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Abstract 

 

Cd2+ is an industrial pollutant that can cause cytotoxicity in multiple organs.  We have examined 

the effects of Cd2+
o on permeation and gating in Cav3.1 (α1G) channels, stably transfected in 

HEK 293 cells, using whole-cell recording.  Using instantaneous I-V currents (measured 

following strong depolarization) to isolate effects on permeation, Cd2+ rapidly blocked currents 

with 2 mM Ca2+ in a voltage-dependent manner.  The block caused by Cd2+ is relieved at more 

hyperpolarized potentials, suggesting that Cd2+
 can permeate through the selectivity filter of the 

channel into the cytosol.  In the absence of other permeant ions (Ca2+ and Na+ replaced by N-

methyl D-glucamine) Cd2+ carried sizable inward currents through Cav3.1 channels (210 ± 20 pA 

at -60 mV with 2 mM Cd2+).  Cav3.1 channels have a significant ‘window current’ at this voltage 

(Popen ~ 1%) making them a candidate pathway for Cd2+ entry into cells during Cd2+ exposure.  

Incubation with radiolabeled 109Cd2+
o confirmed that Cav3.1 channels can lead to the uptake of 

Cd2+
o into cells.   
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Introduction 

 

Increasing industrial use of Cd2+ has led to widespread contamination of the environment 

that threatens human health (ATSDR, 2008).  The main challenge in the 21st century in a global 

setting seems to be not acute toxicity but chronic low Cd2+ exposure, mainly from dietary 

sources (Jarup and Akesson, 2009).  Ubiquity of Cd2+ makes it a serious environmental health 

problem that needs to be thoroughly assessed because it already affects, or will affect, large 

proportions of the world’s population.  

A variety of pathways have been suggested to allow Cd2+ entry in excitable and non-

excitable cells (Thévenod, 2010). Candidates are DMT1 with a Km for Cd2+ of ~1 µM (Gunshin 

et al., 1997; Okubo et al., 2003), ZIP8 with a Km for Cd2+ of ~ 0.5 µM (Liu et al., 2008) and 

ZIP14A/B with a Km for Cd2+ of 0.1-1 µM (Girijashanker et al., 2008).  In this context, it is 

crucial to be aware that blood Cd2+ concentrations in the general population are in the range of 1-

10 nM (Elinder et al., 1983) and may exceed 100-300 nM in occupationally exposed workers 

(Hassler et al., 1983). The free Cd2+ concentrations in the extracellular fluid that cause tissue 

damage are unknown but are likely to be in the submicromolar range: Even acute poisoning with 

oral intake of a high dose of Cd2+ result in a Cd2+ concentration in the blood of merely ~200 nM 

(Hung and Chung, 2004).  It is not clear whether most studies describing transport of Cd2+ have 

only in vitro or mechanistic relevance, or could significantly contribute to in vivo toxicity of 

Cd2+.  

T-type calcium channels are blocked by Cd2+ (Diaz et al., 2005; Lacinova et al., 2000) 

but their role in Cd2+ transport has not been investigated so far.  Cav3.1 channels may be suitable 

for Cd2+ transport since they have a well-defined window current at negative membrane 

potentials where the driving force for divalent cation entry is high (Serrano et al., 1999), and 

CaV3.1 channels are ~2-fold less selective for Ca2+ than L-type calcium channels (Perez-Reyes, 

2003) suggesting that Cd2+ has an increased chance of permeating the channel in the presence of 

competing Ca2+.  CaV3.1 calcium channels are expressed in excitable cells, such as neurons, 
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heart, smooth and skeletal muscle and endocrine cells (Perez-Reyes, 2003). Surprisingly, Cav3.1 

is also expressed in the distal nephron of the kidney (Andreasen et al., 2000), where it may be 

involved in Ca2+ reabsorption (Leclerc et al., 2004).  In this paper we examine Cd2+ effects on 

gating and permeation of Cav3.1 channels, and use a model of permeation to estimate the amount 

of Cd2+ that can permeate through the channels at levels seen during chronic Cd2+ exposure. 
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Materials and Methods 

 

 Electrophysiology.  Whole-cell patch clamp recordings were made from HEK 293 cells 

stably transfected with CaV3.1 calcium channels as described previously (Khan et al., 2008).  

Electrodes were made from borosilicate glass (World Precision Instruments, Sarasota, FL) and 

had open-tip resistances of 1.1 to 2.0 MΩ and access resistances upon going whole-cell of 2.0 to 

5.0 MΩ.  Currents were recorded at room temperature (~21-24 oC), compensated at 90%, filtered 

at 10 kHz, and sampled at 50 kHz.  Leak and capacitative currents were subtracted using a –P/4 

protocol.  A holding potential of -100 mV was used to prevent inactivation of the channel.  Only 

cells that had a resting leak less than 200 pA and rundown less than 25% were used.  Currents 

were acquired using an Axopatch 200A amplifier and pClamp 8.2 software (Molecular Devices, 

Sunnyvale, CA) and analyzed using Clampfit and Matlab.   

 Recording solutions.  The intracellular solution used for all experiments contained (in 

mM):  2 CaCl2, 1 MgCl2, 120 NaCl, 10 HEPES, 11 EGTA, and 4 Mg-ATP.   The pH was 

adjusted to 7.2 using NaOH.  The free Ca2+ was calculated as 70 nM.  The standard extracellular 

solution contained (in mM):  2 CaCl2, 135 NaCl, 10 HEPES, and 10 glucose.  The pH was 

adjusted to 7.2 using NaOH.  Where indicated CdCl2 was added to the extracellular solution.  For 

the Ba2+ data set BaCl2 replaced CaCl2.  For the Cd2+ permeation data with NMDG+, Na+ was 

replaced by NMDG+ and the pH was adjusted using HCl.  All chemicals used in the 

electrophysiology experiments were purchased from Sigma (St. Louis, MO). 

 Data Analysis.  The current through ion channels is affected by two processes, gating 

and permeation.  To separate these two we used an ‘instantaneous’ current voltage (IIV) protocol 

to isolate the gating of Cav3.1 from permeation (Hodgkin and Huxley, 1952).  The IIV protocol 

uses a short (2 msec) pulse to a voltage that will maximally open the channels (+60 mV).  The 

potential is then reset to a wide range of voltages and the initial current measured, see Figure 1A.  

As the initial pulse will open the same number of channels for each recording, the current-

voltage relation is directly proportional to the permeation of ions through a single channel.  For 
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determining the effect of added Cd2+ on the IIV relationship (‘Cd2+ block’), currents were 

converted to chord conductances (Khan et al., 2008) since Cd2+ affected the reversal potential 

and thus the driving force at a particular voltage. 

 In a second protocol (IV), steps were given from the holding potential to a variable 

depolarizing potential and the currents were recorded, see Fig. 1B.  The currents recorded with 

the IV protocol are affected by both gating and permeation.  Dividing the IV current by the IIV 

current for each voltage gives the relative open probability (PO,r)  (Serrano et al., 1999).   

 Inward currents when Cd2+ was the charge carrier were too small to measure.  To 

measure any change in gating in those conditions, channels were activated by a short (2 msec) 

pulse to varying voltages, and tail currents were measured after the potential was reset to -100 

mV, see inset Fig. 9A.  As the driving force of the tail currents are the same for each recording, 

any difference in the currents are proportional to how many channels are opened during the 2 

msec voltage step. 

 For Cd2+ block, cells were recorded in control solution (2 mM Ca2+), after the addition of 

Cd2+, and after return to control solution (washout), Fig. 1A-B.  The control and washout 

currents were averaged to offset any rundown that may have occurred for data on Cd2+ block of 

Ca2+ currents.  Averaging controls and washout was not done for Cd2+ permeation because the 

cells became very leaky when switched back to Ca2+ after being in high levels of Cd2+ without 

Ca2+ for periods greater than 2 minutes.  To evaluate rundown, briefer Cd2+ applications (~30 

sec) were performed and, tail currents at -100 mV were measured following brief test pulses, 

before, during, and after recovery from Cd2+.  We estimate that currents reported here for 10 mM 

Cd2+ were reduced by 14 ± 2 % by rundown,  and there was no significant change for 2 mM Cd2+ 

(data not shown). 

 In each condition, data were scaled based on the sum of the IIV currents from +80 mV to 

-80 mV, to reduce variability from variations in channel expression from cell to cell (Eq. 3 of 

Khan et al., 2008).  For the IIV protocol, the initial amplitudes were estimated from fits to a 

single exponential equation 
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where A is the initial amplitude, τ is the time constant of decay and C is a constant offset.  

Inward currents for the IV protocol were too small to accurately fit to exponential equations in 

all but control and 0.3 mM Cd2+ conditions.  For the IV data the peak currents were measured by 

averaging between 2 cursors placed by eye around the peak. 

 Permeablility ratios.  Reversal potentials were calculated by linear interpretation 

between the data points on either side of reversal.  Permeability ratios were calculated from the 

reversal potentials assuming Goldman-Hodgkin-Katz (GHK) theory.  For two ions 
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and washout.  The Grahame equation was used to calculate voltage shifts from charge screening 

according to Gouy-Chapman theory (Grahame, 1947). 
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where G is a constant equal to 270 Å2e-1M1/2 at room temperature, Ci is the concentration of the 

ith ionic species in solution, z is the valance, k is Boltzmann’s constant, T is temperature and σ is 

the planar charge density.  For charge screening without binding σ was set to 1 e-/ 98 Å2, as 

estimated previously (Khan et al., 2008).  Binding of Cd2+ to the planar charge followed Gouy-

Chapman-Stern theory 
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where σt was set to 1 e-/ 98 Å2, KCd is the association constant for Cd2+ in M-1 and σ is the 

surface charge not neutralized by binding. 

Permeation model.  We previously reported a 2-site 3-barrier (2S3B) Eyring model for 

permeation in CaV3.1 (Lopin et al., 2010).  In short, the IIV data collected in this study were 

normalized to the original data.  The parameters for the electrical distances and the energy 

parameters for Ca2+, Ba2+, Na+, and Mg2+ were fixed to the parameters fitted previously.  

Parameters for Cd2+ were fitted by a least sum of absolute error to all the data points using the 

Levenberg-Marquardt algorithm. 

109Cd2+ transport.  Cellular 109Cd2+ uptake (specific activity 1.5 MBq/μg Cd2+; QSA 

Global, Braunschweig, Germany) was performed according to a previously described protocol 

(Erfurt et al., 2003), with some modifications.  Briefly, confluent monolayers of HEK293 cells 

(control, or stably transfected with CaV3.1) were washed twice with Hank’s balanced salt 

solution with 5.55 mM glucose (HBSS-glucose) before Cd2+ incubation.  The concentration of 

CdCl2 (10 mM stock solution in water) was adjusted in HBSS-glucose and labeled with 109Cd2+ 
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to give a final activity of 18.5 kBq/ml.  At specific time points, monolayers were washed with 

HBSS-glucose containing 2 mM EGTA (pH 7.0, adjusted with Tris) and solubilized in 1 N 

NaOH overnight. 109Cd2+ content was determined using a Cobra II Auto-Gamma counter 

(Packard Instrument Company, Meriden, CT). Experiments were performed in the absence or 

presence of 25 µM NNC 55-0396 (Sigma; 2.5 mM stock dissolved in water), a selective inhibitor 

of T-type calcium channels (Huang et al., 2004), to obtain CaV3.1-specific 109Cd2+ uptake.  

Throughout the paper data are shown as mean ± sem. 
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Results 

 

 Cd2+ is commonly used to block Ca2+ currents.  To characterize this effect most studies 

have used voltage steps (Lacinova et al., 2000) and measured the current voltage (IV) 

relationships, but this reflects effects of Cd2+ on both gating and pore block simultaneously.  To 

separate these two effects we have used an ‘instantaneous’ current voltage (IIV) protocol where a 

short prepulse is given to maximally open all the channels and the voltage is ‘instantaneously’ 

reset and the current measured, as show in Fig 1A,C.  Using the IIV protocol the effect of Cd2+ 

on the permeation pathway can be examined in isolation from effects on gating.   

 Cd2+ blocks and permeates through Cav3.1  channels.  Fig. 1A-B shows current 

records from the IIV and IV protocols, in control (2 mM Ca2+ with 145 mM Na+), with the 

addition of 300 µM Cd2+, and following wash out.  The large voltage range allows both outward 

Na+ currents and inward currents carried mainly by Ca2+ to be measured.  The peak currents for 

each protocol are shown in Fig. 1C-D for controls and in the presence of three different 

concentrations of [Cd2+] (0.3, 1, and 3 mM).  To determine the voltage dependence of block by 

Cd2+ the chord conductances in the presence of Cd2+ were divided by the control value (Fig. 2A).  

Here it can be clearly seen that as the cell is hyperpolarized the fraction of channels blocked by 

Cd2+ decreases.  The rate of Cd2+ exit out of the pore to the extracellular side will slow as the cell 

is hyperpolarized, but if the divalent blocker can permeate, then the rate of Cd2+ exiting the pore 

at hyperpolarizing potentials will increase, relieving pore block.  As was already noted for Cd2+ 

on Cav3.1, “Taken together, these results suggest that extreme hyperpolariztion appears to attract 

Cd2+ into the cell” (Diaz et al., 2005).  Fig. 2B shows the conductance as a function of Cd2+ 

concentration and voltage.  The block saturates at ~85%, as there is an appreciable amount of 

current that is observed in 3 mM [Cd2+]o.  The current remaining could be due to incomplete 

block of Ca2+ currents and/or Cd2+ permeation. 

 Given the voltage dependence of block it is likely that Cd2+ decreased currents by getting 

into and obstructing the pore.  To confirm this we changed the charge carrier from Ca2+ to Ba2+, 
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(Fig. 3).  It has been shown previously (Serrano et al., 2000) that due to ion-ion interactions in 

the pore blockers are more potent when Ba2+ is the charge carrier, compared to Ca2+, if the effect 

of the blocker is on the selectivity filter of the pore.  This can clearly be seen in Fig. 3, where 

Ba2+ currents are blocked appreciably more by 300 µM Cd2+ than Ca2+ currents, either with the 

IIV protocol (Fig. 3A,C,D) or with the IV protocol (Fig. 3B,E,F). 

 Since the voltage dependence of block suggested Cd2+ permeation, we examined the 

reversal potentials of the currents after the addition of Cd2+.  According to GHK theory, a 

permeant ion added to the extracellular side should cause a more positive reversal potential.  As 

shown in Fig. 4A, adding [Cd2+]e actually caused a less positive Vr.   

 Currents carried by Cd2+.  The voltage dependence of block by Cd2+ suggests that Cd2+ 

can permeate through the pore.  To test this more directly, we recorded currents after replacing 2 

mM Ca2+ with 2 mM Cd2+ (Fig. 5A) and saw sizeable inward currents, shown on an expanded 

scale in Fig. 5B.  To confirm that the currents observed were being carried by Cd2+ and not Na+ 

we increased the Cd2+ concentration to 10 mM.  This did not lead to an increase in the current, 

which might be expected if the currents were being carried by Cd2+. In fact, at very 

hyperpolarized potentials (-120 mV to -150 mV), the current was less in 10 mM Cd2+.  One 

possibility is that some of the inward current is carried by Na+, and the higher concentration of 

Cd2+ simply blocks the Na+ current more effectively. 

To eliminate any Na+ currents that may be mixing in with the Cd2+ currents we replaced 

the extracellular Na+ with NMDG+, an impermeant cation.  Fig. 6 compares currents in 0.2, 2, 

and 10 mM Cd2+ to 2 mM Ca2+.  Inward currents increase monotonically with [Cd2+], 

approaching saturation at 10 mM (Fig. 6B-C).  Currents carried by Cd2+ were rather large,  >200 

pA at -60 mV in both 2 and 10 mM [Cd2+]o (Fig. 6B).  This level of current carried through a 

calcium channel by a ‘blocker’ is surprising.  With the IV protocol (Fig. 6D) inward currents 

were very small (~30 pA).  Using the reversal potentials for Cd2+ permeation with NMDG (Figs. 

4B, 6B) a permeability ratio of Cd2+ to Na+ (PCd/Na) was calculated as 57.1 using GHK theory 
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(Fig. 4C).  This compares to the PCa/Na ratio of 87 (Khan et al., 2008).  Together this would give a 

PCd/Ca of 0.66 where Cd2+ is only slightly less permeable than Ca2+, defined using GHK theory. 

 Cd2+ uptake through Cav3.1.  Cav3.1 channels are known to have a substantial 

‘window’ current, where partial activation combined with incomplete inactivation allows a 

steady inward Ca2+ current near the resting potential (Chemin et al., 2000; Serrano et al., 1999; 

Williams et al., 1997).  The window current is classically measured as the overlap of the 

activation curve and the inactivation curve.  This assumes that inactivation reaches 100% at 

depolarized potentials.  However, inactivation is incomplete for CaV3.1 channels at all potentials 

and 1-3% of channels remain open and conduct current (Serrano et al., 1999).  The ‘window 

current’ predicted by the model is shown in Fig.8F (shown as PO, dashed line).  This window 

current could be an important source of Cd2+ entry into cells.  To study if Cd2+ can permeate via 

the window current of Cav3.1 channels incubation studies were conducted with radiolabeled 

109Cd2+.  Experiments were conducted for 30 minutes at varying concentrations of Cd2+ in the 

presence of physiological levels of Ca2+.  Cd2+ uptake by CaV3.1 was measured as the difference 

between cells incubated with Cd2+ and cells incubated with Cd2+ and the CaV3 blocker NNC 55-

0396 (Huang et al., 2004).  Fig. 7 shows that Cav3.1 can transport Cd2+ into cells at the resting 

membrane potential in a dose-dependent manner.   

 Permeation model.  To estimate how CaV3.1 transports trace amounts of Cd2+ in 

physiological conditions, a 2-binding site 3-barrier (2S3B) model was used (Fig. 8).  Parameters 

were estimated by fitting the data on Cd2+ block and permeation (Figs. 1, 3, 6)  The electrical 

distances and parameters for Ca2+, Ba2+, Na+ and Mg2+ were fixed to the values used by Lopin et 

al. (2010).  The model was able to effectively describe Cd2+ block of Ca2+ currents (Fig. 8A), 

Ba2+ currents (Fig 8D) and the permeation of Cd2+ (Fig. 8B).  However, there is a deviation 

between the model and data at the most hyperpolarized potentials (-120 to -150 mV) for Cd2+ 

permeation.  When Na+ is replaced by NMDG the current levels off for potentials < -120 mV 

even when Ca2+ is the carrier (Khan et al., 2008, Fig. S20; and compare control currents in Fig 
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6C to Fig. 1C).  It is unclear if this is caused by voltage dependent block of NMDG+ or if there 

are Na+ currents in addition to Ca2+ currents at strong negative voltages (Khan et al., 2008).   

 The model was used to estimate the transport rate of Cd2+ through CaV3.1 channels as a 

function of [Cd2+]o (Fig. 8E).  The model predicts that with 3-10 nM Cd2+ CaV3.1 channels can 

transport on the order of 1 Cd2+ ion per second through an open channel.  To evaluate the steady-

state Cd2+ entry rate, the expected steady-state PO is shown as a function of voltage in Fig. 8F 

(dashed line, calculated from the model in Serrano et.al., 1999).  Notice that the window PO is 

constant at depolarized potentials due to incomplete inactivation. Fig. 8F also shows the 

transport rate through an open channel multiplied by the steady-state PO; this is the calculated 

Cd2+ transport rate via the window current.  The model can also be directly compared to the 

incubation data by multiplying the transport rate by estimates for the number of cells per well 

(200,000), number of channels per cell (8,000) (Lopin et al., 2010), and the open probability at 

rest taking into account slow inactivation* (0.975%), calculated assuming 98.5% fast 

inactivation (Serrano et al., 1999) and 35% slow inactivation (Hering et al., 2004) at steady-state.  

All values were taken at -35 mV (Chemin et al., 2000).  As shown in Fig. 7, the uptake 

calculated from the model is very similar to the experimentally observed rate (see Discussion).  

 Shifts in gating by Cd2+.  To determine whether Cd2+ affects gating, activation curves 

were calculated from the Cd2+ block data (Fig. 1) using the relative open probability (PO,r), 

calculated by dividing the IV current by the IIV current at each voltage (Serrano et al., 1999) 

(Fig. 9B).  This measurement could not be used for the Cd2+ permeation data, as the IV currents 

were too small to measure accurately (Fig. 6D), so currents were measured from tail currents 

following brief (2 msec) depolarizations (Fig. 9A).  Activation was shifted to more positive 

voltages in 2 mM Cd2+ compared to 2 mM Ca2+. As described previously (Khan et al., 2008), 

Ca2+ causes a voltage shift by interacting with the negatively charged head groups on the cell 

membrane without binding, i.e. by charge screening or a Gouy-Chapman mechanism (Hille et 

al., 1975).  The additional shift caused by Cd2+ compared to an equimolar concentration of Ca2+ 

therefore requires some additional mechanism of action, most likely binding of Cd2+ to the 
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channel or cell surface.  The simplest such model is a Gouy-Chapman-Stern mechanism, which 

allows cations to bind to the surface charges in addition to screening.  The voltage shifts caused 

by Cd2+ are shown in Fig. 10.  It can be seen that using KA= 0.44 M-1 both the permeation and 

block data are described fairly well (solid curves).  Binding to surface charge should also shift 

the time constants for channel closing to the same degree as the PO,r data.  The time constants for 

the tail currents of Ca2+ currents, and Ca2+ currents with the addition of Cd2+, are shown in Fig. 

9C.  Cd2+ caused no change in the inactivation rate (e. g., above 0 mV).  There was no clear shift 

in the voltage-dependence of channel closing (e. g., below -50 mV), but a slight change in slope 

at 1 mM or 3 mM Cd2+ .  This implies that effects of Cd2+ on gating cannot be explained fully by 

Gouy-Chapman-Stern theory.  The effects of Cd2+ on gating in Cav3.1 should be negligible at 

Cd2+ concentrations found in the body. 
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Discussion 

 

 In this study, we demonstrate that Cd2+ can permeate directly through CaV3.1 calcium 

channels.  The voltage dependence of Cd2+ block of Ca2+ currents strongly suggested that Cd2+ is 

a permeant ion, and inward currents were carried by Cd2+ in the absence of other extracellular 

permeant ions.  To calculate the rate that Cd2+ can permeate Cav3.1 calcium channels at 

concentrations seen during Cd2+ exposure (3-10 nM) we used a model of permeation, and 

estimated that ~ 1 Cd2+ ion per second can pass through an open channel.   

 Cd2+ permeation and block.  Cd2+ is classically considered a calcium channel blocker, 

but previous studies have demonstrated relief of block by hyperpolarization, strong evidence that 

Cd2+ can enter cells via voltage-dependent calcium channels (Brown et al., 1983).  This is not 

surprising in principle, as many divalent cations (including Ca2+ itself) can either act as pore 

blockers or permeant cations, depending on conditions (Almers and McCleskey, 1984; Hess and 

Tsien, 1984).  However, the size of currents carried by Cd2+ was surprising, 5-17% of the current 

carried by Ca2+ (comparing both ions at 2 mM; Fig. 6).  From reversal potentials with Cd2+ (in 

the absence of Ca2+), the permability ratio is PCd/Ca = 0.66.  Note that the permeability ratio 

primarily reflects the strength of binding, but the actual observed current is also affected by the 

rate of ion movement through the pore.  

 Block of CaV3.1 by Cd2+ decreased with hyperpolarization, the reverse of the voltage 

dependence observed for many other divalents, including Mg2+ , Co2+, and Ni2+ (Diaz et al., 

2005; Obejero-Paz et al., 2008; Serrano et al., 2000).  This reflects the relatively strong 

permeation observed for Cd2+.  The relief of Cd2+ block by hyperpolarization has also been seen 

for Ca2+ channels in chicken sensory neurons (Swandulla and Armstrong, 1989), suggesting that 

it could be a common feature of Ca2+ channels.  Furthermore, based on data with a range of Cd2+ 

concentrations, Cd2+ block saturated at 80-85% (Fig. 2), and thus does not completely block 

currents through CaV3.1.  The remaining currrent is carried in part by Cd2+ and in part by Ca2+:  
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our permeation model predicts that 50-60% of the inward current is carried by Cd2+, with 2 mM 

Ca2+
o and 3 mM Cd2+

o.  

 It does not appear that the incomplete block of calcium channels by Cd2+ has been noted 

previously.  One factor is that most previous studies have measured inhibition using the IV 

protocol, instead of the IIV used here.  Since Cd2+ shifts gating to more positive voltages, 

inhibition measured by the IV protocol will include both inhibition by pore block and inhibition 

by lowering channel open probability, which will exaggerate the potency of Cd2+ as a pore 

blocker, and can also exaggerate the maximal extent of pore block (see Fig. 1D). 

From the experiments examining Cd2+ block of Ca2+ currents, the reversal potential was shifted 

to more negative potentials with Cd2+, opposite to expectations from GHK theory.  Deviations 

from GHK behavior are expected for multi-ion pores such as calcium channels, where ion-ion 

interactions are important.   

 Permeation model.  For the nanomolar concentations observed in chronic Cd2+ exposure 

in vivo, the rate of Cd2+ permeation through Cav3.1 channels cannot be directly measured using 

electrophysiology.  We estimated the transport rate using an Erying rate theory model (Eyring, 

1935) of permeation in calcium channels.  The model we propose in this paper is a refinement of 

the original 2-site 3-barrier models of calcium channels (Almers and McCleskey, 1984; Hess and 

Tsien, 1984) fit to a large data set over various voltages and concentrations of Ca2+, Ba2+, Mg2+, 

and Na+ (Lopin et al., 2010).  Parameters for Cd2+ were estimated by including our data on Cd2+ 

block and permeation.  The model can then translate electrophysiological data into transport rates 

of trace metals through an ion channel under pathophysiological conditions. 

The model was able to reproduce the 109Cd2+ uptake data fairly well using previously reported 

values of the window current and membrane potential.  Uncertainties in the resting potential of 

HEK293 cells, especially with CaV3.1 channels active (or partially blocked by Cd2+) limit 

quantitative comparison, but the fraction of CaV3.1 channels active at steady-state near the 

assumed resting potential (-35 mV; Chemin et al., 2000) does not depend strongly on voltage 

(Serrano et al., 1999). 
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 Calcium channels and Cd2+ uptake.  It is unlikely that there is a dedicated protein to 

transport Cd2+ as it is not a biologically essential metal.  Instead Cd2+ is transported into cells 

using mechanisms for other naturally occurring cations such as Ca2+ (i.e. ‘ionic mimicry’ 

(Bridges and Zalups, 2005; Clarkson, 1993).  Cd2+ uptake via CaV3.1 in our study (Fig. 7) is 

comparable to a previous study with ZIP14 (Girijashanker et al., 2008), but uncertainty in 

expression levels of different channels and transporters prevents definitive conclusions regarding 

the relative importance of pathways for Cd2+ influx.  Previous studies have also linked L-type 

calcium channels (Hinkle et al., 1987) and the calcium selective TRPC6 channel (Kovacs et al., 

2011) to Cd2+ uptake.  Development of resistance to Cd2+ in cell culture has been linked to 

downregulation of CaV3.1, suggesting involvement of this channel in Cd2+ toxicity (Leslie et al., 

2006).  Given the large number of calcium channels expressed throughout the body, the 

importance of Ca2+ signaling, and the large number of ions a channel can transport (~105 s-1), if a 

calcium channel is even slightly permeable to Cd2+ this could lead to a significant Cd2+ entry.  

This is especially true for CaV3.1, which has a substantial ‘window current’ near the resting 

potential.   
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Figure Legends 

 

Fig. 1.  Cd2+ block of currents through Cav3.1 channels. A-B, sample IIV and IV records.  The 

protocols are shown below the middle traces.  Control currents in 2 mM Ca2+ (left), with the 

addition of 300 µM Cd2+ (middle), and after washout (right) are shown.  Currents were Gaussian 

filtered offline to a final -3 dB cutoff of 5 kHz and shown in 20 mV increments.  C, 

‘instantaneous’ currents from IIV protocols shown in A, for control and in the presence of 3 

concentrations of Cd2+ (n=4 for all concentrations).  D, peak currents for the IV protocol shown 

in B (n=4). Symbols in C apply to D. 

 

Fig. 2.  Fraction of the chord conductance remaining in Cd2+.  A, ratio of the conductance in the 

presence of Cd2+ compared to control as a function of voltage.  Data were from IIV 

measurements as in Fig. 1C (n=4).  Symbols as defined in Fig. 1C.  B, conductance ratios as a 

function of [Cd2+].  Curves drawn are fits to a single-site model with variable maximal 

inhibition:  0.11 mM, 84% inhibition (-20 mV), 0.15 mM, 84% inhibition (-40 mV); 0.23 mM, 

80% inhibition (-60 mV); 0.36 mM, 80% inhibition. (-80 mV)  Data were not well described 

with a single-site model with 100% maximal inhibition. 

 

Fig. 3.  Cd2+ block of Ba2+ currents. A-B, IIV and IV current records, using the protocol shown 

below the middle trace.  Control currents in 2 mM Ba2+ (left), with the addition of 300 µM Cd2+ 

(middle), and after washout (right) are shown.  Currents were Gaussian filtered at 5 kHz and 

shown in 20 mV increments.  C,  ‘instantaneous’ currents from the IIV protocol shown in A.  D, 

the fraction of control conductance remaining in 300 µM Cd2+ when 2 mM Ca2+ or Ba2+ was the 

charge carrier. E, peak currents from the IV protocol shown in B. F, expanded view of the 

inward currents with the IV protocol.  For experiments with Ba2+, n=4. 
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Fig. 4.  Effects of Cd2+ on reversal potentials. A,  effect of addition of Cd2+ (to 2 mM Ca2+) on 

the reversal potential.  B, reversal potentials with extracellular Cd2+ (0 Ca2+
o, NMDG replacing 

Na+
o) and intracellular Na+.  C, fits of PCd/PNa to GHK theory.  The solid line is the best fit, with 

PCd/PNa = 57.1, and the dashed lines are GHK fits with PCd/PNa increased or decreased by 50% 

(85.7 and 28.6).  n=4. 

 

Fig. 5.  IIV relationships with extracellular Cd2+ and Na+.  A, currents recorded when Ca2+ was 

replaced with Cd2+.  B, expanded view of A.  Note that the currents were larger in 2 mM Cd2+ 

than in 10 mM Cd2+ at the most hyperpolarized potentials.  n=4. 

 

Fig. 6.  Permeation by Cd2+.  A, sample current records from the IIV protocol with the 

extracellular solution containing 2 mM Cd2+ and NMDG+.  Currents shown were measured 

between +80 mV and -100 mV in 20 mV increments and are shown after 2 kHz Gaussian 

filtering offline.  B, ‘instantaneous’ currents from the IIV protocol (as in A) on an expanded 

scale to show inward currents carried by Cd2+ (n=4 for all concentrations). C, same as B but 

scaled to compare currents carried by Cd2+ to Ca2+. D, peak currents measured using the IV 

protocol (n=4), symbols as in B and C.  

 

Fig. 7.  Uptake of Cd2+ by HEK cells.  NNC 55-0396 (25 µM) sensitive uptake of 109Cd2+ in 

untransfected HEK cells, and HEK cells stably expressing CaV3.1 calcium channels.  Cells were 

incubated for 30 minutes at the indicated concentration of Cd2+.  The dashed line is the 

calculated transport rate for the 2S3B model using the assumptions described in the text. n= 5-9. 

 

Fig. 8.  2-binding site 3-barrier Eyring rate model for Cd2+ block and permeation in CaV3.1 

channels.  A, fit of the model to IIV relationships where Cd2+
o was added to solutions containing 

2 mM Ca2+
o (and Na+

i,o).  B, fit to IIVs in the absence of Ca2+
o and Na+

o.  C, fit to IIVs with 

Cd2+
o, zero Ca2+

o, but normal Na+
o  D, fit to IIVs with 2 mM Ba2+

o, and with added 0.3 mM 
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Cd2+
o.  For A-D, symbols are experimental measurements, and curves are model calculations.  E, 

calculated rate of Cd2+ influx through an open CaV3.1 channel as a function of voltage for 

different [Cd2+]o.  F, calculated rate of Cd2+ influx through the window current of Cav3.1 

channel as a function of voltage (same symbols as E), dashed line is the open probability of 

Cav3.1 calculated from the model in Seranno et.al. 1999.  G, energy profiles for the ions 

included in the model.  The energy levels for Cd2+ in kT units, from outside to inside, are 8.56, -

14.46, 2.17, -11.10, and 14.49.  Other parameters are from Table 1 of Lopin et al. (2010).  

 

Fig. 9. Effects of Cd2+ on gating.  A, activation measured from tail currents after 2 msec 

prepulses (n=4), normalized to the tail currents following steps to +100 mV  B, activation curves 

calculated by dividing the peak IV current by the IIV current (n=4).  C, time constants of the tail 

currents using the IIV protocol (n=4).   

 

Fig. 10.  Voltage shifts induced by Cd2+, fitted to Gouy-Chapman-Stern theory using the 

Grahame equation.  The solid curves are the fit of both Cd2+ block and permeation data to the 

same KA (0.4435 M-1).  The fit is fairly good to both data sets considering different methods 

were used to measure the PO,r (Fig. 9).  The best fits to the data sets separately were 0.85 M-1 for 

block, and 0.26 M-1 for permeation (dashed curves). 
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