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Abstract 

, L-type voltage-sensitive Ca2+ channels VSCCs are important in mediating 

activity-dependent gene expression that may contribute to neuronal plasticity. 

Evidence shows that the L-type VSCC has slow activation kinetics making it 

function as a fi l ter'for action potentials and therefore respond more effectively 

to the long-lasting EPSP waveform. However, these results are derived from 

experiments performed at room temperature and need to be tested at 

physiological temperature. Moreover, whether the square pulse analysis is 

legitimate for calcium channel behavior in the complex synaptic depolarization 

- waveform remains unclear. Using existing waveforms modeled from the 

'NEURON' simulation program, we tested our hypothesis that at physiological 

temperature, slow activation kinetics underlie the L-type VSCCs' preference for 

EPSP type waveforms over action potential type waveforms. Different 

simulated waveforms were used as voltage clamp commands to HEK cells with 

heterologously expressed calcium channels, along with regular step pulses for 

basic channel property analysis. Our results show that activation kinetics are 

drastically accelerated compared to that obtained at room temperature such 

that all three channel types, L-, P/Q- and N-type channels are equally 

activated to full scale by action potentials. The L-type VSCCs mediate a 

distinctively larger total calcium influx in response to strong synaptic inputs in 

comparison with the P/Q- and N-type channels. Further analysis indicates that 

inactivation rather than activation characteristics underlies the distinctive L-

type calcium current response to strong synaptic inputs at physiological 

temperature. In summary, this inactivation-dominated behavior tunes the L-

type calcium channels to the strong synaptic inputs that may be important in 

triggering gene expression. 
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Chapter 1 Introduction 

Overview of calcium channel 

Calcium as a universal second messenger for neurons 

Calcium is the essential signaling ion in almost any biological organism. 

Through the calcium channel, a protein complex that allows divalent ion flux 

upon a conformational change, calcium triggers a myriad of cellular process 

(Hille, 1992) such as muscle contraction, cell division, heart beat regulation, 

hormone and transmitter secretion as well as some forms of long term 

changes in brain structure (16). In the central nervous system, majority of 

crucial cellular processes, such as neuronal growth, programmed cell death, 

inter-neuron communication and neuronal plasticity, are dependent upon 

calcium influx via various calcium channels (3, 40, 58), which will become the 

focus of our study. 

Categorization of calcium channels 

Membrane proteins that are permeable to calcium can be either 

activated by membrane voltage change, by a ligand or a combination of both. 

The former is termed voltage-gated calcium channels and latter is termed 

ligand-gated calcium channels, mainly referring to NMDA receptors. Voltage-

gated (alternatively named voltage-sensitive or voltage-dependent) calcium 

channels can be further divided into high-voltage activated (HVA) calcium 
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channels and low-voltage activated (LVA) calcium channels. The LVA calcium 

channel type is solely comprised of T-type calcium channels while the HVA 

calcium channels include three major types, L-, P/Q- and N-type VSCCs. There 

is some recent innovation of calcium channel nomenclature according to their 

structural and functional similarities (27) as summarized in table 1. In this 

dissertation, traditional nomenclature for the voltage-gated calcium channels 

will be used. 

Table 1. Subunit composition and function of Ca cannel types (13) 

Ca2* channel 

Cav1.1 

Cav1.2 

Cav1.3 

Cav1.4 
Cav2.1 

Cav2.2 

Cav2.3 

Cav3.1 

Cav3.2 

Cav3.3 

Ca2+ current 
type 

L 

L 

L 

L 
P/Q 

N 

R 

T 

T 

T 

Primary 
localizations 

Skeletal muscle 

Cardiac muscle 
Endocrine cells 
Neurons 

Endocrine cells 

Neurons 
Retina 
Nerve terminals 

Dendrites 
Nerve terminals 

Dendrites 
Cell bodies 
Dendrites 
Nerve terminals 
Cardiac muscle 
Skeletal muscle 
Neurons 

Cardiac muscle 
Neurons 

Neurons 

Previous name 
of CCIY subunits 

<X1S 

die 

CC1D 

( X 1 F 

a-iA 

CC1B 

<X1E 

aiG 

aiH 

an 

Specific blocker 

DHPs 

DHPs 

DHPs 

co-Agatoxin 

oCTx-GVIA 

None 

None 

None 

None 

Functions 

Excitation-contraction coupling 
Calcium homeostasis 
Gene regulation 

Excitation-contraction coupling 

Hormone secretion 
Gene regulation 
Hormone secretion 

Gene regulation 
Tonic neurotransmitter release 
Neurotransmittler release 

Dendritic Ca2+ transients 
Neurotransmitter release 

Dendritic Ca2+ transients 
Ca2+-dependent action potentials 

Neurotransmitter release 
Repetitive ring 

Repetitive ring 

Repetitive ring 

Functional classification of HVA channels are primarily based on their 

pharmacological profiles as well as their biophysical properties. L-type calcium 

channels, originally characterized in skeletal muscle-derived calcium channels 



was named from their large single channel conductance, ~25 pS (30, 70). The 

defining character of L-type channels is their sensitivity to dihydropyridines 

(DHPs such as nifidipine or PN-200) blockade. The widely accepted 

characteristics of L-type calcium channels were obtained in comparison with N-

type channels since P/Q-type channels were discovered at a much later stage. 

The L-type calcium channels have relatively slow activation kinetics and 

exhibit little inactivation (14, 66). In contrast, N-type calcium channels 

(initially defined as Non-L HVA channels) was potently blocked by co-conotoxin 

GVIA, a peptide isolated from the venom of the cone snail (30, 70) and have a 

relatively fast activation and fast inactivation with higher activation threshold 

(~20 mV higher) (93). Subsequently another type of HVA calcium channels 

was discovered in cerebellar Purkinje neurons and so named P-channels. P-

channels are potently blocked by the spider toxin co-Agotoxin IVA (57). Soon 

after another calcium channel type was found with less potency from co-

Agotoxin IVA blockade and named Q-channel due to its similarity to P-type 

channels (97). The distinction between P- and Q- channels has been difficult to 

establish in many neurons. Therefore these channels are referred to as P/Q 

channels unless high-affinity block by co-Agatoxin IVA is unequivocal. The P/Q-

type channels are also blocked in a nearly irreversible manner by co-conotoxin 

MVIIC (97). This toxin also blocks INHtype channels reversibly and spares other 

HVA and LVA channels. In neurons, there is an HVA component that is 

resistant to all known calcium channel blockers, named R-type channels. This 

R-type channels have a rapid inactivation profile and activate at a somewhat 

more negative threshold (97). The functional role of R-type channels remains 

enigmatic. Therefore, in neurons non-L-type calcium channels represents a 
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rather mixed cocktail of calcium channels, P-type, Q-type, N-type, R-type and 

T-type channels. 

Structure of calcium channels 

A complete calcium channel complex contains four subunits, a l , a.28, p 

and y subunit. The a l subunit has a molecular weight of 190 kDa and 

constitutes the pore-forming structure, responsible for the process of ionic 

permeation as reviewed by Catterall (13). I t is comprised of about 2000 amino 

acid residues with sequence and structure similar to that of sodium channel a 

subunit (84). The amino acid sequence is organized in four repeated domains 

( I to IV), each of which contains six transmembrane segments ( S I to S6). The 

four domains are spatially arranged such that the S5 and S6 form the pore 

lining of the channel while the S4 serves as the voltage sensor for activation 

with positively charged residues exposed to extra- or intracellular solution, 

providing the channel the gating properties (94). Expression of the a l subunit 

alone is sufficient to produce functional calcium channels, but with low 

expression level and abnormal kinetics and voltage-dependence of the calcium 

current (67). 

The a25 subunit is a disulfide-linked dimer with molecular mass of 170 

kDa and is heavily glycosylated both on a2 and 8, with 30% of its molecular 

mass composed of carbohydrates. Biosynthesis studies indicate that a28 

subunit is an extracellular membrane protein attached to the membrane 

through disulfide linkage to the 8 subunit (34). 
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B subunit is an intracellular protein with molecular weight of 55 kDa. So 

far four different B subunits (pi-p4) (21) have been identified with distinct 

distribution and biophysical profile. In situ hybridization and 

immonohistochemistry study indicate in hippocampus, all p subunit types were 

observed with relatively low expression in p i and p2. p4 subunits only exist in 

a small portion of interneurons. p3 subunits are enriched in hippocampus and 

predominantly locate in mossy fibers and their terminal region in the CA3 

stratum lucidum (20). Co-expression of a2S subunit and especially the p 

subunit enhances the level of expression and confers more normal gating 

properties (48, 76). More importantly, p subunit plays a crucial role channel 

inactivation process. In particular, plB and p3 accelerate the inactivation while 

p2 subunit features substantial slowing of inactivation (79). plB has a typical 

acceleration of calcium channel inactivation and is enriched in forebrain cortex, 

making it a commonly used auxiliary subunit in heterologous systems (52). 

y subunit is a transmembrane protein with molecular weight of 33 kDa 

(82). Co-expression or deprivation of a28 (42) and y subunits has little effect 

on channel functions (49). 
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domain: 

Figure 1. A schematic illustration of a typical calcium channel 
structure. 

A complete calcium complex contains a principal transmembrane a l subunit, 
which is the pore-forming subunit in association with a disulfide-linked a28 
dimer, an intracellular p subunit, and a transmembrane y subunit. The amino 
acid sequence of a l subunit is organized in four repeated domains (I to IV), 
each of which contains six transmembrane segments (SI to S6). The four 
domains are spatially arranged such that the S5 and S6 form the pore lining of 
the channel while the S4 serves as the voltage sensor for activation with 
positively charged residues exposed to extra- or intracellular solution, 
providing the channel the gating properties. 
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Biophysical properties of calcium channels 

HVA calcium channels activate rapidly upon depolarization and are 

closed by hyperpolarization, a process called depolarization. Once activated, 

the HVA calcium channels in a few milliseconds become inactivated manifested 

by a gradually deteriorated calcium current during the depolarization. Upon 

repolarization, a calcium current can be observed, termed 'tail current'. Tail 

current is generated due to three reasons. First, the channels are open. Upon 

repolarization (membrane potential returning from depolarized level back to 

hyperpolarized potential), the channels remain open for about 1 millisecond 

(40). Second, the full driving force for calcium influx is restored upon 

repolarization. Third, the channel inactivation is not saturated. Since the 

depolarization period is often variable, the tail current is predominantly 

affected by inactivation status of the channels (46). To study the activation 

kinetics, a maximal tail current is usually generated with a series of short 

pulses within which the calcium channel inactivation has not developed. 

Different HVA calcium channels have distinct biophysical kinetics. In particular, 

L-type calcium channels feature slow activation and little inactivation in 

comparison with N-type calcium channels in according to experiments 

performed at room temperature (14, 66). 

There are two forms of inactivation. One is calcium-dependent 

inactivation and the other is voltage-dependent inactivation. Calcium-

dependent inactivation has been thoroughly characterized for the L-type 

channel, via which calcium entry decays in a calcium-dependent fashion (31). 

Calcium entry in response to a depolarization induces formation of bound-form 
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of CaM, which interacts with calcium channel a l subunit at IQ motif in the 

cytoplasmic tail, leading to partial closure of the channel pore (44, 98). In HVA 

calcium channels, L-type inactivation is mainly governed by calcium-

dependent inactivation while N- and P/Q-type channel type of inactivation is 

predominantly voltage-dependent (31, 36). 

Calcium channel regulation 

HVA calcium channels can be regulated. A general rule is that L-type 

calcium channels have a relatively low level of basal activity, which can be 

readily upregulated by a variety of mechanisms (23). Typically, L-type channel 

conductance is enhanced by a prepulse depolarization reminiscent of the 

situation when NMDA receptors deliver the EPSP to somatic L-type calcium 

channels in response to a repeated presynaptic stimulation (8). When serving 

to trigger transmitter release at some specialized synapses, L-type calcium 

channels can also be inhibited by activation of GABA_B-like receptors (38, 39). 

In contrast, N- and P/Q-type calcium channels normally have a high open 

probability upon depolarization, which can be downregulated by a variety of 

mechanisms (45). Briefly, the hormone or transmitter induced activation of G-

protein-coupled receptors results in the reduction of calcium peak current. G 

protein Py subunit interacts and binds to the intracellular loop between domain 

I and I I of calcium channel a l subunit. According to the model proposed by 

Yue et al (65), the G-protein Py complex preferentially binds to the deeply 

closed channel state (reluctant to open). A large depolarization prepulse can 

dissociate the Py subunits from the calcium channel, making the transition of 

calcium channel from 'reluctant' state to 'willing' to open state. 

8 



Function of calcium channels 

In this section focus will be on calcium channels in central nervous 

system. 

There is abundant evidence showing that both N- and P/Q-type calcium 

channels are localized at nerve terminals (91, 92). Despite the difference in 

biophysical profile between P/Q- and N-type calcium channels (19), it is widely 

believed that N- and P/Q-type mediate the calcium influx into neuronal 

terminal required for transmitter release. 

In contrast, L-type calcium channels' were found localized primarily in 

cell bodies and proximal dendrites (2, 90). Consistent with this localization, L-

type calcium channels have a dominant role in calcium influx into the cell 

bodies of hippocampal CA3 neurons (26). Then the question rises that what 

neuronal functions might be regulated by calcium influx into cell body and 

dendrites via L-type calcium channels? A large body of evidence indicates that 

L-type calcium channels have a crucial role in regulation of gene transcription 

(58). The following section will address the role of L-type calcium channel in 

calcium-dependent regulation of gene transcription. 

Calcium channels and gene expression 

Gene expression in learning and memory 

Mechanisms of learning and memory have been investigated for 

centuries. At the cellular level, long-term potentiation (LTP) has been 

proposed as a model for learning and memory (7). Upon a strong presynaptic 
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stimulation, operationally a one-second long 100 Hz pulse, the amplitude of 

the excitatory postsynaptic response can be enhanced for hours, or even for 

days or weeks, providing a viable substrate for induction and storage of 

memory. Likewise, low frequency stimulation leads to persistent weakening of 

synaptic strength, also known as long-term depression (LTD) (5). Along with 

functional changes at synapses, a series of structural modification follows to 

consolidate the postsynaptic response. In response to a brief tetanus, the 

postsynaptic neuron exhibits an early phase LTP that lasts only for hours and a 

late phase LTP that lasts for days (35, 61, 85). Early phase LTP involves only 

AMPA receptor modifications (phosphorylation and/or upregulation), while in 

late phase LTP, new protein synthesis occurs following induction of gene 

expression in response to elevated calcium levels in the nucleus (60). It is this 

late phase LTP during which the neuron is provided with the necessary 

structural substrates for memory maintenance. Early evidence has suggested 

that light deprivation in mice caused a reversible reduction in the number of 

dendritic spines (32, 87, 88). Similarly, an increase in spine density is 

observed after visual stimulation (63). Other sophisticated environmental 

manipulations, such as social isolation have been shown to alter spine 

morphology (18). Further investigation shows that mice with inactivated 

immediate-early genes (IEGs), such as c-fos and FosB are profoundly deficient 

in some forms of neuronal adaptive responses (11, 28, 89). All of these 

findings provide support for the involvement of protein synthesis in the 

emergence of new structure or cellular machinery required for long-term 

neuronal plasticity. 
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L-type channels involved in gene expression 

Tremendous effort has been devoted to examine the signaling pathways 

that link synaptic activity to nuclear gene expression. There is a strong 

consensus that calcium is essential for activity-dependent gene expression. In 

Aplysia for instance, microdomains of postsynaptic Ca2+ near the plasma 

membrane can activate type I adenylyl cyclase to produce cyclic AMP, which 

can either diffuse into, the nucleus or activate PKA, causing the latter to 

translocate into the nucleus (4). Downstream from calcium influx, MAP kinase 

can be activated and translocated into the nucleus during the induction of LTP 

in Aplysia (53). Murphy et al have shown that L-type channel mediated 

calcium influx induces expression of immediate early genes, such as c-fos, 

jun-B, zif268, and fos-B (58). In mammalian neurons, there are two lines of 

somewhat contradictory evidence regarding how calcium signal can be relayed 

into the nucleus. Deisseroth et al showed that Ca2+ influx through N-Methyl-D-

Aspartate (NMDA) receptors or L-type VSCCs might activate co-localized 

calmodulin (CaM) and that the activated CaM translocates into nucleus, 

resulting in nuclear translocation of CaM and phosphorylation of the cAMP 

responsive element-binding protein (CREB) (22). In contrast, Hardingham and 

co-workers argue that, via diffusion mechanism, calcium enters the nucleus, 

which possesses all the necessary machinaries including CaM to trigger gene 

expression (37). Murphy et al also showed that a significant nuclear calcium 

transient could be observed with a delay of ~60 ms after the cytoplasmic 

calcium transient following calcium influx via the L-type calcium channels (59). 

This finding is consistent with a dependence of nuclear calcium elevation on 
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diffusion from a cytoplasmic source. Although evidence suggests that P/Q-type 

channels are involved in the synthesis of a presynaptic protein, syntaxin-lA 

(81), L-type calcium is clearly play a dominant role in providing the calcium 

needed for gene expression in neuronal plasticity. 

Mechanisms underlying the selective tuning of L-type channels 

to activities relevant in gene transcription 

Even though it is well established that L-type calcium channels are 

involved in gene expression regulation (58, 73), there is little evidence to 

explain why the L-type calcium channel is preferred over other HVA calcium 

channel types in activating gene expression. Nakazawa et al demonstrated 

that nuclear calcium elevation was largely reduced by application of L-type 

channel blocker, PN200-110. Addition of a single action potential (AP) on top 

of a large EPSP did not significantly affect the nuclear calcium transient and 

therefore suggests a preference of L-type channels for EPSP over AP 

component in eliciting calcium influx (59). Consistently, Tsien's group 

provided evidence that via the L-type calcium channels, the EPSP elicits a 

significantly higher level of CREB phosphorylation (phosphorylated CREB 

initiates gene transcription in nucleus) than the APs do (55). In their study, 

the selective response to the EPSP was attributed to the relatively negative 

activation threshold and slower activation kinetics of L-type channels. 

However, it seems untenable to make the comparison of calcium influx 

contribution between AP and EPSP without careful consideration of the 

integrated depolarization given that the integrated size of AP is incomparably 
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smaller than EPSP. Nonetheless, some channel properties can only be revealed 

when a train of APs is present (43). However, the arguments are made from 

evidence obtained from experiments performed mostly at room temperature. 

I t is highly possible that at physiological temperature calcium channels 

conduct calcium influx in a rather different fashion compared to that obtained 

at room temperature. Unfortunately, evidence from physiological temperature 

experiments has been intermittent. I t has been shown that the activation and 

inactivation kinetics of calcium channels are both greatly accelerated upon 

temperature increase to physiological temperature level (50, 72). Further 

characterization of calcium channels at more physiological condition becomes 

indispensable for determination of the role of L-type calcium channels in gene 

expression. 

Research hypothesis 

Previously, our laboratory has developed a computer simulation model 

to address the role of L-type calcium channels in gene expression (71). In the 

model, it was indicated that the L-type calcium channels prefer the long-

lasting plateau depolarization waveform over the repetitive firing waveform in 

response to tetanus stimuli. This waveform preference was manifested by 

larger calcium influx and was attributed to the slower activation kinetics of L-

type channels. A well acknowledged advantage for applying physiological 

waveform is that these physiological waveforms can reveal some channel 

properties that are not manifested with square pulse waveforms (44). 

Therefore, we decided to test whether in real cells the conclusion derived from 

the simulation holds. 
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With the physiological waveforms, we optimized our experiments with 

more physiological conditions. These conditions were largely neglected in 

previous studies (43, 44, 55, 59, 79) and are manifested in following aspects. 

1) A tendency of performing experiment at room temperature for explanation 

of mammalian system. This can be overcome by using a temperature 

coefficient Q10, a temperature coefficient defined as the change in the rate of a 

process as a result of increasing the temperature by 10°C. Application of Q i 0 is 

based on the assumption that the process of interest is linear. Over a long 

range of temperature, few of biological process display linear development as 

shown from our experiment (see fig. 19). 2) Using barium as charge carrier 

for studying calcium behavior. Since barium does not initiate calcium-

dependent inactivation, it is used in some experiments to isolate the voltage-

dependent inactivation. However, it is often used as a signal booster for pure 

cosmetic reason since barium readily yields a 3 folds larger signal as calcium 

does (33, 77). The benefit is apparent in single channel recording in which 

signal detection is sometimes difficult. However, barium can change the 

inactivation profile and therefore distort the calcium response because it 

largely removes the calcium-dependent component of inactivation in whole cell 

recording mode (75, 78), making conclusion somewhat unreliable. 3) Using 

high concentration of charge carrier (barium or calcium). Another common 

practice to boost the signal is using high concentration of the permeant ion in 

the extracellular milieu, typically 20 or 40 mM barium or calcium. The concern 

of using high concentration of barium or calcium is the screening effect that is 

present when a divalent cation is in the extracellular milieu. The screening 

effect (or named surface potential of divalent ion) of a high concentration 
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calcium shifts the voltage-dependence of both activation and inactivation (40), 

thereby distorting the response to depolarization waveforms. 

To test the simulation results, the condition under which experiments 

are performed is critical for producing a realistic result. Therefore, our 

experiments were performed in more physiological condition with following 

factors in addition to our physiological waveforms, physiological temperature 

of 37°C, using calcium as charge carrier and applying physiological 

concentration (2 mM) of calcium in recording bath solution. Our ultimate goal 

is to test, under these physiological conditions, 1) whether L-type calcium 

channels prefer long-lasting plateau depolarization waveform over repetitive 

firing waveform; 2) whether the waveform results can unravel any novel 

behavior of the calcium channels. 3) to examine the basic biophysical 

properties of HVA calcium channels. 
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Project outline 

Most of our experiments were carried out with human embryonic kidney 

cells, a cell line called HEK 293 cells, which carry only one type of transiently 

transfected HVA calcium channels with varied subunit composition. HVA 

calcium channels were L-type, P/Q-type and N-type channels. N-type channels 

were from a stably expressed in HEK tsa201 cells. In these cells, following 

examination were performed. 

1) Basic biophysical properties such as activation and inactivation kinetics, IV 

plot and temperature dependence of activation etc. 

2) Among four major waveforms, plateau, repetitive fir ing, strong theta and 

weak theta, how does a particular channel type respond to these 

waveforms? What is the preference priority? 

3) p2A subunit was used in lieu of p lB in some of the experiments to test the 

contribution of voltage-dependent inactivation to responses of a particular 

calcium channel type to waveforms. 

4) To test the results obtained from HEK cells, some tests were performed in 

acutely isolated hippocampal CA1 pyramidal neurons. Plateau and 

repetitive waveforms were applied. 

5) Modifications of waveforms were made for further waveform analysis. 
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Chapter 2 Methods 

Transient transfection of HEK 293 cells 

Appropriate medium condition 

The HEK cells were grown to 85% confluence in modified minimum 

essential medium (MEM) supplemented with 1-10% fetal bovine serum, 2 mM 

L-glutamine and 1 % penicillin/streptomycin (MEM + ). The pH of MEM+ medium 

was no higher than 7.4 when the pH of MEM medium was adjusted at 7.0. The 

pH in which cells were kept was proven to be critical for cells' health. The 

common practice is to make the MEM medium pH adjusted at 7.4. However, 

during the period for homogenization and filtration at room environment 

without the buffering partner for NaHC03, pH sneakily climbed up due to 

escape of C02, resulting in excessive NaOH left in the medium. The pH from 

this medium ranged from 7.7 to 8.5 as observed by keeping the medium 

without cell in the 5% C02 incubator for overnight. Bubbling the MEM medium 

with 5% C02 and 95% 02 during preparation had proven to be not helpful for 

this problem. The best solution in my practice was to make the medium 

exposure to air as short as possible. The MEM+ medium pH was close to 7.4 

when the MEM medium pH is made at 7.0 initially. MEM medium with 7.0 pH 

value made the HEK cells much more healthier with smoother surface, more 

irregular shape and more processes after addition of supplements, as 

compared with cells in MEM pH adjusted at 7.4 at initial preparation. The new 
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solution reduced the cell death after calcium phosphate transfection and 

boosted transfection efficiency, both dramatically. 

DNA handling 

DNAs were dissolved in water or l x TE solution (pH 8.0) and aliquoted 

in 500 (j.I volume vials with no more than 50 ^g DNA in each vial. They were 

routinely stored in -20 °C freezer and thawed when used. Repeated thawing 

was proven to be less destructive to DNA than storage at 4 °C. DNAs that were 

stored at 4 °C for more than 2 weeks were not used. 

Transient calcium phosphate transfection 

HEK 293 cells used for transient calcium phosphate transfection were 

regularly maintained in 37 °C incubator containing 5% C02 and split every two 

or three days via trypsin EDTA with 85% confluence before passaging. For 

calcium phosphate transfection, cells were split 24 hours before transfection 

into a 10 cm petridish with desired number of cover slips lined at the bottom 

of the plate. Transfection only proceeded if most of the cells on the cover slips 

were healthy with irregular shape instead of rounded. Otherwise cells could 

suffer from poor health condition and accordingly poor transfection efficiency. 

The L-type and P/Q-type calcium channels were transiently transfected with 

calcium phosphate method. For each channel type, there were three subunits 

incorporated, a l subunit, a25 subunit and p iB subunit. a l C and ctlA encode L-

type and P/Q-type calcium channel respectively. For some experiments, p2A 

substituted for p iB subunit. 
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The DNAs were prepared for transfection in 10 cm petridish containing 4 

|ig a l subunit, 4 |ug a25 subunit and 4 ng p i subunit. In our experiments, DNA 

in excess of 15 \xg in a 10 cm petridish tended to be toxic producing excessive 

cell death. The three DNAs were first placed in a .1.5 \x\ vial with a tenth 

volume of 3 M sodium acetate added, which needed to be well mixed via 

pipetting. Then 3x volume of 100% ethanol was added into the DNA-

containing vial and was mixed well with DNA water solution by finger-tapping 

the vial until a white DNA cloud is clearly visible. After a short spin-down on a 

desktop centrifuge, the DNA-containing vial was filled up with 100% ethanol 

and undergoes further spin-down at 14,000 rpm in 4 °C environment. After 

this centrifuging, remaining procedures were performed all in sterilized hood. 

Once transferred into the hood, the fluid was carefully dumped as not to lose 

the DNA pellet. The DNA-containing vial needed to be sit up-side down until 

DNA pellet was dried. Transfection agents, 450 \x\ double-distilled water, 50 p.! 

2.5 m CaCI2 and 2x BES were added into the DNA-containing vial with the 

sequence as mentioned. A thorough mixture followed each addition of 

transfection agent via finger-tapping or inverting. The DNA-containing vial sat 

for 20 minutes for formation of DNA-calcium phosphate complex, during which 

cell plates for transfection were transferred to a 3% C02 incubator for the 

same period so as to soften the cell membrane for easy penetration by 

calcium phosphate. At the end of the DNA-calcium phosphate formation 

period, DNA transfection solution was added into 10 ml warmed MEM+ 

medium, which then was used for substitution for the medium in the cell plate. 

The optimal incubation t ime was 6 hours, longer than which seems toxic for 

the cells in our practice. At the end of transfection, the cover slips were first 
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rinsed in PBS solution and then transferred into a 6 well plate containing 2 ml 

warm MEM+ medium. The transfected cells were kept in 37 °C 5% C02 

incubator for 24 hours before being transferred into a 29 °C 5% C02 incubator 

for up to 4 days. The best period in our practice for recording was from 3rd to 

5th days after termination of transfection. 

To monitor the transfection efficiency, each batch of transfection 

included a plate of cells transfected with green fluorescent protein (GFP) in 

substitution for a l subunit with the rest DNA species the same as in the 

regular calcium channel protein plates. Cells were not used for recording if the 

transfection efficiency was, lower than 30% as indicated by GFP expression 

with fluorescence microscope examination. cDNAs encoding calcium channels 

were not co-transfected with GFP because in our preparation calcium channel 

expression level was greatly compromised by GFP co-expression. In the 

absence of GFP co-expression, irregularity of cell shape and cell process 

appeared to be good indicators of a sufficient calcium channel expression. 

Acute isolation of hippocampal CA1 neurons 

Two to three weeks old wistar rat pups were chosen for acute isolation 

of hippocampal C M neurons. The animal was decapitated with a guillotine 

after anesthetization with halothane. The brain was exposed and dissected out 

within 1 minute, during which the brain was kept moistured with 1-4 °C 100% 

oxygenated PIPES solution (in mM: 120 NaCI, 5 KCI, 1 CaCI2/ 1 MgCI2, 20 

PIPES, and 25 glucose, pH7.0, 300 mOsm). Immediately after this, 

hippocampi were isolated into freezing cold PIPES solution bubbled with 100% 

oxygen. The hippocampi were placed on a cold plastic platform under a 
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dissection microscope. Using a scalpel blade (FisherScientific, 08-916-5A, 

No.10), the hippocampi were sliced manually into slices no thicker than 1 mm. 

In. each hippocampus only three slices that are in the middle of the 

hippocampus were used. The total period from decapitation to end of 

hippocampus slicing was restrained in 15 minutes. 

The slices were incubated in 10 ml PIPES solution bubbled with 100% 

oxygen at room temperature for 1 hour. At the end of one hour incubation, all 

the slices were transferred into the dissociation bottle containing 5 ml PIPES 

solution with 3 mg/ml protease (type XIV; Sigma) and incubated for 10 

minutes at 37 °C bubbled with 100% oxygen. Thus enzymatically treated 

slices could be used for up to 10 hours for electrophysiology experiment. 

When needed, CA1 region was dissected out and gently tr iturated with a series 

of Pasteur pipettes with decreasing bore size of (in mm) 1, 0.8, 0.6, 0.4 and 

0.2. Bubbles must be avoided. Cells were transferred onto the cover slip in the 

recording chamber without solution inside and sat for 3 minutes for cell 

attachment to cover slip surface. 

Electrophysiology 

Voltage clamp recording were performed for all cell types at both room 

temperature (21.5-23°C) and physiological temperature (35-37.5°C) on the 

stage of an inverted microscope (Aviovert Carl Zeiss, Thornburg, NY). 

Borosilicate glass pipettes (Warner instrument Corp., GC150TF-7.5, 1.5 mm 

OD) were pulled using a Narashige PP-83 two steps vertical puller. Electrodes 

were routinely coated with sylgard (Dow Corning) to reduce the electrode 

pipette induced fast transient and followed by fire polishing with Narashige 
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Microforge. Series resistance of the electrodes were typically smaller than 3 

MQ after routine 75% compensation. The extracellular recording solution for 

HEK cells contained in 'mM: 2 CaCI2/ 1 MgCI2, 145 TEAMeS03, and 10 HEPES 

(pH 7.38 adjusted with TEA-OH) with osmolarity adjusted to 300 mOsm. 20 

mM CaCI2 and 125 mM TEAMeS03 were used as indicated for some of the N-

type channel experiments. The intracellular recording solution for HEK cells 

contained in mM: 120 CsMeS03, 5 CsCI, 10 EGTA, 1 MgCI2, 4 MgATP, 0.3 

Na3GTP, and 10 HEPES (pH 7.3, CsOH) with osmolarity adjusted to 285 

mOsm. Neurons were first perfused in the bath solution containing in mM: 140 

NaCI, 5.4 KCI, 1 MgCI2, 1.8 CaCI2, 10 NaHEPES and 10 glucose (pH 7.38, 

NaOH) with osmolarity adjusted to 300 mOsm. Upon membrane seal 

formation, the normal bath solution was switched to the extracellular 

recording solution containing in mM: 1.8 CaCI2, 1 MgCI2, 10 HEPES, 140 TEACI, 

5 CsCI, 10 glucose and 0.0003 TTX with osmolarity adjusted to 300 mOsm (pH 

7.38, with Tris Aminomethane). Intracellular solution for neurons contained in 

mM: 190 NMD-Glutamine-CI, 10 EGTA, 12 phosphocreatine, 4 MgCI2, 3 

Na2ATP, 0.2 Na3GTP and 40 HEPES with osmolarity adjusted to 280 mOsm (pH 

7.30, with NMDG). 
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Currents were sampled at 10 kHz, filtered at 5 kHz, and acquired/analyzed 

using pCLAMP software and the Axopatch 200A amplifier (Axon Instruments, 

Foster City, CA, USA). During experiment, a cover slip with cells was placed in 

the recording chamber of 300 \i\ in volume that was perfused constantly at 1 

ml per minute rate from a gravity driven system. With the two suction 

technique, typically a 3 GQ seal resistance was obtained after the membrane 

was ruptured. The leak current ranges from -5 to -50 pA. Command pulses 

were generated by a 12-bit digital-to-analog converter controlled by Clampex 

8.0 (Axon instrument). The junction potentials were calculated and 

compensated for HEK cells (-14 mV) and for neurons (+9 mV) respectively. 

Leak subtraction was routinely performed with standard P/4 protocol for all 

recordings. The holding potential was -70 mV for both HEK cells and neurons 

unless otherwise indicated. The step depolarization was set to 0 mV for the L-

and P/Q-type channels, +30 and +20 mV for the N-type channels with 20 mM 

and 2 mM calcium in the bath solution respectively. To overcome the rundown 

effect on calcium current comparison, only a short session of command 

waveform protocols with randomized sequence was delivered starting always 

with a 1 second step pulse. The total t ime period of waveform session was 

controlled in less than 2 minutes. The integrated calcium currents in response 

to simulated waveforms were normalized with a step response less than 20 

seconds before the simulated waveform. Since the step pulse from -70 mV to 

0 mV was used for normalization for the L- and P/Q-type channel types and 

normalizing signal has to be standardized for all channel types, the peak 

amplitude of the normalizing step response was corrected with a factor 

obtained from the grouped IV data to represent the real peak step response 
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for each particular channel type. At physiological temperature, the factor is 

0.98 and 0.93 for the L- and P/Q-type channels respectively. 

The two-tailed t test for paired and unpaired data was performed as 

appropriate to evaluate the statistical significance of differences between two 

group means. Values of P<0.05 were considered to indicate significance. 

Group data are expressed as means + SE. n refers to number of cells recorded 

from. 
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Chapter 3 Result 

All the results were obtained from HEK 293 cells unless otherwise indicated 

Characterization of the biophysical properties of 

calcium channels at room temperature with square 

pulse 

Activation 

Activation kinetics were represented by 10-90% rise time, which was 

measured as the period from 10% to 90% of the peak calcium current 

amplitude, as well as half activation voltage, termed as V_l /2 or V_half. 

V_l/2 is the step depolarization voltage level at which calcium current peak 

amplitude is half as large as the maximal current peak when a current-voltage 

(IV) relationship is depicted with a series of step pulses with increasing 

depolarization level. An IV curve measures how easy or difficult a channel can 

be opened. In HEK cells, activation kinetics were measured at both room 

temperature and physiological temperature as shown in table2. The L-type 

channels showed a slightly longer activation rise time than the N-type 

channels (3.1+0.2 ms, n = 12 for L-type and 2.5+0.1, n = 17 ms for N-type 

channels, P<0.05). However, the P/Q-type channels exhibited a much longer 

rise time even than the L-type channels (6.3+0.07, n = 17; P<0.001). For the 

N-type channels, we also performed experiments with 20 mM calcium in bath 

solution, to examine the screening effect of positive charged divalent cation on 
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channel gating that will be discussed later. The speed of activation was not 

significantly affected by increased level of bathing calcium (2.43±0.29 ms, n = 5 

for 2 mM calcium and 2.64±0.09 for 20 mM calcium). In contrast, the channel 

gating was markedly shifted by 20 mM bathing calcium as reflected from I-V 

relationship. I-V relation curve was plotted with a series of step depolarization 

from -50 to +80 mV ( + 110 mV for N-type channels). The duration of I-V 

steps were set to a period that was marginally long enough to fully activate 

the channels so that a full tail current can be obtained at the same t ime. Fig. 

3 show an example of activation shift by increasing bathing calcium 

concentration from 2 mM to 20 mM in the same cell at room temperature. The 

averaged IV peak shifted from 20 mV with 2 mM calcium to 35 mV with 20 

mM calcium. The V _ l / 2 was obtained from activation curve that was plotted 

with channel conductance formulated as Ica/(Vm-ECa) from I-V curve. The I-V 

relation of the L-type calcium channels showed a more depolarized activation 

threshold as reflected in V _ l / 2 (-10.2+3.1 mV n = 5), compared to N-type 

channels with 2 mM calcium concentration in the bath (6.2±1.5 mV, n = 2; 

P<0.05). Again, P/Q-type showed a similar gating profile similar to the L-type 

channels as revealed from V _ l / 2 (12.6±0.9 mV, n=9). 
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Table 2. Basic biophysical factors revealed from step pulse 

22°C 

36°C 

L 

P/Q 

N 

L 

P/Q 

N 

Rise time 
3.2±0.2, 

n=12 
6.8±0.6, 

n=20 
2.5±0.1, 

n=17 
0.55±0.04, 

n=19 
0.37±0.03, 

n=17 
0.47±0.05, 

n=10 

Tau-1 
29.6±2.0, 

n=8 

58.8+4.5, 
n=9 

12.9+0.9, 
n=17 

16.2±1.5, 
n=23 

11.3±0.7, 
n=13 

Tau-1 % 
45.3±2.3, 

n=8 

59.3±2.7, 
n=10 

74.0±2.8, 
n=8 

65.2±3.2, 
n=12 

73.7±3.2, 
n=13 

Tau-2 
298.5+17.7, 

n=7 

255.2+32.7, n= 

356.1 ±39.1, 
n=11 

97.8+16.6, 
n=8 

46.3+3.0, 
n=12 

43.4±2.5, 
n=10 

Tau-2% 
40.8±2.6, 

n=8 

=9 

30.4+2.6, 
n=10 

18.5+2.0, 
n=8 

30.3+3.1, 
n=12 

23.2±2.9, 
n=13 

Tau-1+2 
86.1 ±1.1, 

n=8 

89.7+1.9, 
n=10 

92.5+1.0, 
n=8 

95.6+1.0, 
n=12 

96.8±0.7, 
n=13 

Residual* 
14.9±1.1, 

n=7 
24.9±4.0, 

n=9 
12.9±2:0, 

n=12 
6.2±1.0, 

n=11 
2.7+0.4, 

n=14 
22.±0.6, 

n=9 

V 1/2 
-10.2+3.1, 

n=5 
-12.6+0.9, 

n=9 
6.20+1.5, 

n=2 
-20.0±1.3, 

n=8 
-23.2±1.2, 

n=16 
5.5±2.6, 

n=6 

* : the ratio of the calcium current level at the end of 1 second step response 
versus the same step response peak. 

Inactivation 

To examine inactivation, the inactivation time constant and steady state 

level were measured. Inactivation kinetics were measured by curve fitting with 

equation: 

f(t)=iAte-^ + C 
1 = 1 

At room temperature, the inactivation process was measured by taking the full 

length of one second step pulse time course for curve fitting. Interestingly, the 

P/Q-type channels showed only a slow inactivation component that fits a 

single exponential decay while both the L- and N-type channels had a double 

exponential decay, a fast and a slow inactivation process as shown in table 2. 

Another aspect of inactivation is the steady state level or residual current as 

measured as the ratio of the calcium current level at the end of the one 

second pulse depolarization versus the peak amplitude of the same step 
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response. Again, the L-type calcium channels showed a similar residual 

current to the N-type channels while the P/Q-type channels inactivated to a 

much less level compared to the other two channel types (see fig. 2). 

Therefore, room temperature data suggest that L-type calcium channels share 

much of the inactivation feature common to N-type channels and little to P/Q-

type channels despite the fact that P/Q-type and N-type calcium channels 

have similar function in presynaptic transmitter release. 

Calcium channel characterization at physiological 

temperature with square pulse 

Elevation in temperature to 35 - 37.5 °C drastically accelerated both 

activation and inactivation for all three HVA channel types (see fig. 3). The 10-

90% rise time shortened by about 10 times for all three channel types (see 

table 2) with little difference among these channel types. The activation time 

course of the three channel types (all within 0.6 ms in their rise time) 

suggests a similar ability for responding to APs. It also indicates the possibility 

that activation kinetics may not be critical in their distinct roles in cellular 

function. In addition to acceleration of activation time course, the channel 

opening also became easier for both L-type and P/Q-type calcium channels but 

not N-type channels as reflected in half activation voltage. The V_l /2 of both 

L- and P/Q-type channels- shifts to more negative potentials by about 10 mV 

(P<0.001 for both L- and P/Q-channel types). 

In our inactivation analysis, the first 200 ms was arbitrarily chosen for 

inactivation process curve fitting since more than 200 ms often resulted in 
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unpredictable numbers of exponential component. Within 200 ms, the 

inactivation process was well fit for all three channel types with double 

exponential. In addition to the acceleration of their inactivation, the 

physiological temperature also uncovered a fast component for P/Q-type 

inactivation that was not seen at room temperature. Therefore, all three 

channel types carried two components, a fast component and a slow one with 

total inactivation fraction 93%, 96% and 97% for the L-, P/Q- and N-type 

channels respectively. The leftover from these inactivated channels matched 

very well with actually measured residual current fraction (6%, 3% and 2% 

for the L-, P/Q- and N-type channels respectively, see table 2). The residual 

current of the L-type channels (6.1±1.0%, n = l l ) from these curve fitting was 

significantly larger than the P/Q-type (2.7±0.4%, n=14; P<0.01) and the N-

type channels (1.8+0.2%, n = 12; P<0.001). This somewhat agrees with the 

previously proposed notion that the L-type channels have less inactivation 

compared to other types. However the extent of inactivation changes 

dramatically upon temperature increase to physiological temperature. For each 

particular channel type studied, the residual non-inactivated fraction was less 

than 10% at 36°C. Whether this small though significantly different remaining 

channels can make a significant difference in the calcium entry in response to 

physiological depolarization waveforms is yet to be clarified and will be 

resolved at a later stage the result session. No difference in residual current 

fraction between the P/Q- and N-type channels was observed. 

Our data with step pulse indicate that both activation and inactivation was 

greatly accelerated at physiological temperature. From technical perspective, 1 

second pulse appears sufficient for the calcium channels to reach the steady 

30 



state at physiological temperature and the first 200 ms segment of the 1 s 

pules is appropriate for predicting the residual current fraction with two 

exponential fit. 
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10 ms 

P/Q 
200 pA 
10 ms 

300 pA 
10 ms 

Figure 3. Calcium currents in response to a 50 ms step depolarization. 

Calcium currents were recorded from either HEK 293 cells transiently 
transfected with L-type or P/Q-type calcium channel cDNA, or HEK tsa201A 
cells stably expressing N-type calcium channel protein. Holding potential is -70 
mV for all channel types. The standard step pulse depolarization level is 0 mV 
for L- and P/Q-type cha.nnels and 20 (for physiological temperature 
experiments) or 30 mV (for room temperature experiments) for N-type 
channels. 
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Voltage (mV) 

Figure 4. Current-voltage ( IV) relationship of the L-
calcium channels. 

P/Q- and N-type 

The IV relationship of the L- and P/Q-type channels is slightly more 
hyperpolarized at physiological temperature than that at room temperature 
but not that of the N-type channels. Note the IV curve of the N-type channels 
is more depolarized than other two channel types. 

33 



Voltage (mV) 
80 ftO 

— • — : 20 mM calcium 

— • — : 2 mM calcium 

1.0 
J * 
CO 
d) 
CL 

N 0.5 
CO 

E 

o .o -

2 mM calcium 20 mM calcium 

-40 0 40 
Voltage (mV) 

80 

Figure 5. An example showing the effect of surface potential on N-type 
calcium channel gating property. 

The upper panel shows the switching bathing solution from 2 mM calcium solution to 
20 mM calcium solution shifts the IV relation to a more depolarized level, indicating 
that the channels are more reluctant to open under higher concentration of divalent 
ion in the bath solution. The lower panel shows the activation curves plotted with 
calculated channel conductance from the IV plot. 
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Step duration (ms) 

Figure 6. Effect of temperature on the response of calcium channels to 
mock APs with varied duration. 

A, example traces from the L-type calcium channels showing calcium currents 
in response to a series of step pulses with varied duration from 0.1 -3 ms with 
0.2 ms increment to mimic AP with varied duration. B, Group data indicate 
that at room temperature, the amplitude of AP response is dependent up AP 
duration over a wide range. In contrast at physiological temperature, the AP 
responses of all channel types saturate within 0.7 ms, suggesting that all 
channel types are equally capable of responding to APs in full scale. 
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Figure 7. Calcium currents in response to the repetitive firing and 
plateau waveform at room temperature. 

The values shown are I_ca++ integrals normalized to the peak of a preceding step 
pulse. The L-type channels show a preference for the plateau waveform to the 
repetitive firing waveform while no difference observed for the P/Q- and N-type 
channels between two waveforms. However, bigger differences are observed.between 
the L-type and other two channel types, revealing a novel behavior of L-type calcium 
channel. 
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Figure 8. Example traces of calcium currents in response to different 
stimulus waveforms at physiological temperature. 

The topmost panel shows the computer simulated waveforms, below which are 
calcium current traces recorded from HEK293 cells transfected with various calcium 
channel cDNAs. The different firing pattern between the plateau waveform and the 
repetitive firing waveform results from 30-fold larger synaptic conductance for the 
model neuron producing the plateau waveform than the one producing the repetitive 
firing waveform. The large synaptic conductance as shown in plateau waveform leads 
to larger depolarization that subsequently results in sodium channel inactivation and 
activation of the calcium-dependent potassium channels, both of which serve to 
diminish the APs. 
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Figure 9. Group data showing calcium currents in response to different 
stimulation waveforms at physiological temperature. 

The L-type calcium channels, when compared to the P/Q-type calcium 
channels, have a at least 3-fold larger calcium influx in response to both 
waveforms (P<0.001). It suggests that L-type VSCCs are selectively activated 
in response to intense physiologically-relevant waveforms. Both the L-type 
and P/Q-type calcium channels show preference for the plateau waveform 
over the repetitive waveform, suggesting that waveform preference is not 
specific to L-type channels. 
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Figure 10. Calcium currents in response to theta burst firing 
waveform. 

A, Example traces show the response to strong theta waveform and the weak 
theta waveform. B, a significant difference in calcium current in response to 
the strong theta waveform is observed between the L-type calcium channels 
and other two channel types. No difference is observed in calcium current in 
response to the weak theta waveform between any pair of three channel 
types, suggesting that L-type calcium channels are associated with only the 
strong synaptic inputs but not the weak ones. 
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Figure 11 . Calcium currents in response to one second step 
depolarization pulse. 

Compared to the large difference in calcium influx in response to the complex 
depolarization waveforms, the differences in step responses are moderate with 
a marginal difference only between the L- and N-type channels (P=0.048). 
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Figure 12. Paradoxical relation between rise time and relative AP peak 
amplitude at physiological temperature. 

A, P/Q-type calcium channels have fastest activation kinetics compared to L-
and N-type channels as revealed by 10-90% rise time. B, Unexpectedly, P/Q-
type calcium channels have smallest response to APs in spite of its fastest 
activation kinetics. This paradox raises the question that whether activation 
kinetics is the determinant that shapes the calcium influx in response to APs. 
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Figure 13. Tail current constitutes the main body of the calcium 
current response to AP. 

The left panel shows a L-type calcium current evoked by a 2 ms square pulse, 
demonstrating a full tail current. Note the depolarization-induced calcium 
current is only 2 nA. The right panel shows a calcium current response to an 
AP in the same recording trace. Two responses are 200 ms apart. The smaller 
amplitude of AP response is due to the depolarized EPSP before the AP. 
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Figure 14. Inactivated fraction of calcium current in response to the 
step pulse and the simulated waveform. 

A, the residual fraction is the percentage of the residual current versus the 
peak of the step response. The steady state current of the L-type calcium 
channels is larger than those of the P/Q- and N-type channels (P<0.001 for 
both comparisons). B, the difference in inactivation revealed by residual 
fraction of the spiking among different HVA channel types appears larger in 
the response to the repetitive firing waveform, suggesting that the complex 
synaptic waveform response confers more physiological relevance than square 
pulse. It also provides a viable explanation for the distinctively large calcium 
current in response to the strong synaptic activity mediated by the L-type 
calcium channels. The inset shows a repetitive firing response. 
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Figure 15. Inactivation reflected by the amplitude of an end pulse in 
the simulated waveforms. 

An artificial step pulse with 5 ms duration and +25 depolarization level 
intended to examine the channels available at the end of one second 
waveform. Different calcium channel types exhibits distinct inactivation 
behavior revealed by the end-pulse response inconsistent with the AP 
responses, as shown most apparent in the N-type channels. These data 
suggestthat different channel inactivation behavior may be attributed to their 
distinct recovery from inactivation as can be hinted by the glitch labeled by 
the asterisks. 
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Figure 16. Inactivation reflected by the end-pulse in calcium channels 
with different b subunits. 

A, example traces of the L- and the P/Q-type calcium channels co-transfected 
with b2A subunits. B, group data show that the inactivation in the P/Q-type 
channels are mostly reversed by b subunit substitution while that in the L-type 
channels is also attenuated. 
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Figure 17. Voltage-dependence of P/Q-type inactivation. 

A, digitally removal of the EPSP component of the P/Q-channels largely 
attenuates the inactivation at -70 mV holding potential (middle). Lower panel 
shows hyperpolarization to -110 mV completely abolishes the inactivation 
revealed by spiking reduction. B, the L-type calcium channels recover spiking 
arrest (by digitally removal of 4 APs) while the inactivation of P/Q-type 
channels proceeds after the gap. These data suggest a unique inactivation 
profile of P/Q-type calcium channels, voltage-dependent and slow recovery 
from inactivation compared to other channel types. 
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Figure 18. Calcium current in response to the hippocampus-derived 
waveform. 

Calcium current of the L-type (middle) and the P/Q-type calcium channels 
(lower) in response to hippocampus-derived depolarization waveform (upper). 
Group data indicate similar difference between the L-type and the P/Q-type 
calcium current in response the hippocampus-derived waveform, compared to 
the simulated repetitive firing waveform. 

47 



^umptf .mwur 

1000pA 

20 ms 

E4.0 
0) 

.13.0 
•*—f 

5 2.01 

1.0 

0.0 
'22 26 30 34 

TemperatureXP) 

< 
9 

- ' 2 
TO 

* 1 

38 

22 26 30 34 38 

Temperature^) 

Figure 19. Example of temperature effect on activation rate and 
calcium peak currents. 

The right panel shows an example cell (an acutely isolated hippocampal CAl 
neuron) undergoing temperature change. As temperature increases from room 
temperature, activation process accelerates as seen in shortening 10-90% rise 
time (upper right) and the macroscopic current increases (lower right). 
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Figure 20. Calcium currents in hippocampal CAl neurons. 

Calcium currents in hippocampal CAl neurons in response to the repetitive 
firing (top left) and the plateau (top right) waveforms. 'All channel types' 
denotes the currents are obtained in absence of any channel blocker. The 'L-
component' is obtained in presence of 1 \xM co-conotoxin GIVA (for N-type 
channel blockade), 1 fiM co-conotoxin MVIIC and 200 nM co-agatoxin IVA (for 
the P/Q-channel blockade). 
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Figure 21 . Temperature effect on calcium current is reversible. 

An example of a L-type calcium current showing that the acceleration of 
activation kinetics and the augmentation of current amplitude can be reversed 
by re-perfusing the cell with room temperature bath solution. 
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Waveform analysis at room temperature 

With the advantage of computer simulation of neuron activity from our 

laboratory, our project started with an attempt to test the synaptic waveform 

preference of L-type calcium channels. Evidence suggests that L-type calcium 

channels prefer the long-lasting EPSP component of depolarization waveform 

to waveforms that mainly contain APs (55, 59). To test this hypothesis, two 

major waveforms were used, repetitive firing waveform and plateau 

waveform. In modeling these waveforms, two neurons were included with all 

cellular machinaries, glutamate receptors, different kinds of membrane ionic 

channels and calcium buffers for example, that are necessary for generating 

neuronal activity such as spike accommodation, LTP etc. In our two neuron 

model, a classical LTP-inducing stimulation protocol, a one second 100 Hz 

buzz, was applied to the presynaptic neuron. To simulate the different synaptic 

response intensity, total synaptic conductance was manipulated in the model 

to represent the amount of response from glutamate receptors, both AMPA 

and NMDA receptors. For the two major waveforms, the plateau waveform 

was generated from a postsynaptic neuron with 30 times synaptic conductance 

as large as the one for the repetitive firing waveform. 

At room temperature, the L-type calcium channels showed a unique 

preference of large long-lasting plateau waveform with a more than two folds 

larger total calcium current over that in response to the repetitive firing 

waveform depolarization (P<0.01) (see fig. 7). The square step pulse induced 

calcium current far exceeded even the plateau- waveform response by about 
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two folds (P<0.001). In contrast, both P/Q-type and N-type calcium channels 

showed no preference for either of the two simulated waveforms. These data 

are in agreement with previous reports that the L-type calcium channels favor 

the long-lasting large depolarization for the calcium influx, comparing to 

repetitive firing depolarization waveform (55, 59). Compared to the plateau 

waveform, the L-type calcium channels mediated only less than two fold larger 

calcium current in response to the 1 second step depolarization. The P/Q- and 

N-type channels mediated more than 20 folds larger calcium current than the 

plateau waveform response. In the case of the P/Q-type channels, the step 

depolarization induced calcium current even exceeded that of the L-type 

channels by 60% (see table 2), suggesting that P/Q- and N-type VSCCs are 

more voltage-dependent compared to L-type VSCCs. 

In comparison of the total calcium current among the three HVA calcium 

channels, the L-type calcium channels was found to mediate surprisingly 

larger current in response to the simulated waveforms compared to other two 

channel types. This provides a possible explanation as to why L-type calcium 

channels are adapted to plasmic calcium activity considering the relatively 

large cytoplasmic volume. Another observation came from P/Q-type channels' 

response to step pulse. In contrast to simulated waveform response, the P/Q-

type channels mediated a much larger total calcium current in response to 

step pulse depolarization. Combined with the observation of inactivation 

profile, this large total calcium current may well be due to the large residual 

current from less inactivation. Consistent with previous findings, our data 

obtained at room temperature indicate that in response to the complex 

depolarization waveforms, the L-type VSCCs exhibited a strong preference for 
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the plateau waveform over the repetitive firing waveform while the other two 

HVA calcium channels did not show any preference for either of the two 

waveforms. 

Waveform analysis at physiological temperature 

In addition to the waveforms used at the room temperature 

experiments, we also modeled two additional waveforms, strong theta 

waveform and weak theta waveform for physiological temperature 

experiments. To better present the waveform preference by calcium channels, 

the repetitive waveform was slightly modified such that the APs were spread 

throughout the one second depolarization period with slightly lower 

depolarization level (-50 mV) (the EPSP level for the other repetitive firing 

waveform is -45 mV) to amplify the difference in calcium influx between 

repetitive firing and plateau waveform. This new repetitive firing waveform 

was tested at room temperature and showed no difference from the other 

repetitive waveform in its total calcium current. All the experiments at the 

physiological temperature were performed with this new repetitive waveform 

and no distinction will be mentioned hereafter. 

53 



Table 3. Calcium current response to simulated waveforms at 
physiological temperature 

36 
°C 

L 

P/Q 

N 

Repet i t i 
ve 

(22°C) 
45.5±7.0 

, n = 10 
21.6+2.7 

, n = l l 
2.1+0.5, 

n=8 -

Repet i t i 
ve 

57.0±2.7, 
n = 15 

16.5+1.1, 
n = 17 

10.7+1.9, 
n=8 

Plateau 
' (22°C) 

107.8±7. 
9, n = 10 

,23.9+7.4 
'• •'-., n = 10 
5,1+1.4, 

•V.. ri = 8 

Plateau 

94.6±6. 
6, n = 15 
32.6+2. 
2, n = 14 
14.3+3. 
6, n = 8 

s t r ong 
t he ta 

62.7±6.2 
, n=8 

17.6+2.1 
, n = 6 

13.4+2.3 
, n = 12 

w e a k 
t he ta 

13.70+2. 
3, n=8 

9.0+1.6, 
n=4 

7.5+1.3, 
n = 12 

Step : 
(22°C) 

92.0+12. 
2, n=9 

74.6+13. 
3, n=8 

62.0+8.4, 
: ;.;:-n=8 

Step 

92.0+12. 
2, n=9 

74.6+13. 
3, n=8 

62.0+8.4 
, n = 8 

The difference in the repetitive firing and plateau waveforms observed 

at the room temperature remained significant at physiological temperature. 

However, this difference was not unique to L-type channels anymore as at 

room temperature. Like the L-type channels, the P/Q-type calcium channels 

also exhibited a preference for the plateau waveform at 36 °C. Nonetheless, 

the difference in the total calcium currents between the repetitive firing and 

plateau waveform was relatively small, only less than one fold. This somewhat 

reduces the importance of the preference of L-type channels for long-lasting 

large EPSP containing waveform. Interestingly, the L-type calcium channels 

mediated much larger total calcium current in response to the simulated 

depolarization waveforms compared to the P/Q- and N-type channels. In 

response to the repetitive firing waveform for instance, the L-type channels 

mediated 3.5 and 5 folds total calcium current as large as the P/Q- and N-type 

channels mediated total calcium current respectively. In contrast to the 

apparently large L-type calcium current in response to complex synaptic 

waveforms, the total L-type calcium current in response to step depolarization 

showed no difference from the P/Q-type channels and a marginally larger, 

current than N-type channels (P=0.048) as shown in table 3 and fig. 11. This 
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outstanding large calcium influx induced by physiological depolarization 

patterns via the L-type channels has not been reported before and is 

especially attractive in that it provides insight into the cellular functions of 

calcium channels, which will be discussed later. It also suggests that step 

depolarization pulse is limited in its capacity for studying calcium channel 

behaviour in physiological condition. 

It is possible that our waveforms are not representative of physiological 

patterns in live tissues despite the fact that all conceivable physiological 

parameters have been incorporated into the model. To test this possibility, Dr. 

Murphy simulated two additional waveforms with the 'NEURON' program, a 

strong theta and a weak theta waveform that were generated in response to 

the theta-like presynaptic stimulation with the postsynaptic conductance 

resembling the one in the plateau and the repetitive firing waveforms 

respectively. Theta rhythm is believed to be dominant in the hippocampus 

during walking and rapid-eye-movement sleep and therefore represents a 

significant portion of physiological firing pattern in live animals. Our result 

indicated that the L-type calcium channels appear to be superior to the P/Q-

and N-type channels in their ability of responding to the strong theta 

depolarization waveform as to the repetitive firing and the plateau waveforms 

(see table 3 and fig. 10). As for the response to the weak theta waveform, no 

difference was observed between L-type and P/Q-type channels and only a 

moderately smaller calcium current via N-type channels was observed 

compared to L-type channels (P=0.017) as shown in table 3. Comparison of 

the total calcium current in response to these depolarization patterns with 

decreasing synaptic conductance suggests that the L-type calcium channels 
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are associated with strong synaptic inputs, therefore providing a strong 

support for the important role of the L-type channels in the activity-dependent 

gene expression. 

The next imminent task is to identify the biophysical property that 

contribute the L-type calcium channels' superiority in mediating the strong 

synaptic input induced calcium influx. Previously, it has been reported that the 

L-type calcium channels are associated with long-lasting large EPSP better 

than APs (55, 59). The preference of L-type calcium channels for EPSP 

component was attributed- to their slower activation kinetics. However, our 

results unraveled a drastic difference in both activation and inactivation 

kinetics of calcium channels between room temperature and physiological 

temperature. Therefore, it is possible that a different biophysical aspect may 

be manifested in channel behavior at physiological temperature not evident at 

room temperature. 

Analysis of activation kinetics at physiological 

temperature 

As mentioned in the previous section, activation rise t ime shortened to 

about one tenth as experimental temperature increased to 36°C. The L-type 

channel rise time was no difference from the N-type channel rise t ime larger 

than the P/Q-type channels by about 50% (see table 2). Previous studies have 

suggested that the L-type VSCCs respond preferentially to a large long-lasting 

depolarization and do not respond well to brief stimuli such as single APs (55, 

58). However, these studies were limited in that they were performed on a 
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heterogeneous population of channels at room temperature. The studies also 

failed to describe how L-type VSCCs would be activated by bursts of 

APs/EPSPs associated with synaptic plasticity (12, 15, 86). To further address 

this issue voltage steps of different duration were used to simulate APs of 

limiting duration. This was tested with a series of step pulse with varied 

duration from 0.1 - 3 ms with 0.2 ms increment to mimic the APs with 

different widths. The peak amplitude of the calcium current was measured for 

curve f i t t ing. The test was performed at both room and physiological 

temperature. At room temperature, the step widths of < 1 ms resulted in 

< 5 0 % of maximal channel activation for L-, P/Q- and N-type channels (half 

maximal activation occurred at 1.48 ms n=4, 1.40 ms n=4 and 1.39 ms n = 17 

for L-, P/Q- and N-type channels at 22 °C, respectively). However at .36 °C 

simulated AP widths of as low as 0.6 ms resulted in greater than 90% of 

maximal channel activation for all three channel types studied (50% of 

maximal activation occurred at 0.45 ms n = 3, 0.44 ms n = 8, and 0.48 ms n = 5 

for L, P/Q, and N-type channels at 36 °C). This result indicates that at 36 °C L, 

P/Q, and N are all effectively activated by single AP stimuli (0.4 - 0.7 ms half 

width) and that large EPSPs are not necessarily required. Thus, at reduced 

temperature (22 °C) it is possible that conditions that alter AP duration such 

as the modulation of potassium channels would change both the degree and 

duration of channel activation (Sabatini and Regehr 1997). 

To verify the results obtained from duration variation, amplitude of the 

APs in the repetitive firing waveform and plateau waveform were examined 

with the peak of the preceding step repulse as the normalizing signal. The AP 

relative amplitude was similar between the L-type and the N-type calcium 
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channels with 1.38±0.04 (n = 28) for the L-type channels and 1.17±0.05 

(n = 29) for the N-type channels. The P/Q-type channels have even smaller AP 

response (0.87±0.05, n = 20; P<0.01 in comparison with both the L- and N-

type channels). Looking closer into the detail of the AP response, we found 

that the main body, of AP response was composed of tail current (see fig. 13). 

These results delivered two folds of important messages. First, activation 

kinetics are not the predominant factor that shapes the calcium influx in 

response to APs. Instead, the inactivation is most likely the main force that 

affects the size of AP response. Secondly, the L-type calcium channels are at 

least equally capable of responding to AP in full scale as the P/Q- and N-type 

channels, if not more. In summary, our results indicated that activation 

kinetics in the physiological temperature range has little impact on shaping the 

calcium influx in response to APs. 

Inactivation analysis at physiological temperature 

We next examined inactivation for a possible candidate mechanism 

underlying the differential calcium influx in response to synaptic waveforms 

via various calcium channels. As revealed from residual calcium current, the L-

type channels showed less inactivation compared to the P/Q- and N-type 

channels. This suggests that the inactivation may be critical for the 

distinctively large calcium entry via the L-type channels. Again, this needs to 

be corroborated with waveform analysis. 
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Inactivation revealed by spiking attenuation 

In the repetitive firing waveform, the responses to the first and the last 

APs were compared for the proportion of inactivation .at physiological 

temperature. The L-type calcium channels showed considerably less 

inactivation (57.2±1.9%, n=9) compared to the P/Q-type channels 

(90.1+0.8%, n = 8; P<0.001) and the N-type channels (94.6±1.6%, n=8 ; 

P<0.001) (See fig. 14). Interestingly, the amount of L-type inactivation from 

this spiking waveform was drastically less than that from step pulse as 

revealed by residual calcium current (94%) as shown in table 2. I t led to a 

untouched possibility that the inactivation characteristics makes L-type 

calcium channels unique in mediating a large calcium influx that plays the 

critical role in triggering gene transcription. 

To further confirm the observation from AP comparison, we further 

tested the channel availability at the end of the repetitive firing waveform 

since the last AP amplitude does not reflect the full channel availability due to 

its narrow width (1.2 ms half width for the last AP in the repetitive firing 

waveform). The last AP in the repetitive firing waveform was replaced with a 

square pulse with a 5 ms duration and a +25 mV depolarization level. With 

this paradigm, the L- and P/Q-type channels showed slightly less inactivation 

(45.0±4.2%, n = 8 and 86.2±2.4%, n = 7 for the L- and P/Q-type channels 

respectively) as compared to the original waveform to a similar extent. In 

contrast, the N-type inactivation revealed by this 5 ms step pulse was 51.8% 

(42.8+8.2%, n=4 ; P<0.001) less than that in the original waveform. The 

surprisingly large difference in the N-type inactivation observed during 5 ms 
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pulse and the normal AP is possibly due to a quick recovery from inactivation 

(will be discussed in detail later). 

Channel recovery from spiking arrest 

Since our 5 ms end pulse experiment suggested a differential recovery 

among different calcium channel types, it is necessary to know how much 

recovery can be attained after high frequency spiking arrest. Previously, Patil 

et al (64) showed that that P/Q and N-type channels can become 

preferentially inactivated during the interval between successive stimuli. This 

form of inactivation was termed 'intermediate closed-state inactivation' and 

might help explain why the P/Q channels were selectively inactivated by the 

complex stimuli that contain relatively brief periods of depolarization when 

compared to sustained step depolarization. A similar phenomenon also occurs 

with Na+ channels and contributes to activity-dependent alterations in 

dendritic spiking (17, 56). In the case of our VSCC data, the depolarized AP 

peaks in combination with more moderate EPSPs may be ideal for producing 

selective inactivation of P/Q and N-type Ca2+ channels. To test this idea we 

produced simulated waveforms in which 4 APs were removed to determine 

whether inactivation of P/Q-type channels would proceed in the absence of AP 

stimulation. Our results indicate that the spiking arrest had little effect on the 

inactivation of subsequent AP-evoked P/Q-type currents suggesting that the 

inactivation process once begun could proceed in the absence of stimulation 

(Fig. 2C). To quantify this effect we measured the average current attributed 

to the 3 spikes preceding the gap and 3 after the gap. In the case of the P/Q 

channel a significant reduction in the current amplitude associated with the 

60 



spikes was observed (13.3±1.3%, n = 5; P<0.05); while removal of the APs led 

to an increase in the L-type VSCC response (7.2+2.7%, n=9 ; P<0.05). 

Effect of inter-spike potential on inactivation 

In the intermediate close-state inactivation theory, the amount of 

inactivation of P/Q- and N-type channels is voltage-dependent (44). To 

determine voltage-dependence of inactivation in our waveforms, the EPSP 

depolarization level of the repetitive firing waveform was varied by digitally 

removing the EPSP component without changing the spatial distribution and 

the depolarization level of the APs, resulting in a waveform termed AP-train-70 

(-70 denotes the inter-spike voltage level). The amount of inactivation in 

waveform is measured as the reduction percentage of the last AP response 

compared to the first AP response. Our results indicated that there was only 

moderate inactivation attenuation for the L- and N-type channels (55.4% to 

41.6%, n = 10 and 97.0% to 87.6%, n = 5 respectively) by EPSP removal. In 

contrast, the P/Q-type channels experienced a drastic inactivation attenuation 

(88.9% to 47.8%, n=9) by EPSP removal. Since the P/Q-type channels 

seemed more responsive to the inter-spike potential manipulation, the inter-

spike potential was changed to -110 mV to amplify the effect. As predicted, 

the inactivation as revealed by the relative size of the last AP was mostly 

abolished to 16.5±4.8% (n = 5). 

In summary, all three HVA channels were nearly equally activated at 

physiological temperature. Therefore the activation kinetics are not likely to be 

responsible for the differential response to synaptic depolarization waveforms 

among the three HVA channel types. Instead, inactivation profile differs 
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among different channel types and appears to play a critical role in shaping 

the calcium entry in response to synaptic input. In addition to the extent of 

inactivation, the recovery rate is as well shown to be important in this regard. 

Modulation of biophysical properties by [3 subunit 

Since the L-type and P/Q-type calcium channels presented drastic 

contrast in their inactivation profile, we investigated the mechanisms that may 

contribute to their, distinct inactivation features. There has been a consensus 

that inactivation of calcium channel is modulated by p subunit type (78, 80). 

Among various types of p subunit, p2A is known for the substantial slowing of 

inactivation. This is especially important for characterization of P/Q-type 

calcium channels because P/Q-type channels are mainly presynaptic calcium 

channels and undergo much voltage-dependent modulation from AP activity 

(83). 

/ 
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Table 4. Parameters for calcium channels wi th p2A subunit 

Biophysical properties Waveform responses 

Rise time Residual* . Repetitive Plateau \. *. ,.L ,. Step 
pulse K . . theta theta \__ 

L ' 0.43±0.0 16+2.0, 95±5, 80±20, 156±29, 60+10, 17.5±6.3 253±12, 
6, n = 5 n-5 n = 5 n = 9 n-9 n-4 , n-4 n-5 

. 0.47±0.0 32±3.0, 80±4, 188±30, 576±77, 282±21, 26.0±16. 517±42, 
'^ 3, n = 6 n = 5 n = 6 n = 6 n = 6 n=4 3, n = 2 n=4 

* : denotes the percentage of calcium current at the end of 1 second 
depolarization to 0 mV in comparison with the peak of the same response. 

To investigate the role of B subunit in modulation of inactivation in our 

waveform, p iB subunit in our transient transfection system was replaced with 

p2A subunit for both the L- and P/Q-type calcium channels. Our results 

showed that the steady state inactivation level revealed by residual current 

ratio of P/Q-type channels was markedly attenuated by p2A substitution, with 

a more than 10 times reduction in steady state inactivation (residual current 

ratio increases from 2.7+0.4%, n=8 to 32.5±2.6%, n = 5; P=9.2xl0"1 3) . For L-

type channels, the residual current ratio increased by only less than two fold, 

from 6.2±1.0% (n = l l ) to 16.0±2.0 (n = 5, P=1.8xl0"4) as shown in table 4. In 

contrast, the activation kinetics were not affected by p subunit substitution for 

either of channel types studied with the p2A subunit. As predicted from 

inactivation attenuation by p subunit substitution, the inactivation as revealed 

by the last AP relative amplitude in our simulated waveforms was greatly 

reversed in the P/Q-type channels but not the L-type channels. The relative 

amplitude of the last AP response in the repetitive firing waveform in the P/Q-

type channels increased from 9.8±0.8% (n=8) with the p iB subunit to 73±3% 

(n = 6, P=4 .1x l0 " u ) with the p2A subunit. No difference was observed for the 

L-type channels between p iB and p2A subunit (with p i B : 42.7+1.9%, n=9 ; 
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with p2A: 46.9+3.5%, n=9; P=0.33). Our data indicated that p2A reversed the 

P/Q-type inactivation and exerted little effect on the L-type inactivation, 

suggesting that p2A subunit only has an effect on the voltage-dependent 

inactivation, possibly via elimination of voltage-dependent inactivation. 

Calcium current induced by hippocampus-derived firing 

waveform 

To validate our simulated waveforms, a repetitive firing waveform 

obtained from hippocampal slice (experiment performed at 33°C) was applied 

to the L-type and P/Q-type calcium channels in HEK cell expression system. 

Consistent to that obtained from the HEK cells, at physiological temperature, 

the L-type calcium channels mediated much larger total calcium current 

(113.8±10.2, n = 10) than the P/Q-channels (50.1+8.2, n=4; P<0.01), which 

justified the application of the simulated waveforms with our approach. 

Calcium channels in acutely isolated hippocampal 

neurons 

Since all the efforts was dedicated to explore calcium channel behavior 

in the central neurons, results obtained from HEK cells have to be challenged 

by neurons. Therefore, we went on to perform experiments on the acutely 

isolated hippocampal CA1 pyramidal neurons. 

Hippocampus is the structure in medial temporal lobe that is involved in 

formation of declarative memory and has been under intensive study. CA1 

region is the center of, focus since it undergoes considerable long-term 
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potentiation (LTP) that is believed to be a critical substrate of memory after 

the discovery of LTP (7). 

The advantage of using hippocampal neurons is that result reflects real 

physiological nature of calcium channels with all the modulatory machinaries 

present for an adaptive calcium influx. The disadvantage exists in that the 

unidentified calcium channel type named R-type easily contaminates the 

calcium channel behavior observed since it lacks effective antagonist. 

In hippocampus, there is a mixture of several calcium channel types 

including L-type, P/Q-type, N-type and the unidentified R-type channels (90-

92). For our purpose of studying the L-type calcium channels, usage of potent 

P/Q- and N-type calcium channel blockers allows us to estimate the L-type 

channel mediated current. These blockers include one potent N-type channels 

blocker, co-conotoxin GVIA (1 JIM), two P/Q-type channel blockers co-agatoxin 

IVA (200 nM) and co-conotoxin MVIIC (l-\iM). Our data showed that the L-type 

current constitutes predominant fraction (about 60%) of total CA1 neuron 

calcium current. Only a small amount of calcium current remained after 

blockade with the toxins mentioned above and the L-type channel potent 

antagonist nifedipine. I t suggests that our experiments with toxins for P/Q-

and N-type channels will closely estimate the behavior of the L-type calcium 

channels. In this section, all the data are obtained in the presence of a cocktail 

of co-conotoxin GVIA (1 \xM), co-agatoxin IVA (200 nM) and co-conotoxin MVIIC 

( l ^ iM ) . 

Our results indicated that activation kinetics of neuronal L-type channels 

resembled that observed irv.HEK cells with 10-90% rise t ime 0.40±0.04 ms 

(n=6, P<0.05). The waveform results showed that as in HEK cells, the L-type 
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component of hippocampal CAl neuron calcium current yielded a total calcium 

current 57.2±7.3 (normalized to the peak of the preceding step response), 

n=7 and 85.7±22.0, n = 7 in response to the repetitive firing and plateau 

waveform respectively. No difference was obtained when compared to that 

obtained in HEK 293 cells. 
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Chapter 4 Discussion 

Appropriate experimental conditions for calcium 

channel investigation 

It has been well established that ionic channel kinetics are affected by 

experimental condition such as temperature (41) and divalent ion 

concentration. Among these experimental conditions, temperature is of special 

importance because many of the biological processes, such as ion channel 

function activation or inactivation and enzyme activity and so forth, are 

believed to be temperature-dependent. Unfortunately, there is meager 

evidence for calcium channel behavior at physiological temperature (1> 47, 

72). Our knowledge about calcium channels is largely based on experiments 

performed at room temperature. To overcome the temperature gap, a 

compensation strategy for data analysis, the temperature coefficient called Qi0 

was developed. Qi0 denotes the change in the rate of a biological process as a 

result of increasing the temperature by 10°C. Utilization of this coefficient is 

based on the assumption that the biological process has a linear dependence 

on temperature. For a narrow and defined temperature range, Q10 value does 

afford a satisfactory approximation. Yet over a wide range as from 22°C to 

36°C, it is rather possible that there are several processes involved in channel 

function, each operating optimally only over a portion of the full temperature 

range. Unless the reaction rates for each process are identical, their collective 

effect will be nonlinear. Our results indicate that both activation kinetics and 
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calcium current amplitude change over a wide temperature range in a 

nonlinear fashion (see f ig. 19). The nonlinear temperature-dependence of 

channel properties has been reported previously and attributed to changes in 

the fluidity of membrane lipids that, in turn, influence the degree and rate of 

channel opening (29). The transition between gel and liquid-crystal phases in 

biological membrane is well known (54). This phase transition would 

presumably influence the intramembranous portion of embedded ion channels. 

In the case of calcium channels, it is the a l subunit that is entirely located 

within the membrane where it would be expected to be vulnerable to this 

thermotropic transition. Nonetheless, it is a l subunit that undergoes voltage-

dependent activation. Some more recent studies showed that increased 

temperature accelerated both activation and inactivation rate of calcium 

channels (47, 72). However, the studies were not specific to a particular 

channel type and the characterization was rather incomplete. 

Another common practice that causes misunderstanding about calcium 

channel property is the use of high concentration of extracellular calcium. High 

concentration of either barium or calcium as charge carrier becomes attractive 

due to following reasons. Sometimes calcium signal can be quite small even 

undetectable. For transiently expressed calcium channels, the portion of cells 

with decent signal is often quite small even though the transfection efficiency 

is very high as indicated from p-gal staining. One possibility is that the calcium 

channels may not be well expressed in the cell membrane or become 

internalized depending on the health condition of the cells (6). Under these 

conditions, co-expression with some transfection indicators such as green 

fluorescent protein (GFP) or p-gal does not yield satisfactory match with signal 
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pick-up during the recording of calcium currents. High concentration of 

calcium or barium can augment the signal size to well above detectable level, 

boost the signal-noise ratio by many folds (our data, not shown). However, 

high concentration of divalent ions exerts a surface charge on cell membrane, 

thus shifting the channel activation to the right as shown in fig. 5. As a 

consequence, a depolarization pattern as shown in our simulated waveforms 

would yield less calcium influx in presence of high concentration of calcium, 

which would certainly make all the calcium-dependent cellular events 

unpredictable. In our experiments, all the calcium responses to waveforms are 

normalized to a control signal that shortly precedes the waveform recording by 

about 20 seconds. Since all the calcium signals are expected to be affected by 

the activation shift, whether the activation shift would exert equal effect on 

the calcium currents in response to the different synaptic waveforms remains 

uncertain. Our results indicate that normal calcium concentration yields larger 

calcium currents in response to the repetitive firing and plateau waveform. 

Since both activation and inactivation can both be affected by extracellular 

calcium concentration, the mechanism that underlies the difference in our 

results between normal and high concentration divalent ion is yet to be 

determined. Our data suggests that at macroscopic level, normal 

concentration is capable of yielding sufficient calcium signal and usage of high 

calcium concentration should be avoided due to its apparent effect on calcium 

channel gating. 

Barium is often used as a substitute for calcium since using barium can 

easily generate a calcium current 3 fold larger than that with calcium as the 

permeant ion (33, 77). A legitimate reason for using barium is to isolate the 
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voltage-dependent inactivation since barium has little calcium-dependent 

inactivation but is of higher permeability for the calcium channels (66, 95). 

With barium as a charge carrier, the activation rate is slower while inactivation 

is almost completely abolished at room temperature (66). Even for study in 

which inactivation does not seem to be important, considerable caution should 

be taken given that our understanding about calcium channels is far from 

thorough. For example, there is a strong consensus that the size of the 

calcium current in response to the AP is affected by activation kinetics. This 

holds true when the experiments are performed at room temperature since 

the response to the APs (about 0.8 ms half width from our results) is filtered 

by channel's slow activation rate (with a rise t ime range of 3.18±0.19 ms from 

our results). However, when the experiments are performed at physiological 

temperature, all the activation rise time are within 0.7 ms. All the HVA channel 

types become capable of responding to APs in a full scale. Looking into the AP 

response closer we found that the AP is composed mainly of the tail current, 

the size of which is largely modulated by the inactivation status (40). 

Utilization of barium as permeant ion would cause some unpredictable effects 

and therefore distort the normal calcium current in response to synaptic 

waveforms. 

Finally, the characterization of calcium channel using square-shaped 

step pulse also appears problematic. Yue et al showed that the inactivation in 

high frequency AP firing is different from that in square pulse depolarization 

when the total depolarization area and summed duration are equal between 

the AP train waveform and the step depolarization waveform (64). Similarly, 
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novel property of calcium channel may emerge if challenged by more complex 

firing pattern. 

Taking these together, experimental temperature, charge carrier specie, 

concentration of charge carrier and the application of physiological waveform 

are necessary for characterization of calcium channels. Our experiment utilized 

all the concerned elements that make the condition for channel analysis 

physiological. One exception is the genetic difference between the HEK cells 

and neurons. Neurons possess intracellular proteins that interact with calcium 

channels such as G-protein (96) etc while HEK may have different sets of 

plasmic and membrane interacting proteins. To date, the difficulty in analyzing 

calcium channel remains standing due to lack of effective antagonist for R-

type calcium channels. Two strategies have been developed. One is to 

approximate the interested channel type with rest of the known channel types 

blocked, with the R-type channels unblocked. The other is to use the blocker 

of the interested channel type and analyze the channel by generating 

difference signal between the signal without blocker and the signal with the 

blocker. The latter is not reliable to some extent in that current rundown or 

other cellular activity deterioration occurs during the drug effecting, especially 

for experiments performed at physiological temperature due to more rapid 

current rundown. In our experiments, approximation for L-type calcium 

channel characterization was performed with blockers for P/Q- and N-type 

calcium channels to reproduce the major result in hippocampal CA1 neurons. 

The experiments intended for investigation of mechanisms for our major 

results were performed with the HEK cells. To summarize, our experiment 
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conditions were optimized to reproduce the physiological condition in live 

neurons for the calcium channel characterization. 

L-type calcium channels are tuned to strong synaptic 

activities 

In this discussion chapter, unless otherwise pointed out, all the data 

presented refer to those obtained from experiments at physiological 

temperature and with 2 mM bathing calcium. 

Our results demonstrated that the L-type calcium channels are tuned to 

strong synaptic activities. In another word, the L-type calcium channels 

respond with distinctively larger calcium influx in response to the strong 

synaptic inputs in comparison with other two channel types but not in 

response to the weak synaptic waveforms. This activity tuning of L-type 

calcium channels is manifested in two folds. First, the L-type calcium channels 

prefer the long-lasting EPSP-like depolarization waveform over the AP firing 

waveform. Secondly, the L-type calcium channels mediate much larger 

calcium influx in response to strong synaptic activities compared to other two 

HVA calcium channel types, the P/Q- and the N-type channels. Among the four 

simulated waveforms, the plateau, the repetitive firing, the strong theta and 

the weak theta waveform, the first three waveforms generated 3 folds or more 

calcium currents via the L-type channels than the ones via the P/Q- and the N-

type channels. The weak theta waveform yielded no difference in calcium 

current among the L-, the P/Q- and the N-type calcium channels. 
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Our initial attempt was to take advantage of the depolarization 

waveforms that were previously simulated with the 'NEURON' program in our 

laboratory and demonstrate whether the simulation results hold in real calcium 

current recording. This simulation results showed that the L-type calcium 

channels are able to discriminate normal synaptic activities from those linked 

to plasticity and gene expression. This discrimination ability comes from the L-

type "channels' preference for the long-lived synaptic depolarization over the 

AP train waveform. The waveform preference is indeed attractive due to the 

following causes. First, the EPSP-like waveform in general represents the 

collective effect of the strong synaptic inputs that depolarize the membrane 

potential high enough to inactivate the fast inactivating-sodium channels 

thereby diminishing the APs (40). It is the strong synaptic inputs that are 

relevant in initiation of long-term changes in neuronal function and structure. 

Secondly, L-type calcium channels have been shown to play an important role 

in triggering gene expression (58, 73). The preference of L-type calcium 

channels for waveforms that represent strong synaptic inputs may reflect the 

unique role of the L-type calcium channel in gene expression initiation. 

However, caution needs to be taken for comparing the effect of EPSP-

like depolarization waveform and AP train-like waveform. It would be 

obviously untenable to compare an EPSP with a single AP for their effects due 

to the large difference in the total integrated sizes. What about two APs? And 

three? What is the standard to make a legitimate comparison? The comparison 

is hard to make due to a number of reasons. First, what is the reasonable 

depolarization level for the EPSP for this comparison given that the AP 

depolarization level is naturally restricted to about 0 to +30 mV? Another 
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factor is even harder to standardize, the AP firing frequency. The comparison 

is plausible only when the firing frequency serves as a variable as in the study 

by Patil et al for analyzing the intermediate closed state inactivation (64). 

However, the problem becomes apparent when the comparison is made for 

the analysis of calcium influx where the firing frequency is not a variable as in 

the case of the study .performed by Mermelstain et al (55). In their study, 

frequencies at 5 Hz for 180 seconds or 50 Hz for 18 seconds were delivered to 

cultured hippocampal neurons to elicit calcium transient. The comparisons 

were made with these stimulation frequencies between with and without EPSP 

using glutamate receptor blockade. Extrapolation for higher frequencies is 

difficult to make since the inactivation profile may well differ among different 

firing frequencies. Our data also show that the P/Q-type channels also 

manifest a preference for the plateau waveform at physiological temperature. 

Therefore, the L-type calcium channel's preference for the strong synaptic 

activities, even if fully confirmed, is not distinctive. However, we do not argue 

against the possibility that an optimal although not ideal protocol can be 

attained for a particular purpose at-a particular experimental condition. 

Unfortunately, this comparison was made in our results without a standardized 

criterion between calcium channels' preference for waveforms. A very recent 

report indicated that somatic APs are capable of activating the signaling 

cascades that are involved in late-phase LTP (24), suggesting that the APs 

suffice to induce the intracellular calcium elevation that is needed for gene 

expression and what matters is the total amount of calcium that enters the 

cytosol. To conclude, the possibility still exists that L-type calcium channels 

are specialized at responding to the long-lived EPSP-like depolarization 
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patterns. However, to make a solid conclusion for waveform preference, a 

stricter standard is yet to be carried out. 

Our major finding is that L-type calcium channels are selectively tuned 

to the strong synaptic activities but not the weak ones. In response to the 

strong synaptic waveforms (the repetitive firing, the plateau and the strong 

theta waveforms), the L-type calcium channels mediated much larger calcium 

current than those mediated via the P/Q- and the N-type channels. In 

contrast, the weak theta waveform yielded no difference in calcium current 

among the three channel types studied. The difference in the responses to the 

strong synaptic waveforms is quite similar among the three channel types 

studied despite the large difference in their overall synaptic conductance as 

mentioned in Method section. I t is surprising that this phenomenon has never 

been reported before given that the single channel conductance is larger in the 

brain-derived L-type channels than the P/Q- and N-type channels'. We think 

our observation with the macroscopic current is not a simple expansion of 

what occurs at single channel level. First, the difference in single channel 

conductance is much smaller among different HVA calcium channel types. 

Second, the distinction in among different channel types at macroscopic level 

can only be observed when the channels are subjected to the strong synaptic 

inputs, suggesting that the macroscopic behavior of calcium channels can not 

be fully predicted by single channel characteristics. 

I f the comparison of the preference for waveforms is intended to 

provide some mechanistic link between L-type calcium channels and the gene 

expression, the superiority of L-type channels in response to the strong 

synaptic waveforms over other HVA channel types would be more relevant. I t 
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suggests that only the L-type calcium channels on the soma can provide 

sufficient amount of calcium to reach nucleus and elicit gene expression that is 

needed for the long-term modification of neuronal responsiveness. 

Activation kinetics are not attributable for distinction 

of calcium channel behavior 

There has been a general agreement that the L-type calcium channels 

have slow activation kinetics with little inactivation, which makes it an ideal 

filter for APs (14, 66). These attributes endow the L-type channels with a 

preference for the long-lasting EPSP waveforms (55). However, the conclusion 

was drawn from experiments performed at room temperature and mostly with 

high concentration of barium as permeant ion. As discussed earlier, these non-

physiological factors distort our understanding of the properties of calcium 

channels. Our results were obtained with conditions that corrected all the 

inappropriate experimental conditions and showed that the activation of L-type 

channels was no longer slow, and the inactivation of L-type channels was no 

longer insignificant. Instead, all HVA channel types activated with a similar 

rate and inactivate to a similar extent with the L-type channels' steady state 

level slightly lower than the other two HVA calcium channel types (see table 

2). Activation comparison indicated that the L-type calcium channels' rise time 

was slightly longer than the P/Q- and N-type channels. Yet comparison of their 

response to a series of mock APs with varied duration showed that all HVA 

channel types were equally capable of responding to APs with full capacity, 
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suggesting that activation kinetics can not serve to distinguish the different 

behaviors of calcium channels. 

Comparison of normalized calcium current in response to AP in the 

simulated waveforms indicated that the normalized AP response was 

significantly smaller in the P/Q-type than that in the L- and N-type channels. 

Given that the L-type activation was slightly slower than the P/Q- and N-type 

channels, this observation argues against the proposal that calcium current 

response to AP is mainly shaped by activation kinetics. Carefully looking into 

the calcium current in response to an AP, we found that the AP current 

response was composed of mainly the tail current, which is shaped by 

inactivation status of the calcium channels. This suggests that at physiological 

temperature, even the APs are not formed by activation kinetics as 

traditionally thought to be. This is consistent with the previous report that the 

L-type calcium channels exhibited prolonged activity upon depolarization (68). 

Therefore, activation kinetics can not be held accountable for the large 

difference in their total calcium current in response to the strong synaptic 

depolarizations. 

Inactivation is critical in functional differentiation of 

calcium channels 

Our results indicated that inactivation plays a crucial role in shaping the 

calcium currents in response to synaptic depolarization patterns.. It can be 

examined from aspects as indicated below. 
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Residual calcium current 

Our results indicated that the inactivation revealed from residual current 

level appears larger in the L-type calcium channels than those in the P/Q- and 

N-type channels. At room temperature, the residual levels measured at the 

end of 1 second depolarization are 15%, 25% and 13% for the L-, P/Q- and N-

type calcium channels respectively. This is inconsistent to the prevalent notion 

that L-type channels have little inactivation. One of the reason is that the 

statement about the characteristics of L-type channels was made in 

comparison with N-type channels since the P- and Q-type calcium channels . 

were discovered at a much later stage (51, 57, 74, 97). This may be another 

commonly neglected aspect in our understanding of calcium channels and may 

have some interesting implication in that the considerable difference in 

inactivation profile (at room temperature) occurs in two channel types that 

perform similar cellular tasks, i.e. neurotransmitter release. Once at 

physiological temperature, the inactivation was drastically accelerated (6%, 

3% and 2% for the L-, P/Q- and N-type channels respectively). The 

resemblance of inactivation extent between the P/Q- and N-type channels is 

consistent to their functional similarity but presents a contrast to the L-type 

inactivation at room temperature. As the numbers shown, the inactivation 

level of the P/Q-type channels resembles that of the N-type channels. This is 

consistent with their functional similarity yet presents a contrast to what was 

observed at room temperature with respect to their inactivation comparison 

between the L- and P/Q-type channels. It suggests that the channel behavior 

at physiological temperature is not a simple amplification of what was 
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observed at room temperature and therefore it is not appropriate to apply Q i0 

to a particular temperature-sensitive process in a temperature. At 

physiological temperature, it is highly possible that there are different sets of 

enzyme activated for calcium channel modulation. 

Inactivation revealed from spiking attenuation 

Inactivation revealed from comparison in the amplitude of the last AP to 

the first AP in the repetitive firing waveform indicated that inactivation of the 

L-type calcium channels was much less than the P/Q- and N-type channels. In 

response to the 1 second pulse at physiological temperature as shown above, 

the difference in the proportion of inactivation between the L- and .P/Q-type 

channels is only 3%, while in response to the repetitive firing waveform the 

difference in the spike attenuation between the two channel types becomes 

33%. Certainly the inactivation revealed from step depolarization can not fully 

account for the inactivation difference revealed from the complex synaptic 

waveform. Up to date, there are two kinds of inactivation that are responsible 

for calcium current decay. One is calcium-dependent channel inactivation and 

the other is voltage-dependent inactivation. Analysis of the contribution of the 

two types of inactivation requires consideration of the channel type and 

depolarization potential. The L-type inactivation is believed to be 

predominantly calcium-dependent while the P/Q- and N-type inactivation are 

largely voltage-dependent (9, 31, 36). At negative potentials the calcium 

current decay is dominated by calcium dependent inactivation since voltage-

dependent inactivation does not occur until potential reaches more depolarized 

level (31, 62). In contrast, at more positive potentials the continuing calcium 
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current decay would be comprised of largely calcium-dependent inactivation 

because voltage-dependent inactivation has already been completed. The time 

course of calcium-dependent inactivation and the separation of the inactivation 

components have been reported (10, 44, 69). However, there may well be 

drastic difference in proportion of two types of inactivation for results obtained 

at physiological temperature since their results were obtained from 

experiments at room temperature. And no evidence has been reported with 

regard to the relative proportion of voltage-dependent inactivation versus 

calcium-dependent inactivation, which is crucial in understanding the calcium 

channel activities. 

Channel availability at the end of synaptic waveforms 

Our data showed that the L-type calcium channels inactivated 

considerably less than the P/Q- and N-type channels in synaptic waveform-

induced responses as discussed above. The channel status at the end of the 

simulated firing waveforms remained unknown. Therefore, a 5 ms step pulse 

with +25 mV depolarization level was placed digitally at the end of the 

repetitive firing and the plateau waveforms with an attempt to fully open the 

channels remaining available and test the inactivation status. The 5 ms end-

pulse unraveled intriguing inactivation behaviour that was different from those 

manifested from the original APs. In the case of the L- and P/Q-type channels, 

they both present a consistent end-pulse response with their AP responses, in 

which the L-type channels respond with a large end-pulse response and the 

P/Q-type responds with current no larger than those in AP responses. In 

contrast, the N-type channels exhibited an interestingly large end-pulse 
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response as compared to the AP response, in which the end-pulse response 

exceeds the AP response by more than 100 folds as shown from the example 

trace in fig. 15. For the N-type channels, there seems to be an interesting 

voltage-dependent activity going on that is affecting the channel availability at 

the end of the firing. It may be partly because at the end of the repetitive 

firing, the N-type channels entered an voltage-dependent inactivation state in 

which the channels may be fully re-opened by a higher depolarization pulse. 

The difference in the amplitude between the end-pulse response and the first 

AP response may be due to the calcium-dependent component of its total 

inactivation. This is yet to be tested experimentally. Another alternative 

explanation is the rate of channel recovery. L-type and N-type channels may 

represent calcium channels that have rapid channel recovery rate as shown 

from our data. Lack of either small inactivation or rapid recovery may lead to 

drastic reduction in calcium influx as seen in the P/Q- and N-type channels. 

This partly helps to provide some mechanistic explanation of the differential 

response to the synaptic waveforms among the three calcium channel types 

studied. However, the precise mechanism for the channel inactivation recovery 

postulation has yet to be explored. 

In the repetitive firing waveform, the inactivation observed from 

reduction of AP response at the end of the waveform is possibly due to the 

spiking during the waveform, given that the inactivation from step 

depolarization is much smaller in either of the three channel types. Removal of 

a cluster of APs diminished the inactivation and induced a recovery from 

inactivation in the L-type calcium channels as shown in fig. 17. For the P/Q-

type channels, inactivation proceeded after the firing gap, supporting the 
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proposal that the L-type channels have a faster recovery from inactivation 

than P/Q-type channels. The apparent separation of inactivation behavior 

manifested by the AP and the end-pulse suggests that the inactivation 

development and the recovery from inactivation may be governed by distinct 

mechanisms. 

Inter-spike potential is important for voltage-dependent calcium 

channel inactivation 

The 5 ms end-pulse data implies that there is a considerable portion of 

voltage-dependent component in the inactivation, especially for the P/Q- and 

N-type channels. The L- and P/Q-type calcium channels were chosen for 

further investigation of the voltage-dependence of the inactivation manifested 

in the repetitive waveform response. As shown in fig. 17, removal of the EPSP 

component caused opposite changes in calcium current, a decrease for the L-

type channels and an increase for the P/Q-type channels in response to the 

repetitive firing waveform. A similar increase is observed for the N-type 

channels. Although dramatically reduced compared to the group with the EPSP 

component intact, the difference in the calcium current in response to the 

repetitive firing'waveform remained larger for the L-type channels compared 

to the P/Q- and N-type channels. It suggests that the EPSP component or 

inter-spike potential contribute a great deal to the privileged calcium, influx of 

the L-type calcium channels in response to the strong synaptic depolarization 

patterns. A recent report demonstrated that a significant portion of voltage-

dependent inactivation, although not as large as the calcium-dependent 
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inactivation component, was observed with a fast and a slow component (75). 

This explains partly why the EPSP removal did not enhance the calcium 

current in response to the repetitive firing waveform for the L-type calcium 

channels as for the P/Q- and N-type channels. On the other hand, the calcium 

current reduction upon EPSP removal in the P/Q- and N-type channels 

suggests that P/Q- and N-type channels mainly undergo voltage-dependent 

inactivation with possibly only a negligible proportion of calcium-dependent 

inactivation. For the P/Q-type channels, examination of inactivation revealed 

by reduction of AP response showed that inactivation was greatly reduced (by 

about half) with -70 mV inter-spike potential. The inactivation for the P/Q-

type channels was almost completely abolished (reduced by about 85%) when 

the inter-spike potential further lowered to -110 mV, further suggesting that 

the voltage-dependent inactivation constitutes the major portion of calcium 

current decay for the P/Q-type channels. It also provides us a basis for a 

quantitative estimation of the proportion of calcium-dependent and voltage-

dependent inactivation. We expect the N-type channels to behave similarly to 

P/Q-type channels. However, this work has yet to be accomplished. 

p2A subunit reverses inactivation in the P/Q-type channels 

Consistent with previous findings that calcium channel with p2A has a 

substantial slowing effect on calcium channel inactivation (25, 79), our 

experiments showed that p2A greatly reduced inactivation observed in both 

step pulse response and the waveform response. Our results further suggest 

that p2A subunit mainly removes the voltage-dependent component of 

inactivation without interference of calcium-dependent inactivation. This 
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postulation is extrapolated from observations in which p2A did not appreciably 

affect the inactivation revealed by AP response in the L-type channels while 

almost completely reversed the inactivation in the P/Q-type channels. Taking 

together the previous studies and our results, p2A subunit appears to largely 

remove the voltage-dependent component of inactivation. 
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Summary 

Combining all our results, we propose a characteristic set of properties 

exhibited by the L-type calcium channel. First, L-type VSCCs are selectively 

tuned to the strong synaptic input to mediate the calcium influx that is 

responsible for triggering gene expression, which provides the structural basis 

for neuronal plasticity and hence memory formation. In contrast, P/Q- and N-

type channels have evolved probably only for providing calcium influx that is 

required for transmitter release, which is moderate given the spatial limitation 

at nerve terminals. Secondly, at physiological temperature, activation kinetics 

do not contribute significantly to any known calcium channel behaviour. 

Thirdly, inactivation characteristics play a crucial role in calcium channel 

behaviours. Fourthly, combined with previous studies, our results yield an 

approximation of proportion of inactivation type for a given calcium channel 

type. For L-type channels, there is approximately a 70% calcium-dependent 

inactivation component with about 30% voltage-dependent inactivation. For 

P/Q-type channels, there is about 85% voltage-dependent inactivation and 

15% calcium-dependent inactivation. For N-type channels, the proportion for 

voltage-dependent inactivation versus calcium-dependent inactivation is about 

95% compared to 5%. Finally, P/Q-type calcium channels exhibit a unique 

inactivation profile different from N-type channels and L-type channels, 

although they have similar functions to N-type channels. 

85 



Future directions 

Our results present a new profile for the HVA calcium channel behavior 

at physiological conditions. The * physiological waveforms are capable of 

displaying real calcium channel behavior as shown from our data. However, 

the characterization of these channel types needs to be refined and measured 

in a quantitative manner. Based on our findings and previous studies, I 

propose following studies to be carried out in the future. 

1) Comparison of our findings using the physiological conditions with 

previous studies with non-physiological conditions indicates that calcium 

channels need to be characterized in physiological conditions. The crucial 

parameters for physiological conditions includes physiological temperature, 

appropriate permeant ion, physiological concentration of the permeant ion. 

Under these conditions, L-, P/Q- N- and T-type calcium channels will be 

investigated with waveforms composed of single or multiple square 

depolarization pulse for analysis of several important of calcium channel 

behavior. These investigations will include quantitation of the portion of 

calcium-dependent and voltage-dependent inactivation, re-examination of the 

intermediate close-state inactivation as proposed by Yue group (64), re-

evaluation of prepulse facilitation. Experiments will include calcium channel 

modulation by p subunit. 

2) Work by Plummer and Hess (69) show that with single channel 

recording, there seem to be two groups of N-type calcium channels with 

distinct inactivation profile, one with fast inactivation with about 40 ms time 

course and the other with slow inactivation with about 1 second time course. A 
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recent report show that the voltage-dependent inactivation in the L-type 

calcium channels exhibit two inactivation components, a fast component and a 

slow component (75). Changing the slow component affects the time course of 

the fast component, suggesting the two components are intrinsically coupled. 

Taking their results together with our data, I hypothesize that for each calcium 

channel type there are two modes of voltage-dependent inactivation that are 

inter-convertible, a fast inactivation and slow inactivation components 

depending upon the activation status of the channels. The inter-conversion of 

two inactivation modes serve distinctive functional aspect of the channels. We 

plan to use single channel recording technique to test this hypothesis in 

heterologous system expressing either L, P/.Q- or N-type calcium channels. 

The prerequisite for mode switch will be closely examined. 
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