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Abstract
Low-voltage-activated (T-type) calcium channels play a crucial role in a number of physiological
processes, including neuronal and cardiac pacemaker activity and nociception. Therefore, finding
specific modulators and/or blockers of T-type channels has become an important field of drug
discovery. The aim of this thesis is to look at how different molecules block T-type calcium
channels and to look at developing new molecules to expand the limited arsenal of drugs known
to modulate this important ion channel family.
First, I examined similarities between T-type channels and their better characterized
cousins, the voltage-gated sodium channels (Nav). T-types are thought to be evolutionary related
to Navs as they share similar membrane topology and gating kinetics. Simple Multiple Sequence
Alignment also revealed several highly conserved regions between T-type and Nav channels that
corresponded to drug binding sites known to alter voltage-dependent gating kinetics. I thus
reasoned that certain drugs acting on Nav may also modulate T-type channels.
My first experiments determined that a selective Nav1.8 drug (A803467) also bound
selectively and potently to T-types in an area of the channel corresponding to the local anesthetic
binding site found in Nav channels.
I next examined another well-characterized Nav blocker, spider toxins. Two tarantula
toxins, Protoxin I and Protoxin II, had been shown to be potent and selective blockers of Nav
channels and my research confirmed that these two toxins also potently and selectively blocked
both Cav 3.1 and Cav 3.2 respectively.
The second part of my thesis looked at developing new compounds to block or modulate
T-type channels. Studies have suggested that certain dihydropyridines (DHPs), a well known
class of L-type blocking drugs, may also block T-type. We therefore synthesized a series of
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novel DHP derivatives and our results indicated modifying the ester substituent dramatically
increased our compounds’ ability to block L-type and T-type calcium channels and furthermore,
substituting the ester group with 3-pyridylmethyl, conferred approximately 30-fold selectivity to
T-type versus L-type calcium channels. We then took our most effective blocker and structurally
similar compounds and demonstrated in-vivo that they were efficacious in reducing pain
responses in mice subjected to peripheral inflammation or nerve injury.
Finally, in the last section of my thesis, I examine some novel organic molecules that
have structures similar to lipoamino acids, which are endogenous molecules known to interact
with T-type calcium channels. We tested their inhibitory effects on T-type channels and then
took the most effective inhibitor and demonstrated that it was also efficacious in animal models
of pain.
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CHAPTER ONE: INTRODUCTION
1.1 Voltage-gated calcium channels:
Voltage-gated calcium channels (VGCCs) are important regulators of calcium influx into a
variety of cell types(1-5). They open in response to electrical activity to mediate calcium entry
across the plasma membrane, which in turn activates a broad variety of intracellular events,
ranging from neurotransmitter and hormone release and gene expression, to the contraction of
smooth and cardiac muscle(1, 5-7). There are ten members of the VGCC family that can be broadly
classified into high-voltage activated (HVA) and low-voltage activated (LVA) channels based on
their voltage dependence of activation (Table 1.1). The HVA channels require larger membrane
depolarizations to activate and have auxiliary subunits which help regulate gating kinetics and
surface expression(8-10). The LVA channels, also known as Cav3 or T-type channels, are
activated by more hyperpolarized potentials and were named T-type due to their “transient” or
“tiny” current. They have much faster gating kinetics than HVA channels and as yet, have not
been found to associate with auxiliary subunits(1, 11).
All calcium channel α1 subunits share a common transmembrane topology consisting of four
transmembrane domains (termed D1-D4), which in turn consist of six membrane-spanning
helices (termed S1–S6). A positively charged S4 segment controls voltage-dependent
activation(12) and a P loop motif between S5 and S6 contains highly conserved negatively
charged amino acids (glutamic acids in HVA channels) that form a highly selective permeation
pathway for cations such as calcium, barium and strontium (13-15)(Figure 1.1).
Intracellular calcium concentrations in most cells are in the 100-200 nM range due to calciumbuffering and sequestration into intracellular calcium stores(2). However, when

1

Table 1.1 Nomenclature of voltage-gated calcium channel α subunits
Type

Gated by

Protein

Gene

L-type

high voltage

Cav1.1
Cav1.2
Cav1.3
Cav1.4

CACNA1S
CACNA1C
CACNA1D
CACNA1F

P-type/
Q-type

high voltage

Cav2.1

CACNA1A

N-type

high voltage

Cav2.2

CACNA1B

R-type

intermediate
voltage

Cav2.3

CACNA1E

T-type

low voltage

Cav3.1
Cav3.2
Cav3.3

CACNA1G
CACNA1H
CACNA1I

2

Figure 1.1 Diagram of voltage-gated calcium channel α1 subunit membrane
topology.(Modified from Tedford and Zamponi 2006).
All calcium channel α subunits share a common transmembrane topology consisting of four
transmembrane domains (termed D1-D4), which contain six membrane-spanning helices (termed
S1–S6). Positively charged S4 segments control the voltage-dependent activation and a P loop
motif between S5 and S6 forms a highly selective permeation pathway for cations such as
calcium, barium and strontium to pass through.

3

VGCCs open, the resulting influx of calcium along the electrochemical gradient can elevate
intracellular calcium levels to the high micromolar range(4). When this occurs, it triggers a wide
range of calcium-dependent processes including gene transcription and neurotransmitter release.
It can also cause a calcium dependent cascade of events by activating calcium-dependent
enzymes, such as calmodulin-dependent protein kinase II (CaMKII) and protein kinase C (PKC),
which in turn, will trigger other signalling pathways(2, 16-18).
Disruption of these processes and/or alterations in calcium channel activity can have detrimental
effects and can lead to various neurological disorders, such as epilepsy and chronic pain(9).
Because of this, VGCCs tend to be tightly regulated by intrinsic gating processes and by cell
signaling pathways that control calcium channel activity and trafficking to and from the plasma
membrane(8). Understandably, finding drugs that can mimic this calcium channel regulation has
become increasingly important to the pharmaceutical industry (19).
1.2 High-voltage activated (HVA) calcium channels:
Although not at the center of my research project, it is important to give a brief overview of
HVA calcium channels, as they are expressed in some of my experiments for the purpose of
examining drug selectivity. HVA calcium channels can be sub-divided into two families by
their electrophysiological and pharmacological properties. Cav1 or L-type channels, play a role
in muscle contraction and gene transcription and are important for both brain and heart
function(20-24). Cav2 channels that encode N,P,Q and R-types, are generally important in rapid
synaptic transmission(4, 25-27). Both Cav1 and Cav2 have several family members(1), with the pore
forming 1 subunit being the key determinant of calcium channel subtype. They are heteromeric
proteins that consist of a pore forming 1 subunit that co-assembles with a 2,  and  subunit
to form a functional channel complex(1, 25, 28, 29).
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1.2.1 Cav1 (L-type) calcium channels:
The Cav1 channel family encodes three different neuronal L-type channels (termed Cav1.2,
Cav1.3, and Cav1.4) and a skeletal muscle-specific isoform, Cav1.1(30-33). Their principle role in
the brain is in gene expression, synaptic efficacy and various signalling cascades.(34) However,
hints of other neurophysiological functions, come from studying Single Nucleotide
Polymorphisms (SNPs) in patients with neurological deseases such as Schizophrenia, depression
and Parkinson’s disease, which show links to both Cav1.2 and Cav1.3 genes (for review see
Simms and Zamponi, 2014)(10) They display slow voltage-dependent gating characteristics and
are among the best characterized calcium channels due to the early discovery that they could be
both inhibited and activated by Dihydropyridine (DHP) ligands(35, 36). DHPs are molecules based
upon pyridine that have been semi-saturated with two substituents replacing one double bond.
They are well known in pharmacology as L-type calcium channel blockers and are now used
extensively in the clinical treatment of cardiovascular and hypertensive diseases(11, 36-39).
However, the use of DHPs to treat other diseases, including pain and other diseases associated
with LVA calcium channels, will be discussed in far greater detail in subsequent chapters(39-41).
1.2.2 Cav2 (N,P,Q and R-type) calcium channels:
Cav2 channels include three family members (Cav2.1, Cav2.2, and Cav2.3), with alternate
splicing and different ancillary subunits of Cav2.1 giving rise to P- and Q-type channel
isoforms(7, 10, 42, 43). These calcium channel subtypes function predominantly to control evoked
neurotransmiter release(26). Both Cav2.1 channel variants are blocked to varying degrees by ωagatoxin IVA, a peptide isolated from American funnel web spider venom(44). The Cav2.2 or Ntype calcium channel(45, 46) are selectively inhibited by toxins (ω-conotoxins GVIA and MVIIA)
isolated from the venom of Marine Cone Snails(47, 48). Cav2.3 or R-type channels(49), are
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inhibited by a peptide derived from the venom of the Giant Baboon Spider (SNX-482), which is
a member of the Tarantula family of spiders(50, 51). Interestingly, peptides derived from another
member of the Tarantula family, have been shown to be potent blockers of LVA calcium
channels and will be discussed in a later chapter.
1.2.3 Auxiliary subunits:
As noted above, Cav1 and Cav2 α1 subunits co-assemble with three distinct auxiliary subunits;
Cavα2δ, Cavβ and Cavγ,(32, 52). These auxiliary subunits in turn have multiple members to their
protein families and this diversity and differing sub-cellular loci allow them to fulfill highly
specialized roles in various cells. Proper assembly and expression of all calcium channel subunits
is critical for normal channel function, as inappropriate expression, assembly and dysfunction,
gives rise to a variety of disorders, including pain, epilepsy, arrhythmia, migraine and ataxia(10,
53-55)

.

The Cavα2δ subunit family has four members with additional splice variants. Cavα2δ is
composed of two peptides Cavα2 and Cavδ. They were originally thought to be encoded by two
different genes, however it has now been determined that they are encoded by the same
gene(56). The principal role of the Cavα2δ subunit is to promote trafficking to the plasma
membrane and experiments involving α2δ knockout mice show functional abnormalities in their
cardiovascular system, as well as signs of epilepsy and cerebellar ataxia(53).
To date there are four Cavβ subunits (β1, β2, β3, β4) with a number of splice variants that have
been identified. They are widely expressed in excitable tissues and are important in regulating
HVA calcium channel expression and modulating channel kinetics by shifting the voltage
dependence of activation/inactivation to more hyperpolarized potentials(57-60).
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The importance of Cavβ1 and Cavβ2 subunits is highlighted by the fact that mice lacking either
of these genes die in utero or shortly after birth(61, 62). Cavβ3 knockouts however, have relatively
mild symptoms such as lowered anxiety and increased aggression(63). Finally, mice lacking the
Cavβ4 encoding gene have been shown to have seizures, ataxia and paroxysmal dyskinesia, the
likely cause being a decrease in expression of P/Q type channels in the cerebellum and the
central nervous system (CNS) caused by knocking out this gene(64, 65).
The γ subunit family contains up to eight members, whose primary functions are yet to be fully
determined. These 33 kDa proteins have four trans-membrane segments and studies have shown
that co-expression of γ subunits with HVA calcium channels can have profound effects on
whole-cell current density, but only mild effects on the voltage dependent properties(66, 67).
Given the differing roles that auxilliary subunits have on HVA calcium channel function, it is
important to make sure when carrying out pharmacological studies that all subunits are present
and/or co-expressed in order to properly understand drug-channel interactions.
1.3 Low voltage-activated (LVA) or T-type calcium channels:
T-type calcium channels are widely expressed in the nervous and cardiovascular systems and are
distinguished by their three Cavα1 subunits (gene names), α1G (Cav3.1), α1H (Cav3.2) or α1I
(Cav3.3). In addition, all three T-type calcium channel genes are known to be subject to
alternative splicing. In human brain tissue, there are up to fifteen sites of alternative splicing of
Cav3.1, fourteen sites in Cav3.2 and two splice sites reported in Cav3.3(68, 69). They are
considered LVA channels because they can be activated by relatively small depolarizations of
the plasma membrane and they have relatively small single channel conductance (∼5–12 pS)
compared to HVA channels(1, 70-72).
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T-type calcium channels are found in both excitable and non-excitable cells (e.g., muscle, glial
cells, neurons, etc.) and at physiological resting membrane potentials, T-type channels are
normally closed. However, T-type calcium channels have a small “window current” that permits
calcium entry at rest(72). This window current is caused by rapid activation and inactivation
kinetics that overlap to form the so called transient or “T-type” current(1) (Figure 1.2).
T-type channels are the least understood among the calcium channel families. Although most of
the mammalian calcium channel genes were characterized in the late 1980s(1), an additional
decade was required for a description of the three T-type genes(73-75). Understanding T-type
channel functions continues to be hampered by the lack of selective blockers that discriminate

8

Figure 1.2 Diagram of hCav3.2 T-type calcium channel window current.
Window current occurs in the small range of voltage where ion channels can still be open, but
also not completely inactivated (The area underneath where Inactivation and Activation
intersect). In diseased states or mutant channels, slight alterations of either activation or
inactivation shifts the window current, which in turn can cause excess ions to pass through and
cells to become over-excited.
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between the Cav3 channel sub-types, or separate the LVA calcium channels from the HVA
calcium channels (76). Indeed, the primary goal of this thesis is to try and develop more effective
blockers of T-type channels in order to better understand their function.
Like HVA calcium channels, Cav3 channels are comprised of 4 domains with 6 transmembrane
segments each connected by cytoplasmic linkers and flanked by intracellular N and C termini.
Cav3.1 and Cav3.2 have similar conductance, rates of activation and inactivation, and share 65%
sequence identity, whereas Cav3.3 has much slower activation and inactivation kinetics, a
slightly greater conductance, and only 50% sequence identity to the other two isoforms(73-75).
1.3.1 Physiological Function:
Cav3 channels activate in response to small membrane depolarizations. As mentioned above,
because of their relatively small conductance and ‘window current’, a number of channels can
still be open at resting membrane potentials(71, 72). Because of these biophysical characteristics,
Cav3 channels play a unique role in cellular excitability and in the generation of rhythmic
oscillatory spiking and pacemaker activity.
In the heart, Cav3 channels contribute to pacemaker activity of cardiac cells through their ability
to regulate self-generated rhythmic firing in the sinoatrial node(70, 77). Dysregulation of Cav3.2
channels in the heart has been associated with cardiac hypertrophy and congestive heart
failure(70, 78).
In neurons, depolarized Cav3 channels open and generate low threshold spikes (LTS), which in
turn open voltage gated sodium and potassium channels to generate a set of high frequency
action potentials (APs) known as bursts. This bursting behaviour is often observed during seizure
activity as well as during sleep(79, 80).
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In addition, Cav3 channels play a critical role in the 'rebound bursting' behavior found in many
neurons(81), but especially in the thalamocortical relay and thalamic reticular neurons(82, 83). At
typical neuronal resting membrane potentials most T-type channels are inactivated(84). However,
a small membrane hyperpolarization can be sufficient to recover these T-type channels from
their inactivated state so that the ensuing depolarization activates a larger population of T-type
channels and hence an increase in whole-cell T-type current amplitude. This increase in T-type
current causes a low-threshold calcium potential, that in turn leads to the activation of voltagegated sodium channels and a subsequent “rebound burst” of APs(85-87) (Figure 1.3).
To further understand the physiological function of T-type calcium channels, experiments
involving targeted ablation or complete gene knock out (KO) have been conducted with all three
genes. In Cav3.1 null mice, signs of bradycardia are apparent due to the slowing of sinoatrial
node pacemaking and reduced atrioventricular conduction(88). Cav3.1 KO mice also show
resistance to baclofen-induced seizures(89), a finding not surprising given the role of T-type
channels in the thalamocortical circuitry and the recent discoveries of T-type channel mutations
associated with(54, 90, 91) epilepsy. Finally, targeted deletion of Cav3.1 in the thalamus also results
in increased arousal and altered sleep/wake patterns, underscoring the importance of Cav3
channels in these neurons(92).
Some of the first experiments involving Cav3.2 KO mice showed compromised coronary
function due to a permanent constriction of coronary arterioles(93). However, these results have
been overshadowed by the emergence of this channel’s role in acute and chronic pain. Previous
reports, as well as in experiments described in this thesis, show Cav3.2 KO mice have reduced
sensitivity to acute noxious pain (consistent with the expression of these channels in a subset of
afferent pain fibers), but somewhat surprisingly they do not show reduced chronic neuropathic
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Figure 1.3 Current clamp trace showing “rebound burst” of APs (Simms and Zamponi
2014).
At typical neuronal resting membrane potentials most T-type channels are inactivated. However,
a small membrane hyperpolarization can be sufficient to recover these T-type channels from
their inactivated state. The ensuing depolarization activates a larger population of T-type
channels and hence an increase in whole-cell T-type current amplitude. This increase in T-type
current causes a low-threshold calcium potential that in turn leads to the activation of voltagegated sodium channels and a subsequent “rebound burst” of APs.

12

pain(94). This dramatically contrasts with the results of experiments published in this thesis that
show potent analgesic actions of intrathecally (i.t.) and intraperitoneal (i.p.) delivered Cav3.2
channel blockers in neuropathic pain models(95). This apparent discrepancy may be in part due to
compensation from other types of ion channels (calcium, sodium etc.) in the afferent fibers of
Cav3.2 null mice that maintain pain transmission.
The role of Cav3.2 in chronic neuropathic pain is further highlighted in experiments where mice
are subjected to nerve injury, colonic inflammation(96, 97), or chronic diabetic conditions(98). Mice
in these experiments show increased T-type channel conductance in sensory neurons, which
contributes to the development of the chronic pain. However, the underlying mechanisms for this
remain unclear but may be due to increased surface expression or some type of posttranslational
modification of the channels(99, 100). With this in mind, Cav3.2 serves as a good example of misregulation rather than mutation, causing a disease phenotype and therefore understanding how
this channel works at the molecular level is of particular importance. Given that many drugs in
clinical use and under development induce state dependent block of ion channels(101-103), finding
a specific and selective blocker of Cav3.2 and possibly where and how they might bind, is a
primary goal of this thesis.
Finally, little is known about the functional role of the Cav3.3 channel but recent experiments
involving Cav3.3 null mice show compromised oscillatory brain wave activity in sleep spindles
in thalamic reticular neurons, again underscoring the importance of T-type channels in thalamic
neurons(104).
1.3.2 Distribution:
T-type calcium channels are expressed in both the peripheral and central nervous system (PNS
and CNS). They are found in the heart, kidney, sperm, retina, cochlea and endocrine glands(105-
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107)

as well as in a number of tumor derived cell lines including NG108-15 (neuroblastoma), Y79

(retinoblastoma), U251N (glioma) and LNCaP (prostate carcinoma)(108, 109). In the brain they are
found throughout the neocortex, hippocampus, thalamus, and cerebellar neurons(110, 111). At subcellular levels all three LVA channels are found within the soma, where as Cav3.1 and Cav3.2
expression has been shown within dendrites and Cav3.3 can be found in the dendritic arbours.
As mentioned previously, T-type calcium channels are found throughout the thalamus with
Cav3.1 being found predominantly in thalamocortical relay (TC) nuclei, whereas Cav3.2 and to a
lesser extent Cav3.3 are found in the thalamic reticular nucleus (nRT)(80). Therefore, several
studies involving Cav3 channels are focused on their role in the generation of low threshold
spikes (LTS) and oscillation and how this pertains to sleep and sensory perception, as well as the
enhanced thalamic neuron excitability that is observed in the various forms of epilepsy(54, 91).
1.3.3 Inhibition:
Although many classes of organic molecules, including derivatives of DHPs, succinimide,
diphenylbutylpiperidine and benzodiazepines have been shown to be inhibitors of Cav3
channels(11, 76, 112-116), finding potent and selective blockers of T-type calcium channels remains
difficult. Some inorganic compounds, such as divalent and trivalent cations, are known to be Ttype calcium channel blockers and to date, the best way to distinguish Cav3 channels from other
HVA calcium channels is thought to be by their sensitivity to nickel and their relative resistance
to block by cadmium ions(74, 115, 117, 118). Some toxins, in particular a toxin isolated from scorpion
venom (kurtoxin), is known to be a potent blocker of T-type calcium channels, but this too has
now been shown to also block high-voltage activated calcium channels(119, 120). For a review of
effects of toxins on ion channels see Catterall et al.,(121).
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Another drug touted to become the drug of choice for most Cav3 studies was Mibefradil, but
considerable variability in T-type calcium channel pharmacology for this drug in heterologous
expression systems versus native tissues, questions about its selectivity and the fact that it was
pulled from clinical use for its interactions with other drugs, has seen the preference for this drug
in Cav3 studies decline(122-124).
Classes of drugs that have traditionally been thought of as sodium channel blockers, have now
been shown to also block T-type calcium channels. Included in this group are; anesthetics, such
as enflurane, halothane and isoflurane(125) and anticonvulsants such as phenytoin and
lamotrigine(125, 126). Whether T-type calcium channel block by these drugs has any additive or
clinical relevance, is yet to be fully determined, but recent work may suggest that mixed sodium
and T-type blockers can be beneficial in some models of pain(127). Finally, other antiepileptics
such as Ethosuximide, trimethadione and mesuximide inhibit T-type calcium channels and are
used for the treatment of seizures, but again whether or not their mode of action is exclusively
via LVA channel inhibition, remains to be elucidated(128, 129).
More recently, small organic compounds with structures similar to endogenous lipoamino
acids(113, 114, 130) and endocannabinoids(113, 130-132) have been developed, since these molecules are
known to endogenously interact with T-type calcium channels, but they tend to lack selectivity
and many have potential undesirable interactions with cannabinoid (CB) receptors . With this in
mind, the last part of this thesis looks at developing and synthesizing compounds with similar
structures, but with considerably less interaction with CB receptors and therefore potentially less
harmful side effects. Indeed the inspiration for many of the experiments described in this thesis is
derived from experiments that were conducted using the above “selective T-type calcium
channel blockers”.
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1.3.4 Role of T-type calcium channels in CNS disorders:
One of the more well known involvements of Cav3 channels in neuronal excitability is the link
between Cav3.2 and various forms of epilepsy. Mutations in Cav3.2 have been found in
populations suffering from generalized epilepsy and in childhood absence epilepsy (CAE)(54, 90,
133, 134)

. Although some of these mutations may slightly alter channel gating and membrane

expression, the majority have no effect on the biophysical properties of Cav3.2 in heterologous
expression systems. This suggests that these mutations may alter protein-protein interactions
only found in native cells and/or have splice isoform dependent effects. In addition, mice overexpressing Cav3.1 show an increase in spike-wave discharges (SWD), while Cav3.1 knockout
animals show increased resistance to treatments used to generate SWD in wild-type animals(80,
135)

. Similarly, an over-expression of Cav3.2 mRNA in the hippocampus shifts the spiking mode

of pyramidal cells of the hippocampus to the burst firing mode found in temporal lobe
epilepsy(136-138).
Other neurological disorders associated with Cav3 channels are Parkinson's disease and Autism
Spectrum Disorders (ASDs)(22, 139). Again, Cav3 channels are thought to be involved in
generating the oscillatory burst behaviour of sub-thalamic nucleus neurons that are implicated in
creating the tremors associated with Parkinson's disease(140). However, perhaps more important is
that experiments using rodent models of Parkinson's disease have shown that T-type channel
blockers can be efficacious in alleviating the symptoms of this disorder(141).
Finally, ASDs are neuro-developmental disorders that have been linked to all Cav3 channels(139,
142)

. Mutations associated with autism in the Cav3.2 gene have been examined and shown to

reduce T-type calcium currents in heterologous systems(142). How these mutations cause autism,
or whether other proteins or autism risk alleles are necessary to manifest this disease, remains to
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be determined. Altogether, Cav3 channels play critical roles in regulating neuronal excitability
and modulating or blocking T-type calcium current may provide protection from hyperexcitability disorders such as epilepsy, Parkinson’s and certain forms of pain.
1.4 Pain:
Pain can be broadly divided into three categories: 1. Nociceptive pain, which is the ability of a
body to sense potential harm caused by peripheral stimuli such as excess heat or a jab, 2.
Inflammatory pain, which is a localized reaction that produces redness, warmth, swelling and
pain as a result of infection, tissue damage, irritation, or injury (Note: inflammation can be
internal or external) and 3. Pathological pain, which is a disease state caused by damage to the
nervous system (neuropathic pain) or by its abnormal function (dysfunctional pain, as in
fibromyalgia, irritable bowel syndrome, tension type headache, etc.)(143-148). These can be further
divided into acute pain, which generally refers to short, painful stimuli and chronic pain, which
refers to long term pain such as back pain or the pain associated with illnesses such as cancer(127,
143, 149-154)

.

Pain can also be thought of as an early alarm system. When the body is subjected to a potentially
damaging environmental input such as described above, an electrochemical reaction generates
electrical signals in the form of action potentials (APs) to be sent from the site of injury, along
nerve fibers (A,  or C), to the dorsal root ganglion (DRG). From there, a second series of APs
are generated that travel to the spinal cord dorsal horn, where they release various
neurotransmitters depending on the pattern of APs arriving at the axon terminal. The pain signals
then travel to the brain, via neo- and paleo-spinothalamic tracts(146, 152, 155-158). The fast A and 
type fibers, associated with mechanical and acute thermal pain, are relayed via the neospinothalamic tract and terminate in the brainstem or the thalamus with a few fibers reaching the
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somatosensory cortex. The slower C fibers, associated with thermal, mechanical and chemical
stimuli, connect to the paleo-spinothalamic tract and terminate principally in the medulla, pons
and mesencephalon with very few fibers reaching the thalamus or cortex(158, 159) (Figure 1.5).
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Figure 1.5 Diagram of pain pathway (modified from Julius & Basbaum, Nature 2001).
When nociceptors are exposed to products of injury and inflammation, their excitability is altered
by a variety of intracellular signalling pathways. This figure underlines Cav3.2, Nav1.7 and
Nav1.8 as important downstream targets of modulation. Activation of the nociceptor not only
transmits afferent messages (towards) to the spinal cord dorsal horn (and from there to the brain),
but also initiates the process of neurogenic inflammation. Neurogenic inflammation is the
efferent (away) function of the nociceptor whereby release of neurotransmitters, notably
substance P and CGRP from the peripheral terminal induces vasodilation.
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1.4.1 The role of calcium channels in pain
Originally, the role of voltage-gated calcium channels in pain was thought to be in controlling
fast synaptic transmission and neuronal excitability in peripheral and central pain pathways and
the principle player was/is thought to be high voltage-activated N-type calcium channels. N-type
VGCCs (Cav2.2) are highly expressed at pre-synaptic nerve terminals and when a painful
peripheral stimulus occurs, nociceptive neurons activate and send a train of APs to these presynaptic nerve terminals, where they open the Cav2.2 channels and allow calcium entry into the
synapse. This cascade of chemical and electrical processes in turn triggers synaptic vesicle
release of pro-nociceptive neurotransmitters such as glutamate, substance P and CGRP and
further activation of spinothalamic neurons(9, 10, 94, 122, 154, 156, 160-164). These nerve projections to
the thalamus are where pain is perceived (165).
To prevent this cascade from happening, a selective and potent N-type channel blocker would be
highly desirable and the discovery that ω-conotoxins (MVIIA or CVID), produced by fish
hunting cone snails, were potent and highly selective inhibitors of N-type VGCCs appeared to be
the dawn of a new era in severe chronic pain management(44, 46-48, 166). However, the technically
difficult intrathecal administration of a peptide toxin, together with several unwanted side
effects, has tempered the enthusiasm for using conotoxins as a pain treatment for all but the most
severe and intractable pain found in cancer patients(167-169). Research is ongoing to discover or
modify new peptide toxins that are more efficient at blocking N-type calcium channels in the
PNS(170).
1.4.2 The role of LVA calcium channels in pain:
More recently another member of the VGCC family, the LVA T-type calcium channels, has been
shown to have a critical function in nociception. T-type calcium channels are found in the nerve
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endings of afferent fibers where they regulate neuronal excitability by lowering AP thresholds
and promote bursting activity and synaptic excitability(96, 124, 171-174). Not surprisingly then,
increased T-type activity in this area leads to increased AP firing and therefore increased pain
signaling. This scenario is seen in animal models of diabetic and spared nerve ligation (SNL)
models of neuropathic pain, where T-type channel current density is dramatically increased(96, 98).
Conversely, Cav3.2 KO animals show reduced sensitivity to pain and reduction of neuronal
activity in primary afferent fibers(94, 175-178).
Similar to the N-type calcium channels, the functional role of LVA T-type channels in
nociception, particular in the PNS, has made them an attractive target for drug discovery teams
looking for novel therapies for the treatment of pain. As mentioned earlier, finding a potent and
selective blocker has proved elusive (for review see Lory and Chemin, 2007)(76). Many of the
starting points for looking at blockers of T-type channels have come from identifying the
endogenous modulators (ligands) of these channels and what their functional roles are in native
systems. As mentioned earlier, many of the organic molecules that have been shown to modulate
T-type calcium channels have structures similar to endogenous lipoamino acids. These bioactive
lipids are known to interact with T-type calcium channels and T-type associated conditions such
as neuronal excitability, sleep, epilepsy, neuroprotection, inflammation and pain, as well as
cardiovascular modulation(113, 130-132).
Another endogenous mechanism associated with T-type channels is Redox modulation.
Inorganic divalent cations such as zinc are released from presynaptic vesicles of glutamatergic
neurons and the free zinc modulates several membrane receptors, transporters and ion channels,
including blockade of T-type channels(118, 179-181). The mechanism by which this is thought to
occur, is via the dis-inhibition of endogenous zinc ions(179). The importance of this redox/zinc
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regulation of T-type channels was underscored when it was shown that a single-point mutation
(H191Q) in Cav3.2 reduced zinc inhibition 40-fold and completely abolished sensitivity of
Cav3.2 to reducing and chelating agents(117). In animal pain models, reducing agents and
chelators of zinc have been shown to sensitize Cav3.2 containing nociceptors isolated from wildtype mice but not from Cav3.2 KO mice(98, 118, 179, 180). Together, these findings not only
emphasize the role of T-type channels in pain perception, but may offer insight and opportunity
for developing novel strategies to target them and hence treat some of the pathological conditions
of pain.
1.5 Comparing voltage-gated sodium channels and T-type calcium channels:
From an evolutionary standpoint, T-type calcium channels (Cav3) are thought to be an
intermediate between high-voltage activated calcium channels and sodium channels(182, 183). They
are both comprised of a single polypeptide with four homologous domains. Each domain has six
membrane spanning alpha helices (see figure 1). Of these, the S4 segment has several positive
charges and functions as the voltage sensor(184, 185). At resting membrane potentials this helix
confers channel closure to prevent ion flux. However, membrane depolarization causes this helix
to move, inducing a conformational change so that ions may flow through the channels (the open
state)(12, 183, 186-189).
In both VGSCs and T-type calcium channels, there are several other putative conformational
states, including fast and slow inactivation(190, 191). In VGSCs, fast inactivation is thought to be
caused by amino acids in the linker between domains III and IV of the alpha subunit coming
together to form a plug or “inactivation gate” that blocks the inside of the channel shortly after it
has been activated(192). Fast inactivation mechanisms in T-type calcium channels however appear
to be more complex and involve the concerted action of multiple transmembrane domains,
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including the I-II linker, as well as other parts of Domain I (I-I loop), III and IV(193-196).
Interestingly, the III-IV linker in Nav1.8, is qualitatively different from other sodium channels
and is thought to be the reason why Nav1.8 has relatively slower inactivation kinetics closer to
that of the T-type channels(190).
The list of diseases associated with sodium channels is also similar to that of T-type calcium
channels. Ventricular fibrillation in the heart and epilepsy in the CNS, represent two groups of
diseases that have been associated with both ion channel families(1, 39, 54, 70, 77, 78, 90, 143, 197).
At first, this might seem surprising given that they transport different ions, however, one possible
explanation for this is that the mechanism that causes these diseased states may be similar in both
types of ion channels. In VGSCs shifts in inactivation can cause muscle stiffness, cardiac
arrhythmias and epileptic seizures because of altered transient or “window current”(143, 198). As
mentioned previously, window current is the small range of voltage where ion channels can
activate but not completely inactivate (see figure 2). In diseased states, alteration of either
activation or inactivation shifts the window current, which in turn can cause muscle and/or nerve
cells to become over-excited(143, 198, 199).
Likewise, in the Cav3.2 gene, the development of seizures in patients with various forms of
epilepsy is thought to be brought on by slight gain-of-function effects that are also predicted to
alter the window current of Cav3.2 and therefore result in more available channels at lower
membrane potentials. This slight alteration would increase calcium influx and likely result in
neuronal hyper-excitability and increased spike and wave discharge(6, 54, 91, 200).
Finally, just as shifts in window current have been associated with sodium and T-type calcium
channel diseases, drugs that act on both families of channels tend to preferentially bind in their
inactivated or slow inactivated state, possibly explaining their therapeutic efficacy(127, 190, 201).
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Given that the structure, kinetics, pharmacology and in some cases function of sodium channels
is similar to T-type calcium channels, it is not surprising that cellular localization of these
channels also appears to be similar. A specific subtype of T-type channels (Cav3.2b), is highly
expressed in nociceptive DRGs and Lamina I, II dorsal horn neurons and is involved in the
initiation of AP firing and the generation of burst firing(81, 110, 118). Similarly, both Nav1.7 and
Nav1.8 channels are also highly expressed in these two regions and are important for setting the
threshold and upstroke of AP firing and they also contribute towards the frequency and
sustainability of the firing activity in these neurons(199, 202-204).
The pro-nociceptive roles of all of these channels is confirmed in experiments where knockdown
of Cav3.2 T-type channels, or knockout of either Nav1.7 or Nav1.8 channels, reduces pain
responses in animal models of both acute and neuropathic pain(6, 74, 175, 205-207). In addition, it has
been proposed that the increased AP firing in DRG and dorsal horn neurons associated with
chronic pain also drives sodium and calcium channels into a “protective” slow inactivated
state(208-210).
The above similarities in these two ion channel families were the starting point for this thesis.
The possibility that drugs developed to simultaneously block all of these ion channels and not
just selective for one, should be further explored as a potential treatment for both acute and
chronic pain(127). Furthermore, developing drugs that target the inactivated and slow-inactivated
state of these channels may selectively inhibit hyper-excitable neurons while sparing normal
firing neurons.
1.6 Thesis rationale and significance of work carried out:
Although the pharmaceutical industry has spent decades and enormous amounts of money on
developing drugs to treat pain, their success to date has been limited. In particular, attempts to

24

manage neuropathic pain have proved extremely difficult with morphine and its derivatives
proving to be the gold standard and pregabalin and gabapentin being the only effective
treatments. Unfortunately, these types of drugs often have severe side effects, including
dependency and reduced tolerance over time. In addition, morphine can cause respiratory
depression and constipation, while pregabalin and gabapentin can cause dizziness and lethargy.
Finding blockers or modulators of T-type calcium channels, especially those in the PNS, would
therefore appear to be an effective therapeutic strategy for targeting pain hypersensitivity (127)
with less potential for negative side effects. However to date, only a few selective T-type
channel antagonists have been identified(11, 39, 114, 116, 127, 131, 176, 211-215). Given the scarcity of
selective T-type channel inhibitors, this thesis strived to not only better understand the
mechanisms behind these inhibitors, but to also try and develop new and more potent selective
T-type channel blockers as potential therapies for pain.
1.6.1 Hypothesis: Similarities between Sodium and T-type channels may extend to similar
binding sites:
My overall hypothesis is that the similarities in structure, gating kinetics and apparent
conservation of drug binding sites of T-type and Nav channels could be exploited to help find
treatments for pain and possibly other neuronal hyperexcitability disorders such as epilepsy. In
addition, modifying existing T-type calcium channel blockers so that they are more potent and
selective will help increase their efficacy and reduce potential side effects when used as
treatments for neuropathic and inflammatory pain.
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1.6.2 Aim 1: To identify common mechanisms of drug interactions with sodium and T-type
calcium channels:
Part one of my thesis examined the blocking kinetics of selective sodium and calcium channel
blockers in both their active and inactive states to determine whether there were common
mechanisms or common drug interaction sites found in these structurally similar proteins. I
examined common determinants of drug action on the T-type calcium channels and the Nav1.8
sodium channel using the Nav1.8 selective Blocker A803467. Secondly, I examined how a toxin
derived from Tarantula venom, which potently and selectively blocks the sodium channel
Nav1.7, interacted with T-type channels and tried to identify the possible binding sites for this
and other toxins.
1.6.3 Aim 2: Synthesis and evaluation of DHP derivatives with T-type calcium channel
blocking activity and their ability to attenuate inflammatory and neuropathic pain:
Part two of my thesis looks at developing new compounds to block and modulate T-type calcium
channels. Previous studies have shown that some DHPs, normally thought of as classical L-type
calcium channel blockers (216-218), may also block LVA calcium channels.
We synthesized ten novel DHP derivatives with a condensed 1,4-DHP ring system
(hexahydroquinoline) and determined how different ester groups attached to this backbone affect
L- and T-type calcium channel block. By changing the substituents on the phenyl ring of our
novel DHP-hexahydroquinoline scaffold, we were able to convert L-type channel blocking
compounds into ones that were selective for T-type calcium channels. We then examined the
functional effects of the most potent and selective T-type channel blockers on transiently
expressed Cav3.2 channels and also in mouse models of inflammatory and neuropathic pain. We
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also tested their effects on Cav3.2 null mice, to see if the physiological actions observed, were
indeed mediated by T-type calcium channels.
1.6.4 Aim 3: Characterization of novel cannabinoid based selective T-type calcium channel
ligands with analgesic effects:
The final part of my thesis focuses on developing novel and selective T-type channel ligands
based on structures similar to endogenous cannabinoids (endocannabinoids) called lipoamino
acids(113, 114, 130). Lipoamino acids are known to interact with T-type calcium channels and
because they are closely related to endocannabinoids(113, 130-132), they can also interact with
cannabinoid (CB) receptors(113, 130-132). However, like the interaction of morphine with μ-opioid
receptors, interactions with CB receptors, particularly CB1 receptors, can have negative side
effects that affect mood and memory in addition to their more well known psychoactive
effects(219, 220).
The goal of this study therefore, was to produce a compound that was effective at blocking Ttype calcium channels, but had limited CB1 receptor binding activity.
From previous structure activity relationships (SAR) studies, it was determined that tertiary
amines were important for Cav3.2 block and that the length of the linker attaching these amines
to the carbazole scaffold, effected cannabinoid receptor binding (113, 130).
We therefore developed a series of compounds where we modified the length of the linker and
tested the compounds in-vitro for their ability to block transiently expressed human Cav3.2
(hCav3.2) and also their affinities for CB receptors. We then tested the most potent and selective
compound in-vivo for its ability to attenuate inflammatory and neuropathic pain in mouse models
and also in Cav3.2 KO mice to determine whether the effects observed were via its’ T-type
calcium channel blocking ability.
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CHAPTER TWO: MATERIALS AND METHODS
2.1 Electrophysiology:
Whole-cell voltage-clamp recordings from tsA- 201 cells were performed at room temperature 2
to 3 days after the transfection. Whole-cell voltage-clamp recordings on Neuronal cells were
performed at room temperature, the following day after isolation. For all experiments, the
external recording solution contained (in mM): 114 CsCl, 20 BaCl2, 1 MgCl2, 10 HEPES, 10
Glucose, adjusted to pH 7.4 with CsOH. For voltage-clamp recordings on neuronal cells, 5 μM
CdCl2 was also added to the external solution to inhibit high voltage activated calcium channels.
The internal patch pipette solution for all experiments contained (in mM): 126.5 CsMeSO4, 2
MgCl2, 11 EGTA, 10 HEPES adjusted to pH 7.3 with CsOH. Internal solution was also
supplemented with 0.6 mM GTP and 2 mM ATP just prior to use. Liquid junction potentials for
the above solutions were left uncorrected.
Tested compounds were prepared daily in external solution and were applied locally to cells with
the use of a custom built gravity driven micro-perfusion system that permits solution exchanges
in less than 1 second(166). A series of vehicle only control experiments were performed to ensure
that there were no time dependent shifts in half-activation and half-inactivation potentials, and no
such changes were observed (data not shown). Currents were measured using the whole-cell
patch clamp technique and an Axopatch 200B amplifier in combination with Clampex 9.2
software (Molecular Devices, Sunnyvale, CA). After establishing whole cell configuration,
cellular capacitance was minimized using the amplifier’s built-in analog compensation. Cut-off
for allowable series resistance was set at <10 MΩ and was compensated by at least 85% in all
experiments. All data were digitized at 10 kHz with a Digidata 1320 interface (Molecular
Devices) and filtered at 1 kHz (8-pole Bessel filter). In addition to collecting the raw data, a p/4
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online leak-subtraction protocol was used (the p/4 protocol involved 4 very brief hyperpolarizing
pulse which should have a negligible effect on drug interactions). Non leak subtracted currents
were acquired in parallel for quality control purposes. In current-voltage relation studies, the
membrane potential was held at -110 mV and cells were depolarized from -80 to 20 mV in 10
mV increments. For steady-state inactivation studies, the membrane potential was depolarized to
0 mV for rCav1.2 and to -20 mV for all T-type calcium channels, after 3.6-second conditioning
pre-pulses of ranging from -110 to 0 mv or -20 mV, respectively (initial holding at -110 mV).
Individual sweeps were separated by 12 seconds to permit complete recovery from inactivation
between conditioning pulses. The duration of the test pulse was typically 200 ms and the current
amplitude obtained from each test pulse was normalized to that observed at the holding potential
of -110 mV. For slow inactivation studies, channels were assessed using a test pulse (P2) that
followed a 10-s conditioning pre-pulse of between -70 or -80mV to elicit a peak current
amplitude that was approximately 50 to 60% of the initial test pulse (P1) (Figure 2.3)(221).
2.2 Data Analysis and Statistics:
Data were analyzed using Clampfit 9.2 (Molecular Devices). Origin 7.5 software (Northampton,
MA, USA) was used in the preparation of all figures and curve fittings. Current-voltage
relationships were fitted with the modified Boltzmann equation: I = [Gmax*(VmErev)]/[1+exp((V0.5act-Vm)/ka)], where Vm is the test potential, V0.5act is the half-activation
potential, Erev is the reversal potential, Gmax is the maximum slope conductance, and ka
reflects the slope of the activation curve. Steady-state inactivation curves were fitted using the
Boltzmann equation: I =1/(1 + exp(V - Vh)/k), where V is the conditioning potential, Vh is the
half-inactivation potential and k is the slope factor.
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Dose-response curves were fitted with the equation y = A2 + (A1-A2)/(1 + ([C]/IC50) P) where
A1 is initial current amplitude and A2 is the current amplitude at saturating drug concentrations,
[C] is the drug concentration and P is the Hill coefficient. Statistical significance was determined
by paired or unpaired Student’s t-tests and one-way or repeated measures ANOVA, followed by
Dunnett’s test or Tukey’s Multiple Comparison tests. Significant values were set as indicated in
the text and figure legends. All data are given as means +/- standard errors.
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Figure 2.1 whole cell voltage command protocol used to induce slow inactivation(221).
A test pulse P1, followed by a 10 second conditioning pulse to -70 mV, then a hyperpolarization
step to remove fast inactivation and a second test pulse P2 to determine the fraction of slow
inactivated channels.
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2.3 Molecular Biology:
2.3.1 Site-Directed Mutagenesis:
Site-Directed Mutagenesis was performed using the QuikChange II™ Site-Directed Mutagenesis
Kit and protocols from Agilent Technologies Inc. Mutations were then verified by on-site
sequencing of the full length cDNA clone.
2.3.2 CDNA Constructs:
Human Cav3.2, rat Cav1.2, and rat Cav2.1 cDNA constructs, as well as ancillary calcium
channel subunit cDNAs were kindly provided by Dr. Terrance Snutch (University of British
Columbia, Vancouver, Canada). Human Cav3.3 was obtained from Dr. Arnaud Monteil (CNRS
Montpelllier, France). Human Cav3.1 was cloned and described previously by our laboratory(222)
and human Cav3.1 and Cav3.3 chimeras were also described previously(193).
2.3 Cell Culture:
2.3.1 tsA-201 Cell Culture and Transfection:
Human embryonic kidney tsA-201 cells were cultured and transfected using the calcium
phosphate method as described previously(60). In experiments involving human Cav3.1, Cav3.2,
and Cav3.3, 1subunits were co-transfected (6 µg) with enhanced green fluorescent protein
(EGFP) DNA (0.5 µg of EGFP; Clontech) as a marker. For rat L-type calcium channel
experiments, Cav1.2 1 subunit (3 µg), rat Cav1b (3 µg) and rat Cav2δ (3 µg) were cotransfected together with EGFP as above. For experiments involving L- and P/Q type calcium
channels, rCav1.2 or rCav2.1, 1 subunits (3 µg), were each co-transfected with rat 1b (3 µg)
or rat 4 (3 µg ). For experiments involving T-type calcium channels, hCav3.1, hCav3.2, and
hCav3.3, 1subunits were transfected. Transfected cells were incubated 48 hours at 37°C and
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5% CO2, then re-suspended with 0.25% (w/v) trypsin-EDTA (Invitrogen) and plated on glass
coverslips a minimum of 3 to 4 hours before patching
2.3.2 Isolation of neurons:
Thalamic neurons were isolated as described previously(223). Briefly, thalami of adult mice were
dissected out, cut into small pieces and then digested in papain (Worthington, LS003126)
containing culture media. After digestion, the tissue was washed and triturated for neuron
dissociation. Thalamic neurons were then seeded at low density onto coverslips pretreated with
poly-d-lysine (Sigma, P7280). Dorsal Root Ganglia (DRG) neurons were isolated as described
previously(127). Briefly, DRG from adult mice were removed and placed in Ca2+ and Mg2+-free
Hank’s Balanced Salt Solution, containing (in mM): 140 NaCl, 5.3 KCl, 0.4 KH2PO4, 0.3
Na2HPO4, 6 D-glucose, 10 HEPES, and 2 mg/mL collagenase (Type I, Worthington, Lakewood,
New Jersey), and 200 units of DNaseI (Worthington, Lakewood, New Jersey). Ganglia were then
incubated for 45 min at 37 °C and subsequently placed in media supplemented with 10 % fetal
bovine serum to stop digestion. Cells were then dispersed with fire polished Pasteur pipettes and
plated on glass coverslips coated with 100 μg/mL poly-L-lysine.
2.4 Animals:
All experiments involving live animals were performed by Vinicius Gadotti with assistance from
Daniel Berger. All animal experiments and protocols in this manuscript were approved by the
Animal Care Committee of the University of Calgary and comply with the laws of the Canadian
Council on Animal Care. During experiments, all efforts were made to minimize animal
suffering according to the policies and recommendations of the International Association for the
Study of Pain. For all experiments, either adult male C57BL/6J (wild-type) or CACNA1H
knockout (Cav3.2 null) mice (20-25g) purchased from Jackson Laboratories were used. There
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were a maximum of five mice per cage (30 × 20 × 15 cm) and access to food and water was
unlimited. Temperature was kept at 23 ± 1°C on a 12 h light/dark cycle (lights on at 7:00 a.m.).
I.p. injections of drugs were a constant volume of 10 ml/kg body weight. I.t. injections used
volumes of 10 µl and were performed using the method described previously(224) and carried out
routinely in our laboratory(113, 225). All drugs were dissolved in DMSO and control animals
received PBS + whatever the maximum DMSO concentration was in drug solutions delivered to
animals (typically 1% DMSO). For each test, a different group of mice were used and only one
experiment per mouse was performed.
2.4.1 Formalin Test:
Mice were acclimatized in the laboratory for at least 60 minutes prior to experiments. Animals
were then injected intraplantarily in the ventral surface of the right hindpaw with 20 μl of a
formalin solution (1.25%) made up in PBS. Following intraplantar injection of formalin,
individual animals were placed immediately into observation chambers and monitored from 0-5
min (acute nociceptive phase) and 15-30 min (inflammatory phase). The time spent licking or
biting the injected paw was then considered as a nociceptive response and recorded with a
chronometer. Experimental compounds were delivered by i.t. (20 minutes prior) or by i.p. (30
minutes prior) and their effects on both the nociceptive and inflammatory phases of the formalin
test were evaluated.
2.4.2 Open-field test:
Animals received compounds via intraperitoneal injection (i.p.) (30 mg/kg) 30 minutes before
testing and the ambulatory behavior of the treated animals was assessed in an open-field test as
described previously(225). Briefly, the apparatus consisted of a wooden box measuring 40 x 60 x
50 cm with a glass front wall. The floor was divided into 12 equal squares and the entire
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apparatus was placed in a sound free room. Animals were placed in the rear left square and left
to explore freely and the number of squares crossed with all paws (crossing) in a 6 minute
timeframe was counted. After each individual mouse session, the apparatus was then cleaned and
dried with a 10% alcohol solution.
2.4.3 Partial Sciatic Nerve Injury (PNI)-induced neuropathic pain:
Before surgery, mice were anaesthetised with isoflurane (5% induction, 2.5% maintenance).
Partial ligation of the sciatic nerve was performed by tying the distal 1/3 to 1/2 of the dorsal
portion as previously described(226). In sham-operated mice, the sciatic nerve was exposed
without ligation and all wounds were closed and treated with iodine solution. Fourteen days post
surgery, mice received either Compound (30 mg/kg, i.p.) treatment or vehicle, while shamoperated animals received only vehicle (10 ml/kg, i.p.). The mechanical hyperalgesia responses
were then recorded immediately before the surgeries (baselines), 14 days after the surgeries (0),
and at various time points (0.5, 1, 2, 3 h) after treatment.
2.4.4 Evaluation of mechanical Hyperalgesia:
Mechanical hyperalgesia was then measured using a Dynamic Plantar Aesthesiometer (DPA,
Ugo Basile, Varese, Italy). Animals were placed individually in small enclosed testing arenas (20
cm × 18.5 cm × 13 cm, length × width × height) on top of a wire mesh floor. Mice were allowed
to acclimate for a period of at least 90 minutes. The DPA device was positioned beneath the
animal, so that the filament was directly under the plantar surface of the ipsilateral hind paw.
Each paw was tested three times per session.

37

2.5 Chemicals:
2.5.1 Commercial chemicals and drugs:
Unless stated otherwise, all chemicals and reagents were purchased from Sigma (St. Louis, MO).
In experiments described in chapter 3, A803467 was purchased from Tocris Bioscience
(Ellisville, MO) and was dissolved in dimethyl sulfoxide (DMSO) at the stock concentrations of
10 mM or 30 mM. Working solutions of drug were made in external recording solutions so that
the final concentration of DMSO was 0.1% or less. Calcium channel currents were not affected
by 0.1% DMSO.
Both ProTx I and ProTx II were purchased from Alomone Labs (Jerusalem, Israel) and were
dissolved in external recording solution at the stock concentration of 1 mM. All subsequent
dilutions were also made in external recording solution.
2.5.2 Synthesised compounds:
2.5.2.1 Synthesis of dihydropyridine derivatives:
All synthesis and chemistry used to develop novel DHP-based compounds were performed by
Dr. Miyase Gözde Gündüz and the Department of Pharmaceutical Chemistry, Faculty of
Pharmacy, Hacettepe University, Ankara, Turkey.
All chemicals used in this study were purchased from Aldrich and Fluka (Steinheim, Germany).
Some reactions were carried out using a Discover Microwave Apparatus (CEM). Thin layer
chromatography (TLC) was run on Merck aluminium sheets, Silica gel 60 F254 (Darmstadt,
Germany), mobile phase ethyl acetate-hexane: (1:1) and ultraviolet (UV) absorbing spots were
detected by short-wavelength (254 nm) UV light (Camag UV Cabinet, Wiesloch, Germany).
Melting points were determined on a Thomas Hoover Capillary Melting Point Apparatus
(Philadelphia, PA, USA) and were uncorrected. 1H-NMR spectra were obtained in dimethyl
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sulfoxide (DMSO) solutions on a Varian Mercury 400, 400 MHz High Performance Digital FTNMR Spectrometer (Palo Alto, CA, USA). Chemical shifts are reported in parts per million
(ppm) relative to tetramethylsilane. Mass spectra were obtained on an Agilent 5973 Network
Mass Selective Detector by electron ionization (Philadelphia, PA, USA). Elemental analyses
were performed on a Leco CHNS-932 Elemental Analyzer (Philadelphia, PA, USA).
Synthesis of M-series compounds: DHP-based compounds were synthesized using a
microwave-assisted one-pot method for M-series compounds 1-5. These compounds were
achieved by the reaction of 4,4-dimethyl-1,3-cyclohexanedione, 5-nitrosalicylaldehyde, alkyl
acetoacetate and ammonium acetate in methanol, according to a modified Hantzsch reaction. The
benzoyl moiety was introduced in the 4-phenyl ring of these DHPs by refluxing with benzoyl
chloride in acetone in the presence of anhydrous potassium carbonate (Compound 6-10)(112).
Synthesis of compounds 11 and 12 has been described previously(227) but briefly: 0.001 mol
appropriate 1,3-cyclohexanedione (1,3-cyclohexanedione, 4,4-dimethyl-1,3-cyclohexanedione),
2,3-disubstituted benzaldehyde (0,001 mol), 3-pyridylmethyl 3-oxobutanoate (0,001 mol) and
ammonium acetate (0,005 mol) were refluxed for 8 h. in 15 mL methanol. The precipitates,
which were obtained after cooling the reaction mixture, were filtered to achieve the target
compounds.
The general procedure for the preparation of alkyl 4-(2-hydroxy-5-nitrophenyl)-2,6,6-trimethyl5-oxo-1,4,5,6,7,8-hexahydroquinoline-3-carboxylates (Compound 1-5) was as follows: One-pot
four component mixture: 2 mM 4,4-dimethyl-1,3-cyclohexanedione, 2 mM 5nitrosalicylaldehyde, 2 mM appropriate alkyl acetoacetate and 10 mM ammonium acetate were
placed into 35 mL-microwave pressure vial and heated under microwave irradiation (power 50
W, maximum temperature 120 oC) for 10 min in 5 mL methanol. After the reaction was
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completed, monitored by TLC, the reaction mixture was poured into ice-water, the obtained
precipitate was filtered and crystallized from methanol-water.
The general procedure for the preparation of alkyl 4-(2-(benzoyloxy)-5-nitrophenyl)-2,6,6trimethyl-5-oxo-1,4,5,6,7,8-hexahydroquinoline-3-carboxylates (Compound 6-10) was as
follows: 1mM synthesized 1,4-dihydropyridine derivative (Compound 1-5), 1.5mM benzoyl
chloride and 2 g anhydrous potassium carbonate were refluxed in 15 mL acetone for 4 h. The
resulting slurry was filtered out and the solvent was removed using a rotary evaporator. The
obtained sticky residue was crystallized from ethanol-water to achieve the target compound.
The structures of all compounds were elucidated by spectral methods and confirmed by
elemental analysis. The synthetic route for the preparation of all the compounds 1-12 have been
outlined in Figure 2.1.1(112).
Synthesis of N-series compounds:
Compounds N1-N12 were synthesized as described previously(95, 227). The synthetic route for
the preparation of these compounds has been outlined in Figure 2.1.2.(95). The structures of all
compounds were elucidated by spectral methods and confirmed by elemental analysis.
DHP-based compounds were dissolved in DMSO at the stock concentrations of 1,10 or 30 mM.
Final dilutions were made in external recording solutions so that the final concentration of
DMSO was 0.1% or less.
2.5.2.2 Synthesis of carbazole derivatives:
All synthesis and chemistry used to develop novel carbazole derivatives were performed by Dr.
Philippe Diaz and the Core Laboratory for Neuromolecular Production, The University of
Montana, Missoula, MT, USA.
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All moisture sensitive reactions were performed in an inert, dry atmosphere of argon in flame
dried glassware. Air sensitive liquids were transferred via syringe or cannula through rubber
septa. Reagent grade solvents were used for extraction and flash chromatography. THF was
distilled from Na/benzophenone under argon; dichloromethane (CH2Cl2) and chloroform
(CHCl3) were distilled from CaH2 under argon. All other reagents and solvents which were
purchased from commercial sources were used directly without further purification. The progress
of reactions was checked by analytical thin-layer chromatography (Sorbent Technologies, Silica
G TLC plates w/UV 254). The plates were visualized first with UV illumination followed by
charring with ninhydrin (0.3% ninhydrin (w/v), 97:3 EtOH-AcOH). Flash column
chromatography was performed using prepacked Biotage SNAP cartridges on a Biotage Isolera
One instrument. The solvent compositions reported for all chromatographic separations are on a
volume/volume (v/v) basis. 1HNMR spectra were recorded at 400 or 500 MHz and are reported
in parts per million (ppm) on the δ scale relative to tetramethylsilane as an internal standard.
13CNMR spectra were recorded at 100 or 125 MHz and are reported in ppm on the δ scale
relative to CDCl3 (δ 77.00). Melting points were determined on a Stuart melting point apparatus
from Bibby Scientific Limited and are uncorrected. High Resolution mass spectrometry (HRMS)
was performed on a Waters/Micromass LCT-TOF instrument. All compounds were more than
95% pure.
The synthesis of the carbazoles derivatives is outline in Figure 2.2 Amidation under standard
peptide coupling conditions of previously described N-alkylated carbazole-3-carboxylic
derivatives 2 with Boc-protected amines afforded the desired amide derivatives 3 and 6. The
resulting coupling products were then de-protected using TFA in dichloromethane to afford
compounds 4 and 8 that were then alkylated with N-tert-butyl-2-chloroacetamide to attain the
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desired compounds (9, 10, 13, 16, and 19). Compound 20 was prepared by reductive amination
of compound 4 using 3,3-dimethylbutyraldehyde.In vitro receptor radioligand CB1 and CB2
binding studies: CB1 and CB2 radioligand binding data were obtained using National Institute of
Mental Health (NIMH) Psychoactive Drug Screening Program (PDSP) resources as described
earlier(130, 228, 229).
Carbazole- based compounds were dissolved in DMSO at the stock concentrations of 10 mM or
30 mM. Final dilutions were made in external recording solutions so that the final concentration
of DMSO was 0.1% or less. Calcium channel currents were not affected by 0.1% DMSO.
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Figure 2.5.1 The synthetic route for the preparation of the compounds M1-10(112).
General procedure for the preparation of alkyl 4-(2-hydroxy-5-nitrophenyl)-2,6,6-trimethyl-5oxo-1,4,5,6,7,8-hexahydroquinoline-3-carboxylates (Compound 1-5): One-pot four component
mixture of 0.002 mol 4,4-dimethyl-1,3-cyclohexanedione, 0.002 mol 5-nitrosalicylaldehyde,
0.002 mol appropriate alkyl acetoacetate and 0.01 mol ammonium acetate was filled into 35 mLmicrowave pressure vial and heated under microwave irradiation (power 50 W, maximum
temperature 120 oC) for 10 min in 5 mL methanol. After the reaction was completed, monitored
by TLC, the reaction mixture was poured into ice-water, the obtained precipitate was filtered and
crystallized from methanol-water. General procedure for the preparation of alkyl 4-(2(benzoyloxy)-5-nitrophenyl)-2,6,6-trimethyl-5-oxo-1,4,5,6,7,8-hexahydroquinoline-3carboxylates (Compound 6-10):0.001 mol synthesized 1,4-dihydropyridine derivative
(Compound 1-5), 0.0015 mol benzoyl chloride and 2 g anhydrous potassium carbonate were
refluxed in 15 mL acetone for 4 h. The resulting slurry was filtered out and the solvent was
removed using a rotary evaporator. The obtained sticky residue was crystallized from ethanolwater to achieve the target compound.
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Figure 2.5.2 The synthetic route for the preparation of the compounds N1-12, M12.(95, 227).
1 mmol tetrahydrothiophene-3-one-1,1-dioxide (N1-N3) or appropriate cyclic diketone (1,3cyclohexanedione / 4,4-dimethyl-1,3-cyclohexanedione / 5,5-dimethyl-1,3-cyclohexanedione), 1
mmol 2,3-disubstituted benzaldehyde, 1 mmol 3-pyridylmethyl 3-oxobutanoate and 5 mmol
ammonium acetate were refluxed for 8 h. in 15 mL methanol. The precipitates, which were
obtained after cooling the reaction mixture, were filtered and crystallized from appropriate
solvents to achieve the target compounds.
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Figure 2.5.3 The synthetic route for the preparation of the carbazole-based compounds.
Reagents and conditions: (a) corresponding amine, EDAC, HOBt, DMAP, DIPEA, DCM, 0°C
to rt.; (b) TFA, CH2Cl2; (c) N-tert-butyl-2-chloroacetamide, K2CO3, KI, n-butanol, reflux 3 h.
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CHAPTER THREE: COMMON MECHANISMS OF DRUG INTERACTIONS WITH
SODIUM AND T-TYPE CALCIUM CHANNELS
3.1 Background:
Voltage-gated sodium (Nav) and calcium channels (Cav) play critical roles in physiological
processes, including neuronal and cardiac pacemaker activity, vascular smooth muscle
contraction and nociception. They are thought to share a common ancestry and in particular, Ttype Cav channels share many structural similarities with Nav channels, both with regard to
membrane topology and with regard to gating kinetics, including rapid inactivation.
In the first part of this thesis, using basic on-line sequence alignment tools, I identified several
highly conserved regions (~50% shared sequence) between T-type Cav and Nav channels that
corresponded to drug binding sites known to alter voltage-dependent gating kinetics. I thus
reasoned that certain drugs that act on Nav channels may also modulate the activities of T-type
Cav channels.
Nav channels mediate the induction and propagation of APs in most electrically excitable
cells(230). The mammalian genome encodes nine different types of Nav α subunits that are
functionally classified as either tetrodotoxin-sensitive (TTX-S) or tetrodotoxin-resistant (TTXR), with the latter exhibiting slower inactivation kinetics than other sodium channel subtypes(231,
232)

. The various sodium channel α subunits share a common transmembrane topology of four

homologous domains that each contain six membrane spanning helices plus a p-loop. While the
α subunits define the sodium channel isoform and contain all of the machinery to form a sodium
selective voltage activated channel, their functional properties are modulated by association with
ancillary β1 and β2 subunits(233). Mutations in various sodium channel subunits have been linked
to disorders such as paramyotonia congenita, cardiac arrhythmias, epilepsy, and both
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hypersensitivity and insensitivity to pain, thus underscoring their importance for nerve, muscle
and heart function(143, 198).
Similarly, LVA (i.e., T-type) calcium channels trigger low-threshold depolarizations that in turn
lead to the initiation of APs(6, 206). These channels can be activated by small membrane
depolarizations and display a small single channel conductance, and compared to other calcium
channel subtypes they display rapid activation and inactivation(74).
T-type calcium channels are encoded by one of three different types of Cav3 α1 subunits
(Cav3.1, Cav3.2 and Cav3.3) whose membrane topology is similar to those of sodium
channels(1). Moreover, like sodium channels, mutations in T-type channels have been linked to
epilepsy(54, 91), upregulation of Cav3.2 T-type channel activity in primary afferent fibers has been
linked to the development of chronic pain(94, 96, 160, 171, 174, 175) and T-type channel dysfunction
contributes to cardiac hypertrophy(234).
Altogether, sodium and T-type calcium channels both contribute to neuronal excitability and
contribute to similar disorders such as epilepsy and pain. Indeed, knockout of Nav1.8 and Cav3.2
both result in hyposensitivity to pain(235, 236).
Recently, a new inhibitor of Nav1.8 channels, A803467, had been shown to be efficacious in
animal pain models(237). The interaction site of A803467 on the sodium channel complex has not
been fully determined, but reports have shown that it overlaps and corresponds to the well
characterized local anesthetic binding site in sodium channels(238, 239) and its mode of action
appears to be preferential binding to the slow inactivated state of this channel(240).
In this chapter, we show that A803467 also inhibits T-type channels in the low micromolar range
and mediates a hyperpolarizing shift in the voltage-dependence of activation and inactivation. In
addition, the compound promotes a slow inactivation-like phenotype. Furthermore, sequence
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alignment between T-type and Nav channels and their local anesthetic interaction site, identified
key residues involved in the blocking action of this compound on T-type calcium channels.
Together, these common binding sites and ion channel regulation open up the possibility that
these sites may be exploited for the design of mixed T-type and Nav channel blockers that could
potentially act synergistically to normalize aberrant neuronal activity(127).
3.2 Results and discussion
3.3 A803467 blocks T-type calcium channels:
A recent study identified a novel compound (A803467) as a specific and potent blocker of TTXR hNav1.8 channels(240). Given that T-type calcium channels share structural similarities with
Nav channels, we examined whether this compound may affect T-type calcium channels at both
therapeutic plasma and brain tissue concentrations (10 to 17 µM and 3 to 5 µM,
respectively)(127). Figures 3.3.1 A and B illustrate the effect of 5 µM A803467 on human Cav3.2
channels expressed transiently in tsA-201 cells at a holding potential of -110 mV. As evident
from the figure, this compound mediated robust peak current inhibition that could be partially
reversed upon washout. The concentration dependence of this type of tonic (i.e., resting state)
block could be well described by a Hill coefficient close to 1 (Figure 3.3.1C). We then examined
the calcium channel subtype selectivity of A803467 (Figure 3.3.1D) and found that all LVA subtypes were blocked with IC50s in the low micromolar range, whereas two representative
members of the HVA channel family (i.e., L- and P/Q type calcium channels) exhibited lower
affinities (i.e., higher IC50 values).
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Figure 3.3.1 Tonic block of voltage-gated calcium channels by A803467(221).
A. Representative current trace recorded from Cav3.2 channels transiently expressed in tsA-201
cells before and after application of 5 µM A803467. Currents were elicited by stepping from a
holding potential of -110 mV to a test potential of -30 mV. B. Representative time course of
development of and recovery from A803467 block. C. Ensemble dose response curve for tonic
Cav3.2 channel inhibition by A803467. The solid line is a fit via the Hill equation. D. IC50s for
tonic A803467 block of rat HVA and human LVA calcium channels. Data were obtained by
fitting dose-response curves for each channel subtype (n=6 per channel). Error bars reflect
standard errors.
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A study by Jarvis et al., had also shown that this drug did not show significant block of N-type
calcium channels, TRPV1, KCNQ2/3 potassium channels and other channels or receptors found
in peripheral sensory neurons(240).
Unlike what had been reported for hNav1.8 channels(240), we observed a significant
hyperpolarizing shift in the half-activation voltages of both Cav3.1 and Cav3.2 channels (Figure
3.3.2 A,B). There was also a trend towards more hyperpolarized voltages for hCav3.3, however,
these did not reach statistical significance (Table 3.1). Application of A803467 to T-type
calcium channels also resulted in a significant (~10mV) hyperpolarizing shift in the halfinactivation potentials of hCav3.1 and hCav3.2 (see Figure 3.3.2 C, D) similar to that described
previously for hNav1.8 channels(240). The leftward shift in the steady state inactivation curve is
consistent with inactivated channel block(183). Altogether, these data indicate that A803467
mediates both resting channel inhibition and inactivated channel block of T-type calcium
channels.
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Calcium
Channel

V0.5act (mV)
Con

V0.5act (mV)
Drug

Vh (mV)
Con

Vh (mV)
Drug

IC50 Tonic
(µM)

hCav3.1

-50.3 ±1.6
N=5

-60.0 ±1.6*
N=5

-74 ±0.9
N=5

-84 ±1.8*
N=5

4.8
N=6

hCav3.2

-44.3 ±1.4
N=7

-52.1 ±1.2*
N=7

-64.2 ±0.93
N=5

-71 ±0.45**
N=5

7.0 ±0.51
N=6

hCav3.3

-47.8 ±1.6
N=6
-15.8 ±1.3
N=5

-50.0 ±2.7
N.S. N=6
-25 ±1.4
N=5

-79 ±1.7
N=9
N.A.

-83 ±1.6
N.S. N=9
N.A.

5.6
N=6
15.0
N=6

rCav2.1
rCav1.2

50.0
N=6

Table 3.1. Biophysical parameters of HVA and LVA calcium channels with or without
drug [A803467] (221).
Asterisks denote statistical significance relative to control (*p<0.05, **p<0.01, N.S. – not
significant).
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Figure 3.3.2 Effect of A803467 on activation and inactivation of T-type calcium
channels(221).
A,B, Current voltage relations recorded prior and after application of 5 µM A803467 to hCav3.1
(A) or hCav3.2 (B) channels. Data from multiple paired experiments are included in each figure.
C,D, Steady State inactivation curves for hCav3.1 (C) and hCav3.2 (D) channels in the absence
(Control) and presence of 5µM A803467. Note the negative shift in half inactivation potential in
the presence of A803467. The data were fitted with the Boltzmann equation, half inactivation
potentials obtained from the fits were as follows: hCav3.1: control -74 mV, drug -84 mV;
hCav3.2: control -64 mV, drug -71 mV.
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3.4 A803467 block promotes a slow inactivation-like state of hCav3.2
Previous studies have identified slow inactivation channel blockers of Navs(241), as well as mixed
sodium/T-type channel blockers which stabilize the slow inactivated conformation of these
channels(127). To determine whether A803467 may mediate a similar action on T-type calcium
channels, we used a slow inactivation protocol to induce a partial slow inactivated-like state of
the channel. Specifically, we applied a brief test depolarization (P1) prior to a 10 s conditioning
pulse to -70 mV which is expected to induce both fast and slow inactivation (Figure 3.4.1 inset).
This was followed by a brief hyperpolarizing step to induce recovery from fast inactivation of
non drug-bound channels. A second depolarizing test pulse (P2) (under our experimental
conditions, this amounted to about 30% slow inactivation in the absence of the drug) allowed us
to determine the fraction of channels in the slow inactivated-like state. The dose-dependent
effects of A803467 on the currents elicited by P1 and P2 were then compared to ascertain the
amount of resting vs. slow inactivated channel block. As shown in Figure 3.4.1, hCav3.2
channels A803467-induced channel inhibition that resembled features of enhanced slow
inactivation, as evident from a reduction in the IC50 of P2 current inhibition. In contrast, the
hCav3.1 and hCav3.3 channels did not show stabilization of the slow inactivated-like channel
conformation. The combined effects of A8023467 on different kinetic states of hCav3.2 channels
predicts substantial total/combined inhibition of Cav3.2 currents in the high nanomolar to the
low micromolar range which is well within the therapeutic range of A803467.
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Figure 3.4.1 A803467 block of Cav3 channel subtypes in a partial slow inactivated state.(221)
Summary of IC50s for A803467 block of Cav3 channel subtypes in a partial slow inactivated
state. The inset shows the whole cell voltage command protocol used to induce slow inactivation
(i.e., a test pulse P1, followed by a 10 s conditioning pulse to -70 mV, a brief hyperpolarization
to remove fast inactivation, and a second test pulse P2 to determine the fraction of slow
inactivated channels). Note that only Cav3.2 channels display a decrease in IC50 for A803467
inhibition during P2, indicating a selective increase of A803467 affinity for slow inactivated
Cav.3.2 channels (*p < 0.05, Student’s T-test).
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3.5 A locus analogous to the Nav local anesthetic binding site controls A803467 block of
Cav3.2.
Given the structural similarity between T-type and Nav channels, we hypothesized that the drug
binding site on these two types of channels may be conserved. Sodium channels possess multiple
drug interaction sites, including a receptor site for binding of local anesthetics and anticonvulsive
drugs(242). A key locus for local anesthetic block of Nav channels was first identified by
Ragsdale and colleagues(243). The authors revealed that tyrosine (Tyr) 1771 and phenylalanine
(Phe) 1764 in Nav1.2 were important determinants of local anesthetic block of Nav1.2 channels,
and that mutagenesis of these two residues (especially reside 1764) resulted in a reduction in
etidocaine blocking affinity for the channel. In hCav3.2 channels, the residue equivalent to these
two residues are valine and glutamine (Figure 3.5.1) indicating that one key component of the
local anesthetic binding site is absent in T-type calcium channels. However, Yarov-Yarovoy and
colleagues(244, 245) identified several other amino acid residues in the IS6 and III S6 segments of
the Nav1.2  subunit that also affected drug interactions. These authors showed that in addition
to residue Tyr 1771 and Phe 1764, mutagenesis of isoleucines (Ile) 409 and 1469 reduced local
anesthetic interactions. ClustalW2 multiple sequence alignment of hNav1.8 vs hNav1.2 and
hCav3.2 revealed that these regions were highly conserved in these channels (Figure 3.5.1). The
corresponding loci of these residues in Cav3.2 are Ile 403 and Val 1551, indicating that Cav3.2
channels may possess some of the structures needed for local anesthetic interactions.
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Figure 3.5.1 Sequence alignment of the local anesthetic binding regions in Nav channels
with the analogous regions in hCav3.2.(221)
Residues involved in local anesthetic binding to Nav channels are indicated in bold. Note the
overall degree of sequence similarity between T-type channels, sodium channels and the NavAb
bacterial sodium channel whose crystal structure has recently been resolved.

56

To determine whether these residues may be involved in A803467 interactions with hCav3.2, we
replaced Ile 403 and Val 1551 with alanines and then assessed A803467 block of these mutant
channels. As shown in Figure 3.5.2, these amino acid substitutions resulted in a significant
decrease in A803467 blocking affinity for hCav3.2 (by over one order of magnitude for the
V1551A, IIIS6 substitution). This effect was not secondarily due to reduced slow inactivation, as
the only gating parameter that was significantly altered was a shift in half-activation voltage of
the I403A mutant (Table 3.2).
Next, we tested whether these mutations affected the ability of A803467 to enhance slow
inactivation of hCav3.2. As shown in Figure 3.5.3, the A803467-induced stabilization of a slow
inactivated like state of the wild-type channel was abolished in the two mutant channels.
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Calcium

V0.5act

Erev

Gmax

Vh

IC50 Tonic

Channel

(mV)

(mV)

(μS)

(mV)

(µM)

hCav3.2

-44.3 ± 1.4

27.3 ± 0.7

-1.9 ± 0.08

-64.2 ± 0.93

7.0 ± 0.51

N=7

N=7

N.S N=7

N.S. N=5

N=6

hCav3.2

-54.0 ± 1.8*

20.3 ± 1.8*

-1.7 ± 0.09

-63.8 ± 0.87

20.0 ± 1.5 **

I403A

N=11

N=11

N.S N=11

N.S. N=6

N=6

hCav3.2

-47.0 ± 1.1

23.8 ± 1.5

-1.9 ± 0.06

-67.0 ± 0.98

40.0 ± 3.1**

V1551A

N.S. N=13

N.S. N=13

N.S N=13

N.S. N=6

N=6

hCav3.2

-29.64 ± 2.1*

14.64 ± 2.1*

-3.9 ± 0.14*

-58.4 ± 0.56*

1.8 ± 0.41*

V1855Y

N=14

N=14

N=14

N=6

N=6

Table 3.2. Biophysical parameters of wild-type and mutant hCav3.2 calcium channels(221).
Asterisks denote statistical significance relative to control (*p<0.05, **p<0.01, N.S. – not
significant).
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IC50 A803467 (µM)

50

N=6

40

**

30

N=6

**

20

N=6
10

0
hCav3.2 wt

hCav3.2 I403A hCav3.2 V1551A

Figure 3.5.2 Summary of IC50s for tonic A803467 block of wild-type (Wt) and mutant
Cav3.2 channels(221).
Currents were elicited by stepping to a test potential of -30 mV from a holding potential of 110 mV. Significance was assessed using ANOVA (**p < 0.01).
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Figure 3.5.3. IC50 values for A803467 block of slow inactivated Cav3.2 channels(221).
The slow inactivation protocol was the same protocol as that described in Figure 3.4.1 except
holding potential was stepped to -80 mV. Note that the mutant channels do not show an increase
in blocking affinity for the slow inactivated state (*p < 0.05, t-test).
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To further support the hypothesis that a locus analogous to the sodium local anesthetic binding
site controls A803467 block of Cav3.2, we introduced a tyrosine residue in position V1855 of
Cav3.2 (corresponding to Tyr 1771 in hNav1.2) and determined the consequences on A803467
block of hCav3.2 (Figure 3.5.4). The introduction of Tyr 1855 significantly increased A803467
resting state blocking affinity by approximately four-fold (Figure 3.5.4A) and preserved the
ability of the compound to stabilize the fast inactivated state (Figure 3.5.4B). Furthermore, we
observed a significant increase in blocking activity in response to the slow inactivation pulse
paradigm, as evident from a reduction in the IC50 during P2 (Figure 3.5.4C). Unlike
substitutions in positions 403 and 1551, tyrosine substitution of residue 1855 induced a ~10 mV
depolarizing shift in the voltage dependences of activation (not shown) and inactivation (Figure
3.5.4B), indicating that this locus is important for channel gating.
Finally, we mutated the glutamine residue in position 1848 of hCav3.2 to the phenylalanine
found in the corresponding position in Nav1.2 channels (see Figure 3.5.1)(243). In addition we
also substituted this residue with another hydrophobic residue leucine. When expressed in tsA201 cells, both mutants yielded T-type currents, albeit with much reduced whole cell current
amplitudes compared to those seen with wild-type channels, without any effects on halfactivation potential (not shown). In fact, reliable current recordings required us to increase the
ionic strength of the extracellular recording solution to 20 mM barium. Under these conditions,
we were at least able to test the ability of A803467 to mediate tonic (resting) blocking affinity.
As shown in Figure 3.5.5, the compound exhibited a twenty-fold increase in affinity for the
phenylalanine mutant, and a ten-fold increase for the leucine mutant compared with wild-type
channels bathed in the same barium solution. In both mutants, block was completely reversible
upon washout (not shown).
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Figure 3.5.4. Effect of a tyrosine substitution in position 1855 of hCav3.2(221).
A. IC50 for tonic A803467 of Wt and mutant V1855Y (*p < 0.05, t-test). B. Steady state
inactivation curves recorded in the presence and the absence of 5 µM A803467. Note the
hyperpolarizing shift from -58 mV to -64 mV. For comparison, the inactivation curve of the Wt
(Control) channel is included. C. Dose dependence of slow inactivated channel block of mutant
hCav3.2 V1855Y expressed as the fractional current at various drug concentrations.
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IC50 A803467 (µM)

10
8
6

N=6

4
2

N=4

N=4

0

**

**

Q1848L

Q1848F

hCav3.2 wt

Figure 3.5.5. Summary of IC50s for tonic A803467 block of wild-type (Wt) and mutant
Q1848L and Q1848F hCav3.2 channels.
Currents were elicited by stepping to a test potential of -20 mV from a holding potential of -110
mV. Asterisks denote statistical significance relative to control (**p<0.01). All recordings in this
figure were performed in 20 mM barium due to the small current amplitudes of the mutants.
IC50 values were obtained by fitting dose response curves with the Hill equation as described in
Figure 1. Both substitutions in position 1848 produced submicromolar block by this compound.
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Altogether, these data indicate that both tonic and slow inactivated-like channel block of Cav3.2
channels by A803467 is mediated by interactions of this compound with residues that are
analogous to those comprising the local anesthetic receptor site in sodium channels.
3.6 Mixed Nav1.8/Cav3.2 inhibitors – a potential strategy to treat pain?
A803467 was originally identified as a potent inhibitor of hNav1.8 channels with a mode of
action that appears to involve at least in part a stabilization of the slow inactivated state(240).
Furthermore, this compound was shown to reduce neuropathic and inflammatory pain in animal
models(237). Here, we demonstrate that A803467 also blocks T-type channels with high affinity,
with IC50’s that fall into the range of therapeutic concentrations and that block of the Cav3.2
channel subtype appears to stabilize slow inactivation. The similarities between Nav1.8 and
Cav3.2 channel inhibition by this compound are striking and underscored by the observation that
mutations in Cav3.2 in regions corresponding to the local anesthetic interaction site in sodium
channels antagonize A803467 action. Altogether, our findings suggest that evolutionarily
conserved regions between sodium and LVA calcium channels may give rise to similar drug
interactions or binding sites, such as the ones described in this report.
Both hNav1.8 and T-type Cav3.2 channels are functionally expressed in nociceptive DRG and
lamina I spinal cord neurons(127, 246) and are known to regulate their excitability. Increased
excitability of both channel subtypes has been linked to the development of hyperalgesia and
allodynia in various animal models of pain(122, 203, 246). Conversely, knockout or inhibition of Ttype or sodium channels mediates analgesia(94, 175).
Given the potent blocking effects of A803467 on Cav3.2 channels, it is possible that the
previously reported effects of this compound on AP firing in DRG neurons and the associated
analgesia may be at least in part mediated by T-type channel inhibition. Given that Nav and Cav
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channels work together to prolong subthreshold depolarizations within lamina I neurons(127, 246,
247)

, a dual action of A803467 may promote a synergistic inhibition of pain signaling. Slow

inactivation is significantly enhanced during prolonged depolarizations or during neuronal burst
firing. Promotion of a slow inactivated like state of both channel subtypes may thus mediate
frequency dependent inhibition of channel activity and therefore reducing overall neuronal
excitability. Reduction in neuronal excitability may make compounds such as A803467 ideally
suited towards treatment of neuronal hyperexcitability disorders including pain and may perhaps
be extended to conditions such as epilepsy. The apparent conservation in the drug receptor site
between Nav and Cav3.2 channels may provide an opportunity for the synthesis of more potent
antagonists acting on both of these channel subtypes.
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CHAPTER FOUR: T-TYPE CALCIUM CHANNEL BLOCK BY PROTOXINS I AND II
4.1 Background:
One of the central themes to this thesis is that T-type calcium channels share many structural
similarities with VGSCs. In the previous chapter, I determined that a compound (A803467) that
mediated high affinity block of hNav1.8, also blocked T-type calcium channels with high
affinity. I also determined that this compound functionally interacted with a region identified in
VGSCs as the local anesthetic binding site and that a structurally similar site can be found in all
T-type calcium channels.
Another class of molecules known to be effective blockers of voltage gated ion channels are
polypeptide toxins. The effects of toxins on ion channels have been extensively documented(44,
120, 248-256)

(for review see Catterall et al.,)(121) and one toxin isolated from scorpion venom

(kurtoxin) is already known to be a potent blocker of T-type calcium channels(257). However, this
toxin has also been shown to block high-voltage activated calcium channels(258).
Ion channel toxins can be loosely classified based on the mechanism by which they modulate
channel activity. For instance in VGSCs, pore blockers occlude the conduction pathway (e.g.
tetrodotoxin, saxitoxin, µconotoxin) and gating modifiers shift the voltage dependence of
activation and inactivation (e.g. β-scorpion toxins enhance activation and α-scorpion toxins slow
inactivation)(121).
Similarly, in VGCCs the smaller marine snail toxins (conotoxins) tend to block the pore of
calcium channels, while the larger spider toxins often affect channel gating(44, 120, 121, 257, 259-261).
More recently, two peptide toxins (ProTx I and ProTx II), isolated from Peruvian Green Velvet
Tarantula (Thrixopelma pruriens) venom, have been shown to be potent blockers and gating
modifiers of both sodium and calcium channels(254, 262, 263). Given the structural similarities
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between these two classes of ion channels and the common mechanisms of toxin block, I
hypothesized that sodium and T-type calcium channels may share similar structural determinants
for toxin block.
ProTx I and II belong to the inhibitory cysteine knot (ICK) family of peptide toxins that are
known to interact with voltage-gated ion channels(261, 263) and to be potent inhibitors of voltagegated sodium channels(248, 254, 262, 263). More recently, several studies demonstrated that ProTx I
could also potently block the human Cav3.1 calcium channel(263, 264). One of these studies
showed that ProTx I was selective for hCav3.1 over hCav3.2 and that this selectivity may be in
part attributed to the S3-S4 linker in domain IV of hCav3.1(264)
In this chapter, I tested to what extent these two protoxins inhibited T-type calcium channels and
attempted to identify the structural determinants of ProTx I block. It is important to note that
although both protoxins come from the same tarantula species and are both thought to be ICK
peptide toxins, their overall sequence identity is less than 30% and their structures are quite
different(261). Indeed results presented in this chapter and from a recently published paper(261)
suggest that these two peptide toxins bind to different areas of voltage-gated ion channels and
that ProtX I may block in a region analogous to the site for - Scorpion Toxins and ProTX II
blocks in a region that more closely resembling that of  Scorpion Toxins (see figure 4.1.1).
The results presented here further support the notion of different blocking sites in that ProTx II
showed selective block of human Cav3.2 (hCav3.2), albeit with far less efficacy than previous
reports suggested(263), while ProTx I potently and preferentially blocked native and transiently
expressed T-type channels in the sub- to low micromolar range. Given this potency and
selectivity, I therefore focused on elucidating the key determinants of ProTx I binding affinity to
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hCav3.1 by using hCav3.1-hCav3.3 chimeras, as well as sequence alignment between T-type and
Nav channels and toxin interaction sites.

Figure 4.1.1 Schematic showing various types of toxins and their sites of ion channel
interaction (modified from Catterall et al., 2006)(121).
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4.2 Results
4.3 ProTx II is a preferential blocker of hCav3.2
ProTx II was originally identified as a potent inhibitor of sodium channels with fifteen to
hundred- fold selectivity for hNav1.7 versus other sodium channels(254, 263). It was also reported
to be a potent inhibitor of L-type calcium channels and to mediate a greater degree of inhibition
of rCav3.1 versus rCav3.2(263). Our observations indicate that ProTx II in fact blocks hCav3.2
more potently than the other T-type calcium channels and when applied to endogenous Cav3.2
that are found in acutely isolated mouse DRG neurons(127), a similar result was observed with a
slightly higher degree of block (Figure 4.3.1). ProTx II also dramatically shifts the steady state
inactivation curve of hCav3.2 towards more hyperpolarized potentials (Table 4.1) which
produces additional inhibition at typical neuronal resting membrane potentials. Interestingly,
although ProTx II only weakly blocked hCav3.1 and hCav3.3, there were significant negative
shifts in the half activation potentials of these channels in the presence of 1µM of the toxin
(Table 4.1). Together, these data indicate that ProTx II interacts with hCav3.2 channels in a way
similar to β-scorpion toxin interactions with sodium channels(121), and that it also modulates the
gating behavior of hCav3.1 and hCav3.3 channels.
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Table 4.1 Summary of biophysical parameters of various T-type calcium channels in the
absence or presence of 1 µM ProTx II.
Asterisks denote statistical significance relative to hCav3.2 for current block, or relative to
control for all other parameters (*p<0.05, **p<0.01).
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Figure 4.3.1 Tonic block of mouse neuronal or recombinant human Cav3.X (T-type)
calcium channels.
Tonic block of T-type calcium channels was induced by either 1 μM application of ProTx I or 1
μM application of ProTx II. For recordings from native channels, ProTx I was tested on mouse
thalamic neurons, ProTx II was tested on mouse DRG neurons, which respectively, expressed
Cav3.1 and Cav3.2 channels. Shown are representative current traces from these experiments
showing similar ProTx I block of native thalamic mouse T-type currents (first trace) and
recombinant human Cav3.1 (second trace), and similar ProTx II block of mouse DRG T-type
current (third trace) and recombinant human Cav3.2 (fourth trace) (control traces are depicted in
black). Error bars reflect standard errors, asterisks denote statistical significance relative to either
hCav3.1 (ProTx I) or hCav3.2 (ProTx II) (*p < 0.05, **p < 0.01). Currents were elicited by
stepping from a holding potential of −110 mV to a test potential of −20 mV.
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4.4 ProTx I is a potent and selective blocker of hCav3.1 versus other T-type channels.
In our hands when applied to transiently expressed human T-type calcium channels, ProTx I
preferentially inhibited hCav3.1, with less block of hCav3.3 and only very little inhibitory effect
on hCav3.2. We tested 1 µM ProTx I on endogenous Cav3.1 that are found in acutely isolated
mouse thalamic neurons(265) and saw almost identical block to the transiently expressed hCav3.1
(Figure 4.4.1, Table 4.2). Contrary to previous findings, we did not observe any significant
positive shifts in the half activation potential of hCav3.1 in the presence of 1 µM ProTx I, in
spite of its potent inhibitory effects, nor was the gating of hCav3.3 channels affected (Figure
4.4.1 A,C and Table 4.2). In contrast, hCav3.2 channels underwent shifts in both the halfactivation and inactivation potentials in the presence of the toxin (Figure 4.4.1 B, Table 4.2).

72

Table 4.2 Summary of biophysical parameters of various T-type calcium channels in the
absence or presence of 1 µM ProTx I.
Asterisks denote statistical significance relative to hCav3.1 for current block, or relative to
control for all other parameters (*p<0.05, **p<0.01).
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Figure 4.4.1 A,B,C, ProTx I Dose response (left), steady state inactivation (middle) and
current voltage relations (right) for hCav3.1, hCav3.2 and hCav3.3, respectively.
Steady state inactivation and current voltage relations were recorded prior to and after
application of 1 μM ProTx I. Ensemble dose response curves for tonic channel inhibition by
ProTx I were fitted via the Hill equation and IC50’s for hCav3.1, 3.2 and 3.3 were 0.64, 94.6 and
5.4 μM respectively. Insets are representative current traces of each calcium channel before and
after (red trace) application of 1 μM ProTx I (Note that the trace for hCav3.1 is the same as in
figure 1). All other data were fitted with the Boltzmann equation and are from multiple paired
experiments (n = 5-6 per channel). Note the negative shift in both the half activation and steady
state inactivation potential in the presence of 1 μM ProTx I for hCav3.2 despite this
concentration having minimal effect on tonic block.
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4.5 The domain IV region of hCav3.1 is important for ProTx I block and function of
hCav3.1
Our lab had previously constructed a series of chimeric channels in which we had swapped
various membrane domains between Cav3.1 and Cav3.3(193). We used a subset of these chimeras
to ascertain which of the membrane domains were responsible for the differences in ProTx I
blocking effects on these two channel subtypes. As shown in Figure 3, chimeras that contained
the domain IV region of hCav3.1 exhibited a degree of block that was similar in magnitude to
that of the wild-type channel, whereas constructs that contained Cav3.3 sequence in this domain
behaved like the wild-type Cav3.3 channels (Figure 4.5.1). These data indicate that domain IV is
a major determinant of ProTx I action on hCav3.1. In addition, replacing domain II in the
chimeras with corresponding Cav3.3 sequence (GIGI) further weakened the blocking effect,
while having only Cav3.1 domain II and domain IV (IGIG) produced block equivalent to wildtype. This suggests that domain II may also contribute to toxin action on hCav3.1. We also
examined the effect of the toxin on the gating behavior of these sets of chimeras. Most of the
chimeras did not undergo a toxin induced change in half-activation or inactivation potential as
expected from our observation with wild-type channels, although two constructs exhibited a
minor depolarizing shift in half activation potential when the toxin was applied (Table 4.3). We
note that a previous study in which ProTx I was shown to induce a dramatic shift in half
activation potential of Cav3.1 used a cDNA derived from rat(263). We therefore tested ProTx I on
rat Cav3.1 and although there was a slight positive shift in activation, it did not reach
significance. We did, however, observe a small but significant negative shift in the steady state
inactivation that was consistent with the previous findings(263) and which curiously contrasts with
our observation with human Cav3.1 where no significant shift was observed (Table 4.3).
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A more recent study also found that ProTx I impedes Nav1.2 and TRPA1 channel activation by
binding to and stabilizing the voltage sensor in its closed conformation(261). It remains to be seen
whether a similar interaction occurs with T-type calcium channels.
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Figure 4.5.1. Tonic block of hCav3.1-hCav3.3chimeras by 1 µM application of ProTx I.
Chimera nomenclature is as follows: hCav3.1 sequence in domains I-IV is denoted by “G”,
hCav3.3 sequence is denoted by “I”. Note that block of hCav3.1 and Chimeras that contain
domain IV of hCav3.1 are similar (see top dashed line). The bottom dashed line represents
percent tonic block of 1 µM ProTx I of wild-type hCav3.3. (n=5-6 per channel, at 1µM). Error
bars reflect standard errors, asterisks denote statistical significance relative to hCav3.1 (*p<0.05,
**p<0.01). Currents were elicited by stepping from a holding potential of -110 mV to a test
potential of -20 mV.
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Table 4.3 Summary of biophysical parameters of human Cav3.1, rat Cav3.1 and hCav3.1
hCav3.3 chimeras in the absence or presence of 1 µM ProTx I.
Asterisks denote statistical significance relative to hCav3.1 for current block. The hash tag
denotes significance relative to control (#, *p<0.05, **p<0.01).
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4.6 Substitution of individual amino acid residues in the putative toxin blocking sites does
not affect ProTx I block of hCav3.1
Given the high degree of conserved amino acid sequence between T-type calcium channels, we
used ClustalW2 multiple sequence alignment of both the domain II and domain IV regions of
these channels to determine if there were any sites that were unique to hCav3.1 that might be
involved in toxin block, taking into consideration the loci of amino acid residues that are known
to be involved in toxin block of voltage-gated sodium channels(249, 250, 253). Our alignment (Figure
4.6.1 A) yielded nine candidate residues; two in domain II of hCav3.1 and seven in domain IV.
To determine whether these residues may be involved in ProTx I block of hCav3.1, we replaced
all nine residues with corresponding residues in Cav3.3, and then assessed ProTx I block of these
mutant channels.
As shown in Figure 4.6.1B, three of the amino acid residues resulted in non-functional channels.
Surface biotinylation experiments revealed that these mutant channels trafficked appropriately to
the cell surface (data not shown), indicating that their inability to support whole cell currents was
not due to an absence of expression. Instead, since these substitutions are in the region thought to
be involved in voltage-dependent inactivation, it is possible that these substitutions disrupted this
mechanism enough to prevent current passing through the channel. Of the remaining mutations,
although none resulted in a significant decrease in ProTx I block, two of the mutations (V1618A
and Q1631K), displayed a significant negative shift in their half inactivation potential compared
to wild-type channels. In addition, the V1618A mutant also showed a significant positive shift in
half activation potential compared to wild-type (Table 4.5) thus indicating, that although these
individual amino acid residues could not account for the blocking effects of this toxin, they did
alter the gating behavior of the channel.
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Table 4.5 Summary of biophysical parameters of wildtype hCav3.1 and hCav3.1 domain IV
and domain II mutants in the absence or presence of 1 µM ProTx I.
Asterisks denote statistical significance relative to wild-type hCav3.1 (*p<0.05).

80

Figure 4.6.1 Sequence alignment and tonic block of human Cav3.1 and Cav3.1 mutants
induced by 1 µM application of ProTx I.
A. Sequence alignment of human sodium channel 1.7 (hNav1.7) versus the three T-type calcium
channels (Mutations highlighted in red) and B. Tonic block of human Cav3.1 and Cav3.1
mutants induced by 1 µM application of ProTx I. Domain II mutations are denoted in blue,
domain IV mutations are shown in red (n=5-6 per channel, at 1µM). Note that the last three
mutations in graph (all domain IV), produced a non-functional channel despite trafficking to the
membrane. Since this region has been shown to be involved in the inactivation gating of the
channel, it is possible that these mutations disrupted this mechanism enough to prevent current
passing through the channel. Error bars reflect standard errors. Currents were elicited by stepping
from a holding potential of -110 mV to a test potential of -20 mV.
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4.7 Discussion:
Previous studies have shown that the tarantula venom peptides ProTx I and ProTx II inhibit
voltage-gated sodium channels by shifting their voltage dependence of activation to more
positive potentials(262, 263). In our studies, we used these two toxins to try to inhibit low voltage
activated T-type calcium channels. Our results showed that ProTx I preferentially blocked
hCav3.1 at sub-micromolar concentrations, but we did not observe any shift in half activation
potential. Contrary to previous findings(263), ProTx II appeared to preferentially block hCav3.2.
This toxin caused a significant negative shift in half inactivation voltage of hCav3.2 but no
significant change in half activation potential. We failed to see significant block of hCav3.1 or
hCav3.3 in the presence of 1µM of the toxin, however we observed significant negative shifts in
the half activation potentials at these low concentrations.
The apparent differences between some of our results and those of previous studies may be in
part be due to the different expression systems, recording methods and clones used. In the
previous studies, HEK cells and Xenopus oocytes were used to express rat clones of the T-type
channels and toxin effect and channel kinetics were measured on tail currents as an indicator of
potency. We attempted to address this discrepancy by using ProTx I on a rat Cav3.1 clone
available to us and although our results showed a similar positive shift in activation (Table 4.3),
it did not reach significance. We did, however, observe the negative shift in the steady state
inactivation that was consistent with the previous finding (Table 4.3). As mentioned previously,
another study found that ProTx I impedes Nav1.2 and TRPA1 channel activation by binding to
and stabilizing the voltage sensor in its closed conformation and that ProTx I preferential binds
to the insect isoform of these channels(261). Unfortunately, this paper was published well after the
experiments in this chapter were conducted and therefore further experiments will need to be
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conducted to determine whether this is also the case with the human T-type calcium channels. It
would also be prudent to determine how toxin actions are affected by different experimental
conditions so that the precise biophysical interactions of these and other toxins with T-type
calcium channels can be determined.
Finally, my initial results show that ProTx II is selective for Cav3.2 vs the other T-types but
because of the lower affinity, I did not pursue this channel-toxin interaction further. However,
three dimensional modeling from Bill Catterall’s group describes how β-scorpion toxin might
bind to Nav1.2 and how two crucial glutamic acids may form a docking system for the toxin(121,
256)

. These two glutamic acids are not only conserved in T-types, but are also equi-distant (58

amino acids) apart, suggesting the overall structure of the binding site may again be similar.
Again, further investigation of the Domain 2 region of the T-types will need to be carried out to
see if this is indeed the case.
4.8 Conclusions:
We showed that ProTx I and ProTx II potently and preferentially block hCav3.1 and hCav3.2
respectively. These two toxins block and modify T-type calcium channels using mechanisms
similar to their interaction with sodium channels(262, 263). However, the shift in the voltage
dependence of inactivation to more negative potentials more closely resembles β-scorpion toxin
interactions with sodium channels(121). We failed to see a shift of voltage dependence of
activation to more positive potentials that were seen in previous studies(252, 263, 266), but this may
be due to different cDNA constructs that were used previously.
Several residues in a highly conserved region between T-type and sodium channels corresponded
to potential toxin binding sites. However, mutagenesis of several of these residues on an
individual basis did not alter the blocking effects of Protoxin I. Despite this result, the data in this
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chapter provides further insights into the structural similarities between sodium and T-type
calcium channels and the apparent conservation in toxin binding sites.
Overall, our data suggest that both ProTx I and ProTx II interact with Cav3.1 and Cav3.2
respectively, in a way that is similar to β-scorpion gating-modifier toxins interact with sodium
channels and therefore they may be useful towards exploring the gating mechanisms of T-type
calcium channels. Finally, the apparent similarities in the toxin binding sites between Nav and
Cav channels may provide insights into the development and synthesis of more potent and/or
selective antagonists that act on either or both of these channel subtypes.
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CHAPTER FIVE: SYNTHESIS AND EVALUATION OF 1,4-DIHYDROPYRIDINE
DERIVATIVES WITH T-TYPE CALCIUM CHANNEL BLOCKING ACTIVITY THAT
ATTENUATE INFLAMMATORY AND NEUROPATHIC PAIN
5.1 Background:
In the previous two chapters, I investigated the structural similarities between sodium and T-type
calcium channels to determine whether known drug and toxin binding sites in VGSCs were also
present in LVA calcium channels. I then examined whether compounds previously identified as
selective VGSC blockers could also block T-type calcium channels. The aim of this work was
primarily to find potent blockers of LVA channels and to try and better understand drug-LVA
calcium channel interactions.
For this chapter, I examined a class of drugs, 1,4-DHPs, that have also been extensively studied
and are best known for their potent block of HVA calcium channels, the close relative of LVA Ttype calcium channels. DHPs are an important class of calcium channel blockers that are used to
treat conditions such as hypertension and angina(38, 216, 267). Their primary target in the
cardiovascular system is the Cav1.2 L-type calcium channel isoform. However, some articles
suggest that DHPs used to treat these diseases, such as Isradipine and Benidipine, may also exert
their therapeutic effect via T-ype calcium channels(39, 268). They suggest that the mixed L/T-type
block of these drugs adds to their therapeutic efficacy, possibly via aldosterone secretion
lowering blood pressure (T-type calcium channels have previously been identified in regulating
aldosterone secretion)(39, 105, 269-271).
Therefore, using similar logic to that outlined in the previous chapters, I examined whether
DHPs could not only block HVA calcium channels as previously reported(11, 39, 214), but also
whether they could be modified to be more potent and selective for T-type calcium channels.
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The first indication that this may indeed be possible lies in the similarities in sequence of Cav1.2
and Cav3.2 in the region thought to be involved in DHP-binding. Previous studies using sitedirected mutagenesis and predictive modeling of channel structure show that the DHP binding
site in Cav1.2 may be at the interface of domains III and IV of the channel(40, 218, 272). Several
other reports predict up to nine, mostly hydrophobic amino acid residues, come together to form
a crevice that allows DHPs to dock and produce their inhibitory effect(40). Although this area is
relatively close to the pore of the channel, it is commonly thought that this effect of DHPs is via
modulation of the gating of the channel, rather than acting via pore block(40, 217, 272).
Furthermore, sequence alignment reveals that many of these hydrophobic residues involved in
DHP binding to Cav1.2 are conserved within the T-type channels, suggesting that there may be a
similar “crevice” within domains III and IV and that DHPs may also bind to this site in T-type
channels. Conversely, comprehensive mutagenesis studies by Peterson et al., (40, 217, 273) show that
substitution of the critical tyrosine 1152, to phenyalanine (Y1152F), produced a Kd value 12.4fold higher in Cav1.2. Interestingly, the corresponding amino acid in all T-types is also a
phenylalanine, perhaps explaining why most DHPs block L-type more potently than T-type
channels.
In the first part of this chapter, we describe the synthesis of a series of novel DHP derivatives
that have a condensed 1,4-DHP ring system (hexahydroquinoline) and report on their abilities to
block both L-type and T-type calcium channels. Previous studies showed that the preferred
substituent at the C-4 position of DHPs is a phenyl ring because of animal toxicity observed with
heteroaromatic rings(40, 274). In addition, ester groups at the C-3 and C-5 positions have also been
shown to be important for modulating activity and tissue selectivity(37, 275-277). Finally, a study by
Goldmann and Stoltefuss(277) indicated that at least one ester group must be cis to the double
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bond of DHPs to allow for hydrogen bonding to the drug receptor site. Here, we describe how
the ten novel DHP derivatives in which substituted cyclohexane rings are fused to the DHP ring
and how different ester groups attached to this backbone affect L- and T-type calcium channel
block.
In the second part of this chapter, using the results and structural information obtained from the
first series of compounds that identified the ester moiety as crucial for T-type channel block, we
examined a second series of similar compounds that had different substituents on the ester
moiety to determine if any of the compounds would produce a further increase in blocking
activity while remaining selective for T-type channels. Two lead compounds termed N10 and
N12, were identified and then characterized in detail for functional effects on transiently
expressed Cav3.2 channels and examined for analgesic properties in mouse models of
inflammatory and neuropathic pain.
5.2 Results from novel DHP compounds.
DHPs are a class of drugs widely used in the treatment of cardiac and vascular diseases such as
hypertension, angina and atherosclerosis(5, 37, 278). Their principal target is thought to be the Ltype calcium channel Cav1.2(40, 127, 217, 267, 279). However several recent reports have noted that
some DHPs also block the T-type calcium channel isoforms, Cav3.1 and Cav3.2(11, 39, 214) . Since
these channels are both expressed in vascular smooth muscle and are involved in cardiac
pacemaking and aldosterone secretion, some reports suggest that the beneficial effects of DHP
treatment may be in part due to their additional block of T-type calcium channels(39, 105, 269). Here,
we compare the effects of our new DHP series on L-type and T-type channels expressed
transiently on tsA-201 cells to attempt to identify both mixed and selective calcium channel
blockers.

87

Using the whole cell patch clamp technique, we recorded current from tsA- 201 cells transiently
transfected with either rat Cav1.2 and ancillary calcium channel subunit cDNA (L-type), or
human Cav3.1. We then conducted an initial screening by applying 10µM of each of our
compounds to test for tonic (i.e., resting state) block.
5.2.1. Tonic block of L and T-type calcium channels by novel DHP-based compounds.
Results in Figure 5.2.1A show robust peak current inhibition (greater than 75%) for compounds
M2, M3 and M4, while the remainder of the compounds showed less than 50% block of the Ltype current. In Figure 5.2.1B, a similar set of experiments were carried out except that cells
were now transfected with the Cav3.1 1 subunit. These results show that compounds M2, M3
and M4 were again effective at blocking peak current, with compound M4 producing almost
complete block of the T-type current. Interestingly, compound M12 also showed effective block
of the Cav3.1 current.
Together, these results show that compounds M2, M3 and M4 were effective blockers of both L
and T-type calcium channels, whereas compound M12, was selective for the Cav3.1 calcium
channel over Cav1.2. Given that the differences between these compounds are their ester groups,
this suggests that ester moiety plays a key role in the ability of these compounds to block T-type
calcium current.
Compounds M6 through M10 all failed to significantly (<50%) block L and T-type current at our
screening concentration of 10µM. This may be due to the introduction of a benzoyloxy
substituent on the phenyl ring of these compounds. This addition of a second ester moiety
dramatically increases their size, which may well have a detrimental effect on the ability of these
compounds to dock to either channel.

88

Current Block (%)

100
N1-N12,M12
A

rCav1.2

80
60
40
20
0
M1 M2 M3 M4 M5 M6 M7 M8 M9 M10 M11 M12

Compound

100

Current Block (%)

B

hCav3.1
80
60
40
20
0
M1 M2 M3 M4 M5 M6 M7 M8 M9 M10 M11 M12

Compound
Figure 5.2.1 Tonic block of L and T-type calcium channels by novel DHP-based
compounds.
A. Tonic block of rat Cav1.2 (L-type) induced by 10 µM of application of DHP-based
compounds (n=4-5 per channel). Note the dramatic block of compounds M2, M3, and M4. B.
Tonic block of human Cav3.1 (T-type) with the same compounds (n=4-5 per channel, at 10µM).
Note in addition to M2, M3, and M4 block, M12 produces significant block of hCav3.1. Error
bars reflect standard errors.
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Compounds M11 and M12, which were developed and published previously(227), have a very
similar DHP scaffold to compounds M1-M10 except that their ester group is modified with 3pyridylmethyl. Neither one of these two compounds effectively blocked Cav1.2 current; however
M12 had potent inhibitory effects on Cav3.1current(~80% block). This result was somewhat
surprising given the similarities between the two compounds, however M12 does have a different
substituent on the phenyl ring and two additional methyl groups at 6-position of the
hexahydroquinoline ring. The second modification at the 6-position of the hexahydroquinoline
ring is present in all of our ten novel compounds (which do not block Cav3.1) and therefore is
unlikely to be the factor determining sub-type selectivity. This suggests that the substituent on
the phenyl ring is the critical component for the preferential block of Cav3.1 T-type channels
over Cav1.2. M12 also blocked the Cav3.2 and Cav3.3 channel subtypes with similar potency as
Cav3.1 (data not shown).
5.2.2 Comparison of dihydropyridine block of L- and T-type calcium channels.
The blocking action of compounds M4 and M12 on L-type and T-type channels were then
subjected to a more detailed analysis, including dose-dependence and effects on steady state
activation and inactivation properties of the channels. As shown in Figure 5.2.2.1A, M4 blocks
Cav1.2 with an IC50 of 4µM and mediates a hyperpolarizing shift in the half-inactivation
potential (Vh) of the channel by 15 mV. Time course of M4 block shows a gradual, dosedependent onset of channel inhibition, followed by a slow, partial recovery of the current upon
washout to approximately 50% of original peak amplitude. Figure 5.2.2.1B and C show that M4
blocks T-type currents with a similar IC50 and time course. Unlike Cav1.2, there was no
significant shift in Vh of these channels. However, there was a significant hyperpolarizing shift
in the half-activation potential (V0.5 act) of both T-type channels (see Table 5.2.1).
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Figure 5.2.2.1 Characterization of novel M4 DHP based compound with L and T-type
calcium channels.
A. B. C. M4 Dose response curves, steady state inactivation curves and time course of drug
block for rCav1.2, hCav3.1 and hCav3.2 respectively. Insets are representative current traces of
each calcium channel before and after application of 3µM M4. Steady state inactivation curves
were recorded prior to and after application of 3µM M4. Ensemble dose response curves for
tonic channel inhibition by M4 compound were fitted via the Hill equation. All other data were
fitted with the Boltzmann equation and are from multiple paired experiments. Note the negative
shift in the half inactivation potential in the presence of M4 for rCav1.2.
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4
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N.A.
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-64
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hCav3.2

3.2

1.5

-36

-47**

-24**

-65
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-61

Table 5.2.1 Summary of biophysical parameters of various calcium channels in the absence
and the presence of M4 and M12 compounds.
Note, since rat Cav1.2 had no significant block at 10 µM and 30 µM (data not shown) for M12,
the effects of this compound were not tested further on this channel. Asterisk denotes statistical
significance relative to control (**p<0.001).
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The effects of M12 on the biophysical characteristics of Cav3.1 and Cav3.2 are shown in Figures
5.2.2.2A and B, and Table 5.2.1. The IC50s of the compound determined from dose response
curves are 3.2 and 1.5 µM, respectively, for Cav3.1 and Cav3.2. M12 does not appear to affect
Vh of either channel, but it mediates a depolarizing shift of the V0.5 act of Cav3.2 (+12 mV). The
time course of M12 block reveals a rapid onset of inhibition, followed by a fast and almost
complete recovery of both T-type channel currents which are both desirable features in drug
molecules(280). We applied M12 at a concentration of 30 μM to Cav1.2 channels, but did not
detect any additional block compared to our initial test concentration of 10µM (16.3± 3%, n=3
data not shown). Altogether, this indicates that M12 is at least 30-fold selective for Cav3.2 over
Cav1.2.
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Figure 5.2.2.2 Characterization of novel M12 DHP-based compound on T-type calcium
channels.
A. B. M12 Dose response curves, steady state inactivation curves and time course of drug block
for hCav3.1 and hCav3.2 respectively. Insets are representative current traces of each T-type
calcium channel before and after application of 3µM M12. Data were fitted as per previous
figure. Note the rapid washout of M12 in the two T-type calcium channels compared to the
previous M4 compound. Since there was very little block of M12 on rCav1.2 even at
concentrations as high as 30 µM (<20%), dose response and steady state inactivation curves were
not performed.
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5.4 Potent and selective DHP blockers of T-type calcium channels attenuate inflammatory
and neuropathic pain.
5.4.1 Effects of DHP derivatives on transiently expressed L- and T-type calcium channels
In the first series of novel synthesized compounds, we identified a new DHP scaffold that could
be exploited to produce a potent T-type channel selective inhibitor (M12)(116). These findings had
suggested that changing the substituents on the phenyl ring and adding two additional methyl
groups at 6-position of the hexahydroquinoline ring of the new DHP scaffold leads to potent and
selective DHP-based T-type channel block(116). Based on this information, we screened a second
series of related DHP-based compounds with structures similar to M12. This series of
compounds had minor modifications made to either the positioning of the methyl groups on the
hexahydroquinoline ring and/or small changes to the substituents on the phenyl ring, or they
contained different rings fused to the DHP structure (tetrahydrothiophene) (Figure5.4.1A, B).
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Figure 5.4.1 Schematic and table showing series 2 DHP-based compounds
A. The synthetic route for the preparation of DHP-based compounds examined in this study. B.
Specific substituents at the R1 through R3 positions depicted in panel A.
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Using the whole cell patch clamp technique, we screened these compounds for potency and
selectivity of calcium channel block. An initial screen using 10 µM of each of the compound
series revealed various degrees of Cav3.2 channel block (Figure 5.4.2). Among the series,
compounds N10 and N12 were identified as particularly potent hCav3.2 peak current blockers,
whereas these compounds mediated much less inhibition of the rat Cav1.2 L-type calcium
channels (Figure 5.4.2). We therefore characterized the effects of N10 and N12 on the
biophysical properties and activities of transiently transfected hCav3.2.
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Figure 5.4.2. Tonic block of L and T-type calcium channels by second series of DHP-based
compounds.
Percentage of whole cell current inhibition of human Cav3.2 (T-type) and rat Cav1.2 (L-type)
channels in response to 10 µM application of the compound series (n=6 per compound). Note the
potent and preferential block of Cav3.2 channels by compounds N10 and N12 versus rCav1.2
channels. Asterisks denote significance for Cav1.2 channel block relative to block of hCav3.2
(**P < 0.01). Error bars reflect standard errors. For hCav3.2 channels, the holding and test
potentials were respectively -110 and -20mV, for rCav1.2 channels the holding and test
potentials were -110 and 0 mV.
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Figure 5.4.3A shows that N10 potently blocks hCav3.2 with an IC50 of 257 nM, but has minimal
effect on the activation and inactivation properties of the channel (Table 5.4.1). Similarly, as
shown in Figure 5.4.3B, N12 blocks Cav3.2 with an IC50 of 177 nM without affecting the
voltage dependences of activation and inactivation. There was also no significant effect on the
kinetics of activation and inactivation (data not shown). These results are in contrast with our
previous findings with M12 which shifted the half activation voltage of Cav3.2 by +12 mV and
which blocked the channels with an IC50 of 1.5 µM(116).
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Table 5.4.1. Summary of biophysical parameters of hCav3.2 calcium channel in the absence
and the presence of compounds N10 and N12.
Note that there was no statistical significance in the gating behavior of the channel in the absence
and the presence of the compounds (n=6).
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Figure 5.4.3 Characterization of novel N10 and N12 DHP-based compounds with hCav3.2.
A. Left panel: Dose response relations for N10 block of Cav3.2 channels. The IC50 from the fit
with the Hill equation was 257 nM (n=6) Middle panel: Effect of 1 µM N10 on the steady state
inactivation curve for Cav3.2 channels. Right panel: Effect of 1 µM N10 on the current voltage
relation for Cav3.2 channels. The data in the middle and right panels were fitted with the
Boltzmann equation and data were obtained from 6 paired experiments B. Same as in panel A,
but with compounds N12 rather than N10. The IC50 for N12 block was determined to be 177 nM
(n=6).
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These results are intriguing given that M12 and N12 are nearly identical except for the
positioning of the dimethyl groups on the hexahydroquinoline scaffold (Figure 5.4.4A). Along
these lines, compound N11, which has a very similar structure to N10 and N12, produced
minimal block when applied at a concentration of 10 µM (Figure 5.4.2). The only difference
between these compounds is that N10 and N12 have at least one chlorine atom on the phenyl
ring (Figure 5.4.4B) indicating that this substituent interacts with key residues within the drug
interaction site of Cav3.2.
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Figure 5.4.4 Schematic highlighting structural differences between M12 and N10-12
compounds
A. Schematic diagram highlighting (red circle) the different position of the dimethyl groups on
the hexahydroquinoline scaffold of M12 and N12. Note that this slight modification results in an
almost ten-fold increase in IC50 for N12 versus M12 in hCav3.2 (177 nM vs 1.5μM). B.
Schematic diagram highlighting (red box) the different (chlorine) substituents at position 2 and 3
of the phenyl ring of compounds’ N10 and N12. Note: N11 produces very little hCav3.2 channel
block compared to compounds N10 and N12 that potently and selectively block hCav3.2.
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5.5 Results of potent and selective DHP blockers on animal models of pain.
5.5.1 Effects of M12, N10 and N12 on inflammatory pain
To determine if the compound series could be effective in vivo, we first evaluated their effects on
the acute nociceptive (phase 1) and inflammatory pain (phase 2) phases in a standard formalin
test(130). Figure 5.5.1.1 shows that i.t. treatment of mice with M12 (20 minutes before the
formalin test) significantly reduced paw licking/biting time in a dose dependent manner in the
first phase of the formalin test (65 ±5%) (Figure 5.5.1.1A) and significantly reduced paw
licking/biting time at 3µg in the second phase ( 33 ±7%) (Figure 5.5.1.1B). I.p. treatment of
mice 30 minutes before formalin injection also resulted in a significant decrease in paw
licking/biting time in both the first and second phases (Figures 5.5.1.1C and D), although
maximum efficacy was achieved at a concentration of 3 mg/kg (42±5% and 30±7% inhibition,
respectively). We note that the effects of M12 abated when delivered at 10 mg/kg (see Figure
5.5.1.1D). This may perhaps be due to the activation of other (pronociceptive) targets at these
higher doses.
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Figure 5.5.1.1 Effects of M12 on inflammatory pain
A. B. Effect of increasing doses of intrathecal M12 on the first and second phases of formalininduced pain, expressed as the time spent licking and biting the paw (termed “response”). We
used 7 mice per randomized group in 2 experimental runs. C. D. Effect of increasing doses of i.p.
M12 on the first and second phases of formalin-induced pain. Data are from 6-8 mice per
randomized group in 2 experimental runs. Asterisks denote the significance relative to the
control group (*P < 0.05, **P < 0.01, ***P < 0.001, one-way ANOVA followed by Dunnett’s
test).
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Figures 5.5.1.2 and 5.5.1.3 illustrate the effects on compounds N10 and N12 on formalin induced
pain responses. Although N10 significantly reduced paw licking/biting times in both the first and
second phases of the formalin test, it required a ten times higher dose compared with M12
(compare Figures 5.5.1.1 and 5.5.1.2, but note that the doses for the three compounds differ in
Figures 5.5.1.1, 5.5.1.2, and 5.5.1.3). N12 on the other hand produced potent analgesic effects
(Figure 5.5.1.3).
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Figure 5.5.1.2 Effects of N10 on inflammatory pain
A. B. Effect of increasing doses of intrathecal N10 on the first and second phases of formalininduced pain, expressed as the time spent licking and biting the paw (termed “response”). Data
are from 7 mice per randomized group in 2 experimental runs. C. D. Effect of increasing doses
of i.p. N10 (co-administered with formalin) on the first and second phases of formalin-induced
pain. Data are from 6-8 mice per randomized group in 2 experimental runs. (*P < 0.05, **P <
0.01, ***P < 0.001, one-way ANOVA followed by Dunnett’s test).
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Figure 5.5.1.3 Effects of N12 on inflammatory pain
A. B. Effect of increasing doses of intrathecal N12 on the first and second phases of formalininduced pain, expressed as the time spent licking and biting the paw (termed “response”). Data
are from 6-7 mice per randomized group in 2 experimental runs. C. D. Effect of increasing doses
of i.p. N12 on the first and second phases of formalin-induced pain. Data were obtained from 7
mice per randomized group in 2 experimental runs. (*P < 0.05, **P < 0.01, ***P < 0.001, oneway ANOVA followed by Dunnett’s test).
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5.5.2. Analgesic effects of M12 and N12 are mediated via Cav3.2 calcium channels
To determine whether the analgesic effects observed with these compounds was in fact mediated
via Cav3.2 channels, we repeated the formalin test in wild-type and Cav3.2 null mice. For this
purpose, we focused on compounds M12 and N12. Mice were injected i.p. with either vehicle
(control) or concentration of drug that had shown maximum analgesic effects in previous
experiments (M12 at 3mg/kg, N12 at 10mg/kg). As shown clearly in Figures 5.5.2A and B, M12
no longer showed efficacy in Cav3.2 null mice in either phase. Similarly, the effects of N12 were
precluded in the absence of Cav3.2 channels (Figures 5.5.2D and E), altogether indicating that
both M12 and N12 mediate their anti-nociceptive/analgesic effects via this channel type rather
than another molecular target.
Finally, it was important to test whether M12 or N12 had any negative side effects on locomotor
activity. This was assessed by open field tests on animals that were treated i.p. with either
3mg/kg M12 or 10mg/kg N12. As seen in Figures 5.5.2C and F, no significant impairment was
observed suggesting that the reduced response times in the formalin test seen with wild-type
animals was not due to altered motor behavior.
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Figure 5.5.2. Data showing M12 and N12 analgesic effects are mediated via Cav3.2 calcium
channels and have no side-effects on locomotor activity.
A. B. Comparison of the effect of 3 mg/kg i.p. M12 on the first and second phases of formalininduced pain (expressed as the time spent licking and biting the paw - termed “response”) in
wild-type and Cav3.2 knockout mice respectively. D. E. Comparison of effect of 3 mg/kg i.p.
N12 on the first and second phases of formalin-induced pain in wild-type and Cav3.2 knockout
mice respectively. *P < 0.05, **P < 0.01, ***P < 0.001 when comparing treatment; and ##P <
0.01, ###P < 0.001for comparison between genotypes (two-way ANOVA followed by Tukey’s
test). Note that control mice were of the same genetic background as the Cav3.2 null mice. Data
in panels A, B, D and E are from 6 mice per randomized group in 2 experimental runs. C. F.
Effect of 3 mg/kg i.p. M12 and N12 on locomotor activity of wild-type mice in the open field
respectively. Each bar represents the mean responses from 6-7 animals and the error bars
indicate the S.E.M. Control values (indicated by “C”) are from animals injected with 5% of
DMSO and the asterisks denote the significance relative to the control group.
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5.5.3. Effect of compound N12 on neuropathic pain
To determine if N12 also produces analgesia in neuropathic pain states, we examined its
therapeutic action (14 days after nerve injury) in chronic sciatic nerve injured (PNI)-mice. Sciatic
nerve injury triggered mechanical hyperalgesia as verified by a significant decrease of
mechanical withdrawal thresholds when compared to pre-PNI baseline levels of control group
(P<0.001). Treatment of mice with N12 delivered i.p. (10 mg/kg) almost completely reversed
mechanical hyperalgesia 1 hour after treatment (Figure 5.5.3). This effect lasted for several hours
and remained statistically significant 3 hours after treatment, although the effects appear to
slowly decrease after peaking at 1 hour. Although we do not know the metabolic stability of N12
in vivo, these data show that N12 is remarkably effective in reversing mechanical hyperalgesia in
response to nerve injury.
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Figure 5.5.3 Effect of compound N12 on neuropathic pain.
Blind analyses of the time course of sciatic nerve injury induced mechanical hyperalgesia in
mice treated with vehicle or N12. Each circle represents the mean ± S.E.M. (n=7), and is
representative of 3 independent experiments. (**P < 0.01, ***P < 0.001, two-way ANOVA
followed by Tukey’s test). The dashed line and hashtag indicate the range of data points where
injured animals differed from the sham treated group (P<0.001).

112

5.6 Discussion
Since their introduction in the 1960s, DHPs have been widely used for the treatment of
cardiovascular diseases such as hypertension and angina(35, 38, 39, 216, 267, 279). Both their structureactivity relationships and their docking sites on the Cav1.2 channel sequence have been
extensively investigated(40, 41, 217, 272) and as a result much is known about the drug structural
determinants that are involved in docking to the DHP receptor site. Their continued
development centers on their ability to block the L-type calcium channel Cav1.2 with high
affinity, with modifications designed primarily to improve cardio selectivity and stability(218, 279).
Some DHPs however, are also known to be effective at blocking T-type calcium channels at
clinically relevant concentrations(11, 214). So, in this chapter, we focused on using a condensed
dihydropyridine-based scaffold to try and produce more and possibly better examples of T-type
channel block with DHPs and then tested them in animal models of a disease known to be
associated with T-type channels, pain.
What we discovered in the first part of this study, was that the ability to inhibit T-type calcium
channels is dependent on the specific DHP scaffold and that it can be exquisitely sensitive to the
side chain substituents. Indeed, the results from the first part of this chapter demonstrate that
small modifications of the ester group on a condensed 1,4-DHP ring system
(hexahydroquinoline) resulted in 30-fold selectivity for Cav3.2 channels over Cav1.2(116).
The initial results also suggested that adding a bulky ring structure to the core phenyl ring was
detrimental to their ability to block L- and T-type calcium channels and this could not be
improved upon by increasing the chain length of the ester on the pyridine ring. In contrast, in the
M1-5 series, increasing the side group chain length from a methyl to an ethyl group, or
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introducing a ring structure (compound M3) at this locus mediated a significant increase in
blocking affinity.
The sensitivity of the blocking affinity to substitution at this site is further underscored by the
reduced blocking effects in compounds M1 and M5. Interestingly, the Cav3.1 channel was
similarly sensitive to the modifications at both positions, with compounds M6-M10 being poorly
effective, and compounds M2-M4 being the most potent. The most notable exception to these
commonalities between L-type and T-type channel blocking determinants was compound M12 in
which the ester group was modified with 3-pyridylmethyl(227). Surprisingly, neither M11 nor
M12 compound blocked Cav1.2, despite the fact that both compounds showed myorelaxant
activity(227). However, when we tested these two compounds on T-type calcium channels, we
found M12 to be an effective inhibitor that blocked all three T-types with IC50s in the low μM
range. The onset of current block was rapid, followed by a quick, almost complete recovery of
peak current during the drug washout phase, which is a desirable property in a drug molecule(280).
Furthermore, this compound blocked T-type channels with at least 30-fold selectivity over
Cav1.2. To our knowledge the only other DHP to selectively block T-type channels without
appreciable inhibition of L-types is the R(-)-isomer of efonidipine, whose selectivity and voltage
dependent block would be considerably less using our voltage clamp protocols(212).
Why then is M12 selective for T-types over L-types? It has been previously shown that L-type
channel inhibition is sensitive to substitution at the 6-postion of the hexahydroquinoline ring(276).
The addition of a large aromatic ring structure may thus not be accommodated by the L-type
calcium channel DHP site. It is possible that the three dimensional arrangement of the DHP
binding site on T-type channels is more tolerant to this substitution. Interestingly, M11 did not
mediate any significant degree of T-type channel inhibition, despite their being only relatively
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small differences between compounds M11 and M12 (Figure 5.3.1). Further experiments will be
required to identify the chemical structures that render M11 ineffective at blocking T-type
channels.
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Figure 5.6.1 Schematic diagram comparing compound M11 versus M12.
The substituents on the phenyl ring and two additional methyl groups at 6-position of the
hexahydroquinoline ring on M12 are highlighted with red boxes.
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Among the second set of derivatives, it is interesting to note that the most effective compound
N12, also had the highest affinity for Cav3.2 channels among the compounds examined.
However, the increased affinity for Cav3.2 was also paralleled by an increase in the blocking
effects of N12 for Cav1.2 (40% inhibition at 10 µM compared to 20% for M12 at the same
concentration), indicating that the same structural modifications on the DHP scaffold affect both
L-type and T-type channel block. In contrast, despite having a similar affinity for Cav3.2
compared to N12, N10 was much less effective in vivo. This may be due to factors such as bioavailability or metabolic stability(216, 276, 277, 280).
It is important to reiterate that by simply moving the dimethyl groups on the hexahydroquinoline
scaffold, blocking affinity of N12 versus M12 increased by ten-fold (0.17 µM versus 1.5 µM).
Conversely, removal of the chlorine atoms on the phenyl ring (N11) dramatically reduced the
extent of Cav3.2 block. These findings indicate that the interactions between Cav3.2 channels
and the new DHP scaffold are exquisitely sensitive to modifications at these positions and may
thus guide further efforts in improving blocking activity and/or selectivity over Cav1.2 channels.
It is also interesting to note that the small structural modifications on N12 abolished the effects
of this compound on activation/inactivation gating. This observation fits well with the data
collected from compounds M4 and M12(116), which have the same hexahydraquinoline backbone
and also did not alter steady state inactivation. In contrast, M4 potently shifted the halfinactivation potential of Cav1.2 L-type calcium channels towards more hyperpolarized voltages
(116)

. Hence, the DHP interaction site in Cav3.2 channels does not appear to couple to the

inactivation machinery in the same manner as that in L-type channels which are known to
undergo a drug induced inactivated channel conformation(101). With that being said, it has been
previously reported that a series of dialkyl 1,4-dihydro-4-(2′alkoxy-6′-pentadecylphenyl)-2,6-
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dimethyl-3,5 pyridine dicarboxylate compounds mediated pronounced hyperpolarizing shifts in
Cav3.1 channels(214), indicating that coupling between DHP binding and the inactivation gate in
T-type channel can be achieved with the appropriate DHP backbone.
There are considerable efforts in the pharmaceutical sector to identify and develop high affinity,
selective blockers for T-type calcium channels. These channels are important regulators of
cellular excitability and can contribute to low threshold exocytosis including the release of
aldosterone(11, 39, 269, 271). In addition, alteration of T-type channel activity has been associated
with a number of pathophysiological conditions including epilepsy and cardiac hypertrophy(90, 93,
94, 122, 133, 174-176, 234, 281, 282)

. It is also becoming increasingly clear that Cav3.2 T-type channels are

key players in the transmission and processing of nociceptive information(124, 127, 156, 171, 173, 282).
Despite the growing interest in T-type calcium channels and the growing evidence for their
involvement in the pain signaling pathway, finding effective and selective blockers of these
channels has remained a challenge.
Our aim here was to design and improve DHP-based selective T-type calcium channel blockers
and demonstrate that these types of compounds could be effective in various animal models of
pain. Our results reveal that our DHP-based compounds were effective at reducing pain
responses in mice subjected to peripheral inflammation or nerve injury. Altogether, these
findings fit with previous studies showing that T-type calcium channel inhibition or knockdown
is efficacious in these conditions(124, 175, 176). Although not tested here, one may expect a similar
protection from colonic hypersensitivity as reported recently for compounds such as mibefradil.
However, whether DHP-based selective T-type calcium channel blockers have the negative side
effect of Rho Kinase inhibition that mibefradil does, is yet to be elucidated(97, 124).
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Finally, it is also well established that excessive secretion of aldosterone leads to hypertension, a
disorder that is presently treated with DHPs that are selective L-type blockers(269, 271). Recent
research suggests that using a mixed L and T-type calcium channel blocker such as the DHPs
Efonidipine or Benedipine, may be far more effective at treating hypertension by reducing
aldosterone secretion through inhibition of T-type channels(39, 269). In this context, the mixed Land T-type blockers M2-M4 may provide scaffolds for the development of novel
antihypertensives. Although there are several emerging T-type channel blockers, including some
that are now in phase 1 clinical trials, relatively few compounds remain that are preferentially
targeting T-type channels. Our findings that M12 is a potent T-type channel inhibitor with
minimal L-type calcium channel blocking activity and that N12 reduces inflammatory and
neuropathic pain hypersensitivity via potent T-type channel inhibition, provides an opportunity
to increase this arsenal of T-type channel inhibitors. Moreover, this new class of DHPs
represents a novel pharmacophore around which it may be possible to perform comprehensive
molecular modeling that would further advance the design of drugs aimed at developing higher
affinity and perhaps even T-type channel subtype selective inhibitors.
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CHAPTER SIX: CHARACTERIZATION OF NOVEL CANNABINOID BASED T-TYPE
CALCIUM CHANNEL BLOCKERS WITH ANALGESIC EFFECTS.
6.1 Background:
The final research chapter of this thesis examines a series of novel cannabinoid-based molecules
that use a carbazole scaffold similar in structure to endogenous molecules known to be involved
in T-type calcium channel regulation. Many of the known organic compounds that have been
shown to modulate T-type calcium channels have structures similar to endogenous anandamiderelated molecules named lipoamino acids(113, 114, 130). Lipoamino acids are closely related to
endocannabinoids(113, 130-132), therefore, it is not surprising that these endogenous molecules
interact and block both CB receptors and T-type calcium channels(113, 130-132).
Lipoamino acids are involved in neuronal excitability and therefore affect conditions such as
sleep, pain and inflammation, epilepsy, as well as cardiovascular modulation(114, 131, 283). These
are all conditions that T-type calcium channels are known to be involved in(54, 79, 92, 104, 178, 234) and
although it’s easy to speculate that lipoamino acids might exert their regulatory effects via T-type
calcium channel pathways(114, 131), their exact mechanism of action remains largely unresolved,
because of their promiscuous interactions with other targets, such as G-protein-coupled
receptors and other ion channels, including TRPV1(283-287).
Previous work has also shown that mixed T-type/cannabinoid block has beneficial effects in
inducing analgesia in animal models of inflammatory pain(113, 130). However, interactions with
CB receptors, particularly CB1 receptors, can also have side effects that may affect mood and
memory, in addition to their known psychoactive effects(219, 220). A goal of this study therefore is
to try and produce a cannabinoid-like compound with the beneficiary analgesic effects without
the interaction with CB receptors.

120

To this end, the work presented here aims to build on previous studies of a novel series of
cannabinoid ligands with the primary structure bearing a carbazole scaffold that were
synthesized and characterized in this laboratory(113, 130). These compounds produced mixed
cannabinoid receptor/T-type channel blockers that were found to be efficacious in animal models
of inflammatory and neuropathic pain. Interestingly, from structure-activity relationships (SAR),
it was determined that tertiary amines were important for Cav3.2 block(113, 114, 130) and that the
length of the linker attaching the tertiary amine to the carbazole scaffold affected binding to CB1
and CB2 receptors.(288) In addition, some of these compounds also appeared to preferentially and
potently inhibit T-type channels in-vitro.
In this study, we characterize and optimize Cav3.2 calcium channel selectivity in a new novel
series of carbazole derivatives using the aforementioned compounds as a starting point.
6.2 Results:
6.2.1 In-vitro characterization of the novel cannabinoid-based compounds
We developed our new series of compounds based on a carbazole scaffold with an added
heterocyclic bearing a tertiary amine. We also modified the chain length attached to the nitrogen
of the carbazole, the length of the linker between the amide bond and the heterocycle ring. We
then introduced a lipophilic moiety attached to the heterocycle.The entire first set of 10
compounds was screened using whole-cell voltage clamp techniques for their ability to mediate
tonic block of transiently expressed hCav3.2 channels (Figure 6.2.1.1). Next, we used
radioligand binding assays to assess the affinities of these compounds for both CB1 and CB2
receptors (Table 6.2.1.1).
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Figure 6.2.1.1 Percentage of whole cell current inhibition of human Cav3.2 (T-type) in
response to 10 µM application of the compound series (n=6 per compound).
Note the potent and preferential block of Cav3.2 channels by compounds 9 and 10. Error bars
reflect standard errors. For Cav3.2 channels, the holding and test potentials were -110 and 20mV respectively.
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rCB1
Kib (nM)

hCB2
Kib (nM)

n.b.

n.b.

6

>5,000

2,957 ±
1,362

7

n.b.

n.b.

8

283 ± 65

2,833 ± 1305

9

>5,000

>5,000

10

15.0±6.9

1,968±906

No.

R1

R2

5

Table 6.2.1.1. Radioligand competitive binding assays (mean ± SEM) for carbazole-based
analogues.
5-10: systematic variation in the linker length. Values are means of three experiments run in
triplicate with standard deviation; n.b. no binding.
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In the course of our initial exploratory work on the structure–activity relationship for this novel
series of T-type channel blockers, we decided to determine the optimal linker length attached to
the carbazole’s carbonyle (Figure 6.2.1.2).
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Figure 6.2.1.2 Piperidine containing T-type Ca2+ inhibitors TTA-P1, dual T-type channel
blocker/cannabinoid agonist NMP7 and chemical optimization plan 1 to decrease
cannabinoid receptor affinities.
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We observed various degrees of inhibition of these channels, with compounds 9 and 10 being the
most potent blockers of expressed hCav3.2. These two compounds mediated near complete
inhibition at our standard test concentration of 10 µM (Figure 6.2.1.1). Interestingly, both of
these compounds are very similar in structure, with both having a cyclic tertiary amine attached
to the carbazole scaffold (Table 6.2.1.1). Previous work has indicated that this modification helps
confer T-type channel blocking activity onto various organic molecules(113, 127, 130, 213), in
agreement with our data presented here. As shown in Table 6.2.1.1, compound 10 showed high
affinity binding to CB1 receptors (15 nM), whereas its affinity for the CB2 receptor was
approximately 100-fold lower (2 µM). Compound 9 however, did not bind to the two receptors
with an affinity less than 5 µM for CB1 and CB2 respectively. The only difference between
compounds 9 and 10 is the elongated chain attached to the nitrogen of the carbazole in 9 (Table
6.2.1.1). This type of modification has been shown to alter cannabinoid receptor binding(113, 130,
288)

, but it has not been demonstrated whether this modification affects the interactions of these

compounds with Cav3.2. Among the first series of compounds 5 to 10, replacement of a
piperazine moiety by a methylpiperidine moiety appeared to be the most optimal for decreasing
cannabinoid receptor affinity without impacting Cav3.2 calcium channel block. This striking
difference in affinity for cannabinoid receptors between compounds bearing a piperazine moiety
compared to a methylpiperidine moiety underscores the importance of chain length when
developing compounds that preferentially target Cav3.2 calcium channels over cannabinoid
receptors. Next, we determined the optimal chain length attached to the carbazole’s endocyclic
nitrogen (Table 6.2.1.2, compounds 13, 16, 19 and 20).
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No.

R1

R2

13

16

19

20

Table 6.2.1.2. Analogues of compound 9: systematic variation in N-alkyl chain length and
in the region occupied by the heterocycle.
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Among the linear N-1 alkyl chains, a pentyl chain seemed to be the most optimal for occupying
its interaction site Cav3.2 channels, because systematically decreasing the length from n-pentyl
in compound 9 negatively impacted the respective Cav3.2 blocking activities. Replacement of
the piperidine ring by a pyrolidine moiety(113) had a slight negative effect on Cav3.2 block,
probably due to the lack of optimal ligand-receptor van der Waals contacts. Replacing the amide
chain on the piperidine ring by an alkyl chain(130) dramatically decreased the Cav3.2 block.
As is clearly seen in the traces in Figure 6.2.1.3A, the slight structural modification in
compounds 9 compared to 10 does indeed impact hCav3.2 channel inhibition. The affinity of
compound 9 versus 10 increased more than two-fold with the IC50 of 9 and 10 being 1.48 µM
and 3.68 µM respectively (Figure 6.2.1.3B and Table 6.2.1.3). In addition, compound 10 shifted
the half activation potential of hCav3.2 by -12 mV (Figure 6.2.1.3C and Table 6.2.1.3). There
was no significant effect on half-inactivation potential (P=0.143) (Figure 6.2.1.3D and Table
6.2.1.3). We then tested the Cav3 channel subtype selectivity of compound 9 using a single
concentration of 3 µM. This concentration blocked hCav3.2 by 69.3± 4% (n=8), which was
significantly (P<0.05) greater than that of either hCav3.1 (44.5± 7%; n=5) or hCav3.3 (42.5±5%;
n=5). Compound 9 was thus chosen for further testing in animal models of pain.
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Wt hCav3.2
Compound 9
Compound 10

V0.5act (mV) 3 µM
-30.0
-29.7
-42.0*

Vh (mV)
3 µM
-53.1 ± 1.67
-58.2 ± 1.43
-58.3 ± 1.31

IC50 Tonic (µM)
1.48 ± 0.2
3.68 ± 0.5

Table 6.2.1.3. Summary of biophysical parameters of hCav3.2 calcium channel in the
absence and the presence of compound 9 and 10.
Note that 3 µM of compound 10 produces a significant 12 mV negative shift in the half
activation potential of hCav3.2 and although there is a trend for both compounds to shift the half
inactivation potential of the channel, it did not reach statistical significance.
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Figure 6.2.1.3 Biophysical parameters of hCav3.2 before and after application of
compounds 9 and 10.
A. Representative traces of hCav3.2 before and after application of 3 µM compounds 10 and 9
respectively. B. Dose response relations for compound 9 and 10 block of hCav3.2 channels. The
IC50 from the fit with the Hill equation was 1.48 and 3.68 µM respectively (n=6). C. Effect of 3
µM compound 9 and 10 on the steady state inactivation curve for hCav3.2 channels. D. Effect of
3 µM compound 9 and 10 on the current voltage relation for hCav3.2 channels. Note: The data in
panels B and C were fitted with the Boltzmann equation and data were obtained from 6 paired
experiments.
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6.2.2 Effects of Compound 9 in-vivo on acute pain, locomotor activity and Cav3.2 KO mice.
Given the Cav3.2 channel blocking property of compound 9, we hypothesized that this
compound may affect pain transmission in animal models. Compound 9 was delivered by either
i.t. or i.p. routes and its effects on both the acute nociceptive and the slower inflammatory pain
phases of the formalin test were evaluated. One-way ANOVA revealed that i.t. treatment of mice
with compound 9 (1-10 µg/i.t., 20 minutes before) significantly decreased pain response time in
both first (Figure 6.2.2.1A) and second (Figure 6.2.2.1B) phases (61 ± 8% and 76 ± 10%
inhibition, respectively). I.p. treatment of mice with compound 9 (10-100 mg/kg, i.p., 30 minutes
prior) also resulted in significantly (one-way ANOVA) reduced pain response time in both the
first (Figure 6.2.2.1C) and second (Figure 6.2.2.1D) phases (47±2% and 66±48% inhibition,
respectively).
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Figure 6.2.2.1 Effects of Compound 9 in-vivo on acute pain
A. B. Effect of increasing doses of intrathecal compound 9 on the first and second phases of
formalin-induced pain. C. D. Effect of increasing doses of i.p. compound 9 (on the first and
second phases of formalin-induced pain. Each bar represents the mean ± S.E.M. (n=6-8), and is
representative of 2 independent experiments. Asterisks denote the significance relative to the
control group (***P < 0.001, one-way ANOVA followed by Dunnett’s test).
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Importantly, systemic (via i.p.) treatment with compound 9 (30 mg/kg, i.p.) did not affect
locomotor activity of mice assessed via an open-field test (Figure 6.2.2.2A), suggesting that the
reduced response times observed in the previous formalin tests were not due to altered motor
behavior. In order to investigate if the effects observed for compound 9 were specifically
mediated via T-type channels, we performed a formalin test in Cav3.2 null mice that were treated
either with vehicle or with compound 9 (10 µg/i.t.). The Cav3.2 null mice exhibited a lower
mean response time when compared to wild-type mice, which is in agreement with previous
data(94, 113). As indicated in Figures 6.2.2.2B and C, they appear to be completely insensitive to
i.t. treatment with compound 9 (10 µg i.t.) as revealed by two-way ANOVA, indicating that
compound 9 mediates its analgesic effects specifically via Cav3.2 channels.
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Figure 6.2.2.2 Effects of Compound 9 in-vivo on locomotor activity and Cav3.2 KO mice.
A. Effect of 30 mg/kg i.p. compound 9 on locomotor activity of wild-type mice in the open field
test. B. C. Comparison of effect of 10 µg/i.t. intrathecal compound 9 on the first and second
phases of formalin-induced pain in wild-type and Cav3.2 knockout mice respectively. Each bar
represents the mean ± S.E.M. (n=6-7) and is representative of 2 independent experiments.
Asterisks denote the significance relative to the control group ***P < 0.001 when comparing
treatment; and #P < 0.05, for comparison between genotypes (two-way ANOVA followed by
Tukey’s test). Note that control mice were of the same genetic background as the Cav3.2 null
mice.
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6.2.3 Effect of Compound 9 on chronic neuropathic pain
To verify whether compound 9 modulates pain transmission under neuropathic conditions, we
analysed mechanical withdrawal thresholds of mice with a partial sciatic nerve injury (PNI) and
treated with compound 9 (30mg/kg, i.p.) 14 days after nerve injury. As shown in Figure 6.2.3,
sciatic nerve injury triggers mechanical hyperalgesia as confirmed by significant decrease of
mechanical withdrawal thresholds when compared to baselines levels (Pre-PNI, P<0.001). Twoway ANOVA revealed that systemic (i.p.) treatment of mice with compound 9 (30 mg/kg, i.p.)
significantly attenuated the mechanical hyperalgesia induced by sciatic nerve injury when
compared with the PNI + Control group for longer than 3 hours after treatment. These data
indicate that compound 9 treatment modulates pain transmission and mediates analgesia in this
animal model of chronic neuropathic pain.
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Figure 6.2.3 Effect of Compound 9 on chronic neuropathic pain
Blind analyses of the time course of treatment of neuropathic mice with vehicle or compound 9.
Each circle represents the mean ± S.E.M. (n=6), and is representative of 2 independent
experiments. (*P < 0.05, ***P < 0.001, two-way ANOVA followed by Tukey’s test). The dashed
line and hashtag signs indicate the range of data points where injured animals significantly
differed from the sham treated group (P<0.001).
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6.3 Discussion:
In this final study, we developed novel compounds with structures similar to that of endogenous
compounds that are known to interact with members of the T-type channel family(113, 114, 130-132)
and then modified them to reduce their affinity for cannabinoid receptors while attempting to
increase their affinity for Cav3.2 channels.
Our synthesized compounds were based on a previous series of endogenous cannabinoid ligands
that targeted both CB receptors and T-type calcium channels(113, 130). Thus using data obtained
from these experiments, we designed additional compounds with an extra substituted tertiary
amine attached to the carbazole scaffold. We then extended the chain length attached to the
carbazole to one of the compounds (compound 9) to improve its selectivity for Cav3.2 channels
over CB receptors(113, 130). These data show that the length of the linker between the carbazole
scaffold and the heterocyclic moiety is a key drug structural determinant that can be exploited to
produce better and more selective Cav3.2 channel inhibitors. This compound blocked Cav3.2
channels with approximately 2-fold higher affinity than Cav3.1 and Cav3.3 channels. At this
point we do not know if compound 9 affects other molecular targets such as high voltage
activated channels or sodium channels. Nonetheless, the observation that their analgesic actions
were abolished upon removal of Cav3.2 channels indicates that the primary biological target for
compound 9 in the context of pain signaling is Cav3.2. The potent effects of compound 9 on
pain response in injured wild-type animals fits with the notion that Cav3.2 channels play an
important role in the afferent pain pathway(96, 118, 124, 154, 156, 171, 173, 174) and also with a number of
previous studies showing that Cav3.2 channel blockers are efficacious in various pain models(122,
173, 176, 213)

. Compound 9 blocked Cav3.2 channels in a concentration range that was similar to

that previously reported for compounds such a as NMP-7(130) and NMP-181(113). These two
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molecules, although structurally related to compound 9 did not discriminate among the three
Cav3 family members, and mediated leftward shifts in the midpoint of the steady state
inactivation curve. In contrast, compound 9 did not significantly affect voltage-dependent
inactivation properties of Cav3.2 channels, suggesting that this compound does not interact
strongly with inactivated channels. At this point it is not clear which structural differences
among these compounds are responsible for these differential effects on channel gating. While
other types of T-type calcium channel blockers such as TTA-2(289) or Z123212(127) that are
efficacious in various pain models are also known to promote voltage-dependent inactivation of
Cav3.2 channels, our data showing efficacy of compound 9 in neuropathic and inflammatory
pain indicate that such state-dependent inhibition is not a prerequisite for antihyperalgesic effects
in vivo.
Altogether our data suggest that using a carbazole scaffold is an effective strategy for
developing potent Cav3.2 calcium channel blockers for treatment of inflammatory and
neuropathic pain hypersensitivity. In addition, since T-type channels are associated with other
disorders, including epilepsy and cardiac hypertrophy(10, 39, 54, 69, 70, 90, 124, 197, 281, 290, 291), the novel
pharmacophores identified here may also have the potential to treat these disorders.
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CHAPTER SEVEN: GENERAL DISCUSSION AND FUTURE DIRECTIONS
The aim of this thesis was to attempt to identify new blockers and modulators of T-type calcium
channels. My goal was to not only expand the limited number of drugs known to interact with Ttype channels, but to also understand their structure, physiology and function with an emphasis
on their role in the pain pathway.
From an evolutionary standpoint, ion channels are thought to share a common ancestry and
comparative genome analysis shows that most human ion channels originate from early
metazoans(292). Therefore, in the first part of my thesis, my strategy was to identify and use
evolutionarily conserved regions to help identify possible drug interaction sites and, by
extension, drugs that may interact with T-type calcium channels.
Evolutionarily conserved regions can be seen in even more primitive bacterial ion channels. In
1998, Roderick MacKinnon’s group were the first to determine the three-dimensional (3-D)
structure of a bacterial potassium channel (Kcsa) and because of the many evolutionary
conserved regions, Kcsa became the defacto template for molecular modeling of ion channel
physiology(293).
More recently in 2011, Bill Catterall’s group determined the three-dimensional structure of a
bacterial VGSC, which contained enough sequence conservation versus mammalian VGSCs
such that detailed modeling of sodium channel-drug interactions could be determined(294). Indeed
in chapter three of this thesis, Figure 3.5.1 shows the conserved amino acid sequence between
the Nav bacterial channel and human Nav and Cav3.2 channels in a region that corresponds to
the local anesthetic (LA) binding site. The 3-D structure of this bacterial channel further revealed
fenestrations (windows) which the authors postulated could provide a hydrophobic pathway to
the central pore cavity, where it would be possible for small molecules like local anesthetics to
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interact. Whether these fenestrations also occur in T-type calcium channels is yet to be
elucidated, but our results did show that some of the amino acids critical for LA binding are
indeed found in Cav3.2 and conversely, by adding some critical amino acids that were otherwise
not present in Cav3.2, we could dramatically increase LA blocking affinity for Cav3.2. This
finding helped drive the principal hypothesis of this thesis that because of their evolutionarily
conserved regions, studying drug-ion channel interactions in one voltage-gated ion channel
member would help elucidate key structures and mechanisms of drug interactions with T-type
calcium channels.
Using this hypothesis, I discovered that many of the known drug interaction sites of sodium
channels shared a high degree of sequence identity in the same regions as the T-type calcium
channels. Furthermore, in more recent articles, drugs that had been previously classified as
“selective” sodium channel blockers were now shown to also block T-type calcium channels(261,
266, 295)

. Indeed, because of the evolutionarily conserved critical domains of voltage gated ion

channels, finding drugs that can be termed selective blockers within the sets and subsets of the
“super family” of voltage-gated ion channels has proven to be difficult.
However, the idea of a drug that may bind to one or more ion channels (i.e. mixed blockers)
may have some merit in the functional realm of providing treatment and therapy, especially if
those ion channels are co-localised and/or appear to have similar function. In the case of Nav1.8
and Cav3.2 in DRG neurons, from a therapeutic point of view, reducing hyper-excitability by
targeting/affecting both channels would seem to be advantageous. It is yet to be determined
whether these channels act synergistically to regulate excitability as they do in prolonging subthreshold depolarization in lamina I neurons(127), or whether they act independently, but further
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research may help to determine in this particular case whether mixed blockers would indeed be
the best strategy.
There are also obvious advantages to finding selective blockers as targeting only one protein or
ion channel may effectively reduce the chances of a drug having adverse side-effects. To this
end, I examined molecules known to have exquisite selectivity for ion channels, peptide toxins.
From early work that used TTX and α-scorpion toxins to selectively block sodium channels and
helped define mechanisms of synaptic transmission(296, 297), to work by Olivera et al using
ω-conotoxins and ω-agatoxins on calcium channels to help determine mechanisms of
neurotransmitter release(47, 298), toxins have been extensively used because of their unique ion
channel selectivity.
Until recently however, toxins had not garnered much interest from the pharmaceutical industry
as treatments because of their inherent traits of poor stability, low solubility, inability to
translocate across the blood brain barrier (BBB) and the potential high cost of manufacturing
(Most venomous animals produce minimal amounts of venom for only defensive or predatory
purposes)(299). Still, there are toxins that are nonetheless used as therapies and research in the
field appears to be gaining momentum.
Some of the most promising “candidate” toxins for future therapeutic use may be the spidervenom peptides that contain the three-disulfide ICK motif, which produces a very stable
molecule. These peptides have been shown to be orally active in invertebrates and more
importantly, have been shown to cross the BBB in insects in order to access molecular targets in
the CNS(292).
More importantly, recent publications showed that two Protoxins with this ICK motif, found in
the venom of the Peruvian green velvet tarantula, were both potent and selective for Nav and
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Cav channels involved in pain signalling(266, 300). Using toxins as pain therapy is not without
precedent, Ziconatide (Prialt) is a synthetic form of ω-conotoxin that was originally derived from
cone snails but is now being used as an analgesic for severe forms of chronic pain(301, 302).
Using my hypothesis to further explore whether there were any commonalities in toxin block
between and within the sodium/calcium channel family, I was able to demonstrate that protoxins
I and II were indeed selective for hCav3.1 and hCav3.2 respectively. However, when I tried
using the reverse of my hypothesis and examine the slight differences in amino acid composition
of known toxin binding sites within the subsets of the T-type calcium channels, I was unable to
determine the precise cause for this selectivity. Furthermore, I did not observe the shifts in gating
kinetics that other reports had indicated in the toxins’ interactions with sodium and calcium
channels. I postulated that this may be due to the different cDNA used in these experiments (rat
vs human) and given that nature has spent over hundred million years on its own drug discovery
program to find selective blockers, it’s likely that not only speciation, but also the inherent
differences between the gating components of Nav and Cav channels were also a factor.
Nonetheless, evolutionarily conserved regions of toxin binding do exist amongst voltage-gated
ion channels and may provide key insights into developing or finding future T-type calcium
channel blockers. A good example of this is the modeling of β-scorpion toxin binding to Nav1.2
from Bill Catterall’s group(121, 256). This research identified glutamic acids that are critical in
forming a docking site for the binding of this toxin. When I analysed the sequence of hCav3.2, I
determined that these amino acids are not only conserved, but also equi-distant (58 amino acids)
apart, suggesting the overall structure of the binding site may again be similar. Future
experiments will undoubtedly determine whether this toxin does indeed bind to a site analogous
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to sodium channels, and/or whether nature has already produced a molecule that is exquisitely
selective for T-type calcium channels.
In the second half of my thesis, I switched from examining the structures of ion channels and
identifying where they interacted with drugs, to looking at the structure of drugs and seeing how
they could be modified to be a better fit for ion channels. In order to do this, I first looked at a
class of drugs that have been extensively researched and developed on high voltage activated
calcium channels, 1,4-DHPs. DHPs are currently used to treat conditions such as hypertension
and angina and development continues today on trying to make them more selective for their
primarily target, the Cav1.2 L-type calcium channel(37, 218, 278). However, a number of DHPs have
also been shown to block low voltage activated T-type calcium channels(39, 212, 214) and from this
concept, we came up with a series of novel DHP-based compounds, with one drug in particular
that could selectively and potently inhibit T-type calcium channels in comparison to L-type
calcium channels. Furthermore, from this first series of novel compounds, we were able to
determine some of the key structures that were involved in the observed potency and selectivity.
We then further refined the DHP structure to create a more potent lead compound that could
mediate analgesia in animal models of pain. More importantly, we repeated our experiments
using Cav3.2 null mice and all analgesic effects were lost and thus we were able to determine
that the inhibition of the sensation of pain by our lead compound was likely via a T-type channel
pathway.
This last observation is important to note since we have discussed in depth how drugs designed
to target one ion channel family, often effectively block another. In the first part of this thesis, I
demonstrated that drugs designed to block sodium channels more often than not, block T-type
channels, so the converse would also apply. Given that sodium channels are also involved in pain
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signaling and located within the peripheral nervous system(145, 199, 205, 303), without the Cav3.2 null
mice experiments, one could easily argue that our lead compound may well have mediated its
effect via sodium channel block. However as mentioned, DHPs were originally designed to
block cardiac L-type calcium channels and to have little interaction with sodium channels
because of the critical role sodium channels such as Nav1.5 have in the heart. Therefore, using
other HVA calcium channel selective drugs as templates would appear to be another effective
strategy for developing selective LVA channel blockers.
Finally, the human body has developed numerous endogenous compounds that are activated
upon injury or the sensation of pain. Some of these compounds, such as the cytokine Monocyte
Chemoattractant Protein-1 (MCP-1)(215) and Anandamide(114, 131, 132), are also known to potently
block T-type calcium channels. Whether their ability to block these channels has any inherent
physiological role to play in the pain pathway is still not yet clear, however using an endogenous
T-type channel blocker as the starting template for designing a pain therapy has some obvious
advantages. Indeed, it has been proposed that both MCP-1 and Anandamide have the potential to
be efficacious in pain therapy by being mixed blockers of both the Cav3.2 isoform and of the
chemokine receptor 2 (CCR2)(215) and CB(113, 130) receptors respectively. This also opens up the
possibility that like our discovery that sodium and T-type calcium channels may possess similar
binding sites, both CCR2 and CB receptors may possess binding sites with common attributes to
Cav3.2. However, as discussed previously, while a mixed blocker may increase the efficacy of a
compound, it also increases the potential for unwanted side-effects.
Therefore as a final strategy for developing a T-type channel blocker as a potential therapy for
pain, we decided to design a compound based on an endocannabinoid-related scaffold that could
potently block T-type calcium channels, but have minimal interaction with CB receptors. As
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with our DHP-based compounds, we determined critical structures that were important for
Cav3.2 block, important structures that determined selectivity and minimised compound binding
to CB1 and CB2 receptors and finally using the same behavioural experiments as before identify
a potent analgesic drug whose effect was likely due to its T-type calcium channel blocking
ability.
This thesis demonstrated just a few of the many ways one could tackle the problem of
developing a therapeutic drug to target a specific ion channel. This broad subject means that
there are numerous directions that I did not explore that I could pursue in the future. For
instance, I focused on the role of T-type calcium channels in the pain pathway and more
specifically within the peripheral nervous system. However, T-type channels are also known to
be involved in other hyperexcitability disorders such as arrhythmia (11, 70, 197) and epilepsy(54, 90),
the latter having well established animal models that some of the drugs described in this thesis,
could easily be tested on(80, 281). Indeed, current anti-convulsant drugs have many similar
attributes to local anesthetics and although their mechanism of action is the regulation of sodium
channels, the possibility that these drugs are also regulating T-type calcium channels, is only just
beginning to be explored(103, 125, 177).
While investigating models of local anesthetic binding, I noticed that some of the key
determinants of anti-convulsant binding are also conserved in T-type calcium channels. One such
model suggested a pivotal apparatus (possible hinged lid) for ion permeation, activationinactivation coupling, and drug binding(304). This model proposed that the tryptophan and
phenylalanine of domain 4 (which are conserved in all T-types), would interact to form a recess,
allowing anti-convulsants, (many of which have a diphenyl motif) to bind via dipole interactions
among the phenyl groups of these 2 amino acids. Similarly, small hydrophobic drug molecules
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could possibly go through the S6 recess through the postulated fenestrations and along the
proposed “hydrophobic” pathway of local anaesthetic interaction with sodium channels (Figure
7.1)(294). It would be important and fascinating to determine whether these drugs interacted with
T-type channels in the same way and with the high degree of conserved sequence between
Sodium and T-type channels within this region, it should be theoretically possible to model Ttype calcium channel interaction with local anesthetic-like compounds such as A803467 in the
near future.
Finally, understanding drug/T-type calcium channel interactions is still in its infancy compared
to our knowledge of drug interactions with other ion channels. However, I believe that the results
and findings presented in this thesis are an important contribution in pointing the way towards
finding and developing better therapeutic compounds for T-type calcium channel related
diseases.
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Figure 7.1. 3-dimensional structure of NavAB as determined by the lab of W.A. Catterall.
Side and side-down view through the pore model illustrating fenestrations (portals) and
hydrophobic access to central cavity. phenylalanine 203 is the equivalent to Phenylalanine 1764
in the mammalian channel. These portals lead directly to proposed drug-binding sites within the
central cavity and could potentially provide another access for small organic molecules like local
anesthetics to reach their binding sites. Note the close proximity to residues important for local
anesthetic drug binding.
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