ]. & Zychlinsky A. (2001). Neutrophil
elastase targets virulence factors of enterobacteria. Nature 417, 91-94.

Wells J.A. & Powers D.B. (1986). In Vivo Formation and Stabilityo f Engineered
Disulfide Bonds in
Subtilisin. Journal of Biological Chemistry 261, 6564-6570.

Wennerberg K., Rossman K.L. & Der C.J. (2005). The Ras superfamily at a glance.
Journal of Cell Science 118, 843-846.

Westler W.M,, Frey P.A,, Lin ]., Wemmer D.E., Morimoto H., Williams P.G. & Markley
J.L. (2002). Evidence for a Strong Hydrogen Bond in the Catalytic Dyad of

Transition-State Analogue Inhibitor Complexes of Chymotrypsin from Proton-Triton
NMR Isotope Shifts. Journal of the American Chemical Society 124, 4196-4197.

Williams M.E., Lu X., McKenna W.L., Washington R., Boyette A., Strickland P., Dillon A,
Kaprielian Z., Tessier-Lavigne M. & Hinck L. (2006). UNC5A promotes neuronal
apoptosis during spinal cord development independent of netrin-1. Nature
Neuroscience 9, 996-998.

Williams M.E., Wu S.C.-Y., McKenna W.L. & Hinck L. (2003). Surface Expression of the
Netrin Receptor UNC5H1 Is Regulated through a Protein Kinase C-Interacting

172



Protein/Protein Kinase-Dependent Mechanism. Journal of Neuroscience 23,
11279-11288.

Wong T.P., Howland ].G., Robillard J.M., Ge Y., Yu W,, Titterness A.K., Brebner K,, Liu L.,
Weinberg J., Christie B.R., Anthony G. Phillips & Wang Y.T. (2007).
Hippocampal long-term depression mediates acute stress-induced spatial
memory retrieval impairment. Proceedings of the National Academy of Sciences

104, 11471-11476.

Woo N.H,, Teng H.K,, Siao C.-]., Chiaruttini C., Pang P.T., Milner T.A., Hempstead B.L. &
Lu B. (2005). Activation of p75NTR by proBDNF facilitates hippocampal long-
term depression. Nature Neuroscience 8, 1069-1077.

Wright C.S., Alden R.A. & Kraut J. (1969). Structure of Subtilisin BPN” at 2.5 A
Resolution. Nature 221, 235-242.

Xiao M.-Y., Zhou Q. & Nicoll R.A. (2001). Metabotropic glutamate receptor activation

causes a rapid redistribution of AMPA receptors. Neuropharmacology 41, 664-
671.

Xu L., Holscher C., Anwyl R. & Rowan M.]. (1998). Glucocorticoid receptor and
proteinyRNA synthesis-dependent mechanisms underlie the control of

synaptic plasticity by stress. Proceedings of the National Academy of Sciences
95, 3204-3208.

Yamasaki K., Nardo A.D., Bardan A., Murakami M., Ohtake T., Coda A., Dorschner R.A,,
Bonnart C., Descargues P., Hovnanian A., Morhenn V.B. & Gallo R.L. (2007).
Increased serine protease activity and cathelicidin promotes skin
inflammation in rosacea. Nature Medicine 13, 975-980.

Yamasaki S., Baumeister A., Binz T., Blasi ]., Link E., Cornille F., Roques B., Fykse E.M,,
Stidhof T.C. & Jahn R. (19944a). Cleavage of members of the
synaptobrevin/VAMP family by types D and F botulinal neurotoxins and
tetanus toxin. Journal of Biological Chemistry 269, 12764-12772.

Yamasaki S., Hu Y., Binz T., Kalkuhl A., Kurazono H., Tamura T., Jahn R., Kandel E. &
Niemann H. (1994b). Synaptobrevin/vesicle-associated membrane protein
(VAMP) of Aplysia californica: structure and proteolysis by tetanus toxin and
botulinal neurotoxins type D and F. Proceedings of the National Academy of
Sciences 91, 4688-4692.

Yarar D., Clare M. Waterman-Storer & Schmid S.L. (2005). A Dynamic Actin
Cytoskeleton Functions at Multiple Stages of Clathrin-mediated Endocytosi.
Molecular Biology of the Cell 16, 964-975.

Yoshihara M. & Littleton ]J.T. (2002). Synaptotagmin [ Functions as a Calcium Sensor
to Synchronize Neurotransmitter Release. Neuron 36, 897-908.

Yuasa K., Masuda T., Yoshikawa C., Nagahama M., Matsuda Y. & Tsuji A. (2009).

Subtilisin-like Proprotein Convertase PACE4 is Required for Skeletal Muscle
Differentiation. Journal of Biochemistry 146, 407-415.

173



Zabel B.A,, Allen S.J., Kulig P., Allen J.A,, Cichy J., Handel T.M. & Butcher E.C. (2005).
Chemerin Activation by Serine Proteases of the Coagulation, Fibrinolytic, and
Inflammatory. Journal of Biological Chemistry 280, 34661-34666.

Zhang D., Beresford P.]., Greenberg A.H. & Lieberman J. (2001). Granzymes A and B
directly cleave lamins and disrupt the nuclear lamina during granule-mediated
cytolysis. Proceedings of the National Academy of Sciences 98, 5746-5751.

Zhang X., Kim-Miller M.]., Fukuda M., Kowalchyk J.A. & Martin T.F. (2002). Ca2+-
Dependent Synaptotagmin Binding to SNAP-25 Is Essential for Ca2 -Triggered
Exocytosis. Neuron 34, 499-611.

Zhao T., Zhang H., Guo Y., Zhang Q., Hua G., Lu H., Hou Q., Liu H. & Fan Z. (2007).
Granzyme K cleaves the nucleosome assembly protein SET to induce single-
stranded DNA nicks of target cells. Cell Death and Differentiation 14, 489-499.

Zhua Y.-Y,, Jing L., Duan T.-T., Yuan Q., Cao J., Zhou Q.-X. & Xu L. (2013). Patterned
high-frequency stimulation induces a form of long-term depression dependent

on GABAA and mACh receptors in the hippocampus. Neuroscience 250, 658-
663.

174



