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CaV2.2 and β3 cDNAs obtained for amplification and purification.

Xenopus laevis oocytes injected with cRNAs (Shih et al. 1998; Soderlund et al. 2002).

Expression of CaV2.2 verified using the TEVC technique

Measurements taken from CaV2.2 current traces expressed in Xenopus oocytes by TEVC.

Values were normalized to either their respective No Treatment values or DMSO. Steady-state 

data was analyzed using one-way ANOVA with Bonferonni post-test was used to determine the statistical

differences between treatments (P<0.05) and voltage-dependent data was statistically analyzed using T-

tests (P<0.05).

CaV2.2 and β3 cRNAs produced by in vitro transcription (Symington 2005)

10 ms

-80 mV

40 mV

Activation Test

-80 mV

10 mV
150 ms

Transient Test

Inactivation Test

-120 mV

0 mV
50 ms2 s

-80 mV

0 mV
10 ms 100 ms

Deactivation Test

4
3
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Table 2: Types of data endpoints obtained from the Transient, Activation, Inactivation, and Deactivation Test protocols. 

 

 

Transient Activation Inactivation Deactivation

Transient Peak Current 

(μAT/μANT x 100)

Voltage-dependent peak 

current (mV)

Inactivation MPP                      

(mV ± SEM)

Voltage-dependent 

deactivation (ηdeactivation)

Activation tau 

(msecT/msecNT x 100)

Activation MPP        

(mV ± SEM)

ηdeactivation slope                 

(mV
-1

± SEM)

Inactivation tau 

(msecT/msecNT x 100)

Voltage-dependent 

activation (ηactivation)

ηdeactivation y-intercept

Deactivation tau 

(msecT/msecNT x 100)

ηactivation slope                    

(mV
-1

± SEM)

ηactivation y-intercept

Protocol

Endpoints

4
3
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CHAPTER 3 

PMA INCREASES TRANSIENT PEAK CURRENT AND CHANGES THE GATING 

KINETICS OF CAV2.2 

 

3.1 Results 

3.1.1 Steady-state Peak Current 

Using the Transient
 
Test Protocol, maximal effects on transient peak current under 

steady-state depolarization were observed for wild type CaV2.2 in the presence of DMSO, 

PMA and 4α-PMA over the course of a 10 min incubation period (Fig. 4A). PMA 

treatment of expressed CaV2.2 phosphorylates the channel due to the activation of PKC. 

Under basal conditions in the absence of PMA CaV2.2 is unphosphorylated (Stea et al., 

1995). The presence of PMA at 4 min post treatment caused the largest and most 

significant difference in transient peak current (49%) compared to the DMSO control. At 

4 min post treatment, transient peak current in the presence of 4α-PMA was significantly 

less (-31%) than transient peak current in the presence of PMA. The presence of PMA 

caused a significant 40% increase compared to the effect of DMSO on transient peak 

current at 10 min post treatment. In the presence of 4α-PMA at 10 min post treatment, 

transient peak current was not significantly different from transient peak current in the 

presence of DMSO or PMA (Fig. 4B; Table 3).  
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Figure 4.  The effects of 0.1 % DMSO, the phorbol ester PMA (8 x 10
-7

 M) and its 

enantiomer 4α-PMA (8 x 10
-7

 M) on relative transient peak current of wild 

type CaV2.2 over 10 min.  A diamond (♦) indicates significant difference from 

DMSO treatment.  A circle (●) indicates significant difference from PMA 

treatment. The number of eggs (n) used for these treatments are: DMSO (n = 

39); PMA (n = 51); 4α-PMA (n = 12). Significance was calculated using One-

way ANOVA with Bonferroni’s Multiple Comparison post test (P<0.05). 
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3.1.2 Steady-state Gating Kinetics 

Steady-state activation, inactivation and deactivation taus were obtained using the 

Transient Test Protocol (Fig. 2). At 4 min post treatment, activation taus in the presence 

of PMA were not significantly different from the DMSO control, but at 10 min post 

treatment, there was a 21% significant increase in the activation tau in the presence of 

PMA (Fig. 5B). In the presence of 4α-PMA at both 4 and 10 min post treatments, 

activation taus were not significantly different from DMSO control (Fig. 5A and 5B and 

Table 3).  

 The rate of the inactivation tau did not change significantly in the presence of either 

PMA or 4α-PMA at both 4 min and 10 min post treatments (Fig. 5C and 5D and Table 3). 

Although not statistically different, the inactivation tau at 4 min post treatment decreased 

(-42%) compared to the DMSO control, indicating that there may be a trend that CaV2.2 

inactivates faster in the presence of PMA (Fig. 5C).  

Steady-state deactivation taus in the presence of PMA at 4 and 10 min post 

treatment were increased by 41 and 54%, respectively, compared to the DMSO controls 

(Fig. 5E and 5F) indicating that the rate of channel closure after removal of the 

depolarization step was slowed. In the presence of 4α-PMA, deactivation taus were not 

statistically different compared to those in the presence of DMSO at 10 min post 

treatment. However, at 4 min post treatment, 4α-PMA significantly reduced the 

deactivation tau 4 min post treatment by 28% compared to the effect of PMA.  
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Figure 5.  The effects of 0.1 % DMSO, the phorbol ester PMA (8 x 10
-7

 M) and its 

inactive enantiomer 4α-PMA (8 x 10
-7

 M) on steady-state kinetics of wild type 

CaV2.2 at 4 and 10 min post treatment.  Activation (A and B), inactivation (C 

and D) and deactivation (E and F) taus were normalized to their respective  no 

treatment controls.  The number of eggs (n) used to calculate activation and 

deactivation taus at 4 min post treatment were DMSO (n = 38); PMA (n=51); 

4α-PMA (n=11) and at 10 min were DMSO (n=38); PMA (n=50); 4α-PMA 

(n=12). The number of eggs (n) used to calculate inactivation taus at 4 min 

post treatment were DMSO (n=16); PMA (n=16); 4α-PMA (n=3) and at 10 

min post treatment, were DMSO (n=12); PMA (n= 17); 4α-PMA (n=4). 

Significance was calculated using One-way ANOVAs with Bonferroni’s 

Multiple Comparison post test (P<0.05). 
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3.1.3 Voltage-dependent Peak Current 

The effects of PMA on average voltage-dependent kinetics of CaV2.2 were 

determined using current-voltage relationships (I/V curves) obtained using the Activation 

Test Protocol (Fig. 2). Voltage-dependent peak current significantly increased by 44% 

and 64%, in the presence of PMA compared to the normalized No Treatment and DMSO 

controls respectively at 4 min post treatment (Fig. 6A and Table 4). At 10 min post 

treatment, voltage-dependent peak current significantly increased in the presence of PMA 

by 39% at 10 min post treatment (Fig 6B). The increases in peak current in the presence 

of PMA at both 4 and 10 min post treatment are consistent with previous reports (Stea et. 

al, 1995). Treatment with 4α-PMA also resulted in significant 24% increase in voltage-

dependent peak currents at 4 min post treatment (Fig. 6A and Table 4). The difference in 

the average voltage-dependent peak current in the presence of PMA and in the presence 

of 4α-PMA at 4 min post treatment was not significantly different (Table 4).  The effect 

of 4α-PMA on peak current at 10 min post treatment was greater but was not significantly 

different from the effect of 4α-PMA 4 min post treatment. At 10 min post treatment, the 

effect of 4α-PMA treatment on average peak current was not significantly different from 

that of the PMA treatment.   

 

3.1.4 Voltage-dependent Gating Kinetics 

The activation midpoint potential (V50act) at 4 min post treatment was not altered 

by any of the treatments compared to the no treatment control (Table 4). Significant 

depolarizing shifts in the activation midpoint potential, however, were observed for both 

the DMSO (88%) and 4α-PMA (238%) treatments compared to the no treatment control  
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Table 3. The effects of DMSO, PMA and 4α-PMA on CaV2.2 steady-state transient peak current, activation, inactivation and 

deactivation taus at 4 and 10 min post treatment.  

 

5
1
 

No Treatment DMSO PMA 4α-PMA

Transient Peak Current 

(μAT/μANT x 100)

100 ± 0.0 106.6 ± 3.2  158.9 ± 7.3         

♦(49)

  110.3 ± 4.0    

●(-31)

Activation tau (η)         

(msecT/msecNT x 100)

100 ± 0.0 108.4 ± 1.8 104.1 ± 2.2 107.1 ± 2.6

Inactivation tau (η) 

(msecT/msecNT x 100)

100 ± 0.0 124.1 ± 12.5 72.24 ± 8.4     

♦(-42)         

82.9 ± 10.5

Deactivation tau (η) 

(msecT/msecNT x 100)

100 ± 0.0 104.0 ± 6.6 146.6 ± 9.1       

♦(41)

105.0 ± 8.6       

● (-28)

Transient Peak Current 

(μAT/μANT x 100)

100 ± 0.0 102.1 ± 4.5 141.9 ± 8.9       

♦(40)

114.5 ± 7.8       

●(-19)
 

Activation tau (η) 

(msecT/msecNT x 100)

100 ± 0.0 108.4 ± 1.8 131.6 ± 4.8    

♦(21)
 

115.2 ± 4.5

Inactivation tau (η) 

(msecT/msecNT x 100)

100 ± 0.0 166.3 ± 32.5 158.9 ± 38.1 99.54 ± 36.5

Deactivation tau (η) 

(msecT/msecNT x 100)

100 ± 0.0 104.0 ± 6.6 160.3 ±  13.3    

♦(54)
 

105.4 ± 7.1

Treatment (10
-7

 M)

4 min 

10 min
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A closed diamond (♦) indicates significant difference from DMSO.  A closed circle (●) indicates significant difference from 

PMA. Both were determined by one-way ANOVA (P <0.05). Values in parentheses are percent increases or decreases. 

5
2
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value (Fig. 5D) at 10 min post treatments. The effects of PMA and 4α-PMA treatments on 

V50acts were not significantly different from the DMSO treatment or from each other at 10 

min post treatment.   

Treatments with PMA and 4α-PMA did modify the voltage-dependent 

inactivation kinetics compared to the controls (Fig. 6, Table 4). A hyperpolarizing shift in 

V50inact is an indication that the channels are inactivating at lower potentials allowing for 

decreased Ca
2+

 influx.  At 4 min post treatment, DMSO caused a significant 25% 

hyperpolarizing shift in V50inact compared to the no treatment control (Fig. 6E). There was 

no significant effect, however, at 10 min post treatment. In the presence of PMA, at 4 min 

post treatment significant 40% and 24% hyperpolarizing shifts in the V50inact compared to 

the no treatment and DMSO control, respectively, were observed (Fig. 6E, Table 4). The 

presence of PMA at 10 min post treatment (Fig. 6F) caused an even greater 

hyperpolarizing shift of V50inact compared to no treatment (80%) and DMSO (69%) 

values.  

4α-PMA did not significantly alter the voltage-dependent inactivation kinetics 

compared to the no treatment control, however, a 34% depolarizing shift in V50inact was 

observed in the presence of 4α-PMA at 4 min post treatment compared to DMSO 

treatment. 4α-PMA did result in significant depolarizing shifts in the V50inact compared to 

the PMA treatment at 4 (49%) and 10 (50%) min post treatment (Table 4).   

The effects of PMA on the activation and deactivation kinetics of CaV2.2 are 

shown in Figure 7 and Table 5. At 4 min post treatment, there were no significant 

differences between treatments on the voltage-dependent rates of activation (ηactivation) 

(Table 5). In the presence of DMSO at 10 min post treatment, ηactivation was significantly 
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Figure 6.  Effects of 0.02% DMSO, PMA (1 x 10
-7

 M) and its inactive analog 4α-PMA (1 

x 10
-7

 M) on voltage-dependent peak current, activation midpoint potential and 

inactivation midpoint potential at 4 and 10 min post treatment. (A and B) 

Voltage-dependent peak current was normalized to the DMSO control (value of 

DMSO treatment normalized to 1). (C and D) Activation midpoint potentials 

(V50act) and (E and F) inactivation midpoint potential (V50inact) were determined 

by the least-squares fits of the current-voltage relationship from individual 

experiments of the Activation and Inactivation Test Protocols using the 

sigmoidal dose-response (variable slope) equation. The number of eggs (n) 

used for the calculations of voltage-dependent peak currents, and V50act were no 

treatment (n= 40); DMSO (n = 19); PMA (n = 17); 4α-PMA (n = 5). (E and F). 

The number of eggs (n) used for the calculations of V50inact were no treatment 

(n= 30) DMSO (n = 13); PMA (n = 13); 4α-PMA (n = 5). Statistical analysis 

was conducted using Student’s T-test (P < 0.05). 
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greater than no treatment control by 14% at 30 mV.  In the presence of PMA at 10 min 

post treatment, there were significant increases in ηactivation values that ranged from 16-

29% following membrane depolarizations from -20 mV to 30 mV of 16-29% compared 

to DMSO control values.  Conversely, 4α-PMA caused significant decreases in ηactivation 

values at 10 min post treatment that ranged from 21-27% following membrane 

depolarization from -30 mV to -10 mV compared to DMSO control values. The ηactivation 

values in the presence of 4α-PMA at 10 min post treatment were significantly less than 

those following PMA treatment and ranged from 18-37% following membrane 

depolarizations from -10 mV to 20 mV.  

At 4 min post treatment, ηactivation slope in the presence of DMSO was significantly 

different from the no treatment control (Table 6). In the presence of PMA, ηactivation slope 

had no significant effect compared to the DMSO control at 4 min post treatment (Figure 

7). The ηactivation slope in the presence of 4α-PMA was significantly different compared to 

either DMSO or PMA treatments at 4 min post treatment (Table 6).  

At 4 and 10 min post treatment, ηactivation y-intercept in the presence of DMSO was 

significantly different from the no treatment control treatment (Table 6). The effect of 

PMA on ηactivation y-intercept was not significant at 4 min post treatment but was 

significantly different at 10 min post treatment from DMSO. The ηactivation y-intercept in 

the presence of 4α-PMA was significantly different from both DMSO and PMA at 4 and 

10 min post treatments.  

The effect of PMA on the voltage-dependent ηdeactivation at 4 min post treatment was 

significantly greater than the voltage-dependent ηdeactivation in the presence of DMSO at -40 

mV and -30 mV by 29% and 41% respectively (Table 7). The effect of 4α-PMA on 
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Table 4. The effects of DMSO, PMA and 4α-PMA on CaV2.2 voltage-dependent peak current, activation and 

inactivation midpoint potentials. 

  

An open diamond (◊) indicates significant difference from no treatment. A closed diamond (♦) indicates 

significant difference from DMSO.  A closed circle (●) indicates significant difference from PMA. Statistical 

differences were determined by using Student’s T-test (P <0.05). Values in parentheses are percent increases or 

decreases. 

 

No Treatment DMSO PMA 4α-PMA

Voltage-dependent 

peak current

-0.98 ± 0.01 -0.86 ± 0.07         

◊(-12)

-1.41 ± 0.15 

◊(44) ♦(64)

-1.22 ± 0.16 

◊(24) ♦(42)

Activation MPP          

(mV ± SEM)

-1.85 ± 0.43 -1.71 ± 0.65 -0.93  ± 0.75 -3.09 ± 0.40

Inactivation MPP                

(mV ± SEM)

-27.73 ± 2.21 -34.40 ± 2.34 

◊(25)
 

-42.62 ± 9.31              

◊(-40) ♦(-24)
 

-21.58 ± 4.21      

♦(34) ●(49)

Voltage-dependent 

peak current

-0.98 ± 0.01 -0.64 ± 0.07 

◊(35)

-1.03 ± 0.16 

♦(39)

-0.97 ± 0.06

Activation MPP        

(mV ± SEM)

-1.42 ± 0.52 -0.22 ± 0.74    

◊(88)
 

-1.40 ± 0.47 
 

2.56 ± 1.82      

◊(238)

Inactivation MPP      

(mV ± SEM)

-25.78 ± 2.28 -27.49 ± 2.62  -46.36 ± 6.01   

◊(-80) ♦(-69)
 

-23.19 ± 4.46   

●(50)

Treatment (10
-7

 M)

4 min 

10 min 

5
7
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ηdeactivation at 4 min post treatment was significantly less than DMSO treatment by 40% at -

30 mV. At 10 min post treatment the presence of DMSO caused significant increases in 

ηdeactivation values that ranged from 20-21% following membrane depolarizations from -50 

mV to -30 mV.  

The ηdeactivation values in the presence of PMA at 10 min post treatment were 

significantly greater than those following DMSO treatment and ranged from 44%-86% 

following membrane depolarizations from -50 mV to -30 mV. ηdeactivation in the presence of 

4α-PMA was not significantly different from either DMSO or PMA treatments at 10 min 

post treatment. 

The ηdeactivation slope following PMA treatment was significantly greater than the 

DMSO control value 4 min (Fig. 7C) and 10 min (Fig. 7D) post treatment (Table 6). In 

the presence of 4α-PMA at both the 4 and 10 min post treatment, the ηdeactivation slope was 

reduced by -65% and -70%, respectively, compared to the effect of PMA treatment (Table 

6). The effect of PMA on the ηdeactivation y-intercept was significantly greater than the 

effect of the DMSO control at both 4 min and 10 min post treatments. The ηdeactivation y-

intercept in the presence of 4α-PMA was significantly less than the effect of PMA at 

either 4 or 10 min post treatment by -70% or -49%, respectively (Table 6). 

 

3.2 Discussion 

3.2.1 Steady-state peak current 

Our results confirm earlier reports that  under steady-state conditions, the phorbol 

ester PMA is a potent activator of the endogenously expressed PKC in Xenopus oocytes 

resulting in altered Cav2.2 currents  (Bourinet et al., 1992). PMA is capable of  
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Figure 7.  Semi-logarithmic plots of the activation tau (A and C) and deactivation tau (C 

and D) values resulting from the effects of 0.02% DMSO, PMA (1 x 10
-7

 M) 

and its inactive analog 4α-PMA (1 x 10
-7

 M) at 4 min (A and B) and 10 min 

(C and D) post treatment using the Activation and Deactivation Test Protocols, 

respectively. Activation and deactivation tau values are obtained from linear 

regression fits to the data. The voltage dependence of activation and 

deactivation are represented by slope. The rates of activation and deactivation 

are represented by the y-intercept. The number of eggs (n) used for A and C 

are:  no treatment (n = 41); DMSO (n = 18); PMA (n = 17); 4α-PMA (n = 5).  

The number of eggs (n) for B and D are: no treatment (n = 30); DMSO (n = 

21); PMA (n = 11); 4α-PMA (n = 5). Statistical analysis was conducted using 

Student’s T-test (P < 0.05).  
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phosphorylating several different sites on the intracellular loops of CaV2.2 and result in a 

variety of altered expression patterns and kinetic properties of this channel (Fang et al., 

2006). 

In support of previous findings (Stea et al., 1995), phosphorylated CaV2.2 allowed 

an increase of transient Ba
2+ 

peak current under steady-state depolarizing conditions.  

The same time-dependent effects of phosphorylated CaV2.2 transient peak current 

observed by Stea et. al. (1995) were seen in our assay with a similar run down of Ba
2+

 

currents by the 10 min time point and a maximal effect on peak current occurring at 4 

min post treatment.  

4α-PMA, the inactive structural analog of PMA, had no effect on Ba
2+

 influx. A 

similar effect of 4α-PMA on transient peak current was also reported by Stea et al. 

(1995), but using the R-type Ca
2+

 channels α1E. Although the Xenopus oocyte system is a 

non neuronal heterologous expression system, our findings are consistent with other 

studies where neuronal tissue preparations were used to show PMA-activated PKC 

increased transient peak current using superior cervical ganglion, and dorsal root 

ganglion nerve preparations that also show an increase in peak current in the presence of 

PMA-activated PKC(Swartz, 1993). When neuronal cell preparations were treated with 

PMA under depolarizing conditions, an increase in whole cell current and 

neurotransmitter release was observed (Swartz, 1993; Zhu and Ikeda, 1994; Barrett and 

Rittenhouse, 2000; García-Ferreiro et al., 2001). Thus, increases in Ba
2+

 peak current 

from heterologously expressed phosphorylated CaV2.2 in Xenopus oocytes under steady 

state depolarizing conditions is consistent with previous reports finding that PMA 

activates PKC endogenously expressed within the oocyte allowing phosphorylation of 
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Table 5. The effects of DMSO, PMA and 4α-PMA on CaV2.2 voltage-dependent activation (ηactivation). 

-30 -20 -10 0 10 20 30

Treatment    

(10
-7

M)

No Treatment 5.05 ± 0.41 3.93 ± 0.24 3.10 ± 0.15 2.46 ± 0.09 1.97 ± 0.07 1.58 ± 0.06 1.28 ± 0.05

DMSO 5.09 ± 0.28 4.08 ± 0.20 3.27 ± 0.14 2.64 ± 0.10 2.13 ± 0.07 1.73 ± 0.06 1.41 ± 0.05

PMA 5.78 ± 0.69 4.57 ± 0.46 3.63 ± 0.30 2.90 ± 0.20 2.33 ± 0.13 1.89 ± 0.10  1.53 ± 0.08

4α-PMA 4.25 ± 0.77 3.43 ± 0.52 2.78 ± 0.33 2.28 ± 0.21 1.88 ± 0.14 1.56 ± 0.13 1.31 ± 0.15

DMSO 4.78 ± 0.24 3.91 ± 0.17 3.20 ± 0.13 2.62 ± 0.10 2.15 ± 0.08 1.77 ± 0.07 1.46 ± 0.06

PMA 6.48 ± 0.87 5.07 ± 0.55 

♦(29)

4.00 ±0.35 

♦(25) 

3.18 ± 0.21 

♦(21)

2.55 ± 0.13 

♦(19)

2.13 ± 0.11 

♦(20)

1.70 ± 0.08 

♦(16)

4α-PMA 3.51 ± 0.79  

♦(-27)

2.96 ± 0.58 

♦(-24)

2.52 ± 0.40                

♦(-21) ●(-37)

2.16 ± 0.27 

●(-18)

1.87 ± 0.17 

●(-25)

1.64 ± 0.12 

●(-23)

1.45 ± 0.14

4 min 

Test Potential (mV)

tauactivation (ms)

10 min

 
 

An open diamond (◊) indicates significant difference from no treatment. A closed diamond (♦) indicates significant difference from 

DMSO. A closed circle (●) indicates significant difference from PMA. Statistical differences were determined by Student’s T-test (P 

6
2
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<0.05). Values in parentheses are percent increases or decreases. 

 

6
3
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CaV2.2 and producing a phosphoform that enhances Ca
2+

-dependent neurotransmitter 

release. (Bourinet et al., 1992; Stea et al., 1995).  

Conversely, we observed under steady-state conditions, that the inactive form of 

PMA, 4α-PMA, had no significant effect on transient peak current.  This confirms 

previous studies showing that 4α-PMA does not activate PKC under steady-state 

conditions (Castagna et al., 1982; Stea et al., 1995; García-Ferreiro et al., 2001) 

 

3.2.2 Steady-state Gating Kinetics 

Apparent phosphorylation of CaV2.2 by PMA-activated PKC induced a slowing 

of activation under steady-state depolarization at the end of a 10 min treatment but there 

was no change in activation rate at 4 min post treatment when we observed the maximal 

effect of PMA on transient peak current.  This increase of activation taus following PMA 

treatment indicates that phosphorylated CaV2.2 takes more time to open than the 

unphosphorylated channel. The increase in activation tau observed at 10 min post 

treatment in the presence of PMA was not observed in the presence of DMSO or 4α-PMA 

at either the 4 or 10 min post treatments. This slowing of activation tau in the presence of 

PMA indicates that phosphorylated CaV2.2 opens at a slower rate than unphosphorylated 

CaV2.2. This slowing of the time it takes for the channel to open would, in an in vivo 

neuron would decrease Ca
2+

 influx and decrease subsequent Ca
2+

-dependent 

neurotransmitter release.   

Inactivation taus were measured from peak current to end of protocol and are an 

indication of how fast or slow CaV2.2 closes under depolarizing conditions.  Inactivation 

taus of phosphorylated CaV2.2 significantly decreased at 4 min post treatment, indicating  
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Table 6. The effects of DMSO, PMA and 4α-PMA on CaV2.2 voltage-dependent activation and deactivation taus. 

   

An open diamond (◊) indicates significant difference from no treatment. A closed diamond (♦) indicates significant difference 

from DMSO. A closed circle (●) indicates significant difference from PMA. (n) indicates percent increase or decrease. 

Student’s T-test (P <0.05).

6
5
 

Treatment          

(10
-7

 M)

slope                    

(mV
-1 

± SEM)

y-intercept slope                    

(mV
-1 

± SEM)

y-intercept

No Treatment -0.023 ± 0.001 0.890 ± 0.026 0.012 ± 0.001 1.340 ± 0.074

DMSO -0.022 ± 0.001 0.944 ± 0.012 0.011 ± 0.002 1.359 ± 0.109

PMA -0.023 ± 0.001 1.031 ± 0.020 0.020 ± 0.002   

♦(45)

2.011 ± 0.104   

♦(32)

4α-PMA -0.019 ± 0.001 

♦(-14) ●(-17)

0.804 ± 0.012   

♦(-15) ●(-22)

0.007 ± 0.004   

●(-65)

1.087 ± 0.262   

●(-45)

DMSO -0.020 ± 0.001 0.951 ± 0.013       

◊(7)

0.012 ± 0.002 1.399 ± 0.106

PMA -0.022 ± 0.001 1.171 ± 0.017      

♦(23) 

0.023 ± 0.002  

♦(85)

2.315 ± 0.106 

♦(65)

4α-PMA -0.013 ± 0.001 

♦(-35) ●(-41)

0.737 ± 0.024       

♦(-22) ●(-37)

0.007± 0.005  

●(-70)

1.182 ± 0.311     

●(-49)

4 min 

10 min 

ηdeactvationηactvation
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that the phosphorylated channel takes less time to inactivate than the unphosphorylated 

channel. At 10 min post treatment, we did not observe a significant difference in average 

inactivation taus between phosphorylated and unphosphorylated CaV2.2. A decrease in 

average inactivation taus means that phosphorylated CaV2.2 takes less time to inactivate 

than unphosphorylated CaV2.2. This decrease in inactivation taus is not consistent with 

increased Ca
2+

 influx and neurotransmitter release observed in PMA-treated neuronal 

preparations because a fast inactivating channel does not allow for more Ca
2+

 to enter the 

cell.   

The significant and pronounced increase in average steady-state deactivation taus 

of phosphorylated CaV2.2 is consistent with the data that shows increased Ca
2+

 influx and 

neurotransmitter release in in vivo neuron preparations when treated with PMA (Swartz, 

1993; Zhu and Ikeda, 1994; García-Ferreiro et al., 2001). The larger the deactivation taus, 

the more time it takes for CaV2.2 to close after the removal of membrane depolarization 

and the greater the influx of Ca
2+ 

and neurotransmitter release. Phosphorylated CaV2.2 

takes longer to deactivate than unphosphorylated CaV2.2.  We know that endogenous 

CaV2.2 in in vivo neurons and synaptosomes undergo post translational modifications that 

include phosphorylation. The addition of deltamethrin to rat brain synaptosomes resulted 

in an increase in Ca
2+

 influx and subsequent neurotransmitter release.  We expect that the 

addition of deltamethrin to phosphorylated CaV2.2 expressed in Xenopus oocytes would 

result in an even greater increase in Ba
2+

 influx that is similar to what was observed when 

synaptosomes were treated with deltamethrin and Ca
2+

 enters the synaptosomes.  

Fang et al. (2006) demonstrated that there are several residues on CaV2.2 α-

subunit that regulate current in the presence of PMA.  CaV2.2 mutant S425A had  
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Table 7. The effects of DMSO, PMA and 4α-PMA on voltage-dependent deactivation (ηdeactivation). 

 

6
7
 

-80 -70 -60 -50 -40 -30

Treatment    

(10
-7

M)

No Treatment 1.53 ± 0.16 1.66 ± 0.13 1.82 ± 0.10 2.02 ± 0.08 2.26 ± 0.08 2.56 ± 0.11

DMSO 1.81 ± 0.21 1.94 ± 0.19 2.10 ± 0.17 2.30 ± 0.16 2.55 ± 0.15 2.85 ± 0.17

PMA 1.64 ± 0.21 1.89 ± 0.15 2.24 ± 0.14 2.69 ± 0.20 3.28 ± 0.32   

♦(29)

4.03 ± 0.48 

♦(41)

4α-PMA 2.08 ± 0.66 2.08 ± 0.53 2.11 ± 0.40 2.17 ± 0.28 2.27 ± 0.15 2.41 ± 0.05    

●(-40)

DMSO 1.86 ± 0.23 2.03 ± 0.21 2.23 ± 0.20 2.46 ± 0.19 

◊(22)

2.74 ± 0.19 

◊(21)

3.07 ± 0.19 

◊(20)

PMA 1.65 ± 0.09 2.08 ± 0.13 2.62 ± 0.19 3.31 ± 0.27 

♦(44)

4.20 ± 0.38 

♦(65)

5.32 ± 0.54 

♦(86)

4α-PMA 2.5 ± 0.88 2.48 ± 0.75 2.49 ± 0.62 2.53 ± 0.49 2.60 ± 0.36 2.72 ± 0.23

Test Potential (mV)

4 min 

10 min 

taudeactivation (ms)
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An open diamond (◊) indicates significant difference from no treatment. A closed diamond (♦) indicates significant difference 

from DMSO. A closed circle (●) indicates significant difference from PMA. Statistical differences were determined using 

Student’s T-test (P <0.05). Values in parentheses are percent increases or decreases.

6
8
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enhanced currents in the presence of PMA. CaV2.2 currents decreased in the presence of 

the unchanged S425 isoform. Although they did not show the effect of PMA on the 

kinetics of mutant forms of CaV2.2, we would expect that the kinetic profile of S425A 

CaV2.2 would be similar to PMA-treated CaV2.2. Some phosphorylation sites had more 

of an effect on peak current than others when phosphorylated. Phosphorylated S425 

decreased peak current, whereas phosphorylated T422 increased peak current.  Even in 

the presence of a S425A mutation, significant PMA enhancement of peak current occurs 

in the presence of not only phosphorylated T422 but phosphorylated S2108 as well.  The 

findings show us that it is not just one phosphorylation site or the other that increases or 

decreases CaV2.2 current, but multiple phosphorylation sites work together to effect 

changes in the response of CaV2.2 to changes in membrane potential.  The selective 

phosphorylation of these sites, alone and in combination, will be necessary in 

determining which sites, when phosphorylated, change the kinetic profile of CaV2.2. 

 

 

3.2.3 Voltage-dependent peak current 

Voltage-dependent peak current of phosphorylated CaV2.2 increased significantly 

at both the 4 and 10 min post treatments. A similar effect has been previously reported in 

the literature (Stea et al., 1995) and is consistent with enhanced Ca
2+

 influx and 

neurotransmitter release. Voltage-dependent peak current of phosphorylated CaV2.2 also 

underwent a 10 mV hyperpolarizing shift from 10 mV to 0 mV. This shift means that 

under phosphorylating conditions, 50% of the channels are opening at lower levels of 

membrane depolarization than they would have in their unphosphorylated state.  
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Unlike under steady-state depolarization, voltage-dependent peak current in the 

presence of 4α-PMA is significantly increased compared to our No Treatment control. 

This was an unexpected result given that 4α-PMA is considered an inactive analog to 

PMA and has no effect on CaV2.2 peak current under steady-state conditions presented 

here and elsewhere (Stea et al., 1995; Barrett and Rittenhouse, 2000; García-Ferreiro et 

al., 2001). The effect of 4α-PMA on CaV2.2 voltage-dependent peak current, however, is 

not significantly different from the effect of PMA on voltage-dependent peak current. 

Thus, it is possible, that the increase in voltage-dependent peak current observed in the 

presence of 4α-PMA may be due to differential phosphorylation of PKC activity. It is 

possible that 4α-PMA does activate PKC, but the spectrum of phosphorylation activity of 

4α-PMA-activated PKC may not be as broad as PMA-activated PKC would be. For 

example, S425 on the I-II intramembrane loop has been reported to down regulate CaV2.2 

activity when phosphorylated and 4α-PMA-activated PKC could be selectively not 

phosphorylating S425. Another possibility could be that 4α-PMA-activated PKC could be 

selectively phosphorylating T422, a site that has been shown to increase voltage-

dependent peak current (Fang et al., 2006; Symington et al., 2007a). 

 

3.2.4 Voltage-dependent Gating Kinetics 

The V50acts of phosphorylated CaV2.2 were not significantly different from the 

DMSO solvent control. We expected that with increases in Ba
2+

 influx via 

phosphorylated CaV2.2, the V50act would be hyperpolarized.  A hyperpolarized channel 

means that 50% of the channels will activate at depolarization levels lower than 

unphosphorylated CaV2.2 thus making the channel more sensitive to changes in 
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membrane potential.  

Significantly hyperpolarized V50inacts in the presence of PMA indicate that CaV2.2 

was more sensitive to undergoing inactivation at smaller changes in membrane potential.  

The increased sensitivity to small changes in membrane potential is inconsistent with 

increase neurotransmitter release observed when nerve cell preparations are treated with 

PMA (Stea et al., 1995; García-Ferreiro et al., 2001). Our data is consistent, however, 

with a previous study in which PMA caused a significant 20 mV hyperpolarizing shift in 

V50inact (we reported a significant 19 mV shift compared to DMSO control) (García-

Ferreiro et al., 2001). 

We have reported the average voltage-dependent rate of activation (ηactivation) of 

non-treated CaV2.2 to be 3.10 ± 0.15 ms at 10 mV. This ηactivation at is nearly identical with 

the ηactivation reported by Lin et al. (1997) using heterologous expression of CaV2.2 in 

Xenopus oocytes. The presence of PMA or 4α-PMA did not have a significant effect on 

the rates of activation (ηactivation) at 4 min post treatment in the range of -30 mV to 30 mV 

indicating that the voltage-dependent rates of activation neither increased nor decreased 

at this time (Table 5). However, at 10 min post treatment, PMA caused a significant 

increase in ηactivation at -20 mV, -10 mV, 0 mV, 10 mV, 20 mV and 30 mV compared to 

DMSO.  These increases in ηactivation mean that phosphorylated CaV2.2 was taking more 

time to activate under as the channel underwent increasing levels of depolarization. The 

22% increase in ηactivation means that it took CaV2.2 22% longer to activate when 

phosphorylated.  Compared to the presence of PMA at 10 min post treatment, 4α-PMA 

treated CaV2.2 produced a channel that activated at a faster rate, which was, as expected, 

not significantly different compared to the DMSO control.  
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We observed that under steady-state depolarization, phosphorylated CaV2.2 

required more time to activate at 10 min post treatment. Similarly, we have shown that 

ηactivation of phosphorylated CaV2.2 also increases significantly at 10 min post treatment 

and the time required to activate the channel remains significantly greater than the time 

required to activate unphosphorylated CaV2.2 under voltage-dependent conditions in the 

range of -20-30mV.  

Steady-state inactivation for phosphorylated CaV2.2 was not significantly altered 

compared to steady-state inactivation of unphosphorylated CaV2.2. Here, we see that 

phosphorylated CaV2.2 is activating slower and the slowing of activation remains at 

increasing levels of depolarization, phosphorylated CaV2.2 does not take longer to 

inactivate.  This slowing rate of activation and the unchanged rate of inactivation under 

phosphorylating conditions does not support the observation that phosphorylation 

increases Ba
2+

 and that the addition of PMA to neuronal cell cultures enhances Ca
2+

 

influx. Thus, we can conclude that phosphorylation of CaV2.2 does not increase Ba
2+

 or 

Ca
2+

 through activation or inactivation gating kinetics of the channel.    

In the presence of PMA, ηdeactivation was prolonged at 4 min post treatment at -40 

mV and -30 mV (Table 7). This prolongation of the time it takes for CaV2.2 to close after 

the removal of the membrane depolarization pulse corresponds with increased Ca
2+

 influx 

and neurotransmitter release because more Ca
2+

 is able to flow through the channel in the 

time it takes for it to completely deactivate.  Although ηdeactivation increased in the presence 

DMSO at 10 min post treatment at -50 mV, -40 mV and -30 mV compared to  no 

treatment, PMA still further increased ηdeactivation significantly more than the effect of 

DMSO at the same potentials.  The increase in ηdeactivation at -50 mV, -40 mV, and -30 mV 
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means that CaV2.2 is taking more time to deactivate at higher levels of depolarization, 

allowing more Ca
2+

 to influx, in the in vivo neuron would correspond to an increase in 

neurotransmitter release.   
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CHAPTER 4 

EFFECTS OF DELTAMETHRIN ON PMA-ACTIVATED PKC-PHOPHORYLATED 

CAV2.2 

 

4.1 Results 

 

4.1.1 Transient Peak Current 

Using the Transient
 
Test Protocol, maximal effects on transient peak current were 

observed for wild type CaV2.2 in the presence of deltamethrin, PMA + deltamethrin, and 

4α-PMA + deltamethrin during a 10 min incubation period (Fig. 8A).  The presence of 

deltamethrin significantly reduced transient peak current compared to the effect of 

DMSO at 4 min (-18%) and 10 (-29%) min post treatment. The presence of PMA + 

deltamethrin significantly increased transient peak current compared to DMSO by 69% at 

4 min and 82% at 10 min post treatment.  

The presence of PMA + deltamethrin significantly increased transient peak 

current by 107% at 4 min and 156% at 10 min post treatment compared to the effect of 

deltamethrin (Fig 8A). At 4 min post treatment, transient peak current in the presence of 

4α-PMA + deltamethrin was significantly less (-42%) than transient peak current in the 

presence of PMA + deltamethrin, but was significantly greater (19%) than transient peak 

current in the presence of deltamethrin alone. At 10 min post treatment, the effect of 4α-

PMA + deltamethrin on peak current was 47% less than the effect of PMA + 

deltamethrin. 
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Figure 8.  The effects of 0.1 % DMSO, deltamethrin (2 x 10
-7 

M), PMA (8 x 10
-7

 M) + 

deltamethrin (2 x 10
-7 

M) and 4α-PMA (8 x 10
-7

 M) + deltamethrin (2 x 10
-7 

M) on transient peak current of wild type CaV2.2 over a 10 min incubation 

period.  Significance was calculated using one-way ANOVA with Bonferroni’s 

multiple comparison post test (P<0.05). A diamond (♦) indicates significant 

difference from DMSO treatment.  A square (■) indicates significant 

difference from deltamethrin treatment. A circle (●) indicates significant 

difference from PMA treatment. The numbers of eggs (n) used for these 

treatments are as follows: DMSO (39); deltamethrin (18); PMA + 

deltamethrin (9); 4α-PMA + deltamethrin (10).  
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4.1.2 Steady-state Gating Kinetics 

In the presence of deltamethrin, steady-state activation taus were not significantly 

different from the DMSO controls at either the 4 min (Fig. 4A) or 10 min (Fig. 4B) post 

treatments. At 4 min post treatment, the PMA + deltamethrin treatment had no significant 

effect on activation taus compared to DMSO. The presence of PMA + deltamethrin 

significantly increased activation taus at 10 min post treatment (Fig 9B) compared to the 

effects of DMSO (27%) and deltamethrin (28%) (Table 8). The presence of 4α-PMA + 

deltamethrin had no significant effect on activation taus at either the 4 min or 10 min post 

treatments.   

Steady-state inactivation taus were not significantly changed in the presence of 

deltamethrin following either 4 min (Fig. 9C) or 10 min (Fig. 9D) post treatments. At 4 

min post treatment, average steady-state inactivation taus were significantly reduced by 

53% in the presence of PMA + deltamethrin compared to DMSO and reduced by 52% 

compared to deltamethrin (Fig. 9D). In the presence of PMA + deltamethrin, steady-state 

inactivation taus were not significantly different from DMSO or PMA (Table 3) at 10 min 

post treatment, but were significantly less than steady-state inactivation taus in the 

presence of deltamethrin by 62% (Table 6).  

 There were no significant effects of deltamethrin on steady-state deactivation taus 

following either 4 min or 10 min post treatments compared to DMSO (Fig. 9E and F). At 

4 and 10 min post treatment, the presence of PMA + deltamethrin significantly increased 

average deactivation taus by 79% and 54%, respectively, compared to DMSO (Fig. 9E).  

Although the difference in deactivation taus in the presence of PMA (Table 3) and PMA + 

deltamethrin were not significantly different at 4 min post treatment, the effect of PMA +  
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Figure 9.  The effects of 0.1 % DMSO, deltamethrin (2 x 10
-7

 M),  PMA (8 x 10
-7

 M) + 

deltamethrin (2 x 10
-7

 M) and 4α-PMA (8 x 10
-7

 M) + deltamethrin (2 x 10
-7

 

M) on steady-state kinetics of wild type CaV2.2 at 4 min and 10 min post 

treatment. Activation (A and B), inactivation (C and D) and deactivation (E 

and F) taus were normalized to their respective No Treatment controls. The 

number of eggs (n) used for activation and deactivation taus at 4 min post 

treatment were DMSO (38); deltamethrin (25) PMA + deltamethrin (10); 4α-

PMA + deltamethrin (9). The number of eggs (n) used for inactivation tau 

were DMSO (16); deltamethrin (19) PMA + deltamethrin (10); 4α-PMA + 

deltamethrin (9). Significance was determined by one-way ANOVA with 

Bonferroni’s multiple comparison post test (P <0.05).  Symbols followed by 

asterisks (*) indicate that P <0.1. 
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deltamethrin on deactivation taus was greater than the effect of PMA (Table 3). 

Deactivation taus in the presence of 4α-PMA+ deltamethrin at 4 min post treatment were 

37% less than the effect of PMA + deltamethrin but deactivation taus were not 

significantly altered at 10 min post treatment.  

 

4.1.3 Voltage-dependent Peak Current 

The presence of deltamethrin caused significant decrease (-12%) in maximal 

voltage-dependent peak current compared to No Treatment at 10 min post treatment (Fig. 

10B and Table 9). However, the decrease in maximal voltage-dependent peak current in 

the presence of deltamethrin was not significantly different from DMSO treatment at 10 

min post treatment (Table 9). The presence of PMA + deltamethrin significantly increased 

maximal voltage-dependent peak current compared to No Treatment (47%), DMSO 

treatment (70%) and deltamethrin (46%) at 4 min post treatment.   At 10 min post 

treatment, maximal voltage-dependent peak current in the presence of PMA + 

deltamethrin was reduced by -26% compared to the maximal peak current at 4 min post 

treatment. Compared to DMSO treatment at 10 min post treatment (Fig. 4), maximal 

voltage-dependent peak current in the presence of PMA + deltamethrin was significantly 

greater by 21%. The presence of 4α-PMA + deltamethrin significantly reduced maximal 

voltage-dependent peak current at 4 min post treatment by -16% compared to No 

Treatment and by -32% compared to 4α-PMA treatment. Maximal voltage-dependent 

peak current in the presence of 4α-PMA + deltamethrin was significantly less than the 

effect of PMA + deltamethrin treatment at 4 min post treatment by -43%. At 10 min post 
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Table 8. The effects of DMSO, deltamethrin, PMA + deltamethrin and 4α-PMA + deltamethrin on CaV2.2 steady-state transient 

peak current, activation, inactivation and deactivation taus.    

 

9
7
 

DMSO Deltamethrin

PMA + 

deltamethrin

4α-PMA + 

deltamethrin

Transient Peak Current 

(μAT/μANT x 100)

106.6 ± 3.2 87.4 ± 5.1      

♦(-18)

180.6 ± 15.3         

♦(69) ■(107)

104.2 ± 5.0         

●(-42) ■(19)

Activation tau (η)         

(msecT/msecNT x 100)

108.4 ± 1.8 100.9 ± 4.2 101.3 ± 3.8 102.7 ± 3.4

Inactivation tau (η) 

(msecT/msecNT x 100)

124.1 ± 12.5 123.8 ± 10.7 58.8 ± 6.5         

♦(-53) ■(-52)

97.2 ± 11.2

Deactivation tau (η) 

(msecT/msecNT x 100)

104.0 ± 6.6 125.6 ± 13.9 186.5 ± 42.5        

♦*(79)

102.5 ± 5.1      

□(-37)

Transient Peak Current 

(μAT/μANT x 100)

102.1 ± 4.5 72.6 ± 15.8        

♦(-29) 

185.8 ± 5.6              

♦(82) ■(156)

97.7 ± 9.1        

●(-47)

Activation tau (η) 

(msecT/msecNT x 100)

108.4 ± 1.8 107.7 ± 4.3 135.8 ± 15.3       

♦(27) ■(28)

105.5 ± 5.4

Inactivation tau (η) 

(msecT/msecNT x 100)

166.3 ± 32.5 243.7 ± 40.8 92.8 ± 12.5     

■(-62)

198.7 ± 52.5

Deactivation tau (η) 

(msecT/msecNT x 100)

104.0 ± 6.6 129.6 ± 15.3 160.3 ± 17.2    

♦*(54)

100.6 ± 6.3

Treatment (10
-7

 M)

4 min 

10 min
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All values are normalized to the no treatment control (100.0). A closed diamond (♦) indicates significant difference from 

DMSO. A closed square (■) indicates significant difference from deltamethrin. A closed circle (●) indicates significant 

difference from PMA. An open square (□) indicates significant difference from PMA + deltamethrin. The values in parentheses 

(n) are percent increases or decreases. Significance was determined by One-way ANOVA with Bonferroni’s multiple 

comparison post test (P <0.05). Asterisks (*) indicates the P < 0.10. 

9
8
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treatment, deltamethrin treatment caused a significant -12% reduction in peak current 

compared to No Treatment, but the effect was not significantly different from the effect 

of DMSO (Table 4). PMA + deltamethrin treatment increased maximal peak current by 

21% compared to DMSO. 4α-PMA + deltamethrin treatment significantly decreased peak 

current by -27% compared to No Treatment at 10 min post treatment.  Compared to PMA 

+ deltamethrin treatment at 10 min post treatment, 4α-PMA + deltamethrin treatment 

significantly reduced peak current by 33%. The presence of 4α-PMA + deltamethrin 

treatment significantly reduced peak current by -26% compared to 4α-PMA treatment at 

10 min post treatment.  

 

4.1.4 Voltage-dependent Gating Kinetics 

The Activation Protocol was used to measure the midpoint activation potential 

(V50act) in the presence of deltamethrin, PMA + deltamethrin and 4α-PMA + deltamethrin 

(Fig. 10C and D; Table 9). The presence of deltamethrin resulted in no significant effect 

on V50act compared to DMSO at either 4 or 10 min post treatments.  In the presence of 

PMA + deltamethrin, V50act underwent significant 56% and 117% hyperpolarizing shifts 

at 4 and 10 min post treatments, respectively compared to the V50act in the presence of 

PMA (Table 9). In the presence of 4α-PMA + deltamethrin at 4 min post treatment, 

significant depolarizing shifts in the V50act compared to DMSO (175%), deltamethrin 

(171%), and 4α-PMA (142%) (Table 9) were apparent. 

In the presence of deltamethrin at 4 and 10 min post treatment, there was no 

significant effect on the inactivation midpoint potential (V50inact) compared to DMSO 
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Figure 10.  Effects of 0.02% DMSO, deltamethrin (1 x 10
-7

 M), PMA (1 x 10
-7

 M) + 

deltamethrin (1 x 10
-7

 M) and 4α-PMA (1 x 10
-7

 M) + deltamethrin (1 x 10
-7

 

M) on voltage-dependent peak current, activation midpoint potential and 

inactivation midpoint potential at 4 min and 10 min post treatment. (A and B) 

Voltage-dependent peak current was normalized to the DMSO control (value 

of DMSO treatment normalized to 1). (C and D) Activation midpoint 

potentials and (E and F) inactivation midpoint potentials were determined by 

the least-squares fits of the current-voltage relationship from individual 

experiments of the Activation and Inactivation Test Protocols using the 

sigmoidal dose-response (variable slope) equation. Significance was 

calculated using Student’s T-test (P < 0.05). The number of eggs (n) used for 

A-D treatments are DMSO (19); deltamethrin (5); PMA + deltamethrin (5); 

4α-PMA + deltamethrin (5). (E and F) The number of eggs (n) used for E-F 

treatments are DMSO (12); deltamethrin (5); PMA + deltamethrin (5); 4α-

PMA + deltamethrin (5). Significance was calculated using Student’s T-test 

(P<0.05). 
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(Table 9). The presence of PMA + deltamethrin at 4 min post treatment caused a 

hyperpolarizing shift in the V50inact that was significantly different from both DMSO 

(28%) and deltamethrin (71%). At 10 min post treatment, the presence of PMA + 

deltamethrin caused a significant 63% hyperpolarizing shift in V50inact compared to 

DMSO and a significant 111% hyperpolarizing shift in V50inact compared to PMA. The 

presence of 4α-PMA + deltamethrin caused a significant 29% depolarizing shift in V50inact 

compared to DMSO at 4 min post treatment. 

Voltage-dependent rate constants for activation (ηactivation) are shown in Table 10. 

Deltamethrin treatment resulted in no significant effect on ηactivation at either 4 or 10 min 

post treatment compared to DMSO. PMA + deltamethrin treatment resulted in no 

significant effect compared to DMSO at 4 min post treatment. However, PMA + 

deltamethrin significantly increased ηactivation by 33% (-20 mV), 28% (-10 mV), 20% (0 

mV), 23% (10 mV) 21% (20 mV) and 20% (30 mV), respectively, at 10 min post 

treatment compared to the DMSO. The presence of deltamethrin on 4α-PMA-treated 

CaV2.2 had the unexpected effect of significantly increasing ηactivation at-30 mV by 90% 

and at -20 mV and -10 mV by 33% compared to DMSO. At -30 mV, the 4α-PMA + 

deltamethrin treatment increased ηactivation by 67% compared to deltamethrin alone.  

ηactivation in the presence of 4α-PMA + deltamethrin was significantly less than ηactivation in 

the presence of PMA + deltamethrin at 20 mV and 30 mV by 16% and 21%, respectively.   

At 4 min post treatment, ηactivation slope in the presence of deltamethrin was not 

significantly different from DMSO (Fig. 11A). The ηactivation slope at 10 min post 

deltamethrin treatment, however, was significantly increased by 30% compared to 

DMSO control (Fig. 11C and Table 11). In the presence of PMA+ deltamethrin at 4 min 
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Table 9. The effects of DMSO, deltamethrin, PMA + deltamethrin and 4α-PMA + deltamethrin on voltage-dependent peak 

current, activation and inactivation midpoint potentials.   

 

An open diamond (◊) indicates significant difference from No Treatment. A closed diamond (♦) indicates significant difference 

from DMSO. A square (■) indicates significant difference from deltamethrin. A circle (●) indicates significant difference from 

PMA. A triangle (Δ) indicates significant difference from 4α-PMA. A open circle (○) indicates significant difference from 

PMA + ΔM.  The values in parentheses (n) are percent increases or decreases. Significance was calculated using Student’s T-

1
0
3
 

No Treatment DMSO Deltamethrin

PMA + 

deltamethrin

4α-PMA + 

deltamethrin

4 min 

Voltage-dependent 

peak current

-0.99 ± 0.01 -0.86 ± 0.07         

◊(-12%)

-1.00 ± 0.04 -1.46 ± 0.19 

◊(47) ♦(70) 

■*(46)

-0.83 ± 0.08                               

◊(-16) ○*(-43)          

Δ*(-32)

Activation MPP          

(mV ± SEM)

-1.47 ± 0.33 -1.71 ± 0.65 -1.83 ± 0.35 -2.09 ± 0.29       

●(-56)

1.30 ± 0.61                    

♦(175) ■(171) 

Δ(142)

Inactivation MPP                

(mV ± SEM)

-27.35 ± 5.01 -34.38 ± 2.34 

◊(25)

-25.73 ± 2.47 -44.07 ± 3.45         

♦(-28) ■(-71)

-24.55 ± 3.06         

♦(29)

10 min 

Voltage-dependent 

peak current

-0.99 ± 0.01 -0.64 ± 0.07 

◊(-35)

-0.87 ± 0.05 

◊(-12)

-1.08 ± 0.17 

♦(21)

-0.72 ± 0.08                 

◊(-27) ○*(-33)            

Δ(-26)

Activation MPP        

(mV ± SEM)

-1.47 ± 0.33 -0.22 ± 0.74    

◊(88)

-3.44 ± 0.69 -3.04 ± 0.61        

●(-117)

0.85 ± 0.72               

■(124)

Inactivation MPP      

(mV ± SEM)

-27.02 ± 1.10  -28.79 ± 0.67  -21.21 ± 2.16 -44.69 ± 1.56           

♦(-63) ■(-111)

-20.07 ± 0.79

Treatment (10
-7

 M)
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test (P<0.05). Symbols followed by an asterisk (*) indicate that the significance level was P < 0.1. 

1
0
4
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post treatment, ηactivation slope was reduced by 14% compared to DMSO. 4α-PMA + 

deltamethrin treatment significantly reduced ηactivation slope by 35% compared to DMSO 

and by 38% compared to deltamethrin at 10 min post treatments. 

Deltamethrin and PMA + deltamethrin treatments resulted in no significant effects 

on ηactivation y-intercept of CaV2.2 at 4 min post treatment but PMA + deltamethrin 

treatment significantly increased the ηactivation y-intercept compared to DMSO by 23% at 

10 min post treatment. The ηactivation y-intercept was significantly reduced (-16%) by the 

4α-PMA + deltamethrin treatment compared to DMSO at 4 min post treatment.   

The 4 min deltamethrin treatment caused a significant increase (15%) in the 

voltage-dependent rate constant for deactivation (ηdeactivation) at -30 mV (Table 12).  At 10 

min post deltamethrin treatment, there was no effect on ηdeactivation. PMA + deltamethrin 

treatment also produced no significant effect on ηdeactivation at either 4 or 10 min post 

treatment. The 4 min post 4α-PMA + deltamethrin treatment caused significant 

reductions in ηdeactivation values at -60 mV (40%), -50 mV(32%), -40 mV(35%) and -30 

mV (36%) compared to their respective DMSO ηdeactivation  values. The 10 min post 4α-

PMA + deltamethrin treatment, also reduced the ηdeactivation values by 43% (-60 mV), 36% 

(-50 mV), 39% (-40 mV) and 41% (-30 mV). Deltamethrin had no significant effect on 

ηdeactivation slope at either the 4 or 10 min post treatments compared to DMSO (Table 11). 

The effect of PMA + deltamethrin on ηdeactivation slope was significantly reduced by 50% 

compared to PMA at 4 min post treatment and by 30% at 10 min post treatment (Table 

11). 

Deltamethrin and PMA + deltamethrin resulted in no significant effects on the 

ηdeactivation y-intercepts at either 4 or 10 min post treatments compared to DMSO. The 
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Figure 11.  Semi-logarithmic plots of the activation tau (ηactivation) and deactivation tau 

(ηdeactivation) values resulting from the effects of DMSO, deltamethrin (1 x 10
-7

 

M), PMA (1 x 10
-7

 M) + deltamethrin (1 x 10
-7

 M) and 4α-PMA (1 x 10
-7

 M) 

+ deltamethrin (1 x 10
-7

 M) + at 4 min (A and B) and 10 min (C and D) post 

treatment using the Activation Protocol (A and C) and the Deactivation 

Protocol (B and D), respectively. Activation tau and deactivation tau rate 

constants were obtained from linear regression fits to the data. The number 

of eggs (n) used for panels A and C are DMSO (n = 18); deltamethrin (n = 

5); PMA + deltamethrin (n = 5); 4α-PMA + deltamethrin (n = 5). The 

number of eggs (n) used for panels B and D are DMSO (n = 18); 

deltamethrin (n = 5); and PMA + deltamethrin (n = 5); 4α-PMA + 

deltamethrin (n = 5). Significance was calculated using Student’s T-test 

(P<0.05). 
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ηdeactivation y-intercept was reduced by 31% following the 4 min PMA + deltamethrin 

treatment compared to PMA (Table 6). The effects of PMA + deltamethrin treatment on 

the ηdeactivation y-intercepts were significantly less (-38% at 4 min and 44% at 10 min) than 

DMSO.  4α-PMA + deltamethrin treatment significantly reduced ηdeactivation y-intercept 

compared to deltamethrin by at both 4 (-38%) and 10 min (-52%) min post treatments 

(Table 6).  

 

4.2 Discussion 

4.2.1. Transient peak current 

It is known that CaV2.2 undergoes post-translational modifications that include 

phosphorylation (Swartz, 1993; Swartz et al., 1993; Zhu and Ikeda, 1994). There are five 

sites located on the intracellular loops of CaV2.2 capable of being phosphorylated by 

PKC and it has been shown that, depending on which sites are phosphorylated, CaV2.2 

will exhibit different functional characteristics (Fang et al., 2006). When CaV2.2 is 

phosphorylated by PMA-activated PKC, there is no control over which of the available 

sites are phosphorylated. The uncertainty of which sites are actually phosphorylated or 

not may have produced different phosphoforms from those produced in the synaptosomes 

and  via mutagenesis and may have contributed to the different results obtained in the 

current study versus those obtained previously using different protocols (Symington and 

Clark, 2005; Symington et al., 2007a).  

Nevertheless, the current data support, in part, previous findings, which suggest 

that deltamethrin modifies phosphorylated CaV2.2 and increases channel conductance. 



 

 109 

Table 10. The effects of DMSO, deltamethrin, PMA + deltamethrin and 4α-PMA + deltamethrin on voltage-dependent activation 

(ηactivation). 

 

1
0
9
 

-30 -20 -10 0 10 20 30

Treatment      

(10
-7

M)

No Treatment 5.05 ± 0.41 3.93 ± 0.24 3.10 ± 0.15 2.46 ± 0.09 1.97 ± 0.07 1.58 ± 0.06 1.28 ± 0.05

DMSO 5.09 ± 0.28 4.08 ± 0.20 3.27 ± 0.14 2.64 ± 0.10 2.13 ± 0.07 1.73 ± 0.06 1.41 ± 0.05

Deltamethrin 4.80 ± 0.36 3.90 ± 0.25 3.17 ± 0.17 2.58 ± 0.12 2.10 ± 0.09 1.72 ± 0.08 1.40 ± 0.08 

◊(10)

PMA + 

deltamethrin

4.75 ± 0.39 3.96 ± 0.29 3.30 ± 0.21 2.75 ± 0.15 2.30 ± 0.11 1.92 ± 0.09 1.60 ± 0.07

4α-PMA + 

deltamethrin

4.38 ± 0.41 3.63 ± 0.25 3.02 ± 0.15 2.52 ± 0.09 2.10 ± 0.09 1.76 ± 0.11 1.48 ± 0.13

DMSO 4.78 ± 0.24 3.91 ± 0.17 3.20 ± 0.13 2.62 ± 0.10 2.15 ± 0.08 1.77 ± 0.07 1.46 ± 0.06

Deltamethrin 5.42 ± 0.32 4.34 ± 0.21 3.47 ± 0.13 2.78 ± 0.08 2.23 ± 0.06 1.79 ± 0.06 1.44 ± 0.06

PMA + 

deltamethrin

5.07 ± 0.53 5.19 ± 0.99 

♦ (33)

4.11 ± 0.58 

♦(28)

3.28 ± 0.3 

♦(20)

2.64 ± 0.13 

♦(23) ■(18)

2.14 ± 0.03 

♦(21) ■(20)

1.75 ± 0.07 

♦(20) ■(22)

4α-PMA + 

deltamethrin

9.07 ± 2.31 

♦(90) ■(67)

5.83 ± 1.24 

♦(33)

4.26 ± 0.71 

♦(33)

3.16 ± 0.37 2.36 ± 0.16 1.79 ± 0.06 

□(-16)

1.38 ± 0.09 

□(-21)

Test Potential (mV)

tauactivation (ms)

4 min 

10 min 
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An open diamond (◊) indicates significant difference from No Treatment.  A closed diamond (♦) indicates significant difference 

from DMSO.  A square (■) indicates significant difference from deltamethrin.  An open square (□) indicates significant difference 

from PMA + deltamethrin.  The values in parentheses (n) are percent increases or decreases. Significance was calculated using 

Student’s T-test (P<0.05). 

1
1
0
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As expected, when deltamethrin was applied to heterologously expressed 

unphosphorylated wild type CaV2.2 under steady-state conditions, peak current 

decreased. This finding was the same as that initially reported by Symington and Clark 

(2005). When deltamethrin was applied to CaV2.2 that had been phosphorylated in a 

PMA-activated PKC-dependent manner under steady-state conditions, however, peak 

current significantly increased (Alves et al., 2009).  

The decrease in peak CaV2.2 current observed when deltamethrin was applied to 

unphosphorylated CaV2.2 was inconsistent with biochemical studies which showed that 

dosing with deltamethrin significantly increased neurotransmitter release from rat brain 

synaptosomes (Symington et al., 2007b). Dosing live rats with deltamethrin also 

increased neurotransmitter release (Aldridge et al., 1978; Hossain et al., 2004). The 

increase in neurotransmitter release was, therefore, consistent with the CS-syndrome 

observed during deltamethrin poisoning. The decrease in peak current caused by the 

dosing of deltamethrin on unphosphorylated CaV2.2 under steady state conditions is 

inconsistent with previous reports and led us to conclude that post translational 

modifications, which are not readily available in the non-neuronal Xenopus oocyte 

system, but are available in the in vivo system, may play a role in how deltamethrin acts 

upon the channel.  

A permanently phosphorylated channel was created by site-directed mutagenesis, 

which converted a threonine at site 422 (T422) to a glutamate (T422E). This permanently 

phosphorylated channel, when heterologously expressed in Xenopus oocytes and treated 

with deltamethrin, mimicked the effect of deltamethrin in the live rat in vivo system, and 



 

 112 

Table 11. The effects of DMSO, deltamethrin, PMA+ deltamethrin and 4α-PMA + deltamethrin on the slopes and intercepts of 

CaV2.2 voltage dependent activation and deactivation taus. 

 

An open diamond (◊) indicates significant difference from No Treatment.  A closed diamond (♦) indicates significant 

1
1
2
 

Treatment          

(10
-7

 M)

slope                    

(mV
-1 

± SEM)

y-intercept slope                    

(mV
-1 

± SEM)

y-intercept

DMSO -0.022 ± 0.001 0.944 ± 0.012    

◊(6)

0.011 ± 0.002 1.359 ± 0.109

Deltamethrin -0.023 ± 0.002 0.905 ± 0.046 0.015 ± 0.002 1.630 ± 0.115

PMA + 

deltamethrin

-0.019 ± 0.001   

♦(14)

0.995 ± 0.026 0.010 ± 0.002    

●(-50)

1.381 ± 0.103   

●(-31)

4α-PMA + 

deltamethrin

-0.020 ± 0.001 0.794 ± 0.0180    

♦(-16)

0.008 ± 0.003 0.844 ± 0.180     

♦(-38) ■(-48)

DMSO -0.020 ± 0.001 0.951 ± 0.013       

◊(7)

0.012 ± 0.002 1.399 ± 0.106

Deltamethrin -0.026 ± 0.002     

♦(30)

0.987 ± 0.054    0.015 ± 0.002 1.630 ± 0.105

PMA + 

deltamethrin

-0.021 ± 0.001  

■(19)

1.168 ± 0.022 

♦(23) ■(18) 

0.016 ± 0.002 

●(-30)

1.770 ± 0.112  

●(-24)

4α-PMA + 

deltamethrin

-0.013 ± 0.001 

♦(-35) ■(-50)

0.763 ± 0.021         

♦(-20) ■(-23)

0.007 ± 0.004  0.784 ± 0.217   

♦(-44) ■(-52)

4 min 

10 min 

ηactvation ηdeactvation
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difference from DMSO.  A square (■) indicates significant difference from deltamethrin. A circle (●) indicates 

significant difference from PMA. The values in parentheses (n) are percent increases or decreases. Significance was 

calculated using Student’s T-test (P<0.05). 

 

1
1
3
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in intact synaptosomes by significantly increasing Ba
2+

(Ca
2+

), current (Symington et al., 

2007a). To observe the effects of deltamethrin on wild type CaV2.2 under 

phosphorylating conditions, PMA was used to induce endogenous PKC activity in the 

Xenopus heterologous expression system with the expectation that PKC phosphorylation 

activity would not be selective. Under steady-state depolarization, PMA + deltamethrin 

treatment significantly increased Ba
2+

 current compared to DMSO and deltamethrin 

treatments at both 4 and 10 min post treatment. The increase in peak current via PMA-

activated PKC-dependent phosphorylated CaV2.2 in the presence of deltamethrin 

supports the hypothesis that phosphorylation enhances the action of deltamethrin on 

CaV2.2.  

 

4.2.2 Steady-state Gating Kinetics 

Deltamethrin treatment produced no significant effect on steady-state activation of 

CaV2.2, but PMA + deltamethrin significantly increased activation taus at 10 min post 

treatment compared to DMSO and deltamethrin alone. The increase in steady-state 

activation taus indicates that phosphorylated CaV2.2, when treated with deltamethrin, is 

slow to activate completely causing a reduction in Ba
2+

 influx. This delay in activation is 

consistent with a study by Symington and Clark (2005), in which steady-state activation 

taus of CaV2.2 were significantly increased in the presence of deltamethrin. As expected, 

the treatment of 4α-PMA + deltamethrin resulted in no effect on steady-state activation. 

The reduction in Ba
2+

 (or Ca
2+

)
 
influx due to the slowing of steady-state activation 

of phosphorylated CaV2.2 activation in the presence of deltamethrin is not consistent with 

increased neurotransmitter release. When applied to synaptosomes, deltamethrin caused 
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Table 12. The effects of DMSO, deltamethrin, PMA + deltamethrin and 4α-PMA + deltamethrin on voltage-dependent 

deactivation (ηdeactivation). 

-80 -70 -60 -50 -40 -30

Treatment       

(10
-7

M)

No Treatment 1.53 ± 0.16 1.66 ± 0.13 1.82 ± 0.10 2.02 ± 0.08 2.26 ± 0.08 2.56 ± 0.11

DMSO 1.81 ± 0.21 1.94 ± 0.19 2.10 ± 0.17 2.30 ± 0.16 2.55 ± 0.15 2.85 ± 0.17

Deltamethrin 1.55 ± 0.12 1.8 ± 0.14 2.09 ± 0.16 2.43 ± 0.19 2.83 ± 0.22 3.29 ± 0.26 

♦(15)

PMA + 

deltamethrin

1.82 ± 0.17 1.99 ± 0.14 2.19 ± 0.10 2.42 ± 0.09 2.68 ± 0.14 2.98 ± 0.23

4α-PMA + 

deltamethrin

0.98 ± 0.05 1.11 ± 0.05 1.27 ± 0.06    

♦(-40)

1.57 ± 0.15 

♦(-32)

1.67 ± 0.09 

♦(-35)

1.80 ± 0.14 

♦(-36)

DMSO

1.86 ± 0.23 2.03 ± 0.21 2.23 ± 0.20 2.46 ± 0.19 

◊(22)

2.74 ± 0.19 

◊(21)

3.07 ± 0.19 

◊(20)

Deltamethrin 1.52 ± 0.08 1.77 ± 0.1 2.06 ± 0.13 2.41 ± 0.17 2.81 ± 0.22 3.28 ± 0.28

PMA + 

deltamethrin

1.62 ± 0.17 1.89 ± 0.15 2.22 ± 0.14 2.61 ± 0.15 3.08 ± 0.21 3.65 ± 0.33

4α-PMA + 

deltamethrin

 0.98 ± 0.05 1.11 ± 0.05 1.28 ± 0.06   

♦(-43)

1.57 ± 0.15 

♦(-36)

1.67 ± 0.09 

♦(-39)

1.80 ± 0.14 

♦(-41)

Test Potential (mV)

taudeactivation (ms)

10 min 

4 min 

1
1
5
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An open diamond (◊) indicates significant difference from No Treatment.  A closed diamond (♦) indicates significant 

difference from DMSO.  The values in parentheses (n) are percent increases or decreases. Significance was calculated 

using Student’s T-test (P<0.05). 

1
1
6
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an increase in neurotransmitter release and this cannot be achieved if neurotransmitter 

release is dependent on channel activation alone. Thus, we can conclude that steady-state 

activation is not the process by which deltamethrin alters CaV2.2 conductivity to increase 

Ca
2+

-dependent neurotransmitter release. 

Although not statistically significant, the rate of inactivation of unphosphorylated 

CaV2.2 was slowed in the presence of deltamethrin (Table 6). This slowing of inactivation 

is consistent with a previous report in which deltamethrin significantly slowing down the 

rate of  unphosphorylated CaV2.2 steady-state inactivation (Symington and Clark, 2005). 

PKC-phosphorylated CaV2.2 inactivates faster in the presence of deltamethrin when 

compared to the inactivation of unphosphorylated CaV2.2 in the presence of DMSO or 

deltamethrin. This reduction in steady-state inactivation taus indicates that 

phosphorylated CaV2.2 in the presence of deltamethrin takes less time to inactivate than 

its unphosphorylated form and reduces Ba
2+

 influx.  Because Ba
2+

 influx via CaV2.2 

under phosphorylating conditions was increased, we expected a slowing of inactivation 

may have occurred.  However, we observed a slowing of inactivation in the presence of 

deltamethrin only when CaV2.2 was not undergoing PMA-activated PKC 

phosphorylation.  When CaV2.2 is phosphorylated, we observed that deltamethrin 

significantly increased the rate at which the channel inactivated under steady-state 

depolarization. This finding is not consistent with increased Ca
2+

 influx necessary for 

increased neurotransmitter release. We can conclude from this data that, like steady-state 

activation, steady-state inactivation is not a process by which deltamethrin alters CaV2.2 

conductance to increase Ca
2+

-dependent neurotransmitter release. 

Steady-state deactivation in the presence of PMA + deltamethrin was significantly 
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increased at both 4 and 10 min post treatments. An increase in deactivation taus indicates 

a slower rate of open channels going to the closed state after the removal of steady-state 

membrane depolarization signal (voltage change). This slower rate of closure means that 

more Ba
2+

 is able to enter the cell via CaV2.2. Within the in vivo system, this increase in 

Ba
2+

 (or Ca
2+

) influx results in the increased release of neurotransmitters.  Furthermore, 

the increase in neurotransmitter release is consistent with the symptoms observed in CS-

syndrome as a result of deltamethrin poisoning (Hossain et al., 2004).   

4α-PMA was used to test how deltamethrin would affect channel kinetics in the 

presence of a phorbol ester that does not activate PKC-phosphorylation. When 

deltamethrin was applied to 4α-PMA-treated CaV2.2, deactivation taus were reduced. 

This reduction in deactivation taus means that 4α-PMA-treated CaV2.2 deactivates faster 

than untreated CaV2.2 in the presence of deltamethrin.  From this, we can conclude that 

deltamethrin alters CaV2.2 deactivation kinetics under phosphorylating conditions and 

that this change in deactivation gating kinetics increases Ba
2+

 influx. From this, we can 

infer that the addition of deltamethrin to the in vivo system would result in increased 

Ca
2+

-depedent neurotransmitter release that is consistent with CS-syndrome.  

The increase in transient peak current and the slowing of deactivation rates of 

phosphorylated CaV2.2, in the presence of deltamethrin, allow for increased Ba
2+

 influx 

via phosphorylated CaV2.2. Within the in vivo system, the increase in Ba
2+ 

(or Ca
2+

) 

influx would translate into to increased neurotransmitter release, an effect observed 

during deltamethrin poisoning.   
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4.2.3 Voltage-dependent peak current 

Deltamethrin treatment produced a significant decrease in maximal voltage-

dependent peak current at 10 min post treatment, which agrees with our steady-state data 

and previously reported results that deltamethrin reduces steady state and voltage-

dependent peak current (Symington and Clark, 2005). The decrease in peak current 

indicates that less Ba
2+

 is entering the cell via CaV2.2, which would translate into a 

decrease in Ca
2+

 influx and a decrease in neurotransmitter release in the in vivo neuron.   

We expected that the increase in peak current caused by PMA treatment would be 

augmented by the presence of deltamethrin due to the observation that deltamethrin 

increases neurotransmitter release from the in vivo neuron. We observed a significant 

increase in voltage-dependent peak current of phosphorylated CaV2.2 in the presence of 

deltamethrin. Within the in vivo neuron, this increase in peak current of phosphorylated 

CaV2.2 in the presence of deltamethrin would mean that a significantly greater amount of 

Ca
2+

 was flowing through the channel causing a significant increase in neurotransmitter 

release.   

In the presence of deltamethrin, the CaV2.2 mutant T422E underwent an increase 

in maximal voltage-dependent peak current, which mimicked the effect of deltamethrin in 

vivo (Symington et al., 2007a). We observed a similar increase in voltage-dependent peak 

current of phosphorylated CaV2.2 in the presence of deltamethrin but the actual 

phosphorylation pattern of CaV2.2 resulting from PMA-activated PKC phosphorylation 

under experimental conditions is unknown. Using site-directed mutagenesis it was 

determined that Ser425 is inhibitory when phosphorylated while the other four PKC-

dependent phosphorylation sites enhance Ba
2+

 influx (Fang et al., 2006). Our experiments 
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do not control for which phosphorylation sites on CaV2.2 are phosphorylated and which 

ones are not.  Therefore using site-directed mutagenesis , we can “phosphorylate” the 

channel at single or multiple sites by replacing the wild type amino acid with glutamate 

and determine under which phosphorylation patterns we observe an increase in Ba
2+

 

(Ca
2+

) influx in the presence of deltamethrin.    

Maximal peak current in the presence of 4α-PMA + deltamethrin decreased at 

both 4 and 10 min post treatment compared to No Treatment, 4α-PMA and PMA + 

deltamethrin. This reduction in peak current means that Ba
2+

 influx through 

unphosphorylated CaV2.2 in the presence is reduced. There was no significant difference 

between CaV2.2 peak current in the presence of deltamethrin and CaV2.2 peak current in 

the presence of 4α-PMA + deltamethrin indicating that the presence of the inactive 

phorbol ester does not change the action of deltamethrin on the channel.  

We propose that the difference between the effect of PMA + deltamethrin on 

steady-state peak current versus voltage-dependent peak current may be due the multiple 

step depolarizations that occur during the Activation Test Protocol used to obtain voltage-

dependent peak current versus the single step depolarization of the Transient Test 

Protocol. As CaV2.2 undergoes multiple step depolarizations, the channels that are 

opening at lower potentials are inactivating and remain in their unwilling state during 

subsequent depolarization steps. The inactivation of these channels may be a mechanism 

by which the maximal effect of deltamethrin on phosphorylated CaV2.2 during voltage-

dependent protocols was not observed.  
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4.2.4 Voltage-dependent Gating Kinetics 

Activation midpoint potentials (V50act) obtained in our study are consistent with 

previous findings of enhanced neurotransmitter release. The V50act of unphosphorylated 

CaV2.2 in the presence of deltamethrin underwent a hyperpolarizing shift at both 4 and 10 

min post treatments. Phosphorylated CaV2.2 treated with deltamethrin had a significantly 

greater hyperpolarizing shift in V50act compared to the V50act of the untreated 

phosphorylated channels, indicating that the activation of phosphorylated CaV2.2 

occurred at lower levels of depolarization. The increased sensitivity of deltamethrin-

treated PKC-phosphorylated CaV2.2 to smaller levels of membrane depolarizations is 

consistent with increased Ba
2+

 influx within our heterologous expression system, and 

enhanced neurotransmitter release within the in vivo system. In the presence of 4α-PMA 

+ deltamethrin, the V50act underwent a depolarizing shift making the channel less likely to 

activate when the membrane undergoes depolarization consistent with less Ba
2+

 (or Ca
2+

) 

influx and less neurotransmitter release.  

Deltamethrin treatment had no significant effect on inactivation midpoint 

potentials (V50inact) of unphosphorylated CaV2.2. In the presence of PMA+ deltamethrin, 

V50inact underwent a significant hyperpolarizing shift compared to the effects of DMSO 

and deltamethrin treatments. This hyperpolarizing shift indicates that CaV2.2 will 

inactivate at lower levels of depolarization thereby reducing the amount of Ba
2+

 influx. 

The reduction of Ba
2+

 (or Ca
2+

) influx would translate into reduced neurotransmitter 

release within the in vivo system. With the increase in neurotransmitter release observed 

by Symington et al. (2007a), we expected to observe a depolarizing shift in V50inact, which 

would indicate that CaV2.2 would require greater levels of depolarizations to inactivate. 
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Instead, a significant hyperpolarizing shift similar to what we observed in the presence of 

PMA was observed when phosphorylated CaV2.2 was treated with deltamethrin caused. 

Deltamethrin also had no effect on voltage-dependent activation rate constants of 

unphosphorylated CaV2.2 (ηactivation) following either the 4 or 10 min post treatments. The 

increase in ηactivation at 10 min post treatment in the presence of PMA + deltamethrin 

significantly increased at step potentials between -20 mV and 30 mV compared to DMSO 

and indicates that phosphorylated CaV2.2 took more time to activate in the presence of 

deltamethrin than the unphosphorylated channel. Also, the presence of deltamethrin on 

the phosphorylated channel caused an increase in the length of time required to activate 

the channel compared to the effect of deltamethrin on the unphosphorylated channel 

between 10 mV and 30 mV. The increase in ηactivation of phosphorylated CaV2.2 

corresponds with the increase of activation tau under steady-state deactivation but in both 

cases, the increases in the time it takes for CaV2.2 to activate is not consistent with 

increase Ba
2+

 influx. Thus, we would not expect an increase in activation taus to increase 

Ca
2+

 influx and subsequent neurotransmitter release within the in vivo system. This result 

is not consistent with increased Ca
2+

 via CaV2.2 resulting in increased neurotransmitter 

release. 

The effect of deltamethrin on 4α-PMA-treated CaV2.2 was a significant increase 

in ηactivation constants at -30 mV, -20 mV and -10 mV at 10 min post treatment.  At -30 mV 

the ηactivation rate constant was nearly two times greater than the ηactivation rate constant of 

DMSO. Under steady-state depolarization, activation taus remain unchanged in the 

presence of 4α-PMA + deltamethrin , so the rate increase we observed under voltage-

dependent activation was unexpected and contradictory to what we observed under 
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steady-state conditions especially considering previous reports of 4α-PMA being a non-

active form of PMA (Castagna et al., 1982; García-Ferreiro et al., 2001). The rate 

increase would indicate, within the in vivo system, that CaV2.2 would take longer to 

activate and that the amount of neurotransmitter that would eventually be released as a 

result of Ca
2+

 influx once the channel opened would be reduced.  

Under steady-state conditions, we observed that deltamethrin had no significant 

effect on the deactivation tau of unphosphorylated CaV2.2. We observed, likewise, that 

deltamethrin had almost no effect on voltage-dependent ηdeactivation, in the absence of PMA 

the exception being an increase in the length of time required for the channel to close at -

30 mV at 4 min post treatment. This means that within the in vivo system, the membrane 

would have to undergo a large depolarization in the presence of deltamethrin in order for 

there to be increased Ca
2+

 influx via unphosphorylated CaV2.2 followed by increased 

neurotransmitter release.  

The presence of deltamethrin on phosphorylated CaV2.2 under steady-state 

conditions increased deactivation tau allowing for an increase in Ba
2+ 

influx. There was 

no such increase, however, in voltage-dependent ηdeactivation rate constants.  This means 

that in the presence of deltamethrin the amount of Ba
2+

 entering the cell via 

phosphorylated CaV2.2 does not significantly differ from Ba
2+

 influx of our No 

Treatment. We propose that the difference between the effect of PMA + deltamethrin on 

steady-state deactivation taus versus voltage-dependent ηdeactivation may be due the multiple 

step depolarizations undergone that occur the Activation Test Protocol used to obtain 

ηdeactivation versus the single step depolarization of the Transient Test Protocol. As CaV2.2 

undergoes multiple step depolarizations, the channels that are opening at lower potentials 
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are inactivating and remain in their unwilling state during subsequent depolarization 

steps. The inactivation of these channels may be a mechanism by which the maximal 

effect of deltamethrin on phosphorylated CaV2.2 during voltage-dependent protocols was 

not observed 

The presence of 4α-PMA + deltamethrin had no significant effect on steady-state 

deactivation taus at either 4 or 10 min post treatment, but caused significant decreases in 

ηdeactivation rate constants at both time points compared to the DMSO control at 

depolarization steps ranging from -60 mV to -30 mV.  These decreases mean that the 

presence of deltamethrin on a 4α-PMA-treated channel causes the channel to close an 

average of 40%  faster than it would in the presence of DMSO at step depolarizations at 

or above -60 mV, and these faster rates reduce the amount of Ba
2+

 entering the via 

CaV2.2. This faster rate of closure would translate as less Ca
2+

 uptake and less 

neurotransmitter released, which does not cause the effects we observe in CS-syndrome.   

These results differ from the steady-state data in that, under steady-state conditions, the 

presence of 4α-PMA + deltamethrin had no significant effect on steady-state deactivation 

gating kinetics.  
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CHAPTER 5 

SUMMARY AND FUTURE DIRECTIONS 

 

Consistent with a previous study by Symington et al. (2005), we observed a 

significant decrease in steady-state peak current when unphosphorylated CaV2.2 was 

treated with deltamethrin. The decrease in steady-state peak current itself is inconsistent 

with in vivo data, in which deltamethrin increased CaV2.2 currents and subsequent 

neurotransmitter release (Table 13). We also observed a decrease in voltage-dependent 

peak current of unphosphorylated CaV2.2 in the presence of deltamethrin. Although this 

is consistent with work by Symington et al. (2005), it is not consistent with in vivo data in 

which the presence of deltamethrin causes an increase in Ca
2+

 influx and subsequent 

neurotransmitter release. When deltamethrin is added to PMA-activated, PKC-dependent 

phosphorylated CaV2.2, steady-state and voltage-dependent peak current is significantly 

increased, which is consistent with the in vivo data. Additionally, we observed an increase 

in steady-state deactivation taus which is consistent with increased Ca
2+

 influx and 

neurotransmitter release. Also, consistent with enhanced neurotransmitter release, 

voltage-dependent activation midpoint potentials (V50act) of phosphorylated CaV2.2 in the 

presence of deltamethrin underwent a hyperpolarizing shift. We have been able to 

confirm previous reports which show that deltamethrin causes an increase in both steady-

state and voltage-dependent peak current of phosphorylated CaV2.2, but we have also 

reported novel changes in the kinetic profile of CaV2.2 (increased deactivation taus and 

hyperpolarizing shift in the V50act) under the same conditions which support enhanced 

Ca
2+

 influx and subsequent neurotransmitter release.  
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Table 13. Summary of transient and voltage-dependent data endpoints of both 

unphosphorylated and phosphorylated CaV2.2 modified by deltamethrin. 

Endpoint

Consistent w/ 

Neurotransmitter 

Release?

Endpoint

Consistent w/ 

Neurotransmitter 

Release?

Peak Current 87.4 ± 5.1      

♦(-18)

No 180.6 ± 15.3         

♦(69) ■(107)

Yes

Activation tau 100.9 ± 4.2 No 101.3 ± 3.8 No

Inactivation tau 123.8 ± 10.7 No 58.8 ± 6.5               

♦(-53) ■(-52)

No

Deactivation tau 125.6 ± 13.9 No 186.5 ± 42.5           

♦*(79)

Yes

Peak Current -1.00 ± 0.04 No -1.46 ± 0.19                            

◊(47) ♦(70) 

■*(46)

Yes

V50act -1.83 ± 0.35 No -2.09 ± 0.29                

●(-56)

Yes

V50inact -25.73 ± 2.47 No -44.07 ± 3.45         

♦(-28) ■(-71)

No

Peak Current 72.6 ± 15.8        

♦(-29) 

No 185.8 ± 5.6              

♦(82) ■(156)

Yes

Activation tau 107.7 ± 4.3 No 123.6 ± 6.1       

♦(14) ■(15)

No

Inactivation tau 243.7 ± 40.8 No 92.8 ± 12.5            

■(-62)

No

Deactivation tau 129.6 ± 15.3 No 160.3 ± 17.2    

♦*(54)

Yes

Peak Current -0.87 ± 0.05 

◊(-12%)

No -1.08 ± 0.17 

♦(21%)

No

V50act -3.44 ± 0.69 No -3.04 ± 0.61              

●(-117)

Yes

V50inact -21.21 ± 2.16 No -44.69 ± 1.56           

♦(-63) ■(-111)

No

T
ra

n
si

en
t

Unphosphorylated + ΔM Phosphorylated + ΔM

V
o
lt

ag
e-

d
ep

en
d
en

t

4 min 

10 min 

T
ra

n
si

en
t

V
o
lt

ag
e-

d
ep

en
d
en

t

 

An open diamond (◊) indicates significant difference from No Treatment. A closed 

diamond (♦) indicates significant difference from DMSO. A square (■) indicates 

significant difference from deltamethrin.  A circle (●) indicates significant difference 

from PMA. The values in parentheses (n) are percent increases or decreases. Significance 

was calculated using Student’s T-test (P<0.05). Symbols followed by an asterisk (*) 

indicate that the significance level was P < 0.1. 
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Symington et al. (2005) reported a significant increase in steady-state inactivation 

taus of deltamethrin-treated unphosphorylated CaV2.2 expressed in Xenopus oocytes 

consistent with enhanced neurotransmitter release. PMA-activated PKC-dependent 

phosphorylation of CaV2.2 enhanced steady-state peak current, activation and 

deactivation taus but reduced steady-state inactivation taus (Table 13). We observed an 

increase in steady-state inactivation tau but the change was not significant. Likewise, 

when deltamethrin is added to the phosphorylated channel, inactivation tau is similarly 

decreased in a manner that is inconsistent with in vivo that data showed deltamethrin, 

enhances Ca
2+

 influx and neurotransmitter release. In the presence of deltamethrin, the 

V50act of T422E underwent a depolarizing shift that was not consistent with our data 

showing a hyperpolarizing shift in V50act of phosphorylated wild type CaV2.2 in the 

presence of deltamethrin (Symington et al., 2007a). This difference between the T422E 

mutant and our wild type CaV2.2 data indicates that the other phosphorylation sites on 

CaV2.2 may contribute to Ca
2+

 influx in a way other than peak current.  V50inact of 

phosphorylated CaV2.2 in the presence of deltamethrin also underwent a hyperpolarizing 

shift that was not consistent with increased Ba
2+

 (or Ca
2+

) influx and subsequent 

neurotransmitter release. Increases in ηactivation or ηdeactivation would have been consistent 

with enhanced neurotransmitter release, however, other than a significant increase in 

ηdeactivation at 10 min post treatment and 30 mV, we did not observe any large changes 

compared to the control (Table 14). It has been shown (Fang et al., 2006) that CaV2.2 has 

five PKC-dependent phosphorylation sites of which, when phosphorylated, four are 

agonistic to channel function (Thr422, Ser1757, Ser2108 and Ser2132) while the other 

(Ser425) is antagonistic to channel function. Clearly, the current data supports the 
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Table 14.  Summary of voltage-dependent ηactivation and ηdeactivation data endpoints of both 

unphosphorylated and phosphorylated CaV2.2modified by deltamethrin. 

 

Voltage (mV) Endpoint

Consistent w/ 

Neurotransmitter 

Release?

Endpoint

Consistent w/ 

Neurotransmitter 

Release?

-30 4.80 ± 0.36 No 4.75 ± 0.39 No

-20 3.90 ± 0.25 No 3.96 ± 0.29 No

-10 3.17 ± 0.17 No 3.30 ± 0.21 No

0 2.58 ± 0.12 No 2.75 ± 0.15 No

10 2.10 ± 0.09 No 2.30 ± 0.11 No

20 1.72 ± 0.08 No 1.92 ± 0.09 No

30 1.40 ± 0.08 

◊(10)

1.60 ± 0.07 No

-80 1.55 ± 0.12 No 1.82 ± 0.17 No

-70 1.8 ± 0.14 No 1.99 ± 0.14 No

-60 2.09 ± 0.16 No 2.19 ± 0.10 No

-50 2.43 ± 0.19 No 2.42 ± 0.09 No

-40 2.83 ± 0.22 No 2.68 ± 0.14 No

-30 3.29 ± 0.26 

♦(15)

Yes 2.98 ± 0.23 No

-30 5.42 ± 0.32 No 5.07 ± 0.53 No

-20 4.34 ± 0.21 No 5.19 ± 0.99          

♦(33)
No

-10 3.47 ± 0.13 No 4.11 ± 0.58        

♦(28)
No

0 2.78 ± 0.08 No 3.28 ± 0.3        

♦(20)
No

10 2.23 ± 0.06 No 2.64 ± 0.13             

♦(23) ■(18)
No

20 1.79 ± 0.06 No 2.14 ± 0.03           

♦(21) ■(20)
No

30 1.44 ± 0.06 No 1.75 ± 0.07          

♦(20) ■(22)
No

-80 1.52 ± 0.08 No 1.62 ± 0.17 No

-70 1.77 ± 0.1 No 1.89 ± 0.15 No

-60 2.06 ± 0.13 No 2.22 ± 0.14 No

-50 2.41 ± 0.17 No 2.61 ± 0.15 No

-40 2.81 ± 0.22 No 3.08 ± 0.21 No

-30 3.28 ± 0.28 No 3.65 ± 0.33 No

Unphosphorylated + ΔM Phosphorylated + ΔM

10 min

η a
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n
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An open diamond (◊) indicates significant difference from No Treatment. A closed 

diamond (♦) indicates significant difference from DMSO. A square (■) indicates 

significant difference from deltamethrin. The values in parentheses (n) are percent 

increases or decreases. Significance was calculated using Student’s T-test (P<0.05).  
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contention that T422 is not independent of the other phosphorylation sites.   

The largest effect we observed on the unphosphorylated channel in the presence 

of deltamethrin was the decrease in both steady-state and voltage-dependent peak current. 

Since these results were in contrast to the effect of deltamethrin in vivo, they made clear 

the possibility that post-translational modification occurring on CaV2.2 within the in vivo 

system was either not present or not activated within the heterologous Xenopus oocyte 

expression system. When deltamethrin was applied to phosphorylated CaV2.2 expressed 

in Xenopus oocytes, we observed a reversal of deltamethrin inhibition of steady-state and 

voltage-dependent peak current. The largest of these changes was the enhancement of 

steady-state peak current, which remained significantly greater than did the DMSO or the 

deltamethrin treatments at 4 and 10 min post treatment, and was unlike voltage-

dependent peak current which decreased over 10 min.  The decrease in voltage-dependent 

peak current could be due to those channels sensitive to low levels of membrane 

depolarizations opening at those lower levels and being in the process of inactivating as 

the membrane undergoes increasing levels of step depolarization. We were able to 

replicate the steady-state peak current results of Symington et al. (2005) and Stea et al 

(1995) in regards to the action of deltamethrin and phosphorylation on CaV2.2 

respectively. When treating PKC-phosphorylated CaV2.2 with deltamethrin, we also 

observed similar increases in voltage-dependent peak current compared to the T422E 

experiments by Symington et al. (2007a) but we also obtained results that had yet to be 

described. 

We observed a novel increase in steady-state deactivation tau and a 

hyperpolarizing shift in V50act of PKC-phosphorylated CaV2.2 in the presence of 
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deltamethrin that was not evident when the T422E mutant (Symington et al., 2007a) was 

treated with deltamethrin. The slowing of deactivation occurred when phosphorylated 

CaV2.2 was treated with deltamethrin and this effect remained significant over 10 min.  

This effect was not observed by Symington et al. (2007a) because unlike their T422E 

mutant, our use of PMA-activated PKC-dependent phosphorylation had the potential to 

phosphorylate some or all the PKC sites on CaV2.2, with one or more of them having the 

potential to prolong steady-state deactivation tau. Lastly, we observed a significant shift 

in V50act of phosphorylated CaV2.2 in the presence of deltamethrin. This could mean that 

at least one of the PKC phosphorylation sites on CaV2.2 is responsible for making the 

channel more sensitive to membrane depolarization. Again, these novel results indicate 

that the simultaneous phosphorylation of multiple PKC-dependent phosphorylation sites 

creates CaV2.2 phosphoforms that yield unique kinetic profiles. 

Isoflurane, a volatile anesthetic, inhibits CaV2.2 steady-state and voltage-

dependent peak currents (Rajagopal et al., 2011) in much the same way deltamethrin 

decreased steady-state and voltage-dependent peak current. Using Ser/Thr→Ala site-

directed mutagenesis, Rajagopal et al. (2011) created constructs that eliminated either the 

stimulatory PKC-dependent phosphorylation site (Thr422, Ser1757, Ser2108 and S2132) 

or the inhibitory PKC phosphorylation sites (Ser425) to determine the effect of 

isofluorane currents. In the presence of isoflurane, modified CaV2.2 currents in which the 

stimulatory sites were eliminated and Ser425 was left unchanged, were significantly 

decreased compared to the wild type channel. A similar experiment using deltamethrin 

may yield a similar result since isoflurane and deltamethrin have similar effects on the 

wild type channel. Conversely, the elimination of only the inhibitory site Ser425 reversed 
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the isoflurane inhibition of CaV2.2 currents and again, treating the same mutant construct 

with deltamethrin may yield a similar response since the two compounds have similar 

effects on the wild type channel. The next steps to take to determine the extent to which 

the CaV2.2 stimulatory sites and the inhibitory site play a role in enhancement or 

inhibition of CaV2.2 currents via would be to use several mutant constructs of the CaV2.2 

to determine what effects the different phosphorylation states have on CaV2.2 currents 

when exposed to deltamethrin. Fang et al. (2006) used several mutant constructs to 

observe the effects of phosphorylation on CaV2.2. They observed wildly varying 

responses to peak current when different PKC-dependent phosphorylation sites were 

made “permanently phosphorylated” while others were left “permanently 

unphosphorylated”. Two of the major observations Fang et al. (2006) made was that 

residue Thr422 significantly increase peak current and residue Ser425 significantly 

reduced peak current.  The other three PKC phosphorylation sites were also stimulatory 

but their effects were not nearly as significant as that of Thr422. In our experiments we 

observed an enhancement of wild type CaV2.2 currents in the presence of deltamethrin 

beyond the enhancement of peak current.  Clearly phosphorylation of Thr422 is important 

in enhancing CaV2.2 currents, but if it were the only important site, we would not have 

observed changes in steady-state deactivation tau or V50act which both contribute to 

enhanced Ca
2+

 influx and subsequent neurotransmitter release. In order to determine what 

role each of the PKC phosphorylation sites play in kinetic profile of CaV2.2 in the 

presence of deltamethrin we will have to implement an exhaustive site-directed 

mutagenesis study similar to the one performed by Fang et al. (2006).  
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 APPENDIX 

COMPOUNDS USED IN THIS STUDY 

Deltmethrin

phorbol 12-myristate 13-acetate (PMA) 

Deltmethrin

phorbol 12-myristate 13-acetate (PMA) 
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