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ABSRACT
N-methyl-D-aspartate receptor (NMDAR) dysfunction is associated with many
central nervous system disorders such as autism, stroke, and neurodegenerative
diseases. Thus, regulation of NMDAR function represents a potential therapeutic
strategy. A key pathway that regulates NMDARs is through activation of voltagegated sodium channels (VGSC)s where elevation of intracellular Na+ renders
NMDAR more sensitive to Src family kinase phosphorylation with the attendant
increase of Ca2+ influx (Yu and Salter, 1999). Elevation of intracellular calcium
activates calcineurin and dephosphorylates the NMDAR limiting further calcium
entry (Krupp et al., 2002). Mouse hippocampal neuronal culture (HN) and
organotypic hippocampal slice culture (OHSC) were used to study the
relationship between neuronal intracellular sodium, calcium and structural
plasticity. NMDARs and VGSCs were activated using NMDA and brevetoxin-2
(PbTx-2), respectively. In HN, NMDA and PbTx-2 produced concentrationdependent increases of intracellular calcium. Both NMDA and PbTx-2 induced
calcium influx through the NMDARs and L-type calcium channels, however,
PbTx-2 also recruited the reverse mode of operation of Na+/Ca2+ exchanger
(NCX). The effects of NMDA and PbTx-2 on structural plasticity were dependent
on Ca2+ influx through identical pathways. These results demonstrated that
NMDA and PbTx-2 induce a bidirectional concentration-response curve in neurite
outgrowth, dendritic arborization, and spine density. The data revealed that
calcineurin was not responsible for the descending phase of NMDA or PbTx-2 on
structural plasticity, though it plays an essential role in NMDAR
v

dephosphorylation. Overall, these studies are consistent with the hypothesis that
regulation of NMDAR function through VGSC activation may represent a novel
pharmacological strategy to promote neuronal structural plasticity.
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: Introduction
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1.1 Neuronal development
Embryonic development is composed of three distinct layers: the
endoderm, the mesoderm, and the ectoderm, which give rise to the different
structures of the developing body. The endoderm forms the lining of the internal
organs, the mesoderm forms the bones and muscles, and the ectoderm forms
the skin and central nervous system (Gilbert, 2006), Figure 1.1.

Figure 1.1: Schematic depicting the organization of cell layers
in a gastrula-stage embryo.
The ectoderm (blue and purple) is the cell layer that forms the skin
and nerves. This layer gives rise to the neuronal plate which forms
the neuronal tube and neuronal crest cells (purple). The mesoderm
(red and green) gives rise to the notochord, the blood, bones,
muscles and reproductive system. The notochord (green) induces
the formation of the neuronal plate and aids in the development of
2

the neuronal tube. The endoderm (yellow) later develops the
internal organs. The archenteron is the embryonic cavity.

The neural plate of the ectoderm forms the neural tube and the central
nervous system. There are three major stages involved in neuronal development:
cell proliferation, cell migration, and cell differentiation. Cell proliferation occurs in
the ventricular zone (VZ), cell migration occurs when the newly generated cells,
neuroblasts, migrate from the VZ to their destination along thin fibers of radial
glial cells. Neuronal differentiation is where the morphology of the newly
produced cells begins to appear and exhibit the characteristics of a neuron
(Stiles and Jernigan, 2010).

1.2 Neuronal morphology
1.2.1 Neurite outgrowth and dendritic arborization
The order of structural changes leading from an apolar neuroblast post
mitosis to a fully polarized and differentiated neuron is as follows and depicted in
Figure 1.2 (A). There are five distinct stages in the development of neurons in
culture described by (Dotti et al., 1988). Stage 1: the formation of lamellipodia
after adhesion of the cells; transient lamellipodia develop and surrounds the
circumference of the cell (Harris, 1973; Wessells et al., 1978). The neuritic
growth cones form when lamellipodia breaks into discrete motile patches
(Collins, 1978; Wessells et al., 1978). Stage 2: neurite outgrowth: the growth
cones transform into distinct processes that continue to be motile. At this stage
3

all processes have similar appearance and growth characteristics (Shoukimas
and Hinds, 1978; Nowakowski and Rakic, 1979). Stage 3: formation and growth
of axon: one neurite begins to elongate at 5 - 10 times faster growth rate
compared to the other neurites and this process forms the axon (Dotti et al.,
1988). This is when the neuron becomes polarized. Stage 4: the growth of
dendrites: dendrites also develop from minor processes. Significant dendritic
growth begins at day 4 in culture (Dotti et al., 1988). Neuronal dendrites grow
simultaneously but at a slower rate than axonal growth. Stage 5: Axonal and
dendritic maturation (Price, 2011). As the dendritic tree grows and branches, that
is known as dendritic arborization (Arikkath, 2012). Axons and dendrites are
distinctly different in morphology, protein synthesis, plasma membrane and
synaptic polarity (Bartlett and Banker, 1984; Davis et al., 1987). Dendrites are
short with pointed ends, which contain polyribosomes, synthesize proteins,
microtubule-associated protein 2 (MAP2), and bungarotoxin-binding site. Axons
are long thin and uniform all throughout, which contain synaptic vesicleassociated proteins (VAMP) but lack polyribosomes, MAP2 and bungarotoxinbinding site (Fletcher et al., 1991). In cultured hippocampal neurons, axons are
presynaptic, and dendrites are post-synaptic (Dotti et al., 1988).

4

Figure 1.2: Stages of neuronal development and establishment
of polarity.
A) Cultured neurons undergo a series of developmental stages to
reach maturation. Stage 1, after attaching, neurons form
lamellipodium. Stage 2, small cellular extensions begin to form
known as neurites. These neurites extend and retract with no
change in total length. Stage 3, axonal differentiation; one of these
neurites elongates quickly without retracting, at this point the
neuron is polar. Stage 4, the rest of the neurite form dendrites.
Stage 5, dendrites branch and become more complex, this is
known as dendritic arborization. Finally, a part of maturation is for
5

the dendrites to develop dendritic spine and synapses. B)
Morphological classification of dendritic spines. Dendritic spines are
in a continuum yet are arbitrarily classified into four types: stubby,
mushroom, thin and filopodia.

1.2.2 Spine formation, pruning, and morphology
Over a century ago Ramon Y Cajal (1888) first pointed out that dendrites
have small thorns resembling the leaves of a tree or spines on a rose stem. He
hypothesized that spines connect axons and dendrites. These connections were
involved in learning (Ramón y Cajal, 1981). Spines contain receptors and
organelles important for synaptic function. Spines on dendrites form excitatory
synapses (Dotti et al., 1988). Many principal neurons such as pyramidal and
purkinje neurons contain spines. But some neurons such as gamma-amino
butyric acid (GABA) releasing interneurons do not (Hering and Sheng, 2001).
Spine formation, plasticity and maintenance is dependent on synaptic activity.
Spines emerge from dendritic shafts and contain a spine neck and a spine head.
The head contains the synapse. Spines are typically, small less than 3 µm in
length and between 0.5 - 1.5 µm in head diameter (Yuste, 2010).
Dendrites in neonatal pyramidal neurons are relatively bare and do not
contain spines (Purpura, 1975). During the first few weeks of life, dendritic spine
density begins to increase reaching a peak in synaptogenesis during the second
and thirds weeks of life (Micheva and Beaulieu, 1996; White et al., 1997). Over
the next few month pruning occurs producing a loss of spines this allows mature
spine density to be achieved (Wise et al., 1979).
6

Spine morphology is diverse; however, spines are arbitrarily classified into
four essential types: stubby, mushroom, thin, and filopodia (Peters and
Kaiserman-Abramof, 1970) Figure 1.2 (B). Thin spines have a long thin neck
with a small head and are the most common type of spine. Mushroom spines
have a large head and are common in adults. Stubby spines do not contain a
neck and are prominent during early postnatal development. Finally, dendritic
filopodia are longer and typically have no clear head. The spine head volume
reflects the size of the synapse which is a combination of post-synaptic density
and the number of presynaptic docked vesicles (Hering and Sheng, 2001). Spine
head and neck do not correlate with each other, and neither do spine neck length
and neck diameter.
During the early stages of synaptogenesis, filopodia are in continuous
motion extending and retracting in an attempt to form a synapse (Dailey and
Smith, 1996; Ziv and Smith, 1996; Fiala et al., 1998). Moreover, spines in live
imaging studies showed that spines are continually altering their shapes and
sizes over the course of time (sec-min) and (hours-days) (Dunaevsky et al.,
1999; Parnass et al., 2000; Hering and Sheng, 2001). Time-lapse imaging in
hippocampal neurons revealed that spines originate from filopodia, but that also
spines can turn back to filopodia (Parnass et al., 2000). It is important to know
that spine maturity and morphology are not linked (Arellano et al., 2007) and the
fixed structures reported in many studies are only a snapshot of spines in a
morphological transition.
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Spines are separated from the dendritic shaft by a long thin neck which is
unique as this morphological characteristic allows them to function as a semiautonomous chemical compartment (Hering and Sheng, 2001). Spine shapes
can affect and regulate calcium compartmentalization within the spine (Hering
and Sheng, 2001). Thus, the shape may control the magnitude and kinetics
(Volfovsky et al., 1999; Korkotian and Segal, 2000). Although spines are
important for learning and memory formation the physiological significance of
spines for brain function is not clear (Hering and Sheng, 2001).

1.2.3 Spines regulation is activity-dependent
The change in spine density and morphology underlies the mechanism of
converting short-term changes to long-term alterations in structure, function, and
connection within the synapses (Hering and Sheng, 2001). Chemically and
electrically stimulated neurons in hippocampal slices cultures had an increase in
spine density (Hosokawa et al., 1995; Engert and Bonhoeffer, 1999; MaleticSavatic et al., 1999). This increase in spine density required the N-methyl-Daspartate receptor (NMDAR) activation and correlated with long-term potentiation
(LTP). An increase in activity-dependent synaptic modification is called LTP,
which is key in driving learning, memory formation and enhanced neuronal
excitability (Lynch, 2004).
In cultured neurons, it has been observed that activation of NMDAR using
NMDA causes extreme changes in spine morphology such as the loss of
dendritic spines and spine actin which was reversed after inhibition of calcineurin
8

(Halpain et al., 1998). These results indicate that calcium plays a significant role
in spine stability and this role may be regulated through the NMDAR and
calcineurin.
In organotypic hippocampal slice cultures, maintenance of spines has
been shown to be partially due to α-amino-3-hydroxy-5-methyl-4isoxazolepropionic acid receptor (AMPAR) activation. This activity stimulates
calcium influx, intracellular calcium released from the endoplasmic reticulum, or
depolarization of voltage-gated calcium channels (VGCC), all actions that
promote spine “freeze” and spine stability (Korkotian and Segal, 1999; McKinney
et al., 1999; Fischer et al., 2000). Actin dynamics and activity in the spine head
are inhibited as a consequence of AMPAR or NMDAR activation which lead the
spine head to become round and regular (Fischer et al., 2000).

1.2.4 Molecular mechanism regulating spines
Filament actin (F-actin) is found at high concentration in the membrane of
spines, the shape, and stability of spines is thought to be due to the actin
cytoskeleton (Allison et al., 1998) as mature spines contain both linear and
branched actin filaments (Korobova and Svitkina, 2010; Basu and Lamprecht,
2018). Moreover, small GTPase molecules such as Rac, Rho, Ras, and Rap play
a role in regulation of actin. Rac regulates the cytoskeleton; activated Rac
decreases the spine size and drives the spine to filopodia-like morphology (Luo
et al., 1996; Nakayama et al., 2000; Tashiro et al., 2000). Kalirin-7, a guanine
nucleotide exchange factor, activates Rac through GTP/GDP exchange.
9

Activation of GTP-bound Rac increases spine density. Activation of Rho also
regulates the cytoskeleton and decreases spine density (Tashiro et al., 2000).
Ras is known for its role in activated receptor tyrosine kinase and stimulates
MAP kinase. Activation of the Ras/Map kinase pathway increases spine density
(Wu et al., 2001). Rap is found in the NMDAR complex, that interacts with spineassociated Rap guanosine triphosphatase activating protein (SPAR), a GTPaseactivating protein. The Rap-SPAR complex promotes spine heads to become
larger, while activated Rap promote spine elongation.

Spines contain post-synaptic density (PSD) which is an electron dense
protein located in the cytoplasmic surface of the synaptic membrane. PSD-95 is
scaffold protein located on the PSD. This protein binds directly to
neurotransmitter receptors such as NMDAR. Both the number and size of spines
increase due to PSD-95 overexpression (El-Husseini et al., 2000). Another
multidomain scaffold protein is Shank which is also found in the PSD. Shank
links NMDAR and metabotropic glutamate receptors (mGluR) protein complexes.
Shank increases the spine head size and has no effect on spine number (Sala et
al., 2001). Syndecan 2 accelerates the maturation of spines (Ethell and
Yamaguchi, 1999).

10

Abnormal spine density is shown in neurological disorders such as autism,
fragile X syndrome, Down’s syndrome, epilepsy and schizophrenia (Nimchinsky
et al., 2002).
1.3 Voltage-gated sodium channels
Neurons are electrically excitable cells that maintain a voltage gradient
across their membrane and exhibit fast changes in ion concentration which lead
to action potentials. Action potentials propagate from one neuron to another
through synaptic transmission and the release of neurotransmitters such as
glutamate (Kress and Mennerick, 2009). Initiation and propagation of action
potentials in glutamatergic neurons is due to voltage-gated sodium channel
(VGSC) activation (Hodgkin and Huxley, 1952). This activation is triggered by a
few millivolt changes in membrane potential allowing sodium ions to flow into the
cells by passive diffusion. The channels activation and deactivation occurs within
a few milliseconds (Kress and Mennerick, 2009). The increase in intracellular
sodium further depolarizes the membrane which leads to initiating the rising
phase of action potential (Yu and Catterall, 2003). VGSC are defined by three
essential characteristics describe by (Catterall, 2000). First, voltage-dependent
activation, second, fast inactivation, and third, selective permeability for sodium
conductance (Hodgkin and Huxley, 1952; Yu and Catterall, 2003). The VGSCs
belong to the superfamily of ion channels which also include voltage-gated
calcium and potassium channels.

11

1.3.1 Structure and function
As depicted in Figure 1.3, VGSC consists of a pore-forming α subunit
which is about 260 kDa linked to two auxiliary β subunits that are about 30 – 40
kDa each (Catterall, 2000). The α subunit alone is adequate for functional
expression and is able to generate VGSC currents upon activation (Catterall et
al., 2005).This subunit contains four homologous domains (I-IV) and each
domain is comprised of six transmembrane α helices (S1-S6) (Catterall et al.,
2005).

Figure 1.3: Voltage-gated sodium channel and neurotoxin
binding sites.

12

The sodium channel contains two beta and one alpha subunits. The
alpha subunit contains four domains (I-IV); each domain contains
six transmembrane segments. The pore is formed by the S5 and
S6 of all four domains. The voltage-sensor is formed by the S4
subunits of all four domains. The intracellular loop, between S6 of
domain III and S1 of domain IV, contains the three amino acids
(IFM) responsible for inactivation. There are a few neurotoxin
binding sites. Site 1 (purple) located on the re-entrant extracellular
loop between S5 and S6. Site 2 (brown) located on S6 of domains I
and IV. Site 3 (orange) located on the extracellular loop connecting
S3 and S4 of domain IV. Site 4 (blue) located on the extracellular
loop connecting S1 and S2, S3 and S4 of domain II. Site 5 located
on S6 and S5 of domains I and IV respectively.

The transmembrane segments are connected to each other by small extra
and intracellular loops apart from a large re-entrant loop between S5 and S6. The
re-entrant loop of each of the four domains generates the extracellular side of the
ion-selective pore and the transmembrane segment S5 and S6 forms the
intracellular part of the channel pore. The four domains are linked together by
large intracellular loops except for a short loop connecting domains III and IV.
(Catterall et al., 2005). The short intracellular loop serves as the inactivation gate
(Vassilev et al., 1988). The C and N terminal ends of the α subunit are located
intracellularly.
Hodgkin and Huxley were the first to demonstrate that activation of the
VGSC is voltage-dependent. In response to alterations in the membrane
potential VGSC activation requires outward movement of its gating charges
13

(Hodgkin and Huxley, 1952). The molecular basis of voltage-dependent gating is
evident when looking at the voltage sensor (S4) transmembrane segment of
each domain. This unique segment is comprised of repeated positively charged
amino acids then successively a couple of hydrophobic amino acids, forming a
positively charged α cylindrical helix (Catterall, 2010). These positive helixes are
pulled strongly into the cell due to the negative transmembrane electric field. The
positive helixes interact with negatively charged amino acids located in other
transmembrane segments, forming ionic bonds subsequently leading to
stabilization of these helixes (Armstrong, 1981; Stuhmer et al., 1989; Yang et al.,
1996). Depolarization of the membrane triggers a conformational change in the
VGSC which allows the S4 segment to move outward in a spiral motion
subsequently causing the channel to open (Catterall, 1986; Guy and
Seetharamulu, 1986; Catterall et al., 2005; Catterall, 2010).
The VGSC ability of repetitive firing requires quick inactivation occurring
within milliseconds post activation. This rapid inactivation is due to the VGSC
intracellular gate that regulates receptor activity by binding to the intracellular
opening of the pore (Vassilev et al., 1988; Stuhmer et al., 1989; Vassilev et al.,
1989; Catterall, 2000). The short intracellular loop connecting domains III and IV
function as the inactivation gate. There are three amino acids crucial for
inactivation of the channel; isoleucine, phenylalanine, and methionine (IFM motif)
(West et al., 1992; Catterall et al., 2005).
Activation and inactivation are contingent on each other as they are
coupled. VGSC inactivation is dependent on the movement of the S4 segment,
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wherein this movement activates the VGSC which alters the voltage dependence
thereby promoting binding of the inactivation gate leading to receptor inactivation
(Catterall, 1979, 2010). This was illustrated using α-scorpion toxin which binds to
S4 segment in domain IV and causes a partial block in movement of the S4
voltage sensor (Rogers et al., 1996; Sheets et al., 1999). The effect on S4 lead to
the activation of the receptor but also slowed down inactivation, causing
uncoupling of these two events (Catterall, 1979; Rogers et al., 1996; Sheets et
al., 1999). Thus, for normal VGSC activity, activation and inactivation must be
coupled.
The VGSCs in the heart and central nervous system are comprised of β1 β4 subunits (Isom, 2001). Although the β subunits is auxiliary and is not
necessary for functional expression but, it does alter the voltage dependence and
kinetics of the VGSC (Catterall et al., 2005).The β subunit is comprised of three
distinct structures: a small intracellular segment, a single transmembrane
segment and an extracellular N-terminal immunoglobulin-like fold (Isom et al.,
1992; Isom et al., 1995). One β subunit is composed of two beta sheets held
together by hydrophobic interactions also known as a β-sandwich (Shapiro et al.,
1996).

1.3.2 Distribution in the brain
There are currently nine sodium channel α subunits have been identified
termed Nav 1.1- Nav 1.9 (Catterall et al., 2005). For reference, the distribution of
these subunits is summarized in Table 1.1 (modified from (Savio-Galimberti et
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al., 2012)). The central nervous system primarily contains Nav 1.1, 1.2, 1.3 and
1.6 (Westenbroek et al., 1989; Westenbroek et al., 1992; Caldwell et al., 2000;
Savio-Galimberti et al., 2012) whereas the peripheral nervous system contains
Nav 1.7, 1.8 and 1.9 (Savio-Galimberti et al., 2012). Furthermore, the skeletal
muscles contain Nav1.4, and the heart contains Nav1.5. The Nav β1-4, represent
the four β subunits, the β1 and β3 subunits bind non-covalently to the α subunit.
While the β2 and β4 subunits bind to the α subunit by disulfide bonds. (Patino and
Isom, 2010)

Table 1.1 Distribution and functional effects of VGSC
Channel

Channel

Name

distribution

significance

Nav1.1

The central nervous Action potential

Site of action for

system primarily in

initiation and repetitive

antiepileptic drugs.

cell bodies and

firing and excitation-

Side effect site of

cardiac myocytes

contraction of cardiac

action of local

myocytes

anesthetic drugs

Localized in

Action potential

Site of action for

unmyelinated and

initiation, conductance,

antiepileptic drugs.

pre-myelinated

and repetitive firing

Side effect site of

Nav1.2

Physiological function Pharmacological

axons in the central

action of local

nervous system

anesthetic drugs
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Nav1.3

Expressed in

Action potential

Site of action for

embryonic and

initiation, conductance,

antiepileptic drugs.

early postnatal life

and repetitive firing

Side effect site of

in neuronal cell

action of local

bodies and cardiac

anesthetic drugs

myocytes
Nav1.4

Skeletal muscles

Action potential

Site for local

initiation and

anesthetics treat

transmission in skeletal

myotonia

muscles
Nav1.5

Cardiac myocytes,

Action potential

Site for

immature and

initiation, conductance

antiarrhythmic

denervated skeletal

drugs. Side effect

muscle and some

site of action of

brain neurons

local anesthetic
drugs

Nav1.6

Cerebellum,

Action potential

Potential site of

cerebral cortex,

initiation and

action for

hippocampus, brain

transmission in CNS. In

antiepileptic and

stem, spinal cord,

cerebellar Purkinje cells

analgesic drugs

astrocytes, DRG,

responsible in part to

nodes of Ranvier in

the resurgent and

17

both peripheral and

persistent current in

central nervous
systems
Nav1.7

All types of DRG

Action potential

Potential target of

neurons,

initiation and

local anesthetics in

sympathetic

transmission in

the peripheral

neurons, Schwann

peripheral neurons,

nervous system

cells, and

slow closed-state

neuroendocrine

inactivation leading to

cells

slow responses and
small depolarizations

Nav1.8

Small and medium-

Contribute the inward

Potential site of

sized DRG and

current underlying the

action for

their axons

action potentials in

analgesic drugs

DRG and adds a slowly
inactivating sodium
current component
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Nav1.9

Nociceptive DRG

Depolarizing influence

Potential site of

(C-type), trigeminal

on the resting potential

action for

neurons

amplifies slow

analgesic drugs

subthreshold
depolarizations and
modulates excitability in
the cell membrane

1.3.3 Neurotoxin receptor binding sites
The VGSC contains six known neurotoxin receptor binding sites and one
additional site for local anesthetics, antiarrhythmic and antiepileptic drugs
(Catterall, 1977, 1980; Cestele and Catterall, 2000). For reference, the
neurotoxin binding sites are summarized in Table 1.2 (modified from (Cestele
and Catterall, 2000)) and Figure 1.3. Neurotoxins primarily affect ion
permeability and voltage-dependent gating. There are three major groups: poreblocking, extracellular receptor sites affecting gating, and intramembrane
receptor sites affecting gating (Catterall, 1980; Cestele and Catterall, 2000). The
pore blocking neurotoxins bind to site 1 of the VGSC. Neurotoxins that interact
with the intramembrane receptor sites, bind to sites 2 or 5. Neurotoxins that
interact with the extracellular receptor sites, bind to site 3, 4, 6, pyrethroid and
local anesthetic sites (Cestele and Catterall, 2000).
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Pharmacology of VGSC
Although VGSCs have similar Na+ ion permeation their affinity for sodium
channels blockers specificity for tetrodotoxin (TTX) is not the same. TTX is a
guanidinium compound produced by bacteria in puffer fish, octopus, mollusks,
crabs, and chaetognatha (Fuhrman, 1967; Yasumoto et al., 1986; Mebs and
Schmidt, 1989; Hwang et al., 1991) which occludes the sodium channels outer
pore and prevents the diffusion of cations through the pore (Kogure et al., 1988;
Isbister and Kiernan, 2005). TTX binds at site 1 on the S5-S6 re-entrant loop of
all four domains.
Nav 1.1, 1.2, 1.3, 1.4 and 1.7 are tetrodotoxin-sensitive while Nav 1.5, 1.8
and 1.9 are tetrodotoxin insensitive or resistant (Docherty and Farmer, 2009;
Chen and Chung, 2014). The TTX resistant channels are 200 times less
sensitive to TTX than the sensitive channels. This selectivity is due to a mutation
at the binding site, glutamate 385, of tyrosine or phenylalanine to cysteine
(Penzotti et al., 1998). The TTX sensitive channels are in the brain and skeletal
muscles which contain tyrosine or phenylalanine, while, TTX insensitive channels
containing a cysteine residue are found in cardiac myocytes and dorsal root
ganglion neurons (Noda et al., 1989; Backx et al., 1992; Heinemann et al., 1992;
Satin et al., 1992). The amino acids tyrosine and phenylalanine appear to be
highly important for the high affinity of TTX to the VGSC.
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Table 1.2: Neurotoxin binding sites
Receptor Site

Toxin or Drug

Domains

Effects

Neurotoxin

Tetrodotoxin, Saxitoxin, µ-

IS2-S6, IIS2-

Blocks Na+

receptor site 1

Conotoxin

6, IIIS2-S6,

conductance

IVS2-S6
Neurotoxin

Veratridine, Batrachotoxin, IS6, IVS6

A negative shift in

receptor site 2

Grayanotoxin

voltage
dependence, slow
down inactivation,
block sodium
conductance,
alters ion
selectivity

Neurotoxin

α-scorpion toxin, spider

IS5-S6, IVS3- Slows down

receptor site 3

toxins, sea anemone toxin

S4, IVS5-S6

inactivation

Neurotoxin

β-scorpion toxins

IIS1-S2, IIS3-

A negative shift in

S4

voltage

receptor site 4

dependence,
block Na+
conductance
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Neurotoxin

α-scorpion toxin, spider

IS5-S6, IVS3-

Slows down

receptor site 3

toxins, sea anemone

S4, IVS5-S6

inactivation

IIS1-S2, IIS3-

A negative shift in

S4

voltage

toxin
Neurotoxin

β-scorpion toxins

receptor site 4

dependence,
block Na+
conductance
Neurotoxin

Brevetoxin, Ciguatoxin

IS6, IVS5

receptor site 5

A negative shift in
voltage
dependence, slow
down inactivation

Neurotoxin

δ-conotoxin

IVS3-S4

receptor site 6

Slow down
inactivation

Local

Lidocaine, Local

anesthetic site

anesthetic,

IS6, IIIS6, IVS6

Slow down
inactivation

antiarrhythmic, and
antiepileptic drugs
Pyrethroid

DDT, Deltamethrin,

IS5-S6, IIS5-6,

Block of Na+

insecticide

antillatoxin and other

IIIS5-S6

conduction

receptor site

pyrethroids

22

1.3.4 Voltage-gated sodium channel modifiers
The function of VGSC can be altered by different neurotoxins acting on
some of the receptor binding sites. Lipophilic compounds that target sites 2 and 5
are known as allosteric modulators (Trainer et al., 1993; Cestele and Catterall,
2000). Neurotoxins bind to unique sites distinct from the voltage sensor and the
pore. These compounds act as full or partial agonists and bind with high affinity
to the receptor causing conformational changes at the site of binding therefore
shifting the conformational equilibrium to an activated state (Catterall, 1977,
1980). These allosteric interactions favor the open state of VGSC consequently
leading to alterations in the Na+ conductance, and voltage-dependent gating
(Catterall, 1980; Khodorov, 1985; Yanagawa et al., 1986). More specifically, the
interaction of the transmembrane segments within the domain and the adjacent
domains are altered so that the voltage-dependent activation and its coupling to
inactivation produce changes in ion permeation (Stevens et al., 2011). Moreover,
binding of these gating modifiers may change the affinity for other neurotoxins
acting at a different site of the VGSC (Catterall et al., 2007). VGSC modifiers act
in four distinct ways to alter normal function of the receptor consequently
increase Na+ influx. First, the coupling of sodium activation and inactivation is
slowed down due to a decrease in the rate of inactivation. Second, the mean
open time of the channel is increased. Third, channel inactivation is inhibited.
Fourth, the activation potential is altered to more negative values (Cestele and
Catterall, 2000).
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Site 2 neurotoxin binding
This site is target for a large variety of lipophilic toxins that are extracted
from plants, animals, and bacteria. Compounds that bind to site 2 are called
activators since they allow VGSCs to open more easily and stay open for a more
extended period (Catterall et al., 2007). These neurotoxins particularly bind to the
channel in the open state (Albuquerque et al., 1971; Hille, 2001; Stevens et al.,
2011). A well-known compound that binds to site 2 binding is veratridine (VRT)
(Ulbricht, 1969). It is a lipid-soluble steroidal alkaloid extracted from plants of the
lily family specifically the genera Veratrum and Schoenocaulon. VRT can be
absorbed by the skin or the mucous membrane. It acts as a partial agonist when
binding to the VGSC, and the binding is reversible as upon membrane
hyperpolarization VRT dissociates from the receptor (Ulbricht, 1998). VRT cause
the VGSCs to open by inhibiting inactivation leading to continuous membrane
depolarization. Moreover, VRT shifts the voltage-dependent activation to more
negative potentials causing channel opening at resting membrane potentials
leading to an increase in intracellular sodium (Ulbricht, 1969; Catterall, 1975b, a;
Khodorov, 1985; Barnes and Hille, 1988). This increase in Na+ influx is followed
with an increase in Ca2+ influx, Na+- K+ pump activation, and neurotransmitter
release. In murine vas deferens myocytes, VRT exhibited a concentrationdependent bell-shaped relationship with sodium current peak amplitude.
Increasing concentrations of VRT enhanced peak amplitude while concentrations
higher than 10 µM reduced sodium conductance (Zhu et al., 2009; Stevens et al.,
2011).
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Site 5 neurotoxin binding
Neurotoxins binding at site 5 are similar in action to neurotoxins binding at
site 2 of the VGSC. Binding to site 5 blocks inactivation and shifts the voltagedependence of the VGSC to more negative membrane potential (Catterall and
Risk, 1981; Huang et al., 1984; Benoit et al., 1986; Poli et al., 1986; Lombet et
al., 1987). There are two known compound families that bind to site 5,
ciguatoxins (CTXs) and brevetoxins (PbTx), which are cyclic polyether
compounds that are highly lipid-soluble. There are 29 derivatives of CTXs and 14
of PbTxs (Lombet et al., 1987; Baden et al., 2005).

Brevetoxins (PbTx)
Brevetoxins (PbTx)s are potent lipophilic polyethers produced by Karenia
brevis, a marine dinoflagellate. Red tide along the Gulf of Mexico and the Atlantic
coast are due to Karenia brevis blooms. These algae blooms can be harmful
since red tide is often associated with respiratory irritation in the air and dead or
dying fish. Red tides are distinguished by regions of discolored water and are
reported yearly in the southwestern coast of Florida. Red tide has also been
reported in North Carolina, Florida, Japan, north Spain, and New Zealand
(Baden, 1989; Baden et al., 1995b; Baden et al., 2005; Cheng et al., 2005).
These algae have delicate cell membranes which allows waves and wind
to lyse this organism. The lysed cells release PbTx in the water subsequently
allowing PbTx to be aerosolized. Red tide has been associated with bird, fish and
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marine mammal death specifically endangered manatees and bottlenose
dolphins (Bossart et al., 1998; Flewelling et al., 2005; Twiner et al., 2012). Postmortem investigation of the manatees revealed that exposure to PbTx occurred
in two routes ingestion and inhalation (Bossart et al., 1998; Flewelling et al.,
2005). The manatees developed severe hemorrhagic pulmonary lesions, and
lymphatic infiltration and hemorrhage in the cerebellum (Trainer and Baden,
1999). Humans can get exposed to brevetoxins in two different ways first
consumption of contaminated food which results in neurotoxic shellfish poisoning
(NSP). NSP results in both gastrointestinal and neurological toxicity (Kirkpatrick
et al., 2004; Pierce et al., 2005). The second is exposure to aerosolized PbTx
causing respiratory discomfort and trouble breathing (Morris et al., 1991; Backer
et al., 2005). Symptoms are as follows throat irritation and burning, sneezing,
coughing, wheezing, itchy and watery eyes. (Baden et al., 1995a; Fleming and
Easom, 1998; Fleming et al., 1999; Cheng et al., 2005).
Brevetoxins are not detected easily as they are odorless, tasteless and
heat and acid stable (Sakamoto et al., 1987; Baden et al., 1995a; Baden et al.,
1995b). Due to PbTx lipid solubility they can easily pass through skin, mucosa,
placental barrier, milk to neonates, and cross the blood-brain barrier (Mehta et
al., 1991; Apland et al., 1993).
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Structure (PbTx-1 - PbTx-14)
The brevetoxin family contains fourteen different brevetoxins (PbTx-1
through PbTx-14) (Backer et al., 2005; Baden et al., 2005). The molecular weight
of PbTx ranges from 800-1050 g.mol-1 (Lin et al., 1981; Prasad and Shimizu,
1989; Shimizu et al., 1989).
The compounds are trans-fused cyclic polyether compounds with syn
relative stereochemistry, based on two structural backbones decacyclic
brevetoxin A and undecacyclic brevetoxin B (Lin et al., 1981). The parent toxins
are PbTx-1 (PbTx A), and PbTx-2 (PbTx B) are depicted in Figure 1.4 (A), and
the remaining toxins are considered derivatives of the parent PbTxs (Baden et
al., 2005). Molecular modeling revealed that both PbTx A and B are relatively
linear with a slight bend around the middle of the molecule (Gawley et al., 1992;
Rein et al., 1994a; Rein et al., 1994b). There are four major regions in the
structural backbone that are common across all PbTx, Figure 1.4 (B). The
“head” is an A-ring which is a five or six membered lactone ring. The “spacer
region” is a slightly flexible series of 6-rings labeled B-G. The “rigid region” is
typically a 4-ring region, the terminal region H-K in PbTx-2 and G-J in PbTx-1.
The “tail region” which is a highly reactive alpha-beta unsaturated aldehyde side
chain (Gawley et al., 1995). Studies in single-channel patch-clamp suggest that
the A-ring modulates both inactivation and mean open time (Jeglitsch et al.,
1998; Purkerson-Parker et al., 2000). The rigid region is believed to be the region
required for site 5 binding and is thought to orient the head down inserting PbTx
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between the α-helices of domains III and IV (Trainer et al., 1994; Gawley et al.,
1995).

Figure 1.4: Brevetoxin parent molecules
A) The backbone structure of the brevetoxin A and B. The R-side
chain for PbTx-2 is defined. All fourteen known derivatives of
brevetoxin are altered from these parent molecules. B) The PbTx
molecules contains four defined regions: the head, spacer region,
rigid region and the tail region.
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Brevetoxins bind with high affinity to the α subunit of the VGSC, the Kd
was found to be in the nM range and the Bmax was in the pmol range (Poli et al.,
1986). Synaptosome binding assays revealed that PbTx-1>PbTx-7>PbTx3>PbTx-5>PbTx-2>PbTx-6 have highest binding affinities (Poli et al., 1986). The
potency of PbTx is as follows: PbTx-1>PbTx-7>PbTx-3>PbTx-2 (Baden, 1989).
The most abundant brevetoxin produced is PbTx-2 followed by PbTx-1 and
PbTx-3 (Baden, 1989). It is essential to know that all PbTxs act as partial
agonists with exception of PbTx-1 which acts as a full agonist (LePage et al.,
2003).

The normal function of the VGSC is to open (O) due to cell membrane
depolarization followed by inactivation (I) in the late phase after initial activation,
the channel closes (C) during membrane repolarization (Baden et al., 2005)
Thus, the VGSC transitions from COIC. The action for PbTx binding to
VGSC is reviewed by (Baden, 1989; Baden et al., 2005) and can be summarized
in four distinct alterations 1) shift the activation potentials to be more negative
allowing the channel to open (O) at resting membrane potentials (-80 to-160 mV),
2) increase mean open time, 3) induce sodium ion sub-conductance state, and 4)
inhibition inactivation.
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1.4 The neurotransmitter Glutamate
Synapses are specialized contacts between neurons where
neurotransmitters are released pre-synaptically that act on receptors postsynaptically. The amino acid glutamate mediates excitatory neurotransmission in
the brain. Glutamate is the most abundant neurotransmitter mediating excitatory
signals of both ionotropic and metabotropic receptors. The ionotropic are ligandgated ion channels that are divided into four types: GluA (AMPA), GluK
(Kainate), GluN (NMDA) and the GluD (Delta; δ) receptors.

1.5 The N-methyl D-aspartate receptor (NMDAR)
The NMDAR has been under the spotlight in the literature over the last
few decades because it plays a significant role in neuronal structural plasticity
and excitotoxicity. There is a great interest in developing drugs that block the
excitotoxic effect of NMDAR without interfering with the function and positive
effects on neuronal plasticity. It has also been seen that NMDAR activation can
be modulated by various endogenous and exogenous agents. The NMDAR is
found at high concentrations in the cortex and the hippocampus (Magnusson et
al., 2010). It is involved in learning and memory formation (Bockers et al., 1994;
Scherzer et al., 1997). The NMDAR is a coincident detector, the activation of the
receptor is dependent on agonist binding and membrane depolarization. The
NMDARs are physiologically blocked by extracellular Mg2+ at sub-millimolar
concentrations, this block is subsequently released after membrane
depolarization of a minimum -50 mV (Mayer et al., 1984; Mayer et al., 1987).
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1.5.1 Structure and function
There are three different subunits, GluN1-GluN3 also termed NR1-3. The
GluN1 subunits is the product of a single gene containing nine splice variants,
the GluN2 (GluN2A-D) are encoded by four different genes, and the GluN3
(GluN3A-B) are encoded by two different genes (Moriyoshi et al., 1991; Monyer
et al., 1992; Sugihara et al., 1992; Zukin and Bennett, 1995). All the subunits are
related in structure and highly homologous. A functional NMDAR is a heteromeric
complex that is composed of two essential GluN1 subunits combined with GluN2
and/or GluN3 subunits (Monyer et al., 1992; Ulbrich and Isacoff, 2008). As
depicted in Figure 1.5 (A), each subunit contains two extracellular domains the
first is the N-terminal domain (NTD), the second the ligand binding domain
(LBD). The NTD and LBD are connected to each other. The LBD is linked to four
transmembrane helices (TM). Together these domains form the ion channel. The
TM is linked to the intracellular carboxyl-terminal domain (CTD). The NTD and
the LBD form two distinct extracellular clamshell-like structures. The LBD
contains two parts the upper (S1) and the bottom (S2) domains (Traynelis et al.,
2010). The S1 domain is typically rigid because it forms a dimer with S1 domain
of another LBD, whereas the S2 domains do not appear to dimerize and are
mobile, Figure 1.5 (B) (Sobolevsky et al., 2009; Salussolia et al., 2011). The S2
domain in the LBD changes confirmation when a ligand binds to the receptor.
This conformational change directly impacts the linker which connects the TMs
(Sobolevsky et al., 2009; Salussolia et al., 2011). The TM domain is located in
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the cell membrane; it contains three transmembrane segments (TM1, TM3, and
TM4) and a re-entrant loop TM2. The pore is formed by the TM3 and TM2
segments and are crucial for channel gating. The top of the TM2 loop regulates
the calcium permeability as it comprises a QRN site that is highly permeable to
calcium (Sobolevsky et al., 2009; Salussolia et al., 2011). The hallmark of
NMDAR is that all GluN subunits are highly permeable to calcium (Burnashev et
al., 1992). The CTD regulates receptor interaction with proteins which dictates
the intracellular trafficking and localization of the receptor. The CTD is also a
substrate for post-translational modification such as NMDAR phosphorylation
(Albuquerque et al., 1988; Lee, 2006).
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Figure 1.5: The N-methyl-D aspartate receptor.
A) The modular structure of NMDAR subunits contains two large
extracellular domains the amino-terminal domain (NTD) (blue),
ligand binding domain (LBD) (green). The LBD is made up of two
subunits the S1 and S2 amino acid segments. The transmembrane
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segments are made of 3 transmembrane spanning helices (TM: I,
III and IV) and a membrane re-entrant loop (TM II). TM II is also
known as the pore loop. The intracellular domain contains a
carboxyl-terminal domain (CTD). B) Represents the dimerization of
two subunits (yellow), the GluN1 subunit which binds glycine or Dserine (orange), the GluN2/3 subunit which binds glutamate or
other agonists (green). C) For a functional NMDAR, it is mandatory
to have two GluN1 subunits in the heteromeric structure in
combination with other GluN subunits. Here the structure shows
two GluN1 and two GluN2 subunits. The receptor is permeable to
Ca2+, Na+, K+ ions.

1.5.2 Activation of the NMDAR
The activation of GluN1/GluN2 NMDARs is contingent on the binding of
two molecules of the co-agonist glycine (Johnson and Ascher, 1987; Kleckner
and Dingledine, 1988) and two molecules of glutamate (Evans and Watkins,
1981; Patneau and Mayer, 1990), Figure 1.5 (C). Whereas GluN1/GluN3
NMDARs solely requires glycine for activation (Chatterton et al., 2002;
Pachernegg et al., 2012). The obligatory subunit GluN1 is widely expressed in
the CNS in both embryos and adults. The GluN2 subunit is different in its
expression patterns and varies depending on development stage and regions of
the brain (Monyer et al., 1992; Watanabe et al., 1992; Akazawa et al., 1994;
Monyer et al., 1994). During the embryonic phase, GluN2B is expressed
throughout the brain while GluN2D is expressed explicitly in diencephalon and
brain stem. Postnatally, within the first couple of weeks post birth, GluN2 subunit
expression undergoes a massive turnover. The GluN2A subunit increases
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throughout the whole CNS while GluN2B becomes limited to the cortex,
hippocampus, striatum, and olfactory bulb. GluN2C begins to be expressed at
postnatal day (P) 7 but only in the cerebellum and the olfactory bulb (Akazawa et
al., 1994). The GluN2D is considerably decreased with only minimal expression
in the brain stem and diencephalon. These drastic changes in NMDAR subtypes
alter the kinetics and sensitivity of the NMDAR to many endogenous ligands.
Excitatory synapses mainly contain GluN1/GluN2A diheteromers and
GluN1/GluN2A/GluN2B triheteromers with the triheteromeric NMDAR making up
approximately two-thirds of total NMDAR. (Al-Hallaq et al., 2007; Tovar et al.,
2013; Hansen et al., 2014). The GluN2C and GluN2D subunits are concentrated
in inhibitory GABAergic neurons (Riebe et al., 2015; von Engelhardt et al., 2015).
Due to the physiological importance of GluN1/GluN2, we will focus on these
subunit compositions in later discussion.
Glycine is the simplest amino acid; it is found in the cerebral spinal fluid of
the nervous system (4.1 ± 1.6 µM of glycine) (Iijima et al., 1978). Glycine binds to
the GluN1 subunit of the NMDAR. The EC50 of glycine is ~ 1 µM, and thus the
GluN1/GluN2 binding sites are naturally occupied. There are several other coagonists that have been found to activate the NMDAR, such as D-serine, Lserine, D-alanine, and L-alanine (Chen et al., 2008). Extrasynapticly, glycine is
the main co-agonist, while at the synapse, D-serine is the main co-agonist
(Papouin et al., 2012).
Glutamate binds to the GluN2 subunit of the NMDAR. The NMDAR
agonists and partial agonists at this site include but are not limited to L35

glutamate, D-glutamate, N-methyl-D-aspartate, N-methyl-L-aspartate, Laspartate and D-aspartate (Erreger et al., 2007). The average concentration of
glutamate extracellularly ranges between 20-90 nM in brain slices this is
maintained by glutamate uptake (Herman and Jahr, 2007; Herman et al., 2011;
Chiu and Jahr, 2017). Synaptic release of glutamate can reach ~ 1 mM which is
rapidly removed via uptake within 1 ms (Bergles et al., 1999; Scimemi and Beato,
2009). This glutamate transient produces NMDAR phasic activation.
When agonist and co-agonist bind to the NMDAR it allows the channel to
open and results in cations such as Na+, Ca2+, and K+ moving via passive
diffusion. The selective permeability of the NMDAR is 10 times greater for Ca2+
than for Na+ (Mayer and Westbrook, 1987). Calcium is a crucial regulator of
neuronal plasticity, but in excess, Ca2+ mediates cell death (Nicoll and Malenka,
1999; Mattson, 2003). It is important to note that NMDAR desensitization can be
divided into two categories, calcium-independent and calcium-dependent
desensitization. The calcium-dependent desensitization is triggered by Ca2+ ions
entering the neuron through NMDAR (Clark et al., 1990).
It is essential to understand the role of NMDAR during neuronal
development and underlying learning and memory because it will allow for
development of new therapeutic strategies to treat a variety of pathophysiological
conditions such as aging, autism, schizophrenia, neuronal damage and repair,
and many neurodegenerative disorders.
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1.5.3 Survival of developing neurons
Insufficient or excessive activation of NMDAR results in apoptosis and
neuronal death (Lipton and Nakanishi, 1999). Moreover, it has also been
reported that in ischemic stroke or neuronal injury the core develops necrosis
which is in part due to excessive NMDAR activity (Yuan, 2009; Moskowitz et al.,
2010). Whereas, activation of NMDAR during development can promote survival,
migration and structural plasticity. Thus, the concept of neuronal survival can be
represented by an “inverted U-shaped” activation response curve, Figure 1.6
(Lipton and Nakanishi, 1999; Hardingham and Bading, 2003). This relationship is
partially but not exclusively due to regulation of intracellular calcium ([Ca2+]i).
Neuronal survival is dependent on physiological levels of activation a blocking
activity or action potentials both in vitro and in vivo leads to cell death (Catsicas
et al., 1992; Sherrard and Bower, 1998). Activity-dependent neuronal structural
plasticity requires an optimal window of [Ca2+]i, low concentrations of [Ca2+]i
stabilizes growth cones, and high levels stall growth cones in both cases
inhibiting neurite outgrowth (Gomez and Spitzer, 2000). Whereas, synaptic
activity triggered by optimal levels of [Ca2+]i leads to the release of neurotrophins
that promote structural plasticity (Linden, 1994; Sherrard and Bower, 1998;
Huang and Reichardt, 2001; Kohara et al., 2001). Synaptic signaling through
NMDARs induces calcium influx which is thought to be neuroprotective
(Hardingham and Bading, 2003). Some studies show that in vivo blockade of
NMDAR in rats caused apoptosis in multiple brain regions such as the dentate
gyrus and cerebellum (Gould et al., 1994; Ikonomidou et al., 1999; Monti and
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Contestabile, 2001). Although blocking the NMDAR does not directly cause
apoptosis in neurons, but it renders the neurons more susceptible to trauma
(Pohl et al., 1999).

Figure 1.6: The relationship of NMDAR activity and neuronal
outgrowth.
Little activity of NMDAR leads to failure in development and
apoptosis. Optimal levels of NMDAR activation leads to neurite
outgrowth, neuronal development, and maturation. Excessive
activation leads to excitotoxicity and neuronal death.
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1.5.4 Functional regulation of NMDAR
Direct phosphorylation of the CTD on the NMDAR is critical in regulating
NMDAR localization and function (Lee, 2006). NMDAR subunits are coupled to
different intracellular proteins that activate distinct pathways. The GluN2B subunit
interacts with Ras GTPase activating protein (SynGap) which activates Ras
GTPase and inhibits the ERK signaling caused by NMDAR activation (Kim et al.,
2005). The calcium/calmodulin-dependent protein kinase II (CaMKII) has
different binding affinity for GluN2A and GluN2B NMDAR subunits (Strack and
Colbran, 1998).

The serine/threonine phosphorylation sites
Serine/threonine phosphorylation regulate NMDAR function specifically
receptor trafficking and channel properties that change synaptic plasticity Figure
1.7. The NMDAR subunits contain numerous serine/threonine phosphorylation
site which binds to CAMKII, cyclin-dependent kinase-5 (Cdk5), casein kinase II
(CKII), cAMP-dependent protein kinase A (PKA), protein kinase B (PKB), protein
kinase C (PKC) (Chen and Roche, 2007). The GluN1 is phosphorylated at two
different sites (S890 and S896) by PKC, at one site (S897) by PKA (Tingley et
al., 1997). GluN1 clustering is interrupted by S890 phosphorylation (Tingley et
al., 1997). Increase of NMDAR surface expression requires S896 and S897
phosphorylation (Scott et al., 2001). The GluN2 subunits are distinct and can
affect synaptic NMDAR function in different ways depending on the subunit. The
GluN2A display fast kinetics (deactivation ~100 ms) while the GluN2B display
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slow kinetics (deactivation~250 ms) (Cull-Candy and Leszkiewicz, 2004). The
GluN2A contains multiple serine/threonine phosphorylation sites. PKC
phosphorylates the S1291, S1312 and S1416 on the GluN2A subunit (Gardoni et
al., 2001; Grant et al., 2001; Jones and Leonardo, 2005). PKC phosphorylation
increases GluN2A currents and decreases the binding affinity of CaMKII to the
GluN2A subunit (Gardoni et al., 2001). Cdk5 binds to S1232 of the GluN2A and
enhances NMDAR activity (Li et al., 2001). The GluN2B is phosphorylated by
PKC at S1303 and S1323 (Liao et al., 2001). This phosphorylation is required to
potentiate GluN1/GluN2B receptor currents (Liao et al., 2001). CaMKII
phosphorylates the GluN2B subunit also at S1303, this phosphorylation inhibits
receptor-kinase interaction and promotes slow dissociation of the CaMKIIGluN2B complex (Omkumar et al., 1997). CKII phosphorylates the GluN2B at
S1480 which disrupts the receptor PSD-95 interaction regulates cell surface
expression of the NMDAR (Hee et al., 2004).

The tyrosine phosphorylation sites
The protein tyrosine kinases (PTKs) are divided into two main groups, the
receptor PTKs (RPTKs) and the non-receptor PTKs (NRPTKs) (Hunter and
Cooper, 1985; Robinson et al., 2000; Blume-Jensen and Hunter, 2001). The
NRPTKs consist of ten families; ABL, ACK, CSK, FAK, FES, FRK, JAK, SRC,
TEC, and SYK family. Increase in NRPTK phosphorylation increases NMDAR
currents while decrease of NRPTK phosphorylation results in a decrease of
NMDAR currents (Salter et al., 2009). The proto-oncogene tyrosine-protein
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kinase (SRC) family contains nine members, five of which are highly expressed
in the CNS (Src, Fyn, Lyn, Lck and Yes). The Src and Fyn proteins are specially
crucial in NMDAR modulation (Ellis et al., 1988; Lee, 2006) and summarized in
Figure 1.7. The GluN2A is phosphorylated by Src at six sites (Y842, Y1105,
Y1267, Y1292, Y1325, and Y1387) (Zheng et al., 1998; Yang and Leonard,
2001). The phosphorylation of Y842 site together with Y832 on the GluN1
subunit promote increase in NMDAR GluN1 and GluN2A surface expression
(Vissel et al., 2001). Presently, phosphorylation of GluN2A sites Y1105, Y1267
and Y1387 by Src results in a reduction of tonic zinc inhibition which causes a
potentiation of NMDAR current (Zheng et al., 1998). The GluN2B is
phosphorylated by Fyn at three sites (Y1252, Y1336, and Y1472) (Nakazawa et
al., 2001; Roche et al., 2001; Takasu et al., 2002; Prybylowski et al., 2005). Dephosphorylation of the Y1472 site increases endocytosis of the NMDAR.
NRPTK, specifically Src-mediated phosphorylation upregulates NMDAR
activity (Snyder et al., 2005). It has been previously demonstrated Src family
kinases mediates upregulation of NMDAR activity, this upregulation is inhibited
using a Src-specific inhibitor (Yu and Salter, 1998). Moreover, Src family kinases
co-immunoprecipitates with NMDAR complex suggesting it binds to the NMDAR
(Yu and Salter, 1999). Src family kinases are localized in the PSD (Tezuka et al.,
1999; Kalia and Salter, 2003).
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Figure 1.7: The serine/threonine and tyrosine phosphorylation
sites.
A summary of current known phosphorylation sites on the Cterminal of the GluN1, GluN2A and GluN2B. The effects of
phosphorylation on NMDAR function is also summarized.
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1.5.5 Synaptic and Extrasynaptic NMDAR
Synaptic and extrasynaptic NMDARs differ in a couple of ways, receptor
localization and subunit composition (Zhou and Sheng, 2013). The localization of
NMDARs determines its action. For example, synaptic NMDARs promote
neuronal survival, while extrasynaptic NMDARs promote neuronal death
(Hardingham and Bading, 2010). Studies of subunit composition revealed that
the NMDAR subunit is vital for neuronal survival in that activation GluN2A
promotes neuronal survival whereas, activation GluN2B promotes neuronal
death (Liu et al., 2007; Terasaki et al., 2010; Lai et al., 2011). However, subunit
localization and composition overlap as the synapse contains high levels of
GluN2A subunit while the extrasynapse contains high levels of GluN2B subunit
(Tovar and Westbrook, 1999; Traynelis et al., 2010). Three-quarters of all
NMDAR in immature hippocampal neurons are extrasynaptic containing GluN2B
(Tovar and Westbrook, 1999). As mentioned previously in this chapter, this
proportion changes as a function of age with an increase in synaptic GluN2A,
however, the GluN2B remains in high levels in the hippocampus, cortex and
olfactory bulb (Akazawa et al., 1994). The extrasynaptic receptors are divided
into two categories, perisynaptic and non-perisynaptic (Newpher and Ehlers,
2008). Perisynaptic NMDAR are located within 100 nm of the PSD, while nonperisynaptic NMDAR are located on the dendrite or at a farther distance from the
PSD (Hardingham and Bading, 2010). Extrasynaptic receptor are found on the
dendrites and interact with glia and axons. Calcium entry primarily through
NMDARs mediate excitotoxicity (Choi, 1987; Choi et al., 1987; Choi et al., 1988).
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The opposing downstream events due to calcium signaling through synaptic and
extrasynaptic NMDAR is shown in Figure 1.8. Calcium entry through synaptic
NMDAR induces neuroprotection by stimulating survival genes and interacting
with the Ca2+/ calmodulin-dependent protein kinase IV (CaMKIV) and cAMP
response element binding protein (CREB). CREB is a transcription factor that
primarily regulates pro-survival dependent genes such as activity-regulated
inhibitors of death (AID) and encodes for neurotrophin brain-derived neurotrophic
factor (BDNF). BDNF is neuroprotective and rescues neurons post NMDAR block
from neuronal death (Hansen et al., 2004). Calcium entry through synaptic
NMDAR also suppresses genes that encode for neuronal apoptosis and death
(Lau and Bading, 2009; Leveille et al., 2010). Puma is a pro-apoptotic BH3-only
member gene that is essential for apoptosis and induction of death. Synaptic
NMDAR activity suppresses the puma gene and inhibits the apoptosis cascade
(Leveille et al., 2010). Another apoptotic gene that is suppressed by synaptic
NMDAR activation is downstream of puma, apoptotic protease activating factor 1
(APAF1) (Lau and Bading, 2009; Leveille et al., 2010). Synaptic NMDARs
activate Akt which in turn dephosphorylates the forkhead box protein O (FOXO),
leading to inactivation of neuronal cell death (Papadia et al., 2005). FOXO are
transcription factors that promote neuronal death. Synaptic activation of NMDAR
promotes extracellular signal-regulated kinase 1/2 (ERK1/2) activity promoting
LTP and structural plasticity (Chandler et al., 2001; Papadia et al., 2005). On the
other hand, calcium entry through extrasynaptic NMDAR activites Bcl-2associated death promoter (BAD) and results in dephosphorylation of ERK1/2
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(Ivanov et al., 2006; Leveille et al., 2008). Extrasynaptic NMDAR stimulation
dephosphorylates CREB and leads to deactivation (Hardingham and Bading,
2002; Hardingham et al., 2002). Calcium signaling through extrasynaptic
NMDARs activates FOXO and induces nuclear import of FOXO leading to
neuronal death (Dick and Bading, 2010). Moreover, activation of extrasynaptic
NMDAR leads to the activation of striatal enriched tyrosine phosphatase (STEP)
which is cleaved to form p38 a MAP kinase which is known to play a part in
neuronal death due to continuous activation of the NMDAR (Kawasaki et al.,
1997; Soriano et al., 2008; Xu et al., 2009). Although the difference between
synaptic and extrasynaptic signaling cascade is not fully understood, it is
important to remember that neuronal survival is dependent on both NMDAR and
calcium signaling. To connect these two models with NMDAR phosphorylation, it
is likely that phosphorylation by Src promotes neuronal survival pathways while
phosphorylation by Fyn promotes neuronal death pathways.
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Figure 1.8: Illustration of synaptic and extrasynaptic survival
and death pathways.
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1.6 VGSC activation and regulation of NMDAR
The rising phase of action potential is due to VGSC activation. This
activation increases intracellular sodium ([Na+]i), in turn sodium ions act as
secondary messengers driving activity-dependent synaptic plasticity (Yu and
Salter, 1998; Yu and Salter, 1999). Synaptic stimulation increases [Na+]i to 35-40
mM in spines and 10 mM in dendrites (Rose and Konnerth, 2001). Significant
increases in sodium levels were reported to increase NMDAR single channel
activity and whole cell currents (Yu and Salter, 1998). In hippocampal neurons,
VRT increased [Na+]i concentrations resulting in improved NMDAR function,
specifically increasing the open probability and mean open time of the NMDAR
(Yu and Salter, 1998; Yu, 2006). The effects of VRT on NMDAR gating were
blocked by TTX suggesting that VRT effects are induced through a TTX sensitive
VGSC (Yu and Salter, 1998). The action of VGSC activators is summarized in
Figure 1.9. The Src-phosphorylation of NMDAR controls the sodium-dependent
regulation of NMDAR function (Yu and Salter, 1998; Yu, 2006). Thus, the Src
kinase family are essential to enhance NMDAR function (Salter and Kalia, 2004;
Salter et al., 2009).
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Figure 1.9: Interaction between voltage-gated sodium channels
and the N-methyl-D-aspartate receptors.
Activation of VGSC leads to an increase of intracellular sodium
which in turn renders the NMDAR more sensitive to Src kinase
phosphorylation. The open probability and mean open time of the
NMDAR also increases leading to calcium influx, a rise in net
intracellular calcium and eventually to structural plasticity.
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1.7 Effect VGSC activation in cerebellar granular and cerebrocortical
neurons

1.7.1 Cerebellar granular neurons (CGN):
Acute treatment with PbTx-1, PbTx-2, PbTx-3, and PbTx-6 produced
neuronal injury and death (Berman and Murray, 1999). The deleterious effects of
PbTx-1 were reversed with co-application of PbTx-1 and tetrodotoxin or NMDAR
antagonists (MK-801 or D-AP5). The protective effect induced by an NMDAR
antagonist is due to PbTx’s ability to evoke the release of glutamate. PbTx
produced a concentration-dependent increase in released of L-glutamate and Laspartate. Moreover, PbTx increased intracellular Ca2+ in high levels consistent
with those involved in neurotoxicity. In CGN, PbTx treatment induced calcium
influx through the NMDA receptor, L-type Ca2+ channels, and the reverse mode
of the Na+/Ca2+ exchanger (rNCX) (Berman and Murray, 2000). Furthermore,
VGSC induced neuronal injury in CGN was mediated by the NMDA receptors.

1.7.2 Cerebrocortical neurons (CN):
A main difference between CGN and CN is that CN display spontaneous
calcium oscillations that are mediated by glutamate signaling (Dravid et al., 2004;
Dravid and Murray, 2004). The amplitude and duration of a single calcium spike
increased after treatment with PbTx-2 (Dravid et al., 2004). The effect of PbTx on
calcium oscillation was due to calcium entry through the NMDAR, rNCX and the
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L-type VGCC, whereas, treatment with high PbTx-2 concentration induced
calcium influx through the NMDAR and rNCX only (Dravid et al., 2004). CN
cultures were less vulnerable to PbTx-2-induced toxicity in that only 3 µM PbTx-2
treated CN for a period of 24 H showed toxicity (Dravid et al., 2004). The
resistance to PbTx-2 toxicity was possibly due to existence of GABAergic
interneurons that inhibit and control the excitatory stimuli within the culture
(Schousboe et al., 1985). Moreover, the spontaneous Ca2+ oscillations observed
indicate synaptic activity in CN culture due to tonic activity (Hardingham et al.,
2002) which protects the network against PbTx-2-induced neurotoxicity (Dravid
et al., 2004).

The following summarizes the findings of two papers that have studied the
influence of PbTx-2 on sodium and calcium dynamics, and structural plasticity in
CN cultures (George et al., 2009; George et al., 2012). The studies found that
maximum increments of sodium influx after PbTx-2 challenge treatment in days
in vitro (DIV) 2 neurons were 37 ± 0.90 mM and the EC50 for a PbTx-2-induced
increase in sodium influx was 43 nM (23 – 80 nM, 95% CI). To assess
membrane potential, FMP blue was used, challenge with PbTx-2 induced a
concentration-dependent depolarization and the EC50 was determined to be 97
nM (71–131 nM, 95% CI). Further studies revealed that PbTx-2 stimulated
calcium influx with an EC50 of 244 nM (119–498 nM, 95% CI). Treatment with
NMDA, induced calcium influx and the EC50 was between 11 -19 µM depending
on the age of the culture. The NMDA-induced calcium influx was potentiated with
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co-treatment of 30 nM PbTx-2, making NMDA was more potent. The
concentration of PbTx-2 used lacked effect in inducing calcium influx and thus
was selected to study the relation between VGSC and NMDAR signaling. PbTx
treatment increased mean open time and open probability of the NMDAR
(George et al., 2009). The Src family kinases were found to play an essential role
in the PbTx-2 -induced increase of NMDAR mean open time and open
probability. Moreover, the Src kinase phosphorylation was enhanced by cotreatment of NMDA and PbTx-2. The functional effects of PbTx-2 specifically
neurite outgrowth was initially studied. Moreover, structural plasticity studies
revealed that PbTx-2 increases neurite outgrowth in a time dependent manner
and the effect followed a bidirectional concentration response curve. These
effects were inhibited by inhibitors of the VGSC, NMDAR, Src kinase and CaMK
kinase. The PbTx-2-induced bidirectional profile seen for neurite outgrowth was
similar to the NMDA response in DIV 1 neurons. Assessing dendritic arborization
in DIV 4 in dissociated culture of the cerebral cortex showed the same
bidirectional response induced by PbTx-2 treatment. Furthermore, treatment with
PbTx-2 increased spine and synaptic density in these cultures. Synaptic density
followed a bidirectional concentration response curve after treatment with PbTx-2
or NMDA (George et al., 2012). The results in CN on structural plasticity indicate
that PbTx-2 may induce its effects through calcium signaling mediated by
activated NMDARs (George et al., 2009). These experiments were carried out in
dissociated cultures, therefore, it would be of interest to study the effects of
VGSC modifiers in slice cultures where the three-dimensional structure of the
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neurons is better retained. Overall, these results indicate that VGSC may
represent a novel pharmacological strategy to regulate NMDAR function.

1.8 NMDAR dysfunction
Normal brain physiological processes require strict regulation of NMDAR
expression and function. Calcium-dependent excitotoxicity through NMDAR is
one of the primary sources of neuronal cell death. This can be seen across many
different disease states from acute trauma such as ischemia to
neurodegenerative diseases such as amyotrophic lateral sclerosis (ALS)
(Arundine and Tymianski, 2003). NMDAR dysfunction can be divided into two
categories, Figure 1.10, NMDAR hypofunction and hyperfunction in this chapter
we will focus on NMDAR hypofunction.
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Figure 1.10: NMDA receptor function and disease states.
This schematic shows the relationship of NMDAR normal function
(Green) and hypo- and hyper-function (red) in different disease
states.
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1.9 NMDAR hypofunction
1.9.1 Aging:
It has been previously reported that NMDAR hypofunction is associated
with advanced aging (Gonzales et al., 1991; Wenk et al., 1991; Mangnusson and
Cotman, 1993; Saransaai and Oja, 1995; Magnusson, 1998). It has been shown
that NMDAR binding is reduced in both aging rodents and primates (Wenk et al.,
1991; Mangnusson and Cotman, 1993). In humans when comparing postmortem
samples from young (10-20 years of age) to old individuals (90 years of age),
there is a decrease of about 36% in the Bmax for [3H]MK801 reflecting a decrease
in NMDAR binding (Piggott et al., 1992). The aging rodent brain, specifically the
cortex and hippocampus experience a decrease in expression of GluN1, GluN2A
and GluN2B subunits (Magnusson et al., 2002). Overexpression of GluN2A and
GluN2B complex is thought to potentiate excitatory post-synaptic potentials
(Tang et al., 1999; Rinaldi et al., 2007). Moreover, a modest decline in GluN2A in
aged mice has deficits on spatial learning, whereas, mice that have a higher ratio
of GluN2A appear to perform better on spatial learning tasks (Magnusson, 2001).
The age-related loss in memory could be attributed to the decrease in GluN2A or
2B subunits and lead to decrease in duration of NMDAR excitatory post-synaptic
potentials. These are reported in both human and animal brain tissue samples
(Carmignoto and Vicini, 1992; Hestrin, 1992). Thus, the decrease in NMDAR
function could account for age-related decrease in memory and learning.
Furthermore, enhancing the GluN2A expression during aging may improve
memory deficits due to the substantial decrease of the GluN1 and 2B subunits
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(Magnusson et al., 2010). Therefore, upregulating NMDAR function could
improve learning and memory associated with aging.

1.9.2 Autism:
Recently, NMDAR dysfunction has been implicated in autism spectrum
disorder (ASD) (Gandal et al., 2012; Uzunova et al., 2014). NMDAR
hyperfunction due to overexpression of NMDAR results in improved LTP and
may contribute to autistic savant individuals (Tang et al., 1999; Rinaldi et al.,
2007; Gandal et al., 2012). Clinical trials and SNP analysis have found that
genetic variants of NMDAR subunits are associated with ASD. (Tarabeux et al.,
2011; O'Roak et al., 2012b; O'Roak et al., 2012a; Yoo et al., 2012; Kenny et al.,
2014). Two genes in mice specifically relate NMDAR hypofunction to ASD are
Neuroligin 1-/- (Chubykin et al., 2007; Blundell et al., 2010) and Shank 2-/- (Berkel
et al., 2010; Won et al., 2012). The synaptic localization of the NMDAR is thought
to be regulated by the Neuroligin 1 gene, mice missing this gene were reported
to have a reduced LTP (Budreck et al., 2013). Similarly, the Shank2 is important
for synaptic protein assembly, in knockout mice in the NMDAR function is
decreased (Berkel et al., 2010). The ASD phenotype in both knockout mice
models were rescued by administration for D-cycloserine, a partial agonist of
NMDAR (Chubykin et al., 2007; Blundell et al., 2010; Won et al., 2012). Thus,
enhancement of NMDAR function via VGSC activation may be a novel
pharmacological strategy for ASD explicitly involving NMDAR hypofunction.
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1.9.3 Schizophrenia:
Treatment with NMDAR antagonist, dissociative anesthetics such as
ketamine and phencyclidine (PCP), causes healthy individuals to exhibit a
psychotic state (Luby et al., 1962; Allen and Young, 1978). Inhibition of NMDAR
activity also exhibits a phenotype resembling schizophrenia in adults (Javitt and
Zukin, 1991). Healthy volunteers who received subanesthetic doses of ketamine
performed poorly on verbal and non-verbal tasks that rely on long-term, explicit
and declarative memory (Krystal et al., 1994; Adler et al., 1998). In chronic
schizophrenia patients stabilized with antipsychotic medication, administration of
D-cycloserine, at NMDAR showed an U- shaped dose-response curve in
significantly reducing the negative symptoms of schizophrenia and enhancing the
performance on cognitive tasks (Sherman et al., 1991). These results are
consistent in that positive effects of NMDAR function require optimal levels of
NMDAR activity. Clinical trials used natural product such as glycine, D-serine,
alanine and sarcosine, that act on the glycine modulatory site on NMDAR
significantly improved negative, depressive, cognitive and positive symptoms in
individuals who have chronic schizophrenia and are receiving antipsychotic
medication (Tsai and Lin, 2010). These natural products have provided a proof of
principle but are not used as a treatment as they have poor penetration of the
blood-brain barrier, metabolism, and potency (Coyle et al., 2012). Moreover,
examination of post-mortem tissue of individuals who had schizophrenia reported
that the tissue contained less complicated dendritic branches, a decrease in
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spine density, and glutamate binding site compared to age-matched controls
(Glantz and Lewis, 2000; Mcglashan and Hoffman, 2000).
The effect of NMDAR hypofunction in schizophrenia is clear when
explicitly looking at the neuronal structural plasticity. It is also evident when
looking at the clinical trial data suggesting that NMDAR activation or positive
modulation may play an important role enhancing cognitive function and memory
seen in schizophrenia patients. Thus, it is essential to investigate pathways that
may positively modulate NMDAR function. Directly activating the NMDAR could
lead to excitotoxicity. An alternative method could be investigating the role of
[Na+] in upregulating NMDAR function.

1.9.4 Neuronal repair post-injury:
For many years it has been thought that glutamate-induced hyperactivity
of NMDAR underlies the continued neurological and functional decline after brain
injury (Hayes et al., 1988; Faden et al., 1989). The initial damage during ischemic
stroke and traumatic brain injury is due to hyperactivity and excitotoxicity of the
brain lesion also known as the infarct. The rise in extracellular glutamate
concentration post injury leads to NMDAR activation and rise in calcium influx
(Faden et al., 1989; Choi, 1990; Panter and Faden, 1992). This increase in
intracellular calcium triggers inflammatory excitotoxic cascades finally leading to
neuronal death. Hence, research studies focused on treatment of ischemic and
brain injury animal models with NMDAR antagonist in an effort to block the
hyperactivity of NMDAR (Lees, 1997; Tolias and Bullock, 2004; Beauchamp et
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al., 2008; Kalia et al., 2008). The results of these studies showed that animals
treated with NMDAR antagonist improved the outcomes of ischemia or brain
injury (Lees, 1997; Beauchamp et al., 2008; Kalia et al., 2008). However, in
clinical trials, NMDAR antagonists failed in improving stroke recovery and in
some cases treatment cause morbidity and mortality in some subject (Lees,
1997; Morris et al., 1998; Maas et al., 1999; Davis et al., 2000). Reflecting back
at the animal model data revealed that improvement was seen if the NMDAR
antagonist were administered before or within 30-60 minutes post-injury (Rod
and Auer, 1989; Shapira et al., 1990; Chen et al., 1991; Panter and Faden, 1992;
Di and Bullock, 1996; Kroppenstedt et al., 1998). The antagonists lose efficacy if
administered at any later time point. Moreover, studies in both ischemic and
traumatic brain injury models show a loss of NMDAR and NMDAR function which
begins several hours post injury and persists for up to two weeks (Miller et al.,
1990; Friedman et al., 2001; Sihver et al., 2001; Biegon et al., 2002; Grossman
et al., 2003; Biegon et al., 2004). This loss of NMDAR leads to hypoactivation of
these receptors that is reversed by stimulation of NMDAR using full agonist
NMDA or partial agonist D-cycloserine leading to neuroprotection and functional
improvement in animal models (Temple and Hamm, 1996; Biegon et al., 2004;
Adeleye et al., 2010). Evidence from these pre-clinical studies suggests that an
alternative mode of treatment is activation of NMDAR rather than blockade of
NMDAR during this critical period of recovery targeting neuronal repair. This may
aid in the recovery of patients who already experienced a stroke and are in the
recovery stage of treatment such as physical therapy. It has been shown that
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drug treatment with GABA inhibitor and AMPA agonist within 3-5 days poststroke also promote functional recovery, and rewiring of neuronal circuits post
stroke (Clarkson et al., 2010; Clarkson et al., 2011; Carmichael, 2012).
Suggesting that promoting excitability post-stroke may play an important role in
functional recovery and neuronal rewiring and repair. The focus of previous
clinical trials in stroke patients was on neuroprotection rather than neuronal
repair (Carmichael, 2012). During stroke recovery in both animal models and
humans abnormal excitability in neuronal circuits was reported acting as a base
for recovery and remapping of brain function in the peri-infarct region (Murphy
and Corbett, 2009). The stroke recovery mechanism is similar to the mechanism
seen during brain development and learning and memory. The neurons in the
peri-infarct region are damaged, but during recovery those neurons undergo
spontaneous active structural and functional remodeling (Murphy and Corbett,
2009). This is the brains attempt to initiate its recovery. The neurons in this
region undergo abnormal excitability where there is a temporary loss in inhibition
and increase in glutamate-mediated excitability. This abnormal excitability leads
to axonal sprouting, dendritic arborization, synaptogenesis and finally remapping
of function in both the peri-infract and contralateral brain regions. There is a
period of heightened neuroplasticity crucial for neuronal repair post stroke. Thus,
stroke offers a critical window for patient rehabilitation which promotes neuronal
structural plasticity due to an increase in both gene and protein expression
(Murphy and Corbett, 2009; Li et al., 2010). Direct acting agonists of NMDAR are
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excitotoxic. Thus, upregulation of NMDAR function through activation of VGSC
may be a novel pharmacological strategy for stroke treatment.

1.10 The Hippocampus
The hippocampus has captivating neuroanatomy and has been heavily
studied for many years. The hippocampus proper has three subdivisions, the
Cornu Ammoins (CA) 1, CA2, and CA3. The other regions of the hippocampal
formation are the dentate gyrus, subiculum, presubiculum, parasubiculum and
entorhinal cortex (Andersen, 2007). It is important to know that the hippocampus
proper contains two neuronal cell types; large pyramidal neurons located in CA2
and CA3 regions and small pyramidal neurons located in CA1 region (Andersen,
2007). The inputs and outputs of these regions differ. For instance, pyramidal
neurons in the CA3 are innervated by mossy fibers from the dentate gyrus
whereas CA1 neurons are innervated by CA3 pyramidal neuron connections.
In CA1 pyramidal neurons, the density of VGSC and VGCC is relatively
consistent along the dendrites (Magee and Johnston, 1995). Little is known about
the distribution of VGSC in the hippocampus. However, data suggests that
Nav1.2 is the most abundant during the first few postnatal weeks but the
dominant subunit in adulthood is Nav1.6 (Schaller and Caldwell, 2000).
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1.10.1 Learning and memory
The direct association of the hippocampus and its involvement in memory
formation came from the observation of brain-damaged patients in 1957 (Scoville
and Milner, 1957). The most famous observation was in a patient, H.M., who had
severe epilepsy resistant to antiepileptic drugs. As a treatment, the mesial
temporal lobe was removed. Although the surgery reduced the seizure of H.M.,
he was left with unrecoverable global amnesia. This patient exhibited
anterograde and retrograde amnesia (Scoville and Milner, 1957). The effect on
H.M.’s memory was primarily due to the removal of a large part of the
hippocampal formation and surrounding cortical tissue. Studies in animal models
concluded that damage to the hippocampus resulted in the inability to acquire
long-term memory of new events or facts (Clark and Squire, 2010). There is no
loss in the general intelligence and perceptual ability due to hippocampal injury.
There was no effect on short-term memory. This suggests that there is a clear
distinction between memory and other cognitive brain functions and a clear
difference between working and long-term memory (Andersen, 2007). The
hippocampus has been critical for some diseases such as epilepsy, Alzheimer’s
disease, and schizophrenia. Damage to the hippocampus has been linked to
limbic encephalitis, dementia, and isolated hippocampal sclerosis. The
hippocampus is particularly sensitive to damage due to ischemia, hypoxia,
trauma, and hypoglycemia (Andersen, 2007).
The hippocampus is highly innervated by arterial supply. However, the
vascular supply may be interrupted as a result of ischemic or hypoxic insults. The
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damage that occurs in the hippocampus can be isolated to the hippocampus but
is more likely a part of a general cerebrovascular insult (Kirino, 1982; Pulsinelli et
al., 1982b; Pulsinelli et al., 1982a). In animals and humans, it has been reported
that ischemic stroke causes damage to the hippocampus, particularly the CA1
region (Pulsinelli et al., 1982b; Bartsch et al., 2015).
The hippocampus has the capacity to generate new neurons. Adult
neurogenesis of neuro-progenitor cells is observed in two regions of the brain.
These regions are the subventricular zone of the lateral ventricle and the
subgranular zone of the dentate gyrus in the hippocampus (Zhao et al., 2008).
Adult hippocampal neurogenesis is potentially vital for hippocampal plasticity and
may attribution to learning and memory (Zhao et al., 2008; Deng et al., 2010).
The exact function of adult neurogenesis in learning and memory is not well
understood and needs to be further investigated.

1.10.2 Essential role of CA1 neurons
The CA1 region of the hippocampus contains pyramidal neurons. These
neurons are distinct in their shape compared to CA2, CA3, and cortical pyramidal
neurons. These neurons have a soma that is 15 µm in diameter on average and
a total dendritic length of 13.5 mm (Pyapali et al., 1998). Some CA1 pyramidal
neurons contain on an apical dendrite, and others contain two. The basal
dendrites are localized in the stratum oriens while the apical dendrites are
localized in the stratum radiatum and stratum lacunosum-moleculare (Andersen,
2007).
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The role of NMDAR in synaptic plasticity and memory formation in the
hippocampus have been studied. In NMDAR1 knockout mice had significant
impairments in the spatial memory as they performed worse than wild-type mice
on spatial memory tests such as the two-water maze test while the non-spatial
memory of these mice was not affected (Tsien et al., 1996). In these mice the
NMDAR was knocked out only in the pyramidal neurons of the CA1 region.
Further exploration of the CA1 region showed that post-tetanic stimulation of the
region failed to produce LTP (Tsien et al., 1996). These results suggest that
NMDAR receptors in the CA1 region are necessary for LTP and therefore spatial
memory. Along with these finding, damage to CA1 neurons in humans who
suffered a focal hippocampal stroke was linked to impairment of spatial memory
(Bartsch et al., 2010). As a whole the data demonstrates that NMDAR in CA1
pyramidal neurons are important for spatial memory and thus learning.

1.11 Calcineurin
1.11.1 Structure and function
Calcineurin (CaN) is a serine/threonine protein phosphatase which
belongs to the Ca2+/ calmodulin-dependent protein family (Hemenway and
Heitman, 1999). CaN is a heterodimer consisting of CaN A and CaN B (Klee and
Krinks, 1978; Wallace et al., 1978; Klee et al., 1979). These two subunits are
bound together and cannot be dissociated without denaturing the protein (Wang
and Desai, 1977; Klee and Krinks, 1978; Wallace et al., 1978). CaN A has three
different isoforms, Aα, Aβ, and Aγ which are the products of three different
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genes. CaN Aα is known to compose 70-80% of the CaN found in the brain
(Yokoyama et al., 1990; Takaishi et al., 1991; Kincaid, 1993). CaN A contain the
catalytic domain which can bind to calmodulin (CaM), while, CaN B is composed
of the four-calcium binding sites (Carr et al., 1982; Winkler et al., 1984). CaN B is
myristoylated at the amino terminal, which is thought to be a contributing factor to
it’s hydrophobic properties and its intercalation into the membrane (Aitken et al.,
1982; Cyert and Thorner, 1992). Intracellular calcium regulates the activity of
CaN wherein calcium binds to CaN B, and CaM binding to CaN A. CaN
dephosphorylates different substrates thus affecting cellular function.
Dephosphorylation of MAP2, Tau factor, Tubulin and synapsin I; stabilize the
microtubules, increase their ability for assembly and inhibits neurotransmitter
release (Huttner et al., 1983; Goto et al., 1985). CaN is highly localized in the
brain especially in the hippocampal pyramidal neurons of the CA1 region (Goto
et al., 1986; Matsui et al., 1987; Morioka et al., 1992; Morioka et al., 1997).

1.11.2 Role in NMDAR activity modulation
It is thought that CaN may have a regulatory role in LTP and long-term
depression (LTD) (Morioka et al., 1999). The location of CaN either pre- or postsynaptically plays an essential role in synaptic plasticity (Huttner et al., 1983;
King et al., 1984). Pre-synaptic localization of CaN could prevent synaptic
glutamate release by dephosphorylating synapsin I and thus inhibiting
spontaneous action potential (Victor et al., 1995; Morioka et al., 1999). Postsynaptic CaN can deactivate NMDAR and shorten the time the channel is open
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(Lieberman and Mody, 1994). Calcium through NMDAR triggers CaN activity in
that, calcium ions bind to CaN B, and CaM binds to CaN A leading to
dephosphorylation of the NMDAR. Thus CaN decreases calcium influx by
desensitization of the NMDAR (Tong et al., 1995), Figure 1.11.

Figure 1.11: The phosphorylation of the NMDAR.
The Src kinase family phosphorylates the NMDAR increasing the
mean open time and open probability of the NMDAR. Increase in
intracellular calcium binds to and activates calcineurin. Calcineurin
dephosphorylated the NMDAR and shortens its duration opening
limiting calcium enter. FK-506 binds to FK-506 binding protein, this
complex inhibits calcineurin.
Immunosuppressants inhibit CaN activity (Liu et al., 1991). CaN is a target
of two natural products that are structurally different, FK-506 a macrolide and
cyclosporine A (CsA) a cyclic peptide. These compounds bind to FKBP12, an
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immunophilin-binding protein or cyclophilin binding protein, and the drug-protein
complex then binds to the hydrophobic groove of CaN inhibiting its downstream
activity (Harding et al., 1989; Heitman et al., 1991; Liu et al., 1991; Foor et al.,
1993). The FKBP12 binding protein is highly expressed in the striatum,
hippocampus, and cortex (Steiner et al., 1992). The inhibition observed by these
two immunosuppressants does not inhibit or cause a conformational change at
the active site of CaN. This is consistent with the fact that the compounds act as
non-competitive inhibitors (Etzkorn et al., 1994; Kissinger et al., 1995).

1.11.3 Calcineurin and neuronal disease
CaN is implicated in a few disease states such as ischemic damage and
schizophrenia. In ischemia animal models, it has been reported that CaN levels
in the CA1 region insult decrease as a function of neuronal lost. Regions of the
hippocampus that contain lower levels of CaN such as the CA3 region appeared
unaltered (Morioka et al., 1992; Yamasaki et al., 1992; Morioka et al., 1997).
Moreover, in the pyramidal neurons in the CA1 region in rats exposed to a brief
incident of global ischemia appeared morphologically intact 1-2 days post the
insult, however, at days 2 and 3 these neurons were compromised and apoptotic
(Morioka et al., 1992). This delay in neuronal cell death could be a function of
CaN activity after an increase in intracellular calcium levels post-ischemia.
However, blocking CaN post-ischemia decreased neuronal death and appears
neuroprotective (Sharkey and Butcher, 1994; Katsura et al., 2003; Katsura et al.,
2008). Intravenous injection of FK-506 in animals’ post-ischemia protected the
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animals from neurotoxicity and ischemic neuronal cell damage (Arii et al., 2001).
FK-506 was not only neuroprotective, but it also decreased the deficiencies in
motor skills in primates’ post stroke (Furuichi et al., 2003). These papers
suggested that the protective effects seen by FK-506 in these animals are due to
the inhibition of CaN. In both cortical and cerebellar granular cultures. FK-506
treatment was protective against glutamate neurotoxicity (Dawson et al., 1993;
Ankarcrona et al., 1996). The protective effect of CaN inhibition in cell cultures
and animal models maybe a function of NMDAR continued activity leading to
LTP and structural plasticity.
CaN is implicated in schizophrenia as postmortem tissue of schizophrenia
patients compared to age and sex-matched controls show that CaN expression is
increased in the striatum and the superior temporal gyrus (Wada et al., 2012;
Wada et al., 2017). When comparing forebrain CaN B knockout mice to wild type
animals, the knockouts exhibit similar behavior to schizophrenia patients
(Miyakawa et al., 2003). Other than the behavioral deficits seen in these mice the
working and episodic memory are also impaired (Zeng et al., 2001; Miyakawa et
al., 2003). It has been found that in CaN B knockout mice that there is also a
decrease in the number of small spines and thus spine density similar to what is
seen in human tissue postmortem (Okazaki et al., 2018). These data suggest
that alterations in CaN may affect downstream signaling possibly affecting
NMDAR function. Thus, it would be of interest to explore the effects of CaN
inhibition after activation of NMDAR and study the effect on structural plasticity.
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: Methods and optimization

68

Chapter 2: Methods and optimization
This chapter discusses the methods, optimization process of the different
assay, and discusses preliminary data. The methods include and are not limited
to dissociated cultures of the hippocampus, organotypic hippocampal slice
culture, influx assays, and staining protocols. The preliminary data addresses the
selection of time point for OHSC treatment, calcium influx in two Swiss Webster
mouse lines and black C57BL/6 mouse line. Also, discussed are NMDA and
PbTx-2 calcium oscillation frequency and amplitude, and ptimization of neurite
outgrowth assay using VRT. Further explored are the effects of calcineurin
blockade alone in dissociated culture and OHSC on structural plasticity. The
results of calcineurin block determined the concentration of FK-506, a calcineurin
blocker used in further experiments.
2.1. Material
Neurobasal Medium, B-27 Supplement, Trypsin, Penicillin, Streptomycin,
Minimum Essential Medium (MEM) + Earle’s salts and L-Glutamine, heatinactivated fetal bovine serum and horse serum were obtained from Gibco
(Grand Island, NY). Sodium chloride (NaCl), Potassium Chloride (KCl),
Magnesium Chloride hexahydrate (MgCl2. 6H2O), Sodium phosphate dibasic
(Na2HPO4), HEPES, were purchased from Fisher Scientific (Hampton, NH).
Minimum essential medium eagle (MEM), Deoxyribonuclease (DNase), poly-Llysine, cytosine arabinoside, NMDA, soybean trypsin inhibitor, Protease inhibitor
cocktail, Insulin human, MK-801, D (−)-2-Amino-5-phosphono-pentanoic acid
(AP5), NBQX, Nifedipine, Potassium phosphate monobasic (KH2PO4), Calcium
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dichloride (CaCl2), Magnesium sulfate (MgSO4), Sodium bicarbonate (NaHCO3),
D-glucose, and glycine were purchased from Sigma (St. Louis, MO). FK-506
(tacrolimus), and Anti-MAP-2 clone Alexa-Fluor 555 conjugated (MAP2) were
purchased from Abcam (Cambridge, UK). KB-R7943 mesylate was purchased
from Tocris (Bristol, UK). Pluronic acid F-127, DAPI, and Fluo-3 AM were
purchased from Invitrogen Corporation (Carlsbad, CA). SBFI AM was purchased
from Molecular Probes (Eugene, OR). PbTx-2 is isolated and purified from
Karenia brevis at the Center for Marine Sciences at the University of North
Carolina (Wilmington, NC).
2.2. Methods
All animal use protocols were approved by the Creighton University
Institutional Animal Care and Use Committee (IACUC) and follow the National
Institutes of Health guide for the care and use of Laboratory Animals (NIH
Publications No. 8023, revised 1978).

2.2.1.

Hippocampal neuronal culture (HN)

Primary cultures of the hippocampus were prepared from day 18 embryos
of Swiss-Webster; ND4 (outbred) (Envigo strain code: 032), and CFW (inbred)
(Charles River strain code: 024) previously described (Novelli et al., 1988;
Berman and Murray, 1996; Cao et al., 2008). In brief, pregnant dams were
euthanized via CO2 asphyxiation and sterile techniques were used to isolate the
embryos and brains. Under a dissecting microscope the hippocampi were
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dissected, meninges removed, then hippocampi were minced by trituration using
a Pasteur pipette and incubated for 12 minutes at 37oC in a trypsin buffer. Using
two consecutive trituration and sedimentation steps, the hippocampi were further
dissociated in DNase and soybean trypsin inhibitor isolation buffer. The mixture
was centrifuged the supernatant removed. Then the pellet was resuspended in
Eagle’s minimal essential medium with Earle’s salts supplemented with: 10%
fetal bovine serum, 10% horse serum, 2 mM L-glutamine, 0.10 mg/mL
streptomycin and 100 IU/mL penicillin, pH 7.4. The cells were plated on poly-Llysine coated 96 well (9 mm), krystal assay, black-well culture plates (RPI, Mount
Prospect, IL). A cell density of 1.3 x 10
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cells per well was used for sodium and

calcium influx assays, and 2500 cells per well was used for neurite outgrowth
experiments. Plates were incubated at 37oC in 5% CO2 and 95% humidity. On
days in vitro (DIV) 2 post-plating, 10 µM cytosine furo-arabinoside (ARA-C) was
added to the culture media to prevent proliferation of non-neuronal cells. Cells
that were plated for neurite outgrowth were not treated with ARA-C, as the cells
were treated with drugs 3 h post-plating and fixed 24 h post-treatment. The
culture media was changed on DIV-5, 7, and 9 using serum-free growth medium
containing Neurobasal Medium supplemented with 2% B-27, 0.10 mg/mL
streptomycin, 100 I.U/ mL penicillin, and 0.2 mM L-glutamine. All neurite
outgrowth experiments were performed on DIV-1 and all sodium and calcium
influx experiments were performed on DIV-10.

71

2.2.2. Organotypic hippocampal slice culture (OHSC)
Preparation of mouse OHSCs were done according to previously
described protocols (Stoppini et al., 1991; Fuller and Dailey, 2007). Initially, these
experiments were carried out using Swiss-Webster; ND4 (outbred) (Envigo strain
code: 032), where the time course of spine density was measured. Then for ease
of visualization of dendritic arborization. Male and Females, hemizygous, B6.CgTg(Thy1-YFP)HJrs/J, were purchased from (Jackson labs strain code: 003782).
The colony was maintained and bred to homozygous in the Creighton University
animal facility. These transgenic mice express yellow fluorescent protein in a
subset of neurons including hippocampal pyramidal neurons. Organotypic
hippocampal slice cultures were prepared from postnatal day 5 mouse pups. In
brief, mouse pups were asphyxiated using CO2. The steps are summarized in
Figure 2.1 (A), the heads were sterilized using 70% ethanol, and mice were
decapitated using sharp scissors. The heads were placed in an ice-cold Hank’s
Balanced Salt Solution (HBSS) (1.26 mM CaCl2, 5.33 mM KCl, 0.44 mM
KH2PO4, 0.5mM MgCl2-6H2O, 0.41 mM MgSO4-6H2O, 138 mM NaCl, 4.00 mM
NaHCO3, 0.3 mM Na2HPO4). Ice cold HBSS was also used as the dissecting
buffer. The hippocampi were dissected under a dissecting microscope; then
placed transversely on the stage of the McIlwain tissue chopper (Cambridge,
U.K.) and cut into 450 µm thick sections. Slices were separated under the
microscope, and those identified as having intact CA1, CA3 and dentate gyrus
regions are selected for plating, Figure 2.1 (B). Slices were then washed five
times using plating media (MEM with Earle’s salt and L-glutamate, substituted
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with; 30 mM HEPES, 2 mM MgSO4, 1 mM CaCl2, 1 mg/L insulin, 1 mM NaHCO3,
0.5 mM L-ascorbate, 2.3 g/L D-glucose, 20 % horse serum, pH 7.3). In six-well
plates containing cell culture insert, PET track-etched permeable membranes
(0.4 μM pore size), a maximum of four slices were plated per well. Plates were
incubated at 37oC in 5% CO2 and 95% humidity. To assess the effect of NMDA
or PbTx-2 on spine density and dendritic arborization all slices were treated 18 h
post-plating and fixed four days post-treatment. To evaluate the signaling
pathways involved in the 1 µM NMDA and 100 nM PbTx-2 induced dendritic
arborization slices were cotreated with 1 µM TTX, 1 µM MK801, or 100 µM AP5.
Finally, slices were treated with FK-506 to assess the role of CaN on the NMDA
and PbTx-2-bidirectional effect on dendritic arborization. All slices were fixed
using 4% paraformaldehyde (PFA) for 1 h at room temperature (RT), washed
three times with PBS, and mounted using gelvatol.
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Figure 2.1: Organotypic hippocampal slices culture.
A) Dissection and slicing process of the hippocampi. Expose the
brain by cutting up the midline of the calvarium beginning at the
foramen magnum. Reflect the skull flaps away from the brain.
Isolate brain using a spatula. Under a dissecting microscope isolate
the hippocampus. Orient the hippocampi so that the side with the
primary blood vessel is facing downwards. Cut transversely through
the hippocampus making 450 μm thick slices using the McIlwain
tissue chopper. Under a dissecting microscope separate slices. B)
Hippocampal slices, a slice with an intact CA1, CA3 and dentate
gyrus regions is selected for plating. Damaged slices indicated by
the black arrow are not selected.
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2.2.3. Intracellular sodium concentration ([Na+]i) measurements
For Intracellular sodium ([Na+]i) measurements DIV-10 hippocampal
neurons in 96-well plates were used. The neurons were washed five times using
an automated microplate washer (Bio-Tek Instruments Inc, VT, USA) with
Locke’s buffer (154 mM NaCl, 8.6 mM HEPES, 5.6 mM KCl, 5.6 mM glucose, 2.3
mM CaCl2, 1.0 mM MgCl2, and 0.1 mM glycine, with a pH of 7.4). First, the
background fluorescence of each plate was measured; an average background
fluorescence was calculated for each plate. Neurons were incubated 10 μM
SBFI-AM and 0.02% Pluronic acid in Locke’s buffer for 1 h at 37°C. After
incubation with the dye, plates were washed five times using the cell washer with
Locke’s leaving 180 μL in each well. Plates were then transferred to a FLEX
Station™ II (Molecular Devices, Sunnyvale, USA) benchtop scanning fluorometer
chamber. Neurons were excited at two wavelengths 340 and 380 nm, and
emission of sodium bound SBFI was measured at 505 nm. The first 60 s of
recording measured the baseline fluorescence every 5 s, then at a rate of 26
µL/s, 20 µL of 10X concentration of NMDA or PbTx-2 was added to the neurons,
leaving a total of 200 µL in each well. Post-drug application, the fluorescence
was monitored for an additional 200 s.
To evaluate the pharmacological pathways by which Na+ enters the
neuron, 10 µL of 20X inhibitors were added and incubated for a minimum of 5
min then using the FLEX Station™ II, then challenged with10 µL of 20X NMDA or
PbTx-2 as described above.
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A full in situ calibration of ratiometric dye SBFI was evaluated as
described previously (Diarra et al., 2001; Cao et al., 2008). In brief, after dye
incubation neurons were washed five times using the cell washer. The buffer was
substituted with 180 µl of sodium calibration solutions (0 – 130 mM); these
solutions contained 0.5 mM CaCl2, 0.6 mM MgCl2, 10 mM HEPES, Na+ and K+
such that [Na+] + [K+] = 130 mM, 100 mM gluconate, and 30 mM Cl- (titrated with
10 mol/l KOH to pH 7.4). To equilibrate the intracellular and extracellular sodium
concentration we used 5 μM Gramicidin D, a Na+ ionophore; 10 μM monensin,a
Na+/H+carrier; and 100 μM ouabain, a Na+/K+-ATPase inhibitor. The fluorescence
was recorded.
These data were analyzed as follows: first all data were corrected for
background fluorescence. Then using GraphPad Prism (GraphPad Software,
San Diego, CA) time- and concentration-response graphs were generated by
plotting the SBFI fluorescent ratio (340/380) versus time (s). The area under the
curve (AUC) values were calculated, and the EC50 was determined using nonlinear regression analysis.
In-situ calibration of ratiometric SBFI signals in relation to intracellular
sodium concentrations was first established, to quantify the intracellular sodium
elevation in hippocampal neurons. The calibration method and calculation were
followed as described previously (Diarra et al., 2001; Cao et al., 2008). In brief,
the fluorescence ratio of SBFI was converted to [Na+]i using the following
equation.
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[𝑁𝑎+ ] = 𝛽𝐾𝑑 [(𝑅 − 𝑅min )/(𝑅𝑚𝑎𝑥 − 𝑅)]

(1)

The fluorescence ratio of the sodium unbound dye to sodium bound dye at
380 nm wavelength is represented by β, the apparent dissociation constant of
SBFI for sodium is represented by Kd, the background subtracted SBFI
fluorescence ratio is represented by R. The minimum and maximum fluorescence
ratios are Rmin and Rmax, respectively. To fit the data relating [Na+] to R, a threeparameter hyperbolic equation was used, equation as follows.
𝑅 = 𝑅𝑚𝑖𝑛 + [(𝑅𝑚𝑎𝑥 − 𝑅min )([𝑁𝑎 + ])/(𝛽𝐾𝑑 + [𝑁𝑎+ ])]

(2)

The data is shown in Figure 2.2. The derived parameters using equation 2, were
Rmin = 1.7 ± 0.067, Rmax = 4.1 ± 0.15, βKd= 30. ± 3.8 mM, and (r2= 0.85). The Rmin
derived from this equation was equivalent to the experimental Rmin generated at 0
mM [Na+]. The same data was also analyzed by a Hanes plot using the equation
as follows
[𝑁𝑎+ ]
[𝑁𝑎+ ]
𝛽𝐾𝑑
=
+
𝑅 − 𝑅𝑚𝑖𝑛 𝑅𝑚𝑎𝑥 − 𝑅min 𝑅𝑚𝑎𝑥 − 𝑅min
𝑤ℎ𝑒𝑟𝑒,

𝑠𝑙𝑜𝑝𝑒 =

1
𝑅𝑚𝑎𝑥 − 𝑅𝑚𝑖𝑛

𝑎𝑛𝑑

(3)

𝑋 − 𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 = −𝛽𝐾𝑑

The value of Rmin used was the value determined experimentally using 0
mM [Na+]. Plotting [Na+]/(R-Rmin) vs. [Na+] generates a straight line where (r2=
0.97). The slope allows a way to estimate Rmax= 4.1 ± 0.16 and βKd = 29. ± 0.11
mM. Both the derived and estimated values of Rmax or βKd did not differ
significantly.
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Figure 2.2: SBFI calibration in DIV-10 hippocampal neurons.
(A) In situ calibration of SBFI ratio (340/380). Time-response data
shows a step increase in SBFI fluorescence ratio due to an
increase in extracellular sodium ion concentration. (B) The
calibration data fit using a three-parameter hyperbolic curve.
2.2.4. Intracellular calcium ([Ca2+]i) monitoring
Hippocampal neurons grown in 96-well plates were used. The media was
removed, and plates were washed five times using the cell washer with Locke’s
buffer. The neurons were incubated with 4 μM fluo-3 AM and 0.04% Pluronic acid
in Locke’s buffer at 100 μl/well for 1 h at 37oC. Post dye incubation neurons were
washed with Locke’s five times leaving a volume of 180 μL/well. Plates were
transferred to a FLEX Station™ II where the fluorescence was measured at
37°C. Neurons were excited at 488 nm, and calcium bound dye emission was
recorded every 1.2 s at 538 nm. The first 60 s of recording measured the
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baseline fluorescence in the wells, then at a rate of 26 μl/s, 20 μl of a 10X
concentration of NMDA or PbTx-2 was added to the neurons, leaving a final of
200 μl in each well. Post addition the fluorescence was monitored for an
additional 120 s .
A pharmacological analysis was conducted to assess the pathways by
which Ca2+ enters hippocampal neurons, 10 µL of 20X inhibitors were added and
incubated for a minimum of 5 min then using the FLEX Station™ II, 10 µL of 20X
NMDA or PbTx-2 was added.
The fluo-3 fluorescence was expressed as (F−F0) where F is the
fluorescence, F0 is the baseline fluorescence measured in each well. The
concentration-response curve and the inhibition bar graphs were generated by
calculating (Fmax−F0) where Fmax is the maximum fluorescence, F0 is the baseline
fluorescence measured in each well.

2.2.5. Immunocytochemistry
The influence of NMDA and PbTx-2 on neuronal outgrowth was assessed
neurons DIV-1 hippocampal neurons plated in 96 well plates. Various
concentrations of NMDA (0.001 - 100 µM) or PbTx-2 (1 - 10 µM) were added to
the culture medium 3 h after plating. For pharmacological evaluation
hippocampal neurons were cotreated with 1 µM NMDA or 100 nM PbTx-2 and
the following inhibitors: 1 µM nifedipine, 3 µM KB-R7943, 1 µM MK801, 1 µM
TTX, 100 µM AP5. The effect of CaN on neurite outgrowth was evaluated in
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neurons by cotreatment with increasing concentrations of NMDA or PbTx-2 in the
absence or presence of 100 nM FK-506. Cultures were fixed 24 after treatment,
for 30 min at RT using 4% PFA. Following fixation, neurons were washed using
multichannel pipette three times with PBS. To stain the neurons 40 µL/ well of
1:500 anti-MAP2 was added and incubated overnight at 4°C. To stain the cellular
nucleolus of all cells in the culture 4.5 µL of 0.1 µg/mL DAPI were added and the
plates were incubated for 30 min at RT. Following dye incubation, the wells were
washed three times with PBS leaving a final volume of 100 µL/well. The plates
were imaged using ImageXpress Micro (IXM) (Molecular Devices) and analyzed
using the ImageXpress neurite outgrowth (NOG) analysis software.

2.2.6. Diolistic labeling
The Helios Gene Gun system (Bio-Rad, Hercules. CA) was used to deliver
DiO-coated tungsten particles (1.3 μm) to slices at 80 psi. The diolistic tungsten
bullets were prepared as follows: 3.0 mg of DiO (Invitrogen) was dissolved in 200
μl dichloromethane. The dye was spread evenly over 30 mg of 1.3 μm tungsten
particles on a glass slide. The particle mixture was allowed to dry for a period of
20 minutes. The dried mixture was scraped using a razor blade and transferred
to new glass slide. The mixture was thoroughly cut with the blade for 15 minutes.
The particles were resuspended in 3 ml of double distilled water. To ensure a
uniform suspension, the slurry was sonicated for 10 minutes. Then 100 μl of
polyvinylpyrrolidone (PVP) stock solution (0.96 % PVP in ethanol) was added.
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The slurry was drawn, using a 10 ml syringe, into a pre-coated PVP Tefzel tube
mounted in the bullet preparation station (Bio-Rad). The particles were allowed to
settle for 20 – 30 min. The water was removed from the tube carefully using the
syringe. The tube was rotated for 1 hour to uniformly spread the dye-coated
tungsten particles. The tube was then dried for 30 min using nitrogen at 0.4 psi.
Finally, the bullets were made by cutting the tube using a Bio-Rad tube cutter.
The Helios Gene Gun was assembled as follows, prior to loading the bullets, the
Helium pressure at 80 psi was tested, then the bullet cartridge was loaded. A
membrane filter (3 µm pore size with an 8.0 x 105 pores/ cm2 density) was
inserted into the nozzle. The hippocampal slices were fixed using 1.8% PFA for
30 min. Then washed three times with PBS prior to labeling the slices the PBS
solution was removed. The DiO-coated tungsten particles were delivered to
slices, and slices were incubated overnight in 1 ml of 50 mg of thimerosal 50 ml
of PBS overnight at 4°C. This incubation allows the dye to diffuse through the
neuronal membrane. Slices were the post-fixed next day using 4% PFA for 30
min and washed three times with PBS. Using gelvatol the slices were mounted
and coverslipped slices on glass slides. Dendrites were imaged within five days
of labeling, as the dye diffuses through the tissue after one week. Time course of
30 nM, 100 nM PbTx-2 and 100 nM NMDA spine density were measured in
slices that were diolistically labeled for visualization. This method does have
drawbacks as DiO labeles a group of neurons in one location rather than labeling
a single neuron Figure 2.3 (A). This makes it challenging to study dendritic arbor
complexity. The dye diffusion through the tissue which limits the amount of time
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to image the slices, moreover the DiO dye is photobleached during the imaging
process. Thus, exploring biolistic labeling will be beneficial.
2.2.7. Biolistic labeling
Using the Helios Gene Gun system (Bio-Rad, Hercules. CA) was used to
deliver Lck-pEGFP-N1-coated gold particles (1.0 μm) to slices at 80 psi. The LckpEGFP-N1 was a gift from Dr. Steven Green, University of Iowa Figure 2.3 (B).
The biolistic gold bullets were prepared as follows: 12 mg of 1.0 μm gold particles
mixed with 50 µl of 0.05 M spermidine and 24 µg of DNA plasmid. The
suspension was mixed and vortexed. Then 50 µl of 1 M CaCl2 was added drop
by drop. The mixture was incubated for 10 minutes at RT. The sample was
centrifuged for 15 s at 1000 RPM. The supernatant was removed, and the pellet
was resuspended using 1 ml ethanol, vortexed and then centrifuged again for 15
s at 1000 RPM, this step was repeated four times. Finally, the DNA coated gold
particles were resuspended in 3 mL of ethanol. The slurry was drawn, using a 10
ml syringe, into a pre-coated PVP Tefzel tube mounted in the bullet preparation
station. The particles were allowed to settle for 20 – 30 minutes. The ethanol was
removed from the tube carefully using the syringe. The tube was rotated for 1
hour to uniformly spread the dye-coated tungsten particles. The tube was then
dried for 5 minutes using nitrogen at 0.4 psi. The bullets were prepared by cutting
the tube using a tube cutter. The Helios Gene Gun was assembled as describe
earlier. To optimize this protocol a Gene gun stand was designed and built to
control the distance of shooting Figure 2.3 (E). The DNA coated gold particles
were delivered to slices at different distance 0.5, 1.0, 1.5 cm. Post-DNA delivery
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the slices were incubated at 37°C for 24, 48, 72, 120 h in slice culture media to
allow for transfection. Slices were washed two times with PBS then fixed using
4% PFA for 30 min and washed two times with PBS. The slices were mounted,
and coverslipped on glass slides using gelvatol. The transfection efficiency was
then studied by counting the number of transfected cells per slice Figure 2.3 (CD). Slices fixed at 120 h post labeling did not show any transfected cells. This
protocol was reliable in that neurons, and other cells were transfected at 0.5 and
1.0 cm distance across 24, 48 and 72 h. However, there was no control over the
region or the type of cell transfected. Figure 2.3 (C) shows a slice were only
astrocytes were transfected as the transfected cells did not express MAP2, a
neuronal marker. Since the target was to study CA1 pyramidal neurons, this
method was not used for further studies.
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Figure 2.3: Diolistic and biolistic labeling.
A) Hippocampal slice diolistically labeled with DiO. B) The LckpEGFP-N1 plasmid used in biolistic labeling C) Slices were
biolistically labeled at three different distances 0.5, 1.0 and 1.5 cm
and incubated for 24, 48 and 72 hours. This was used to measure
transfection efficiency. The biolistic labeling labels glia, astrocytes
and neurons. The right panel shows biolistically labeled slice and
MAP2 co-labeling of GFP and MAP2 indicates a neuron. The MAP2
and biolistic label in these images do not overlap indicating the
labeled cells are not neurons. D) Transfection efficiency studying 9
- 10 slices per labeled distance and time point. The data shows that
24 h and 48 h, at a distance of 0.5 and 1.0 cm are ideal for
transfection. All data represent the mean ± SEM. These
experiments were repeated were repeated in three independent
cultures. E) The Helios Gene gun holder that was designed for
accurate shooting distance.

2.2.8. Live-dead staining
Propidium iodide (PI) uptake and fluorescein diacetate (FDA) hydrolysis.
PI becomes fluorescent upon binding to DNA of dead cells. FDA is hydrolyzed by
cell esterase to fluorescein. On DIV-4, 18, 25 and 32 slices were incubated with 5
µg/ml of PI and 10 µg/ml for 30 minutes. The slices were washed three times
then imaged. The study showed that Swiss Webster OHSC slices survive in
culture up to 25 days, Figure 2.4.
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Figure 2.4: Live-dead assay in OHSC:
Dead/live staining using propidium iodide (red) and fluorescein
diacetate (green). Slices survive up to 25 days in vitro.

Later we assessed Thy-1 YFP expressing hippocampal slices for neuronal
death. In that protocol slices were incubated with 5 µg/ml of PI and then washed
three times and imaged on DIV-5, 10, 15, 20 and 25.

86

2.2.9. The expression of YFP in B6.Cg-Tg(Thy1-YFP)HJrs/J organotypic
hippocampal slice cultures
Male and Females, hemizygous, B6.Cg-Tg(Thy1-YFP)HJrs/J, were
purchased from (Jackson labs strain code: 003782). The colony was maintained
and bred to homozygous in the Creighton University animal facility. These
transgenic mice express yellow fluorescent protein in a subset of neurons
including hippocampal pyramidal neurons. Organotypic hippocampal slice
cultures were prepared from postnatal day 5 mouse pups; slices were incubated
and maintained for 25 days. The expression of YFP with age in culture was
initially studied.
To study the expression slices from the same culture were fixed on DIV-1,
5, 10, 15, 20 and 25. Later, slices were also stained with PI to study neuronal
death, Figure 2.5. On DIV-1 slices appeared to have one or two neurons
expressing YFP. The expression increased as a function of age in culture. On
DIV-5 slices had more neurons expressing YFP than DIV-1 slices. These
neurons could be easily isolated from others.
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Figure 2.5: The expression of YFP in organotypic hippocampal
slice cultures.
A) Images of a DIV-1 slice Thy1-YFP displaying a few neurons
expressing YFP. B) Shows slices expressing YFP at DIV-5, 10, 15,
20 and 25. The images show YFP and propidium iodide stained to
look at neuronal death in YFP slices. In these experiments slices
had little to no cell death between DIV-5 – 25. These experiments
were repeated three times on different culture days.
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2.3. Data analysis
Quantitative data are presented as mean ± SEM. Analysis such as
nonlinear regression analysis, ANOVA tests and graphing were performed using
GraphPad Prism.
Imaging, quantification of neurite outgrowth, dendritic arbor and spine
density
All image analyses were blinded.
2.3.1 Neurite outgrowth
All neurons derived from primary cultures of the hippocampus were
imaged using the Molecular Devices ImageXpress Micro (IXM), a widefield
fluorescence-based system. The system was set up to use TRITC and DAPI filter
cubes and image 96 well plates. Images were acquired using a 40X air objective.
The microscope was set to take 8X8 images (a total of 64 images) per well. The
images were then imported to the MetaXpress software for analysis. Each image
was inspected, and neurons were randomly selected for analysis. The following
selection criteria were applied: neurons and neuronal extensions were not cut off
by the image border. The selected neuron is a minimum of 65 µm away from any
cell, (assessed using DAPI and MAP2 stains), only one neuron out of an image is
analyzed. Neurons were chosen randomly from different cultures and evaluated
for each treatment group, between; 12-106 neurons were analyzed.
The analysis process and use of the software were as follows: Select
Neurite Outgrowth as the parameter to be measured. Then click Configure
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Settings, a new window will open. For this protocol, parameters were optimized
to the following; Neurite image select TRITC; Illumination select fluorescence.
Under Cell bodies; the Approximate max width was set to equal 20 µm; Intensity
above local background was set to equal to 10,000 graylevels, a Minimum area
was set to equal 50 µm2. In the Nuclear stain box, select DAPI then set the
Approximate min width equal 10 µm, Approximate max width equal 20 µm,
Intensity above local background equal to 500 graylevels. Under Outgrowths; the
Maximum width was set to equal 7 µm, Intensity above local background set to
equal 250-650 graylevels (this range depends on the background fluorescence of
each plate. The same parameters were used throughout the plate to analyze all
images within the plate), the Minimum cell growth to log as significant was set to
equal 50 µm. Each image was Test run. The software draws that neuronal
outgrowth. The neuron meeting the previously mentioned selection criteria was
selected from the results menu and recorded. Parameters such as average
outgrowth, mean process length and number of branches were selected for
assessment in GraphPad Prism. Between two to six 96 well plates from
independent cultures were imaged and analyzed for each experiment.
2.3.2 Dendritic spine density
Confocal images using a Leica TCS SP8 Confocal microscope were
acquired from OHSC. Neurons in the CA1 region of the hippocampus with a
pyramidal morphology and full dendritic arbors were selected. For dendritic
imaging and spine analysis, only dendritic segments that are at least 100 µm
away from the neuronal soma were imaged. The Z-stacked images were
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acquired using HC PL Apochromat 63X oil with a 1.4 numerical aperture (N.A.)
objective, at Z-series of 0.08 μm intervals. An additional 4X digital zoom was
applied to achieve the final image magnification of 252X. YFP excitation was
achieved using the YFP laser line. Confocal images were then imported to
Imaris-XT (Bitplane, Switzerland), spines were three-dimensionally reconstructed
and spine morphology was quantified.
A semi-automatic tracing of imaged spines and dendrites was performed
using the filament tracer module of the Imaris-XT software. The threedimensional spine density quantification and analysis contains ten steps. Step 1:
using the distance tool found in the Slice view, measure the dendritic diameter. In
the Surpass and 3D View, choose the Filament tool. A tab titled Algorithm will
appear. Step 2: in the Dendritic Points Diameter tab enter the measured values
of thickest and thinnest diameter of the dendrite. Step 3: in the Classify Dendrite
Points, threshold all points to zero for both the starting and seed points. In the 3D
image of the dendrite, select the beginning and end dendritic point. Step 4: the
software draws the filament and opens the next tab; Dendrite Diameter, select
the algorithm to be the Shortest Distance from Distance Map. The software will
adjust the diameter of the dendritic segment. Step 5: For Spine Points Diameter,
check the Detect Spines box. Step 6: to measure the thinnest spine diameter and
maximum spine length, return to the Slice view and use the distance tool. Then
back to the Surpass and 3D View to enter the values in the software. For this
protocol, the thinnest diameter was entered as 0.5 µm, and the maximum length
was 3.0 µm. In this tab uncheck the Allow Branch Spines box. Step 7: in the
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Classify Spine Points tab, threshold the seed points so that the seed point
overlap with a spine head only, if the software picks up the background threshold
all points to zero and select the spine heads manually. Step 8: if there were
missing spines, manually add or remove seed point, then allow the software to
draw the spines. Step 9: in the last tab, Spine diameter, select Approximate
Circle of the Cross-Section Area. Then click Finish. The software will re-adjust
the spine diameter. The drawn filament should match the three-dimensional
original image. Step 10: to classify spines, select the Tools tab, then classify
spines. A user interface prompt will open titled Imaris Spines Classifier. For this
protocol adjust the spine classes and the rules to the following: Stubby spines
equal to length<1 µm; Mushroom spines equal to length (spine) < 3 and max
width (head) > mean width (neck) X2; Filopodia-like spines to measure all other
protrusions. Once classify is selected the interface will create three filament
objects will appear in the classification. To export the results of the classification,
select the Statistics tab, click the Detailed tab and in the drop-down menu select
All Values, then click the Export All Statistics to File.
2.3.3 Dendritic arbor complexity
All OHSC dendritic arbors of neurons in the CA1 pyramidal region were
imaged using a Leica TCS SP8 Confocal Microscope. The Z-series for threedimensional projections were acquired every 0.15 µm using HC PL Apochromat
40X oil objective (1.3 N.A.). The size of the images was optimized and
considered best for analysis was 1024 X 1024 pixels. The entire neuron was
captured by starting the image where the dendrites begin to appear and end
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when all dendrites disappear. The confocal images are imported to Imaris-XT
software, and dendritic trees were three-dimensionally reconstructed.
A semi-automatic tracing of the neuronal dendritic arbors was performed
using the Imaris-XT filament tracer module. This process contains a total of
seven steps. Step 1: in the Slice view use the distance tool to measure the
diameter of the soma and the thinnest dendrite. Step 2: choose filament tool in
the Surpass and 3D View. An Algorithm tab will appear, in the Dendritic Points
Diameter tab enter the measured value of the diameter of the soma and thinnest
dendrite diameter. Step 3: in the Classify Dendrite Points tab, threshold starting
points to only appear at neuronal somas and seed point to only appear at
dendrites. Avoid seed point in the background as this will cause the software to
draw dendrites where there are none. Check the Remove Disconnected
Segments box. Step 4: In the Removed Disconnected Segments tab, threshold
for disconnected segments. The software proceeds to draw the filament; this
process is lengthy. Step 5: in the Dendrite Diameter tab, select the Shortest
Distance from Distance Map. The software would render the neuron and
dendritic arbor. Step 6: examine the image, and the 3D rendered filaments as the
software often has some drawing errors. In the Draw and Edit tabs, filaments can
be added manually using the AutoPath tool. Branches can also be directly
selected and deleted from the Surpass and 3D View. Step 7: once all manual
edits are done, select the Creation tab, then Rebuild Dendritic Diameter. The
software recalculates the diameter and 3D renders the filament. Make sure that
the final filament matched the original three-dimensional image. A Sholl analysis
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was performed in which the software draws concentric circles beginning at the
soma that are 1 µm apart and counts the number of dendritic intersections percircle. These data are used in the assessment of dendritic arbor complexity.
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2.4 Preliminary results
2.4.1. The time-course for dendritic spine density after treatment with NMDA or
PbTx-2
To determine the functional consequence of NMDA and PbTx-2 treatment
on spine density in OHSC. Concentrations of 100 nM NMDA and 30 and 100 nM
PbTx-2 were used to treat slices 18 h post plating. Slices were fixed at 24, 48,
72, 120 and 240 h post-treatment. These studies were conducted using OHSC
generated from Swiss Webster P5 mouse pups. Slices were fixed at the specified
time points and diolistically labeled. It was found that both NMDA and PbTx-2
increased spine density, Figure 2.6. The total spine density data is summarized
in Figure 2.7. These preliminary data suggest that the total number of spines
increases for the control treated OHSC as a function of time in culture. Given the
results from the spine density and the expression of YFP in OHSC described
earlier. All experiments moving forward in OHSC were treated 18 h post plating
and fixed on DIV-5 at 96 h post-treatment.
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Figure 2.6: Time response effects on spine density.
Slices were treated 18 h post-plating with 30 nM (green), 100 nM
PbTx-2 (red) or 100 nM NMDA (blue) for a period of 24, 48, 72, 120
and 240 hours. Then fixed and diolistically labeled. A) 24 hours, B)
48 hours, C) 72 hours, D) 120 hours, E) 240 hours. All data
represent the mean ± SEM of 10 - 32 dendrites. These experiments
were repeated in a minimum of three independent cultures.

Figure 2.7: Time course of total dendritic spine density.
Summary of total dendritic spine density seen in figure 9. The
baseline of control total spine density increased at 240 h compared
to all other time points. All data represents the mean ± SEM of 10 –
81 dendrites. These experiments were repeated were repeated in a
minimum of three independent cultures.
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2.4.2. No difference in calcium influx of three different mouse lines
Sodium, calcium influx and neurite outgrowth experiments were performed
in cultures from Swiss Webster mice while OHSC experiments used the YFP
transgenic strain with a C57BL/6J background. There are a few reasons the YFP
transgenic mouse line cannot be used for sodium or calcium influx studies. The
YFP expression increases as a function of time in culture. Additionally, the fluo-3
dye used for detection of intracellular calcium has a similar wavelength to the
YFP. Moreover, the C57BL/6 mouse is not ideal as these do not have large
litters, the Swiss Webster mouse line was chosen due to the large number of
embryos which is essential for ideal cell count yield in primary cultures of the
hippocampus. Thus, Swiss Webster mice were used for sodium, calcium and
neurite outgrowth studies.
Therefore, we assessed potential strain differences using calcium influx
and performed side-by-side experiments using Swiss Webster mouse lines ND4
(outbred) and CFW (inbred) and C57BL/J6 (Charles river strain code: 027)
cultures. NMDA was used to activate NMDAR and VRT was used to activate
VGSC. The EC50 for NMDA was 3.18 µM (95% CI = 1.8 – 5.8 µM) for ND4, 5.5
µM (95% CI = 3.6 – 8.3 µM) for CFW and 3.5 µM (95%CI = 2.1 – 5.7 µM) for
C57BL/6 mouse line, Figure 2.8. The EC50 for VRT was 9.3 µM (95%CI = 4.9 –
17.6 µM) for ND4, 6.1 µM (95%CI = 4.4 – 8.4 µM) for CFW and 2.8 µM (95%CI =
1.7 – 4.7 µM) for C57BL/6 mouse line, Figure 2.9. These results show that there
is no difference in the calcium influx due to NMDAR or VGSC activation in all
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three mouse lines indicating that there should also be no difference in structural
plasticity.
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Figure 2.8: NMDA induced a sustained increase in intracellular
calcium in DIV-10 hippocampal neurons in three different
mouse lines
(A, C and E) Concentration-response profile in DIV-10
hippocampal neurons for NMDA [Ca2+]i increase represented by a
change in fluo-3 fluorescence as a function of time, in three
different mouse lines, CFW, C57BL/6, and ND4, respectively. Each
point represents mean ± SEM of 12 - 75 values. Experiments were
replicated a minimum of three times on independent cultures. (B, D,
and F) Nonlinear regression analysis of the integrated fluo-3
fluorescence response [maximum fluorescence (Fmax) - baseline
fluorescence (F0)] versus the NMDA concentration.
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Figure 2.9: Veratridine induced a sustained increase in
intracellular calcium in DIV-10 hippocampal neurons in three
different mouse lines.
(A, C and E) Concentration-response profile in DIV-10 hippocampal
neurons for VRT [Ca2+]I increase represented by a change in fluo-3
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fluorescence as a function of time, in three different mouse lines,
CFW, C57BL/6, and ND4, respectively. Each point represents
mean ± SEM of 11 - 45 values. Experiments were replicated a
minimum of three times on independent cultures. (B, D, and F)
Nonlinear regression analysis of the integrated fluo-3 fluorescence
response [maximum fluorescence (Fmax) - baseline fluorescence
(F0)] versus the VRT concentration.

2.4.3. NMDA and PbTx-2 modulate calcium oscillations in hippocampal neurons
It has been previously reported that neocortical neurons exhibit
spontaneous calcium oscillations (Dravid et al., 2004). It was also reported that
the amplitude of these spontaneous calcium oscillations increases while the
frequency decreases in response to increasing concentrations of PbTx-2. These
spontaneous calcium oscillations were dependent on NMDAR and are
tetrodotoxin sensitive. Therefore, in HN, the amplitude and frequency of calcium
oscillations were investigated after challenge with increasing concentrations of
NMDA or PbTx-2. The results indicate that hippocampal neurons on DIV-10
exhibit spontaneous calcium oscillations similar to those observed in neocortical
neurons. Moreover, activation of NMDAR and VGSC also increased calcium
oscillation amplitude and decreased the frequency, Figure 2.10. The data shows
that the effects of PbTx-2 reported in neocortical neurons were paralleled in
dissociated cultures of the hippocampus. The effects of both NMDA and PbTx-2
on calcium oscillations were similar suggesting that PbTx-2 may influence
oscillation frequency and amplitude through NMDARs. The spontaneous
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oscillation seen in HN were TTX and MK801 sensitive, suggesting they are
driven by action potentials and NMDAR activation (data not shown).

Figure 2.10: A concentration dependent effect of NMDA or
PbTx-2 on calcium dynamics.
(A, C) Concentration-response profile for calcium oscillation
amplitude in DIV-10 hippocampal neurons for NMDA and PbTx-2,
respectively. (B, D) Concentration-response profile for calcium
oscillation frequency in DIV-10 hippocampal neurons for NMDA and
PbTx-2, respectively. Each point represents mean ± SEM of 14 104

232 values. Experiments were replicated a minimum of three times
on independent cultures.

2.4.4. VRT induce a bidirectional effect on neurite outgrowth in DIV-1
hippocampal neurons
To optimize the neurite outgrowth assay, neurons were plated in 96 well
plates at a cell density of 2500, 5000 or 10000 cells per well. Initial studies using
VRT revealed that 2500 cells per well was ideal in this assay and higher
densities attribute to neurotrophic activity due to close neuronal distance. These
studies also revealed that using the automated MetaXpress software was not
beneficial as all neurons were analyzed including neurons and neurites that were
partially cut in the image and neurons with neurites connecting other neurons.
These factors created bias. Thus, analysis was then randomized, and neurons
were manually selected as described previously in this chapter.
To explore the functional consequence of the VRT, a VGSC modifier, on
neurite outgrowth, a range of VRT concentrations were added to hippocampal
neurons 3 h after plating, and neuronal morphology was assessed 24 h post
treatment. VRT treatment produced a concentration-dependent bidirectional
effect on all three selected parameters. Treatment with (300 nM – 1 µM) VRT
significantly enhanced average outgrowth and number of branches compared to
the control (**p≤0.0001, *p≤0.005, ANOVA Dunnett’s multiple comparison test)
Figure 2.11. The bidirectional effect of VRT translated to hippocampal neurons in
dissociated culture. This is constant with the effect of VGSC activation seen
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earlier and with previous studies in cerebro cortical neuron. VRT is less potent
than PbTx-2.

Figure 2.11: Effects of veratridine on neurite outgrowth in DIV1 hippocampal neurons.
(A), (B) and (C) Concentration-response profile of VRT on neurite
outgrowth, mean process and number of branches at 24 h posttreatment, respectively. VRT enhanced neurite extension, process
length and number of branches beginning at 300 nM and 1 µM
concentration (**p≤0.0001, *p≤0.005, ANOVA Dunnett’s multiple
106

comparison test). All data represent the mean ± SEM of 20 - 39
neurons. These experiments were repeated in two independent
cultures.

2.4.5. Calcineurin inhibition induced an increase in neurite outgrowth in DIV-1
hippocampal neurons

In these experiments, FK-506 was used to block calcineurin. FK-506 is a
compound that forms a complex with FKBP12 (immunophilin-binding protein)
which binds to the hydrophobic groove of calcineurin and block its activation
(Hemenway and Heitman, 1999; Hausch, 2015). It has been shown that
pharmacological inhibition of calcineurin using FK-506 stimulates neurite
outgrowth in facial motor neuronal injury mouse models (Hui et al., 2010).
Treatment of rats with FK-506 post-traumatic brain injury rat models prevented
calcineurin induced loss in spine density (Campbell et al., 2012). Moreover, FK506 promoted nerve regeneration and functional recovery after sciatic nerve
crush rat model (Gold et al., 1994; Gold et al., 1995). The administration of FK506 in non-injured mice induced a significant increase in dendritic arbor
complexity and spine density compared to vehicle-treated mice (Spires-Jones et
al., 2011). Whereas, use of another calcineurin inhibitors cyclophilin A, showed
that this treatment did not promote nerve regeneration after sciatic nerve crush
(Wang et al., 1997). Given the results in the literature, the exploration of FK-506
to block calcineurin after NMDAR-induced calcium influx is critical to study.

107

The concentration response profile of FK-506 alone on neurite outgrowth
was established. We found that concentrations of 1 µM – 10 µM significantly
enhanced mean neurite outgrowth and number of branches (****p <0.0001,
**p<0.005, *p<0.05, ANOVA) Figure 2.12. The EC50 values were 2.8 µM (95%CI
= 0.91 – 9.0 µM) and 1.8 µM (95%CI = 0.64 – 6.5 µM), respectively. Given that
100 nM FK-506 concentration was without effect on neurite outgrowth in HN, the
NMDA and PbTx-2- induced neurite outgrowth was assessed in the absence and
presence of this concentration of FK-506.
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Figure 2.12: Effects of FK-506 on neurite outgrowth in DIV-1
hippocampal neurons.
(A) Representative images of neurons treated with increasing
concertation FK-506. (B), (C) and (D) Concentration-response
profile of FK-506 on neurite outgrowth, mean process and number
of branches at 24 h post treatment, respectively. FK-506 enhanced
neurite extension and number of branches beginning at 1 µM
concentration (***p≤0.0001,**p≤0.005, *p≤0.05, ANOVA Dunnett’s
multiple comparison test). All data represent the mean ± SEM of
41-55 neurons. These experiments were repeated were repeated in
two independent cultures.

2.4.6. Calcineurin does not affect dendritic arbor complexity in DIV-5 organotypic
hippocampal slice cultures
Since blocking calcineurin induced an increase in neurite outgrowth and
branching in dissociated cultures of the hippocampus. A concentration response
curve of the FK-506 effect on dendritic arborization was next explored.
Concentrations ranging from 1 nM – 10 µM all had no effect on dendritic
complexity compared to the control. Blocking calcineurin in a slice culture did not
alter basal dendritic arbor complexity Figure 2.13. Therefore, 100 nM
concentration of FK-506 was chosen to explore the effects of calcineurin on the
descending phase dendritic arbor complexity when using high concentrations of
NMDA or PbTx-2.
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Figure 2.13: Effect of FK-506 on dendritic arbor complexity in
DIV-5 organotypic hippocampal slice cultures.
(A) Representative image of reconstructed neurons in the CA1
region of the hippocampus. Slices were treated with increasing
concentration of FK-506, 18 h post-plating and fixed DIV-5. (C) and
(B) Sholl analysis to quantify dendritic arbor complexity for FK-506.
(C) Area under the curve (AUC) analysis of Sholl data. FK-506
treatment alone has no effect on the dendritic arbor complexity. The
experiments were repeated four times, and data points represent
the mean ± SEM of 41 - 58 neurons.
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: Voltage-gated sodium channel activation induces
a bidirectional effect on neuronal structural plasticity through
NMDA receptor activation in murine hippocampal cell and
slice cultures
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Objective of the study
The primary objective of this study is to describe the effect of VGSC
activation on structural plasticity, sodium and calcium influx in hippocampal
neurons. Understanding the effect of VGSC and NMDAR activation is critical in
establishing a novel therapeutic strategy for neurological disorders triggered by
NMDAR hypofunction.
Central hypothesis
The hypothesis is that VGSC activation in the hippocampus drives
structural plasticity through the NMDAR inducing a bidirectional pattern similar to
NMDAR activation. Moreover, the descending phase of the concentrationresponse curves is due to the activation of calcineurin. VGSC activators may
represent a different therapeutic approach to regulate neuronal plasticity through
activation of NMDAR.

Specific Aim 1: Define the sodium and calcium signaling pathways by which
PbTx-2 influences NMDA receptor activity in dissociated cultures of the
hippocampus.
Specific Aim 2: Determine the influence of NMDA and PbTx-2 on structural
plasticity, more specifically neurite outgrowth, spine density and dendritic
arborization in dissociated cultures of the hippocampus and OHSC
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Specific Aim 3: Define the role of calcineurin in the descending phase
induced by NMDA and PbTx-2 on structural plasticity in dissociated cultures
of the hippocampus and OHSC

Significance
NMDAR hypofunction and abnormalities in structural plasticity have been
implicated and observed in many neurological disorders such as autism,
schizophrenia, aging, and recovery post neuronal injury. Understanding the
mechanism underlining structural plasticity will first extend the knowledge we
currently have and will allow for novel therapeutic targets. Second, direct acting
NMDAR agonist are excitotoxic thus upregulation of NMDAR function through
VGSC activation is a possible alternative to direct activation of NMDAR.
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Abstract
N-methyl-D-aspartate receptor (NMDAR) dysfunction is associated with many
central nervous system disorders such as autism, stroke, and neurodegenerative
diseases. Thus, regulation of NMDAR function represents a potential therapeutic
strategy. A key pathway that regulates NMDARs is through activation of voltagegated sodium channels (VGSC)s where elevation of intracellular Na+ renders
NMDAR more sensitive to Src family kinase phosphorylation with the attendant
increase of Ca2+ influx (Yu and Salter, 1999). Elevation of intracellular calcium
activates calcineurin and dephosphorylates the NMDAR limiting further calcium
entry (Krupp et al., 2002). Mouse hippocampal neuronal culture (HN) and
organotypic hippocampal slice culture (OHSC) were used to study the
relationship between neuronal intracellular sodium, calcium and structural
plasticity. NMDARs and VGSCs were activated using NMDA and brevetoxin-2
(PbTx-2), respectively. In HN, NMDA and PbTx-2 produced concentrationdependent increases of intracellular calcium. Both NMDA and PbTx-2 induced
calcium influx through the NMDARs and L-type calcium channels, however,
PbTx-2 also recruited the reverse mode of operation of Na+/Ca2+ exchanger
(NCX). The effects of NMDA and PbTx-2 on structural plasticity were dependent
on Ca2+ influx through identical pathways. These results demonstrated that
NMDA and PbTx-2 induce a bidirectional concentration-response curve in neurite
outgrowth, dendritic arborization, and spine density. The data revealed that
calcineurin was not responsible for the descending phase of NMDA or PbTx-2 on
structural plasticity, though it plays an essential role in NMDAR
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dephosphorylation. Overall, these studies are consistent with the hypothesis that
regulation of NMDAR function through VGSC activation may represent a novel
pharmacological strategy to promote neuronal structural plasticity.
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Abbreviations
AMPAR (α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor),
ANOVA (repeated measures analysis of variance), AP5 ((2R)-amino-5phosphonovaleric acid; (2R)-amino-5-phosphonopentanoate), BSA (bovine
serum albumin), Ca2+ (calcium), [Ca2+]i intracellular calcium concentration,
Calcineurin (CaN), Cornu Ammonis (CA), EC50 ( the half-maximal response);
EMAX, (the maximum response achievable), FKBP12 (FK506 binding protein),
GluN1 (glycine-binding NMDA receptor subunit 1), GluN2A (glutamate-binding
NMDA receptor subunit 1), GluN2B (glutamate-binding NMDA receptor subunit
2), HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid), HN
(Hippocampal neuronal culture), Na+ (sodium), [Na+]i (intracellular sodium
concentrations), KB (KB-R7943), MK (MK801, Dizocilpine), NBQX (2,3-Dioxo-6nitro-1,2,3,4-tetrahydrobenzo[f]quinoxaline-7-sulfonamide), NCX (the Na+/Ca2+
exchanger), Nif (Nifedipine), NMDA (N-Methyl-D-aspartic acid or N-Methyl-Daspartate), OHSC (organotypic hippocampal slice culture), PBS (phosphatebuffered saline), PbTx-2 (Brevetoxin-2), rNCX (the reverse-mode of operation of
the Na+/Ca2+ exchanger), TTX (tetrodotoxin), VRT (veratridine), VGCC (Voltagegated calcium channel), VGSC (Voltage-gated sodium channel)
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NMDAR activation induces calcium influx through NMDAR and L-type
VGCC
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VGSC activation induces calcium influx through NMDAR, rNCX and L-type
VGCC
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NMDA and PbTx-2 cause a bidirectional response on neuronal structural
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The bidirectional-concentration response curve seen in HN is paralleled in
OHSC
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CaN did not affect the descending phase of NMDA or PbTx-2 on structural
plasticity
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3.1 Introduction
Neuronal activity is critical in maintaining homeostatic plasticity (Tien and
Kerschensteiner, 2018) through the refinement of neuronal connections and
morphology (Wong and Ghosh, 2002; Spitzer, 2006; Andersen et al., 2017;
Andreae and Burrone, 2018). During development and underlying, learning and
memory, neurons undergo structural modification including neurite outgrowth,
dendritic arborization, and spinogenesis. These modifications are termed
structural plasticity (Leuner and Gould, 2010) and are regulated by N-methyl-Daspartate receptors (NMDAR)s (Lai and Ip, 2013; Hou and Zhang, 2017; PerezRando et al., 2017). The NMDAR is a ligand-gated glutamatergic ion channel that
regulates structural plasticity through calcium influx (Lau et al., 2009). (Lau et al.,
2009). Insufficient or excessive activation of NMDARs leads to failure in
development and apoptosis or neurotoxicity and cell death, while optimal levels
of activation permit salutary physiological function resulting in a bidirectional
activation response pattern (Lipton and Nakanishi, 1999).
Electrical activity driven by activation of voltage-gated sodium channels
(VGSC)s regulates neurodevelopment (Cantrell and Catterall, 2001). Intracellular
sodium, through VGSC mediated influx, acts as a second messenger by
enhancing NMDAR function (Salter, 1999). Moreover, sodium renders the
NMDAR more sensitive to Src family kinases phosphorylation of tyrosine
residues (Yu and Salter, 1999) resulting in an increase in mean open time and
open probability of the NMDAR, and as a consequence, increasing calcium influx
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(Jeglitsch et al., 1998; Yu and Salter, 1998). Calcium influx produces inhibition of
NMDAR through a calcium-dependent inactivation, this negative feedback loop is
due to activation of calcineurin (CaN), which dephosphorylates the NMDARs and
limits further calcium entry (Lieberman and Mody, 1994; Tong et al., 1995).
Activation of NMDARs and VGSCs with NMDA and brevetoxin-2 (PbTx-2),
respectively, exhibit a bidirectional concentration-response curve for neurite
outgrowth in dissociated cultures of the cerebral cortex (George et al., 2009;
George et al., 2012). PbTx-2 is a potent lipid-soluble polyether produced by
Karenia brevis (Baden, 1989). It binds to VGSC at neurotoxin binding site 5, on
the α subunit, increasing the mean open time and blocking inactivation of the
VGSC (Huang et al., 1984; Cestele and Catterall, 2000). PbTx-2 functions as a
mimetic of neuronal activity to influence structural plasticity (George et al., 2009;
George et al., 2012) The descending phase of the bidirectional profile reported
for structural plasticity may reflect the role of CaN in regulation of NMDARs. CaN
is highly localized in excitatory neurons that are vulnerable to insult (Morioka et
al., 1999). The hippocampus particularly Cornu Ammonis (CA) 1 pyramidal
neurons show high expression of CaN and FK-506 binding protein (FKBP12)
(Goto et al., 1986; Matsui et al., 1987; Kuno et al., 1992; Morioka et al., 1992;
Morioka et al., 1997). FKBP12 is an immunophilin protein that binds to
immunosuppressant drug FK-506, the complex inhibits CaN activity. CA1
neurons have a high density of VGSCs along the dendrites (Magee and
Johnston, 1995). Moreover, NMDARs in the hippocampus are important in
synaptic plasticity and learning and memory formation (Tsien et al., 1996). Here,
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we tested the hypothesis that VGSC activation in the hippocampus drives
structural plasticity through NMDARs and that the descending phase of the
concentration-response curve is due to the activation of calcineurin. We extend
previous work in cerebral cortical neurons to show that activation of NMDAR and
VGSC translates to hippocampal neurons in both dissociated hippocampal
neuronal cultures (HN) and organotypic hippocampal slice cultures (OHSC). The
OHSC bridges the gap between conventional two-dimensional dissociated cell
culture and the intact brain. OHSCs better retain the three-dimensional
architecture of neurons and allow improved assessment of dendritic arborization
and spine density
We assessed sodium and calcium influx and neurite outgrowth in HN after
activation of NMDARs or VGSCs. The pharmacology of the calcium signaling
pathways triggered by NMDA or PbTx-2 were delineated. The effects of NMDA
and PbTx-2 on spine density and dendritic arborization were assessed in CA1
pyramidal neurons in OHSC. We also evaluated the role of CaN in the NMDA
and PbTx-2 bidirectional effect on structural plasticity.
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3.2 Results
3.2.1 Treatment with NMDA or PbTx-2 increase intracellular sodium levels in
DIV-10 hippocampal neurons
Since intracellular sodium may play an important role in regulating NMDAR
signaling, the influence of NMDA or PbTx-2 on sodium influx was quantified in
DIV-10 HNs. Both NMDA and PbTx-2 produced a concentration-dependent
increase in intracellular sodium Figure 3.1 (A-D). The basal [Na+]i concentration
in DIV-10 hippocampal neurons was determined to be 9.3 ± 3.2 mM, as derived
from the basal SBFI fluorescence ratio. Similarly, in DIV-14 – 21 cultured
hippocampal neurons, a value of 8.9 mM for basal [Na+]i concentration was
reported (Rose and Ransom, 1997). The NMDA EC50 for increasing [Na+]i was
6.2 µM (95% CI 2.3 – 18 µM) and the PbTx-2 EC50 was 0.25 µM (95% CI 0.12 –
0.55 µM). The maximum increments of sodium produced by 10 µM NMDA was
calculated to be 17 ± 3.2 mM and that for 300 nM PbTx-2 was 25 ± 2.5 mM.
These results show that NMDA and PbTx-2 both trigger sodium influx and that
the increments of sodium influx through VGSCs are greater than NMDARs.
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Figure 3.1: NMDA and PbTx-2 increase intracellular sodium
levels.
(A, C) represent time-response data illustrating NMDA or PbTx-2induced increase in [Na+]i. The right ordinate shows the calibrated
intracellular sodium corresponding to SBFI fluorescence ratio. Each
data point represents the mean ± SEM of 15 - 46 replicates. (B, D)
The NMDA and PbTx-2 concentration-response data was analyzed
using nonlinear regression to determine the EC50 values. Each
experiment was repeated a minimum of three times on independent
cultures
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3.2.2 Pharmacology of NMDA and PbTx-2 induced sodium influx
We investigated the role of NMDAR activation in the 10 µM NMDA-induced
increase of intracellular sodium in DIV-10 HNs by pretreating neurons with 100
µM AP5, a competitive NMDA receptor antagonist or 1 µM NBQX, a competitive
antagonist of the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor
(AMPAR) following challenge with 10 µM NMDA. The results showed that only
AP5 abrogated the NMDA-induced [Na+]i response (****p <0.0001, ANOVA),
Figure 3.2 (A - B). To confirm the role of VGSC activation in the 300 nM PbTx-2induced increase of intracellular sodium, neurons were pretreated with 1 µM
TTX, a VGSC blocker, or 1 µM NBQX. Again only TTX blocked the increase in
[Na+]i induced by PbTx-2 (****p <0.0001, ANOVA), Figure 3.2 (A - B). These
results confirm that the observed elevation of intracellular sodium was due to
direct activation of either NMDARs or VGSCs and did not involve activation of
AMPARs.
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Figure 3.2: Pharmacology of NMDA and PbTx-2 induced
sodium influx.
(A) Time-response data representing the routes of sodium entry
after challenge with NMDA or PbTx-2 , each data point represents
the mean ± SEM of 26-68 replicates. Hippocampal neurons were
treated with 100 µM AP5, 1 µM TTX or 1 µM NBQX prior to addition
of 10 µM NMDA or 300 nM PbTx-2. (B) Each bar represents SBFI
fluorescence ratio using the AUC. AP5 inhibited the NMDA induced
sodium influx, and TTX inhibited the PbTx-2 induced sodium influx
(****p< 0.0001, ANOVA followed by Dunnett’s multiple comparison
test, F9,368= 118.5, p< 0.0001), whereas NBQX did not inhibit the
NMDA or PbTx-2 induced sodium influx. Each experiment was
repeated a minimum of three times on independent cultures.

3.2.3 NMDA and PbTx-2 induced calcium influx in DIV-10 hippocampal neurons
Calcium signaling primarily involving the NMDAR regulates activitydependent neuronal development (Lau et al., 2009). Therefore, the influence of
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NMDAR and VGSC activation on calcium influx was next explored using fluo-3loaded DIV-10 HNs. We evaluated the NMDA and PbTx-2 concentrationresponse effects on intracellular calcium and found that both NMDA and PbTx-2
produced an instant concentration-dependent increases in intracellular calcium.
The EC50 values derived from nonlinear regression analysis for NMDA was 4.2
µM (95% CI = 2.9 – 6.0 µM) and PbTx-2 was 0.31 µM (95% CI = 0.23 – 0.42
µM), Figure 2. These results are consistent with those derived from
cerebrocortical neurons where the EC50 for NMDA was 11 µM (95% CI = 4.6 –
26. µM) in DIV-9 neurons, and the EC50 for PbTx-2 was 0.24 µM (95% CI = 0.12
– 0.50 µM) in DIV-2 neurons (George et al., 2009), verifying that the calcium
influx induced after VGSC activation generalized to hippocampal neurons.
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Figure 3.3 NMDA and PbTx-2 induce calcium influx in DIV-10
hippocampal neurons.
(A and B) Concentration-response profile in DIV-10 hippocampal
neurons for NMDA, or PbTx-2-induced [Ca2+]i increase,
respectively, represented by a change in fluo-3 fluorescence as a
function of time. Experiments were replicated a minimum of six
times on independent cultures and each point represents mean ±
SEM of 31-113 values. (C and D) Nonlinear regression analysis of
the integrated fluo-3 fluorescence response [maximum
fluorescence (Fmax) - baseline fluorescence (F0)] versus the NMDA
and PbTx-2 concentration, respectively.
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3.2.4 Pharmacology of NMDA and PbTx-2 induced calcium influx in DIV-10
hippocampal neurons
A pharmacological analysis was conducted to delineate the calcium influx
pathways activated by 10 µM NMDA or 300 nM PbTx-2. The roles of NMDAR, Ltype voltage-gated calcium channels (VGCC) and the reverse mode of operation
of the Na+/Ca2+ exchanger (rNCX) were assessed following challenge with
NMDA. This was accomplished using 100 µM AP5; 1 µM MK801, a
noncompetitive NMDAR antagonist; 1 µM nifedipine, a L-type VGCC inhibitor; or
3 µM KB-R7943 an inhibitor of the rNCX, Figure 3.4 - 3.5. The data was
normalized to NMDA or PbTx-2 using the values from the maximum response
graph shown in Figure 3.4 (C-D). The results showed that NMDA-induced
calcium influx involved the NMDAR and L-type VGCCs (****p <0.0001, ANOVA).
In the PbTx-2-induced calcium influx the role of VGSC, NMDAR, L-type VGCC,
and the rNCX were assessed using the following inhibitors: 1 µM TTX, 1 µM
MK801, 1 µM nifedipine, or 3 µM KB-R7943. The normalized data showed that
PbTx-2 triggered calcium influx through three routes, largely through NMDAR,
then through rNCX, and finally through L-type VGCCs (****p <0.0001, ANOVA),
Figure 3.4 – 3.5. Moreover, blocking L-type VGCC and rNCX had an additive
effect of blocking the PbTx-2 induced calcium influx. The pathways triggered by
PbTx-2 in HNs are consistent with previous results in cerebellar granule neurons
where PbTx-1 induces calcium influx through NMDAR, rNCX, and L-type VGCCs
(Berman and Murray, 2000) In neocortical neurons PbTx-2 induces calcium influx
through NMDAR and rNCX but not L-type calcium channels (Dravid et al., 2004).

129

This suggests that hippocampal neurons resemble cerebellar granule neurons
more closely with respect to the pathways underlying PbTx-induced calcium
influx.
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Figure 3.4: Pharmacology of NMDA and PbTx-2 induced
calcium influx in DIV-10 hippocampal neurons.
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(A) Time-response data for calcium influx, in DIV-10 hippocampal
neurons pretreated with inhibitors prior to challenge with 10 µM
NMDA or 300 nM PbTx-2. Experiments were replicated between
three to six times on independent cultures. Hippocampal neurons
were pretreated with 1 µM TTX, 100 µM AP5, 1 µM MK801, 1 µM
Nifedipine, 3 µM KB-R7943, Nif+KB, Nif+KB+AP5 or
Nif+KB+MK801 prior to challenge with 10 µM NMDA. or 300 nM
PbTx-2. (B) Represent the fluo-3 fluorescence response [Maximum
fluorescence (Fmax) - baseline fluorescence (F0)] for NMDA and
PbTx-2. Each bar represents the mean ± SEM of 14 – 156 values.
All inhibitors and inhibitor combinations, except for KB-R7943,
blocked the NMDA-induced Ca2+ influx (****p< 0.0001, ANOVA
Dunnett’s multiple comparison test, F20,1188 = 8125, p< 0.0001). All
inhibitors and inhibitor combinations blocked the PbTx-2-induced
Ca2+ influx. (C) and (D) Represent the percent response of NMDA
or PbTx-2, respectively.
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Figure 3.5: Summary illustration of the routes of calcium entry
after NMDA or PbTx-2 treatment.
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3.2.5 NMDA and PbTx-2 induce a bidirectional effect on neurite outgrowth in
DIV-1 hippocampal neurons
To explore the functional consequence of NMDAR or VGSC activation in
hippocampal neurons, the effects of NMDA or PbTx-2 were assessed 24 h posttreatment. Three parameters were selected to evaluate neuronal morphology:
average outgrowth, mean process length and the number of branches. NMDA
and PbTx-2 treatment produced concentration-dependent bidirectional effect on
all three parameters. Treatment with (100 nM - 3 µM) NMDA significantly
enhanced average outgrowth and number of branches compared to the control,
while, (30 nM, 300 nM – 1 µM) NMDA enhanced mean neurite length (***p
<0.0001, **p ≤0.001, *p ≤0.05, ANOVA), Figure 3.6 (A (left panel), B, D, F).
Treatment with (30 nM – 1 µM) PbTx-2 significantly enhanced average
outgrowth, neurite length and number of branches compared to the control (***p
≤0.0001, **p ≤0.001, *p ≤0.05, ANOVA), Figure 3.6 (A (right panel), C, E, G).
The bidirectional effect of NMDA and PbTx-2 on neurite outgrowth is consistent
with previous reports in cerebrocortical neurons (George et al., 2009; George et
al., 2012). Treatment with high concentrations of 3 – 10 µM PbTx-2 were toxic in
hippocampal neurons and significantly decreased neurite outgrowth compared to
the control. The bidirectional concentration-response curve displayed by PbTx-2
is consistent with a role of NMDARs in the observed response.
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Figure 3.6: NMDA and PbTx-2 induce a bidirectional effect on
neurite outgrowth in DIV-1 hippocampal neurons.
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(A) Representative images of neurons treated with increasing
concertation of NMDA (Left) or PbTx-2 (Right). (B) and (C)
Concentration-response effect of NMDA and PbTx-2 on mean
outgrowth (D) and (F) Concentration-response effect of NMDA and
PbTx-2 on mean process length. (F) and (G) Concentrationresponse effect of NMDA orPbTx-2 on number of branches. NMDA
and PbTx-2 enhanced neurite outgrowth, process length and
number of branches with a peak at 300 nM for both (***p≤0.0001,
**p≤0.001, *p≤0.05, ANOVA Dunnett’s multiple comparison test, the
F values for NMDA were as follows F11,871 = 11, p<0.0001 for
average outgrowth, F11,871 = 4.6, p<0.0001 for mean process length,
F11,871=7.1, p<0.0001 for mean branching and the F values for
PbTx-2 were F9,690 = 67, p<0.0001 for average outgrowth, F11,690 =
44, p<0.0001 for mean process length, F11,690 = 30, p<0.0001 for
mean branching). All data represent the mean ± SEM of 40-106
neurons. These experiments were repeated in six independent
cultures. All parameters measured illustrated a bidirectional
concentration-response profile for NMDA and PbTx-2 in
hippocampal neurons. PbTx-2 treatment at high concentration
appeared toxic in hippocampal neurons.

3.2.6 Absence of a role for calcineurin in NMDA and PbTx-2 calcium influx in
DIV-10 hippocampal neurons
CaN, activated by an increase in intracellular calcium, can
dephosphorylate the NMDARs and reduce further calcium entry. To explore the
effect of CaN in the NMDA or PbTx-2-induced calcium influx, FK-506, a CaN
inhibitor was used. Given that 100 nM FK-506 alone was without effect on basal
calcium fluorescence, we investigated the NMDA and PbTx-2-induced calcium
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influx in the absences and presence of this concentration of FK-506 on DIV-10
HN. Both NMDA and PbTx-2 in the presence of FK-506 produced a
concentration-dependent increase in calcium. Analysis of these data revealed no
difference in the EC50 values for the NMDA-induced calcium influx in the absence
and presence of FK-506, 7.2 µM (95%CI = 4.2 - 12 µM) and 6.0 µM (95%CI = 3.8
– 9.6 µM), respectively, Figure 3.7 (A, C, E Moreover, there was no difference in
the EC 50 values for the PbTx-2-induced calcium in the absence and presence of
FK-506, 0.33 µM (95%CI = 0.19 – 0.57 µM) and 0.43 µM (95%CI = 0.26 – 0.72
µM), respectively, Figure 3.7 (B, D, F). These results show that blockade of CaN
with FK-506 did not alter basal fluorescence and did not increase the calcium
influx induced by NMDA or PbTx-2.
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Figure 3.7: Absence of a role for calcineurin in NMDA or PbTx2 induced calcium influx in DIV-10 hippocampal neurons.
(A) and (B) Time-response data of NMDA and PbTx-2 in the
absence of FK-506, respectively. (C) and (D) Time-response data of
NMDA and PbTx-2 in the presence of FK-506, respectively. (E) and
(F) Nonlinear regression analysis of Fluo-3 fluorescence response
[maximum fluorescence (Fmax) - baseline fluorescence (F0)] of
NMDA with and without FK-506, and PbTx-2 with and without FK138

506, respectively. Each point represents mean ± SEM of 12 - 40
values. Experiments were replicated a minimum of three times on
independent cultures. Treatment with 100 nM FK-506 did not shift
the NMDA and PbTx-2 concentration-response curves.

3.2.7 Block of calcineurin does not affect the bidirectional effect of NMDA and
PbTx-2 on neurite outgrowth
To assess the role of CaN in the bidirectional concentration-response curve
produced by NMDA or PbTx-2 on neurite outgrowth the effects of FK-506
cotreatment on their concentration-response relationships was evaluated. The
100 nM FK-506 concentration was without effect alone on neurite outgrowth in
HN and did not alter the bidirectional concentration-response seen in mean
outgrowth, mean process length and number of branches induced by NMDA or
PbTx-2, Figure 3.8. These results suggest that dephosphorylation of the NMDAR
by CaN does not play a significant role in the descending phase of the
bidirectional response seen in the responses to NMDA and PbTx-2 on neurite
outgrowth.
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Figure 3.8: Block of calcineurin does not affect the
bidirectional effect of NMDA and PbTx-2 on neurite outgrowth.
(A) and (B) Concentration-response profile of mean outgrowth
NMDA ± 100 nM FK-506 and PbTx-2 ± 100 nM FK-506,
respectively. (C) and (D) Concentration-response profile of mean
process length. (F) and (G) Concentration-response profile of
number of branches. Treatment with 100 nM FK-506 did not affect
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the NMDA or PbTx-2 induced bidirectional effects on neurite
outgrowth, process length, and number of branches. All data
represent the mean ± SEM of 12 - 31 neurons. To confirm the lack
of significance we used a two-way ANOVA Sidak’s multiple
comparison test to assess the NMDA ± FK506 the F values were
F11,552 = 0.14, p = 0.99 for neurite outgrowth; F11,552 = 0.61, p = 0.82
for process length; and F11,552 = 1.4, p = 0.16 for branching. The F
values for PbTx-2 ± FK506 were F9,418 = 0.59, p = 0.59 for neurite
outgrowth; F9,418 = 0.51, p = 0.87 for process length and F9,418 = 1.4,
p = 0.18 for branching.
3.2.8 Pharmacology of 1 µM NMDA and 100 nM PbTx-2 induced neurite
outgrowth
To better define the signaling mechanism underlying the enhanced neurite
outgrowth induced by NMDA or PbTx-2, HNs were challenged with 1 µM NMDA
in the absence and presence of the following inhibitors: 100 µM AP5, 1 µM
MK801, 3 µM KB-R7943 or 1 µM nifedipine. Inasmuch as a concentration of 1
µM NMDA did not produce sodium influx, the effect of NMDA on neurite
outgrowth was primarily due to calcium influx. The NMDA induced enhancement
in mean neurite outgrowth, mean process length, and number of branches were
significantly attenuated by AP5, MK801, and nifedipine (****p ≤0.0001, ***p
≤0.0005, **p ≤0.005, *p ≤0.05, ANOVA) but not by KB-R7943, Figure 3.9. The
effect of NMDA on neuronal morphology is therefore due to NMDAR activation
with subsequent activation of the L-type VGCC. These results are in agreement
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with the pathways underlying the calcium influx in HNs. To evaluate the
mechanism of 100 nM PbTx-2 enhancement of neurite outgrowth, HNs were
coincubated with PbTx-2 in the absence and presence of 1 µM TTX, 100 µM
AP5, 1 µM MK801, 3 µM KB-R7943 or 1 µM nifedipine. The results demonstrate
that the PbTx-2-induced enhancement of mean neurite outgrowth and mean
process length was dependent on VGSC, NMDAR, rNCX, and L-type VGCC
(****p ≤0.0001, ***p ≤0.0005, **p ≤0.005, *p ≤0.05, ANOVA), Figure 3.9 - 3.10.
These results are in agreement with the pathways responsible for PbTx-2induced calcium influx in HNs. The enhancement of the mean number of
branches following PbTx-2 treatment was attenuated by TTX and KB-R7943 but
not with nifedipine. This may indicate that the rNCX plays a significant role in
PbTx-2 enhanced branching.
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Figure 3.9: Pharmacology of 1 µM NMDA and 100 nM PbTx-2
induced neurite outgrowth.
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(A) Representative images of neurons cotreated with 1 µM NMDA
or 100 nM PbTx-2 in the absence and presence of the following: 1
µM nifedipine, 3 µM KB-R7943, 1 µM TTX, 100 µM AP5, and 1 µM
MK801. (B), (C) and (D) Results of quantification of three different
parameters neurite outgrowth, neurite length and number of
branches, respectively. All experiments were repeated three times
from independent cultures. Each bar represents mean ± SEM of 21
- 37 neurons (****p≤0.0001, ***p≤0.0005, **p≤0.005, *p≤0.05,
ANOVA Dunnett’s multiple comparison test, the F16,595 = 26 for
neurite outgrowth, F16,595 = 8.9 for process length and F16,595 = 10
for branching, with p<0.0001).
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Figure 3.10: Summary illustration of the delineated neurite
outgrowth pathways induced by NMDA or PbTx-2.
145

3.2.9 NMDA and PbTx-2 induce a bidirectional effect on spine density
OHSC provides a robust model, where the 3-dimensional structure of the
neurons is intact, to investigate spine density and dendritic arborization. To
characterize the effects of NMDA and PbTx-2 on spine density and dendritic
arborization, we first evaluated the time-response of 100 nM NMDA, 30 nM
PbTx-2 and 100 nM PbTx-2 on spine density. OHSC slices were treated 18 h
post-plating and fixed between (24 h – 240 h) post-treatment. Results from these
experiments indicated that spine density increased as a function of treatment
time as compared to control. Based on this time dependence of spine density
development, a 96 h post-treatment was used for all slice cultures, this was
described in Chapter 2.
Slices were treated with (10 nM – 100 µM) NMDA or (10 nM – 1000 nM)
PbTx-2, 18 h post-plating, and fixed on DIV-5 at 96 h post-treatment. Dendrites
were imaged, and spines quantified according to their morphology into three
groups: stubby, mushroom, and filopodia. Treatment with NMDA and PbTx-2
induced a bidirectional concertation-response curve in all three groups and total
spine density. As depicted in Figure 3.11 (A, C) treatment with 1 µM NMDA
significantly enhanced stubby and total spine densities compared to the control,
treatment with 10 µM NMDA enhanced filopodia spine density compared to the
control (****p ≤0.0001, ***p ≤0.001, **p ≤0.01, *p ≤0.05, ANOVA); and 30 µM and
100 µM NMDA significantly decreased total spine density. The increase in
sensitivity to NMDA observed in the slice culture compared to dissociated culture
could be attributed to the longer exposure time to NMDA. These results indicated
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that an optimal level of NMDAR activation is crucial for augmenting spinogenesis
in OHSC. Figure 3.11 (B, D), shows that treatment with 300 nM PbTx-2
significantly increased in filopodia, mushroom and total spine density (****p
≤0.0001, **p ≤0.01, *p ≤0.05, ANOVA). These results demonstrate that activation
of VGSC increased spine number and enhanced both the formation and
maturation of dendritic spines confirming the role of VGSC activation on spine
dynamics.
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Figure 3.11: Effects of NMDA and PbTx-2 on spine density in
DIV-5 organotypic hippocampal slice cultures.
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(A) and (B) Representative image of reconstructed dendrites and
spines treated with increasing concentration of NMDA or PbTx-2,
respectively. (C) and (D) Dendritic spine density per 10 µm versus
the different spine type: stubby, filopodia, mushroom and total
spines, for NMDA or PbTx-2, respectively. The NMDA and PbTx-2
concentration-response effect illustrates a bidirectional profile on
spine density. The experiments were repeated three to four times;
each data point represents the mean ± SEM of 7 - 39 dendrites
(****p≤0.0001, ***p≤0.001, **p≤0.01, *p≤0.05, ANOVA Dunnett’s
multiple comparison test, the F values for NMDA were F5,175 = 17,
p<0.0001 for stubby spines; F5,175 = 7.3, p<0.0001 for filopodial
spines F5,175 = 4.6, p = 0.0002 for mushroom spines; F5,175 = 18,
p<0.0001 for total spines. The F values for PbTx-2 were F5,165 = 1.3,
p=0.24 for stubby spines; F5,165 = 1.9, p=0.095 for filopodial spines;
F5,165 = 8.4, p<0.0001 for mushroom spines; F5,165 = 3.8, p=0.0035
for total spines)

3.2.10 NMDA and PbTx-2- induce a bidirectional concentration-response effect
on dendritic arborization in DIV-5 organotypic hippocampal slice cultures
To investigate the influence of NMDA and PbTx-2 on dendritic arbor
complexity, OHSC were treated with (10 nM – 100 µM) NMDA or (10 – 1,000 nM)
PbTx-2, 18 h after plating, and fixed on DIV-5 at 96 h post-treatment. Treatment
with (100 nM and 1 µM) NMDA and (30 and 100 nM) PbTx-2 increased dendritic
arborization as determined with Sholl analysis, Figure 3.12 (A- D). The AUC
analysis of the Sholl data revealed a significant increase in dendritic arbor
complexity for 100 nM and 1 µM NMDA and 30 nM and 100 nM PbTx-2
compared to the control (****p≤0.0001, ***p≤0.001, **p≤0.01, *p≤0.05, ANOVA),
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Figure 3.12 (E-F). . Similar to spine density 30 and 100 µM concentrations of
NMDA and 1,000 nM PbTx-2 showed a significant reduction in dendritic
arborization compared with the control. Hippocampal neurons in slice culture
therefore appeared more sensitive than dissociated cultures to the effect of high
concentrations of NMDA or PbTx-2. Both NMDA and PbTx-2 displayed a
bidirectional effect on dendritic arborization. These results represent the first
report of a VGSC modifier to induce a bidirectional concentration-response
pattern on both spine density and dendritic arborization in OHSC. The data are
consonant with the influence of NMDARs or VGSCs ability to produce
bidirectional concentration-response curves on neurite outgrowth in
cerebrocortical cultures (George et al., 2009; George et al., 2012).
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Figure 3.12: Effect of NMDA and PbTx-2 on dendritic arbor
complexity in DIV-5 organotypic hippocampal slice cultures.
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(A) and (B) Representative image of reconstructed neurons treated
with increasing concentration of NMDA or PbTx-2, respectively. (C)
and (D) Sholl analysis to quantify dendritic arbor complexity for
NMDA or PbTx-2, respectively. (E) and (F) AUC analysis of Sholl
data for NMDA or PbTx-2, respectively. The NMDA and PbTx-2
concentration-response effect illustrates a bidirectional profile. The
experiments were repeated six times and data points represent the
mean ± SEM of 49 - 102 neurons (****p≤0.0001, ***p≤0.001,
**p≤0.01, *p≤0.05, ANOVA Dunnett’s multiple comparison test, the
F values for NMDA or PbTx-2 treatment were F6, 443= 30, p<0.0001
and F5,449 = 29, p<0.0001, respectively).

3.2.11 Pharmacology of 1 µM NMDA and 100 nM PbTx-2 induced dendritic
arborization
To evaluate the signaling pathways underlying the NMDA and PbTx-2
induced dendritic arborization, slices were treated with, 1 µM NMDA in the
absence and presence of 100 µM AP5, or 100 nM PbTx-2 in the absence and
presence of 1 µM TTX, 100 µM AP5 and 1 µM MK801. The effect of NMDA on
dendritic arbor complexity was inhibited by AP5 (p <0.0001, ANOVA) confirming
the requirement of direct activation of the NMDAR to affect dendritic arborization,
Figure 3.13 (A, B, D). The PbTx-2 enhanced dendritic arbor complexity was
blocked by TTX, AP5, and MK801 (****p <0.0001, ANOVA), Figure 3.13 (A, C,
E). The results with PbTx-2 therefore confirm that VGSC activation drives
enhanced structural plasticity through activation of NMDARs.
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Figure 3.13: Pharmacology of 1 µM NMDA and 100 nM PbTx-2
induced dendritic arborization in DIV-5 organotypic
hippocampal slice cultures.
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(A) Representative images of reconstructed neurons cotreated with
NMDA or PbTx-2 and inhibitors. (B) and (C) Sholl analysis to
quantify dendritic arbor complexity to evaluate the pharmacology of
1 µM NMDA or 100 nM PbTx-2. (D) and (E) The AUC analysis of
the Sholl data showed that the induced by 1 µM NMDA was
inhibited by 100 µM AP5, and the dendritic arborization induced by
100 nM PbTx-2 was inhibited by 1 µM TTX, 100 µM AP5 and 1 µM
MK801, (****p<0.0001, ANOVA Dunnett’s multiple comparison test,
the F value for NMDA was F3,135 = 20, p<0.0001 and for PbTx-2
F7,347 = 30, p<0.0001). The experiments were repeated a minimum
of three time; the data represents mean ± SEM of 24 - 82 neurons.

3.2.12 Absence of effect of calcineurin blockade on NMDA or PbTx-2-induced
bidirectional response on dendritic arborization
An examination of the FK-506 concentration-response effect on dendritic
arborization revealed that concentrations ranging from 1 nM – 10 µM did not
affect dendritic arbor complexity (data not shown). Hence, OHSCs were
cotreated with increasing concertation of NMDA or PbTx-2 in the absence or
presence of 100 nM FK-506. Analysis of dendritic arbor complexity indicated that
100 nM FK-506 did not alter the bidirectional pattern induced by NMDA or PbTx2 treatment, Figure 3.14. These results show that CaN, and therefore NMDAR
dephosphorylation, does not play a significant role in the descending phase of
the response to NMDA or PbTx-2 on dendritic arborization Figure 3.15.
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Figure 3.14: Absence of effect of calcineurin blockade on
NMDA or PbTx-2-induced bidirectional response on
arborization.
Slices cotreated with increasing concentration of NMDA ± 100 nM
FK-506 or PbTx-2 ± 100 nM FK-506 (A) and (B) Sholl analysis for
NMDA or PbTx-2, respectively. (C) and (D) Sholl analysis for
NMDA ± 100 nM FK-506 or PbTx-2 ± 100 nM FK-506, respectively.
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(E) and (F) AUC analysis of Sholl data. Cotreatment with FK-506
did not affect the NMDA and PbTx-2 bidirectional concentrationresponse profile. The experiments were repeated three times, and
data points represent the mean ± SEM of 20 - 56 neurons. To
confirm that these values are not significant we used two-way
ANOVA Sidak’s multiple comparison test the F value for the NMDA
± FK-506 treatment was F5,268=0.94, p = 0.45; the F value for the
PbTx-2 ± FK-506 treatment was F5,477=1.8, p = 0.1.

Figure 3.15: Calcineurin does not underlie the descending
phase of the NMDA or PbTx-2 concentration response curve.
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3.3 Discussion and conclusion
Neuronal activity regulates structural plasticity and connectivity during
neuronal development (Nikonenko et al., 2002; Wong and Ghosh, 2002).
NMDAR mediated calcium signaling is a key regulator of neuronal structural
plasticity (Konur and Ghosh, 2005; Lai and Ip, 2013; Hou and Zhang, 2017;
Perez-Rando et al., 2017). Intracellular sodium influx through VGSC enhances
NMDAR function in neurons (Catterall and Gainer, 1985; Salter, 1999). Previous
work in cortical neurons, using cell-attached patches, confirmed that activation of
VGSC using PbTx-2 as a pharmacological mimetic of activity, enhanced NMDAR
function by increasing mean open time and open probability of the NMDAR
(George et al., 2009). The PbTx-2 induced calcium influx is partially regulated by
Src kinase activation leading to enhanced phosphorylation of NMDAR (Dravid et
al., 2005). Activation of NMDAR is known to enhance dendritic arborization, and
blocking NMDAR decreases the dendritic enhancement (Rajan and Cline, 1998;
Chevaleyre et al., 2002). Furthermore, dendritic arborization due to activation of
NMDAR is blocked by VGCC inhibition (Rajan and Cline, 1998; Chevaleyre et al.,
2002).
A summary of the effects of NMDAR and VGSC activation on structural
plasticity and the corresponding calcium influx pathways are depicted in Figure
3.16.
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Figure 3.16: Summary of NMDAR and VGSC activation.
The left schematic represents direct activation of NMDAR, where
NMDA treatment leads to an increase in calcium influx, this influx is
in part due to recruitment of L-type VGCC. The right schematic
represents activity-dependent plasticity, through activation of
VGSC. The calcium influx is due to NMDAR, L-type VGCC and
rNCX. Blocking the routes of calcium entry blocked the NMDA or
PbTx-2- induced enhancement of neurite outgrowth. Activation of
NMDAR and VGSC both induced a bidirectional-concentrationresponse profile on structural plasticity in HN and OHSC.

Here we show that in hippocampal neurons NMDA and PbTx-2 produce
concentration-dependent increases in calcium influx. The calcium influx due to
NMDAR activation also involved the L-type VGCC. In agreement with these
effects on calcium influx pathways NMDA-induced increase in neurite outgrowth
was blocked by inhibitors of NMDAR and L-type VGCC. These results are
consistent with previous reports indicating that activation NMDAR leads to the
subsequent activation of L-type VGCC (Rajadhyaksha et al., 1999; Fossat et al.,
2007).
The calcium influx in response to activation of VGSC by PbTx-2 was
blocked by inhibitors for VGSC, NMDAR, rNCX, and L-type VGCC. Blocking
rNCX, and L-type VGCC additively decreased the PbTx-2 induced calcium influx.
The calcium influx pathways involved in neurite outgrowth were consistent with
those for calcium influx, where block of VGSC, NMDAR, rNCX, and L-type VGCC
significantly inhibited the PbTx-2 effect. These data show that activation of
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VGSCs leads to the subsequent increase in NMDAR function and increased
activity of rNCX, and VGCC. The activation of rNCX was expected inasmuch as
PbTx-2 increases intracellular sodium which in turn activates the rNCX. The
rNCX, when activated, is a major source of calcium influx. The voltagedependent activation of VGCC is due to enhanced activation of NMDARs. The
signaling pathways underlying neurite outgrowth and dendritic arbor complexity
revealed that the effects of PbTx-2 on structural plasticity in OHSC are due to
increased NMDAR function. This illustrates that VGSCs affects neuronal
structural plasticity through NMDAR signaling. The effects of NMDA and PbTx-2
reported herein demonstrate bidirectional concentration-response profiles on
neurite outgrowth, dendritic arbor complexity, and spine density in HNs and
OHSCs, similar to results in dissociated cerebrocortical cultures (George et al.,
2009; George et al., 2012). These results further substantiate that VGSC
activation produces its effects on neuronal structural plasticity through NMDARs,
as a bidirectional response curve is a hallmark of NMDAR function (Lipton and
Nakanishi, 1999). This is the first report to show that VGSC activation induces a
bidirectional concentration-response pattern on dendritic arborization and spine
density in OHSC similar to that observed in dissociated cerebrocortical cultures.
OHSC differs from dissociated cultures in that the three-dimensional architecture
is more intact. The effects of PbTx-2 on structural plasticity in OHSC are
therefore noteworthy inasmuch as it better represents potential effects of VGSC
activation in the brain.
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Although the mechanism underlying the descending phase of the
bidirectional concentration-response relationship occurring at high concentrations
of NMDA or PbTx-2 on structural plasticity remains to be explained, we have
ruled out a prominent role of CaN. CaN was a candidate inasmuch as it regulates
NMDARs though dephosphorylation (Lieberman and Mody, 1994; Tong et al.,
1995). However, we found that blockade of CaN had no effect on NMDA or
PbTx-2 induced calcium influx or neuronal structural plasticity in hippocampal
neurons.
The bidirectional concentration-response curve may be a result of high
concentrations of NMDA or PbTx-2 increasing NMDAR or VGSC internalization
thus limiting the responses, Figure 3.17. NMDARs undergo activity-induced
internalization (Nong et al., 2003; Nong et al., 2004). Regulated internalization of
NMDAR has been shown to inhibit the activity of non-internalized NMDAR (Fang
et al., 2015). This means that direct activation of NMDAR using high
concentrations of NMDA in the HN and OHSC may trigger NMDAR
internalization. The effects of VGSC internalization in neurons is a consequence
of sodium influx (Dargent et al., 1994), and may occur at high concentrations of
PbTx-2 treatment. It is also important to remember that VGSC activation
produces its effect on structural plasticity through NMDAR activation. Thus
NMDAR internalization could also limit the response to PbTx-2.
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Figure 3.17: NMDA and PbTx-2 may trigger NMDAR or VGSC
internalization
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Another potential mechanism that could underlie the bidirectional pattern
may be related to NMDAR localization and/or subunit composition reviewed by
(Zhou and Sheng, 2013). The localization and activation of synaptic NMDAR
promotes neuronal survival, migration and structural plasticity, while activation of
extrasynaptic NMDAR promotes neurotoxicity and cell death (Hardingham and
Bading, 2010). The subunit composition suggests that NMDAR subunit
composition influences neuronal survival. Activation of NMDARs containing
GluN2A is neurotrophic, whereas activation of NMDARs containing GluN2B is
excitotoxic (Liu et al., 2007; Terasaki et al., 2010; Lai et al., 2011). The two
models are not mutually exclusive as the synapse contains high levels of GluN2A
NMDAR and the extrasynapstic complexes contain high levels of GluN2B
NMDAR (Tovar and Westbrook, 1999; Traynelis et al., 2010). Both receptor
localization and subunit composition may therefore underlie the response to high
concentrations of NMDA acting directly on the NMDAR or PbTx-2 enhancing
NMDAR function, Figure 3.18. Previous work has shown that PbTx-2 activation
of VGSC in cerebrocortical neurons increased the surface expression of the
GluN2B subunit of the NMDAR in a concentration-dependent manner (George et
al., 2012). This increase may imply that more NMDARs containing GluN2B
subunits are activated at high concentrations thus promoting the neuronal death
pathway. Pursuing this avenue possibly through selectively blocking GluN2BNMDAR, in the presence of high concentrations of NMDA or PbTx-2, may
eliminate the descending phase seen in both the NMDA and PbTx-2 concertation
response curves on neuronal structural plasticity. The action of GluN2B inhibitor

163

with either NMDA or PbTx-2 may act synergistically to promote neuroprotection
and enhance neuronal structural plasticity.

Figure 3.18: The NMDAR subunit localization and composition
may underlie the descending phase at high concentrations of
NMDA.
Considered together, the findings in hippocampal neurons in dissociated
culture and organotypic culture are consistent with the hypothesis that VGSC
activation may represent a novel pharmacological strategy to regulate NMDAR
function. More specifically these data support further exploration of VGSC
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modifiers as a possible therapeutic strategy for disorders that involve NMDAR
hypofunction.
Recently, NMDAR dysfunction has been implicated in autism spectrum
disorder (ASD) (Uzunova et al., 2014). Clinical trials and SNP analysis have
found that genetic variants of NMDAR subunits are associated with ASD.
(Tarabeux et al., 2011; O'Roak et al., 2012b; O'Roak et al., 2012a; Yoo et al.,
2012; Kenny et al., 2014). Two genes specifically relate NMDAR hypofunction to
ASD; they are Neuroligin 1-/- (Chubykin et al., 2007; Blundell et al., 2010) and
Shank 2-/- in mice (Won et al., 2012). The ASD phenotype was rescued by
administration for D-cycloserine (Chubykin et al., 2007; Blundell et al., 2010; Won
et al., 2012). Thus, enhancement of NMDAR function via VGSC activation may
be a novel pharmacological strategy for ASD explicitly involving NMDAR
hypofunction. Another neurological problem is functional repair after neuronal
injury or ischemia. The focus of previous clinical trials in neuronal injury
specifically in stroke patients was on neuroprotection rather than neuronal repair
(Carmichael, 2012). Preclinical studies have shown a loss of NMDAR and
NMDAR function several hours post-neuronal injury which persists for two weeks
(Friedman et al., 2001; Biegon et al., 2002; Grossman et al., 2003; Biegon et al.,
2004). This loss of NMDAR leads to hypoactivation of these receptors.
Stimulation of NMDAR using full agonist NMDA or D-cycloserine showed
neuroprotection and functional improvement in animal models (Temple and
Hamm, 1996; Biegon et al., 2002; Adeleye et al., 2010). Evidence from these
studies suggests that an alternative mode of treatment to aid in recovery after
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neuronal injury is through activation of NMDAR. It has been reported in animal
models that treatment with GABA inhibitor or AMPA agonist within 3-5 days poststroke also promote functional recovery and rewiring of neuronal circuits poststroke. (Clarkson et al., 2010; Clarkson et al., 2011; Carmichael, 2012). Also,
suggesting that promoting excitability post-stroke may play an important role in
functional recovery, neuronal rewiring, and repair. The neurons in the peri-infarct
region are damaged, but during the critical period of recovery, those neurons
partially recover and undergo spontaneous active structural and functional
remodeling. During rehabilitation, abnormal excitability was observed in neuronal
circuits (Murphy and Corbett, 2009). This activity acts as a substrate for recovery
and remapping of brain function in the peri-infarct region, suggesting that there is
a critical period of heightened neuroplasticity essential for neuronal repair postneuronal injury. Direct acting agonists of NMDAR are excitotoxic. Hence,
upregulation of NMDAR function through activation of VGSC may represent a
novel pharmacological strategy for neuronal repair. Therefore, it would be of
interest to explore the effects of VGSC modifiers on structural plasticity and
function in mouse models of autism and stroke.
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