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Abstract

Whole cell patch-clamp experiments were undertaken to define the basal K+ conductance(s) in 

human erythroleukemia cells and its contribution to the setting of resting membrane potential. 

Experiments revealed a non-voltage-activated, noninactivating K+ current. The magnitude of the 

current recorded under whole cell conditions was inhibited by an increase in free intracellular 

Mg2+ concentration. Activation or inactivation of the Mg2+-inhibited K+ current (MIP) was 

paralleled by activation or inactivation of a Mg2+-inhibited TRPM7-like current displaying 

characteristics indistinguishable from those reported for molecularly identified TRPM7 current. 

The MIP and TRPM7 currents were inhibited by 5-lipoxygenase inhibitors. However, inhibition of 

the MIP current was temporally distinct from inhibition of TRPM7 current, allowing for isolation 

of the MIP current. Isolation of the MIP conductance revealed a current reversing near the K+ 

equilibrium potential, indicative of a highly K+-selective conductance. Consistent with this 

finding, coactivation of the nonselective cation current TRPM7 and the MIP current following 

dialysis with nominally Mg2+-free pipette solution resulted in hyperpolarized whole cell reversal 

potentials, consistent with an important role for the MIP current in the setting of a negative resting 

membrane potential. The MIP and TRPM7-like conductances were constitutively expressed under 

in vivo conditions of intracellular Mg2+, as judged by their initial detection and subsequent 

inactivation following dialysis with a pipette solution containing 5 mM free Mg2+. The MIP 

current was blocked in a voltage-dependent fashion by extracellular Cs+ and, to a lesser degree, by 

Ba2+ and was blocked by extracellular La3+ and 2-aminoethoxydiphenyl borate. MIP currents 

were unaffected by blockers of ATP-sensitive K+ channels, human ether-à-go-go-related gene 

current, and intermediate-conductance Ca2+-activated K+ channels. In addition, the MIP current 

displayed characteristics distinct from conventional inwardly rectifying K+ channels. A similar 

current was detected in the leukemic cell line CHRF-288-11, consistent with this current being 

more generally expressed in cells of leukemic origin.
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Alterations in ion channel phenotype have been reported in a variety of human cancers (1, 3, 

10, 18). For example, loss of the conventional inwardly rectifying K+ conductance has been 

reported in a variety of tumor cells of distinct neural origins (3), while suppression of the 

delayed rectifier-type voltage-activated K+ conductance has been reported in 

megakaryocytes from patients with acute myelogenous leukemia (18). Suppression of the 

voltage-activated K+ conductance in megakaryocytes correlates with the malignant state, 

since remission following chemotherapy resulted in the resurrection of voltage-activated K+ 

channel function. Furthermore, three leukemic cell lines frequently used as models for many 

megakaryocyte and platelet functions, DAMI, CHRF-288-11, and human erythroleukemia 

(HEL) cells, were without detectable delayed rectifier-type voltage-activated K+ channel 

activity.

In numerous cancers and cancer cell lines of diverse origins, the downregulation of 

conventional K+ conductances is accompanied by the detection of members of the ether-à-

go-go (EAG) gene family (3, 6, 29). Expression of EAG1 and a related human correlate, 

human ether-à-go-go-related gene (hERG), has been reported in a variety of tumor cells and 

cell lines (3, 7, 12, 25). Upregulation of hERG has also been shown in B-cell chronic 

lymphocytic leukemia and numerous hematopoietic cell lines of leukemic origin (30, 36).

The loss of conventional K+ channel function and the upregulation of members of the EAG 

gene family have important implications for the maintenance of resting membrane potential 

in malignant cells. Because activation of members of the EAG channel family is voltage-

dependent, they are unable to maintain resting membrane potential at hyperpolarized levels, 

as recorded in their nonmalignant cell counterparts. As such, malignant cells have a 

depolarized phenotype (3, 18), a characteristic that may contribute to the malignant state. 

Depolarization has an impact on many physiological processes, including Ca2+ entry and 

volume regulation, processes that may affect cell proliferation, differentiation, and 

apoptosis. It has been proposed that this depolarized state may facilitate the malignant 

phenotype by inhibiting electrogenic Ca2+ entry, leading to reduced Ca2+-induced cell death 

and propagation of the malignant phenotype (36).

Although suppression of voltage-activated K+ channel activity has been reported in 

megakaryocytes from patients with acute myelogenous leukemia and related leukemic lines 

such as HEL and CHRF-288-11 cells (18), knowledge of the basal K+ conductances 

contributing to the setting of the resting membrane potential in its absence is lacking. The 

present experiments were undertaken to investigate the basal K+ conductance(s) in HEL and 

CHRF-288-11 cells.
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MATERIALS AND METHODS

Reagents

NaCl, KCl, MgCl2, LaCl3, HEPES, Na+-methanesulfonate, K+-methanesulfonate, N-methyl-

D-glucamine (NMDG), EGTA, EDTA, N-2-hydroxyethyl-EDTA, NH4Cl, K2ATP, glutamic 

acid, NaOH, KOH, and DMSO were purchased from Sigma-Aldrich (Gillingham, Dorset, 

UK); CaCl2, MgSO4, BaCl2, and potassium acetate from BDH (Poole, Dorset, UK); and 

glucose from Fissons Scientific Apparatus (Loughborough, Leicestershire, UK). 

Clotrimazole, glibenclamide, 2-aminoethoxydiphenyl borate (2-APB), and 

nordihydroguaiaretic acid (NDGA) were purchased from Sigma-Aldrich and made up in 

DMSO; 2-(12-hydroxydodeca-5,10-diynyl)-3,5,6-trimethyl-1,4-benzoquinone (AA-861) 

was purchased from Sigma-Aldrich and made up in ethanol; and N-[4-[[1-[2-(6-methyl-2-

pyridinyl)ethyl]-4-piperidinyl]carbonyl]phenyl] methanesulfonamide dihydrochloride 

(E-4031) was purchased from Merck Bioscience Calbiochem (Nottingham, UK) and made 

up in distilled water.

Cell culture

HEL cells, originally obtained from the European Collection of Animal Cell Cultures 

(Porton Down, Salisbury, UK), and CHRF-288-11 cells, obtained from the laboratory of 

Tony Green (Cambridge Institute for Medical Research, Cambridge, UK), were propagated 

in -buffered RPMI 1640 medium supplemented with 10% fetal bovine serum, 4 mM 

L-glutamine, 100 U/ml penicillin, and 50 μg/ml streptomycin (all from Sigma-Aldrich or 

Invitrogen, Paisley, UK). Cells were grown at 37°C in a humidified 95% air-5% CO2 

atmosphere. Cells were passaged two to three times per week and normally used 48–72 h 

thereafter.

Solutions

The standard KCl-based pipette solution (solution 1) contained (in mM) 150 KCl, 0.15 

EGTA, and 10 HEPES, with pH adjusted to 7.2 with KOH (calculated [K+] = 154 mM). 

When required, 1 or 5 mM Mg2+ was added directly as the Cl− or, in some cases,  salt. 

NMDG internal solution (solution 2) was made by equimolar substitution of K+ with 

NMDG. In some experiments, a Mg2+-free pipette solution containing EGTA and EDTA 

(solution 3; in mM: 150 KCl, 10 EGTA, 0.5 EDTA, and 10 HEPES, with pH adjusted to 7.2 

with KOH) was used to activate Mg2+-inhibitable currents. In some experiments, 

intracellular Ca2+ concentration was buffered to defined values. The Ca2+-to-EGTA ratio 

was determined using WEBMAXC, with Extended Constants written by C. Patton 

(www.stanford.edu/~cpatton/maxc.html). A whole cell pipette internal solution with 50 nM 

free Ca2+ (solution 4) contained (in mM) 150 KCl, 2.267 CaCl2, 10 EGTA, and 10 HEPES, 

with pH adjusted to 7.2 with KOH, at 22°C. A low-Cl− internal solution with 170 nM free 

Ca2+ (solution 5) contained (in mM) 150 K+-glutamate, 1 CaCl2, 2 EGTA, and 10 HEPES, 

with pH adjusted to 7.2, at 22°C. The pipette solution containing 3 mM free ATP (solution 

6) contained (in mM) 144 KCl, 0.15 EGTA, 3 K2ATP, and 10 HEPES, with pH adjusted to 

7.2, at 22°C. For pipette solutions containing defined MgATP and free Mg2+ levels, 

WEBMAXC with Extended Constants was used to determine the ratio of ATP to Mg2+ 
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added. The solution with 5 mM MgATP and 3 mM free ATP (solution 7) contained (in mM) 

134 KCl, 0.15 EGTA, 8 K2ATP, 5.18 MgCl2, and 10 HEPES, with pH adjusted to 7.2, at 

22°C. Free Mg2+ concentration ([Mg2+]) in this solution was calculated to be 184 μM. A 

pipette solution with 5 mM free Mg2+ and 4.9 mM MgATP (solution 8) contained (in mM) 

140 KCl, 0.15 EGTA, 5 K2ATP, 9.92 MgCl2, and 10 HEPES, with pH adjusted to 7.2, at 

22°C. Free ATP in this solution was calculated to be 109 μM.

The standard extracellular solution (149 Na+/5 mM K+) (solution 9) contained (in mM) 145 

NaCl, 5 KCl, 1 MgCl2, 10 glucose, and 10 HEPES, with pH adjusted to 7.35 with NaOH 

(calculated [Na+] = 149 mM). High-K+ (154 mM K+) solution (solution 10) contained (in 

mM) 150 KCl, 1 MgCl2, 10 glucose, and 10 HEPES, with pH adjusted to 7.35 with KOH 

(calculated total [K+] = 154 mM). Intermediate-K+ solutions were made by mixing these 

two solutions. When required, 1 mM CaCl2 or 150 μM EGTA was added directly to these 

solutions. These extracellular solutions were supplemented with 400 nM clotrimazole to 

ensure that membrane currents were not contaminated by the endogenous Ca2+-activated K+ 

current in HEL cells (M. J. Mason, unpublished observations). Low-Cl− external solution 

(solution 11) contained (in mM) 145 Na+-methanesulfonate, 5 K+-methanesulfonate, 1 

CaCl2, 1 MgSO4, 10 glucose, and 10 HEPES, with pH adjusted to 7.35 with NaOH. Cl−-free 

solutions were supplemented with 200 nM clotrimazole. Divalent ion-free saline solution 

(solution 12) contained (in mM) 145 NaCl, 5 KCl, 10 N-2-hydroxyethyl-EDTA, 10 glucose, 

and 10 HEPES, with pH adjusted to 7.35 with NaOH, and was supplemented with 200 nM 

clotrimazole. In some experiments, clotrimazole was omitted from the extracellular 

solutions as noted in the text. All extracellular solution changes were made by gravity-fed 

superfusion.

Patch-clamp measurements

Cells were added to a low-volume Plexiglas chamber mounted on the stage of an inverted 

microscope. The bottom of the chamber was formed by adherence of a glass coverslip with 

silicone grease. The chamber was grounded via a Ag-AgCl pellet placed directly in the 

chamber downstream of the cells. Tight-seal whole cell patch-clamp recordings in voltage-

clamp mode were carried out using an Axopatch 200A amplifier (Molecular Devices, 

Sunnyvale, CA). The series resistance compensation feature of the amplifier was used to 

achieve 70% series resistance compensation. Electrodes were pulled from filamented 

borosilicate glass (Harvard Apparatus, Kent, UK), and the tips were fire polished. Electrodes 

had resistances of 2–8 MΩ when filled with standard KCl-based internal solution. All 

experiments were performed at room temperature (20–24°C).

Amplifier control and data acquisition were performed using Axograph 4.9 software 

(Axograph Scientific, Sydney, Australia) running on a Macintosh computer using a Digidata 

1322A 16-bit data acquisition system (Molecular Devices). For recording of whole cell ramp 

currents under voltage clamp, cells were held at 0, −20, or −80 mV, and 200-ms ramps from 

−100 to +100 mV were initiated every 1 or 3 s (these voltages are uncorrected for junction 

potential errors). Currents were filtered at 1 kHz and acquired to disk at 2 kHz. In a small 

number of experiments, data were acquired at 10 kHz. Currents at −90, 0, and +90 mV were 

calculated as 3-point averages extracted from individual voltage ramps using custom macros 
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written in IGOR Pro (Wavemetrics, Lake Oswego, OR). Reversal potentials, measured from 

voltage ramp data using analysis software within Axograph, were averaged over five 

consecutive ramps.

A voltage-step protocol was employed for investigations of voltage- and time-dependent 

current activation. Cells were held at 0 or −80 mV, and 500-ms steps to voltages between 

−100 and +100 mV were initiated in 20-mV increments (these voltages are uncorrected for 

junction potential errors). Mean step currents recorded during 500-ms voltage steps were 

averaged between 5 and 495 ms of the voltage step.

For experiments initiated with KCl-based pipette solutions and NaCl-based extracellular 

solutions, a +3-mV junction potential correction was applied to all voltages (27). 

Experiments using Cl−-free internal solution and Cl−-containing extracellular solution have 

been corrected for a +10-mV junction potential error (27), while experiments using an 

NMDG-based internal solution have been corrected for a −6-mV junction potential error 

(28). Data acquired during acetate application have been corrected for a junction potential 

error arising from exposure of the Ag-AgCl grounding wire to altered bath Cl− levels. The 

error was approximately −6 mV and was determined by the shift in the measured zero-

current potential upon superfusion with acetate solution prior to detection of modulation of 

the inward and outward current magnitudes.

The relative Na+-to-K+ permeability ratio (PNa/PK) was calculated from the shift in the 

reversal potential (ENa and EK) when the extracellular solution was changed from 149 Na+/5 

mM K+ (ENa) to 154 mM K+ (EK) in accordance with the following equation: PNa/PK = 

(154{exp[F(ENa – EK)/RT]} – 5)/149, where 154 is the extracellular [K+] (in mM) in the 

absence of Na+, 149 and 5 are the extracellular [Na+] and [K+], respectively, (in mM) in the 

Na+-containing solution, and R, T, and F are the standard physical constants.

When appropriate, data are presented as means ± SE. Statistical significance was determined 

using a Student’s t-test for paired data or an analysis of variance, with the least significant 

difference determined by Bonferroni’s multiple comparisons. Data are considered 

significant at P ≤ 0.05.

All current records are of raw whole cell currents uncorrected for leakage currents. For 

clarity, brief uncompensated capacitative transients have been truncated in the presentation 

of currents recorded during voltage steps.

Western blotting

Protein extractions were performed in RIPA buffer (Sigma-Aldrich). Proteins were 

separated on an 8% SDS-polyacrylamide gel and transferred to a polyvinylidene difluoride 

membrane. The membrane was blocked for 1 h at room temperature in 5% milk in PBS 

containing 0.5% Tween 20 (PBST) and incubated overnight at 4°C with goat anti-TRPM7 (2 

μg/ml; Ab729, Abcam) in 5% milk-PBST. After the membrane was washed, it was 

incubated for 1 h at room temperature with a horseradish peroxidase-conjugated rabbit anti-

goat antibody (1:80,000 dilution; Sigma-Aldrich), and horseradish peroxidase activity was 

detected using Amersham ECL (GE Healthcare, Little Chalfont, UK).
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RESULTS

Detection of a non-voltage-activated K+ conductance in HEL cells

To define the basal currents in nonactivated HEL cells, cells were whole cell patch-clamped 

with a KCl-based patch internal solution containing 1 mM free Mg2+ (solution 1 

supplemented with 1 mM Mg2+, see MATERIALS AND METHODS) and superfused with an extracellular 

solution containing 149 mM Na+/5 mM K+ (solution 9). This nominally Ca2+-free 

extracellular solution contained 1 mM Mg2+ and was supplemented with 400 nM 

clotrimazole to ensure that the measured currents were not contaminated by a Ca2+-activated 

K+ conductance known to be present in HEL cells. Figure 1A shows a representative 

instantaneous current-voltage (I-V) relationship obtained from voltage ramps from −103 to 

+97 mV from a holding potential of −23 mV. These and all subsequently stated voltages are 

corrected for the junction potential errors noted in MATERIALS AND METHODS. In this extracellular 

solution, the cell exhibited a near-linear I-V relationship up to approximately +40 mV, 

consistent with a lack of expression of delayed rectifier-type voltage-activated K+ current, as 

previously reported in HEL cells (18). However, the cell exhibited a reversal potential more 

negative than −50 mV, consistent with expression of a dominant K+ conductance, given the 

ionic composition of the extracellular and pipette solutions (see MATERIALS AND METHODS). In 

agreement with this conclusion, changing the extracellular solution to one containing 154 

mM K+ (solution 10) resulted in the generation of an inward current displaying modest 

inward rectification and a shift in the reversal potential to ~0 mV, the equilibrium potential 

for K+ (Fig. 1A).

A voltage-step protocol was used to more carefully investigate the time-dependent 

activation/inactivation characteristics and voltage dependence of this K+ current. Figure 1, B 

and C, shows whole cell currents recorded in 154 mM extracellular K+ solution (solution 10) 

from the same cell depicted in Fig. 1A. Currents elicited by voltage steps from −103 to +97 

mV from holding potentials of −3 mV (Fig. 1B) or −83 mV (Fig. 1C) showed no time-

dependent activation or inactivation. Figure 1D shows the whole cell I-V relationships 

derived from the results presented in Fig. 1, B and C. The current showed no voltage 

dependence and displayed modest inward rectification, consistent with the ramp data 

presented in Fig. 1A. The I-V relationships obtained from holding potentials of −3 and −83 

mV were indistinguishable, indicating that no current inactivation occurs as a result of 

holding at depolarized potentials.

The mean increase in the inward current at −90 mV in response to changing the extracellular 

solution from 5 to 154 mM K+ is shown in Fig. 2A for cells dialyzed with KCl-based 

internal solution containing 1 mM Mg2+ (solution 1 supplemented with 1 mM Mg2+). The 

magnitude of the inward current at −90 mV was −52.8 ± 12.6 pA in 149 Na+/5 mM 

extracellular K+ solution (solution 9) and significantly increased to −163.7 ± 33.0 pA when 

the extracellular solution was changed to 154 mM K+ (solution 10; P ≤ 0.05, n = 39). Figure 

2B shows the whole cell currents in 5 and 154 mM extracellular K+ solution in a 

representative experiment. These data clearly demonstrate a shift in the reversal potential 

toward 0 mV, the K+ equilibrium potential when extracellular K+ is elevated to 154 mM. 

The increase in K+ current at negative potentials was not a result of anomalous permeability 
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arising from complete removal of extracellular Na+, since a graded shift in the reversal 

potential and a graded increase in the magnitude of the inward current at −90 mV were 

observed in response to elevation of extracellular [K+] from 5 to 73 or 154 mM (equimolar 

substitution of Na+ for K+; data not shown).

Constitutive expression of a Mg2+ inhibited TRPM7-like conductance

After transition to the whole cell configuration with a KCl-based pipette solution containing 

1 mM Mg2+ (solution 1 supplemented with 1 mM Mg2+), an outwardly rectifying current at 

voltages greater than +40 mV was frequently observed. Such a current is clearly visible in 

the experiment presented in Fig. 2B and is present to a far lesser degree in Fig. 1A. This 

outwardly rectifying current was detected in 58 of 76 cells patched with a KCl-based 

internal solution supplemented with 1 mM free Mg2+ (solution 1 supplemented with 1 mM 

Mg2+). In 43 of the 58 cells, the outwardly rectifying current inactivated with variable 

kinetics. A representative experiment demonstrating the inactivation of this current is shown 

in Fig. 3, A and B. In this experiment, the cell was superfused with 149 Na+/5 mM K+ 

solution (solution 9) and whole cell-patched using a KCl-based internal solution containing 

1 mM free Mg2+ (solution 1 supplemented with 1 mM Mg2+). Immediately upon gaining the 

whole cell configuration, ramps from −103 to +97 mV (Fig. 3B) were initiated every 3 s 

from a holding potential of −3 mV. The magnitude of the outward current at +90 mV, 

extracted from individual voltage ramps, is plotted as a function of time in Fig. 3A and 

demonstrates the time-dependent inactivation of this outward current. Representative 

instantaneous I-V relationships before and after current inactivation (Fig. 3B) reveal an 

outwardly rectifying current at potentials exceeding +40 mV. This inactivating outward 

current at potentials greater than +40 mV is reminiscent of TRPM7, a Mg2+-inhibited 

current reported in a variety of cell types (20, 26, 33).

To confirm that the constitutively expressed outwardly rectifying current was Mg2+-

sensitive, experiments were performed using a nominally Mg2+-free KCl-based internal 

solution (solution 1) to activate TRPM7 (20, 26, 33). The cell was superfused with 149 

Na+/5 mM K+ saline solution (solution 9), and voltage ramps were applied every 3 s from a 

holding potential of −23 mV (Fig. 3D). The current at +90 mV was extracted from 

individual ramps and plotted as a function of time after attainment of the whole cell 

configuration in Fig. 3C. Dialysis with nominally Mg2+-free KCl-based patch internal 

solution resulted in the time-dependent generation of an outward current at +90 mV. 

Representative instantaneous I-V relationships at different times during activation of this 

current are shown in Fig. 3D. The activation of an outward current at potentials greater than 

+40 mV when cells were dialyzed with a nominally Mg2+-free patch solution and the partial 

inactivation of an indistinguishable constitutively expressed outward current when cells 

were dialyzed with 1 mM free Mg2+-containing internal solution are consistent with 

modulation of the current in HEL cells by intracellular Mg2+. Such a finding is consistent 

with the Mg2+ sensitivity of TRPM7 and other molecularly unidentified Mg2+-inhibited 

cation (MIC) currents reported in a variety of cell types (20, 26, 33).

Experiments were undertaken to determine if the outwardly rectifying current displayed 

characteristics of TRPM7. When cells were dialyzed with a nominally Mg2+-free, NMDG-
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Cl-based internal solution (solution 2), the marked outward current in 149 mM Na+/5 mM 

K+ extracellular solution (solution 9) was absent, consistent with K+ being the outward 

current-carrying ion (Fig. 4A; n = 3). Simultaneous reduction of intracellular (solution 5) and 

extracellular Cl− (solution 11) solutions had no influence on generation of the outwardly 

rectifying current when the cell was dialyzed with the nominally Mg2+-free low-Cl−-based 

K+ internal solution (solution 5, n = 8; Fig. 4B). These data are consistent with little 

contribution of Cl− to the outwardly rectifying current, further supporting the conclusion that 

K+ is the outward current-carrying ion, as previously reported for TRPM7 (26).

The outward current activated by dialysis with nominally Mg2+-free KCl internal solution 

(solution 1) was partially and reversibly blocked by 100 μM 2-APB, a feature of TRPM7-

like currents in Jurkat cells (31) (Fig. 4C; n = 7 for block, n = 6 for reversibility of block). 

Additionally, the changes in the whole cell I-V relationship following superfusion with 

divalent-free extracellular solution (solution 12) were similar to those reported for TRPM7 

and TRPM7-like currents in other cell types (19, 20, 26, 31). After dialysis with nominally 

Mg2+-free KCl-based internal solution (solution 1), application of divalent-free extracellular 

solution resulted in loss of the marked outward rectification and an increase in inward 

current at negative potentials (Fig. 4D). These changes in the I-V relationship were fully 

reversible upon return to divalent-containing solution.

Finally, TRPM7 was immunodetected in Western blots using a commercially available 

antibody to human TRPM7. A prominent band at the correct molecular weight was detected 

in whole cell lysates from unactivated HEL cells (Fig. 5). A similar band was also detected 

in CHRF-288-11 cells, a leukemic cell line also devoid of voltage-activated K+ channel 

activity (18) and also used as a model for megakaryocyte function.

Taken in concert, the outwardly rectifying I-V relationship in cells dialyzed with nominally 

Mg2+-free internal solution, the suppression of this outward K+ current by millimolar 

intracellular Mg2+, the sensitivity of the current to 2-APB, the characteristic changes in the 

whole cell I-V relationship following removal of extracellular divalent ions, and the 

immunodetection of TRPM7 protein are consistent with the expression of a TRPM7 current 

in HEL cells with characteristics similar to those reported in other cell types (19, 20, 26, 31, 

33). Importantly, the detection of the tell-tale outwardly rectifying current component of the 

I-V relationship at positive potentials immediately after the transition to the whole cell 

configuration with 1 mM Mg2+-containing internal solution is consistent with constitutive 

activation of this current in the majority of HEL cells.

Non-voltage-activated K+ current is a Mg2+-inhibited K+ current

Activation of the TRPM7 current during dialysis with nominally Mg2+-free internal solution 

was frequently accompanied by a clear shift in the reversal potential to a more negative 

value, as evident in Fig. 3D. Such an observation is consistent with activation of a K+ 

conductance, given the intra- and extracellular [K+] and symmetrical Cl− concentration used 

in these experiments. This K+ conductance may arise from modulation of a Mg2+-sensitive 

K+ conductance during dialysis with nominally Mg2+-free internal solution. Experiments 

were undertaken to define the sensitivity of the noninactivating, non-voltage-dependent K+ 

current presented in Figs. 1 and 2 to changes in intracellular free [Mg2+].
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The magnitude of the inward current in HEL cells super-fused with 154 mM KCl-based 

extracellular solution (solution 10) was determined under conditions of 0 (nominally Mg2+-

free) and 5 mM free Mg2+ in the KCl-based patch internal solution (solution 1). Cells were 

first superfused with 149 Na+/5 mM K+ solution (solution 9) and dialyzed for ≥300 s to 

ensure complete activation or inactivation of the TRPM7 current. The extracellular solution 

was then changed to 154 mM K+ (solution 10), and the magnitude of the inward current at 

−90 mV extracted from the voltage ramps administered every 3 s was determined. To 

remove the influence of variable levels of background currents, the “difference current” at 

−90 mV was calculated (current in 154 mM K+ – current in 5 mM K+). This difference 

current was normalized to cell capacitance to provide a measurement of current density and 

is presented as a function of free intracellular [Mg2+] in Fig. 6A. For comparison, the 

difference current for experiments performed with 1 mM free Mg2+ (Fig. 2), normalized for 

cell capacitance, is included. The inward K+ difference current measured with nominally 

Mg2+-free internal solution (−38.5 ± 5.5 pA/pF) was significantly greater (P ≤ 0.05) than 

that recorded in cells dialyzed with 1 mM free Mg2+ (−5.98 ± 1.1 pA/pF) and 5 mM free 

Mg2+ (−0.97 ± 0.2 pA/pF) solutions. As a result of this Mg2+ sensitivity, we have defined 

this current as a Mg2+-inhibited K+ (MIP) current.

The increase in MIP current was accompanied by a significant shift in the reversal potential 

measured in a 149 Na+/5 mM K+ solution (solution 9). The mean reversal potential for cells 

dialyzed with nominally Mg2+-free internal solution (solution 1) or this internal solution 

supplemented with 1 or 5 mM free Mg2+ is shown in Fig. 6B. The reversal potential in cells 

dialyzed with nominally Mg2+-free internal solution was −60.8 ± 2.5 mV (n = 26). In 

contrast, cells dialyzed with 1 mM free Mg2+ had a reversal potential of −32.5 ± 3.3 mV (n 

= 39), while cells dialyzed with 5 mM free Mg2+ had a reversal potential of −6.2 ± 6.5 mV 

(n = 10); all values are significantly different from each other (P ≤ 0.05).

To quantify the changes in whole cell PNa and PK as a function of intracellular [Mg2+], PNa 

relative to PK was estimated from the shift in the reversal potential when the extracellular 

solution was changed from 149 Na+/5 mM K+ (solution 9) to 154 mM K+ (solution 10) in 

cells dialyzed with the three different free intracellular [Mg2+] (solution 1 supplemented 

with variable Mg2+). The relative PNa-to-PK ratio (see MATERIALS AND METHODS) was 0.08 ± 0.01 (n 

= 26), 0.37 ± 0.04 (n = 39), and 0.66 ± 0.07 (n = 10) for nominally Mg2+-free and 1 and 5 

mM free internal Mg2+ solutions, respectively. All values are significantly different from 

each other (P ≤ 0.05).

Inhibition of the MIP conductance may arise as a direct result of elevations in free cytosolic 

[Mg2+]. Alternatively, inhibition may arise as a result of the formation of MgATP from 

endogenous ATP sources. Inhibition by MgATP must be considered, as MgATP has been 

demonstrated to inhibit the Mg2+-sensitive TRPM7 currents (9). Experiments were 

undertaken to determine the role of MgATP in the modulation of the MIP conductance in 

HEL cells. Inclusion of 3 mM free ATP in the KCl-based patch internal solution in the 

absence of added Mg2+ (solution 6) still resulted in the detection of a robust MIP current not 

significantly different from that recorded in the absence of added ATP (−25.2 ± 6.2 pA/pF at 

−90 mV, n = 5). Therefore, elevation of free ATP in the absence of added Mg2+ has no 

significant effect on MIP current activation. To determine the role of MgATP in modulation 
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of the MIP conductance, cells were dialyzed with a pipette solution containing 3 mM free 

ATP and 5 mM MgATP (solution 7). The calculated free [Mg2+] of this solution was 184 

μM. A robust MIP current, indistinguishable from that recorded with 3 mM ATP alone, was 

also measured under these conditions (−25.3 ± 8.8 pA/pF at −90 mV, n = 5). Therefore, 

elevations in MgATP do not account for the suppression of the MIP current when Mg2+ is 

added to the pipette solution. In contrast, 5 mM free Mg2+ in the presence of 4.9 mM 

MgATP and a calculated free ATP concentration of 109 μM (solution 8) resulted in a 

significant suppression of the MIP current (−1.2 ± 0.4 pA/pF at −90 mV, n = 6, P ≤ 0.05), 

consistent with inhibition arising from elevations in free [Mg2+]. These data are summarized 

in Fig. 6C.

Pharmacology of the MIP and TRPM7 currents

Figure 7A shows the effect of extracellular Cs+ on the inward MIP current recorded in 154 

mM extracellular K+ solution (solution 10) in a cell dialyzed with nominally Mg2+-free 

internal solution (solution 1). Addition of 10 mM Cs+ resulted in a reversible voltage-

dependent block of the inward K+ current. In 24 cells dialyzed with nominally Mg2+-free 

internal solution, Cs+ significantly reduced the K+ difference current recorded at −90 mV to 

14.4 ± 3.0% of control (P ≤ 0.05; Fig. 7D) while having no effect on the outward TRPM7 

current. An indistinguishable block was observed in cells dialyzed with 1 mM free Mg2+ 

(solution 1 supplemented with 1 mM Mg2+; 14.7 ± 3.3% of control, n = 37; Fig. 7D).

Extracellular Ba2+ (1 mM) also significantly blocked the inward K+ current recorded in 154 

mM K+ (Fig. 7A), but to a lesser degree than 10 mM Cs+. Ba2+ reversibly reduced the 

difference current in cells dialyzed with nominally Mg2+-free internal solution (solution 1) 

to 43.5 ± 0.6% of control (P ≤ 0.05, n = 5; Fig. 7D). The block by Ba2+ displayed evidence 

of voltage dependence (Fig. 7A). A thorough investigation of this phenomenon was not 

undertaken. The outward TRPM7 current was not blocked by this concentration of Ba2+.

La3+ at 2 mM significantly blocked the inward K+ current with a potency indistinguishable 

from 1 mM Ba2+ (Fig. 7B). La3+ reversibly reduced the difference current in cells dialyzed 

with nominally Mg2+-free internal solution (solution 1) to 46.5 ± 5.6% of the control 

maximum (P ≤ 0.05, n = 9, Fig. 7D). Unlike Ba2+ and Cs+, La3+ also significantly reduced 

the outward TRPM7 current to 82.6 ± 1.7% of control (P ≤ 0.05, n = 9; Fig. 7B). Block of 

the inward and outward currents was fully reversible.

In Fig. 4C, we demonstrated the inhibition by 2-APB of the outward TRPM7 current. 2-APB 

also blocked the inward MIP current. Figure 7C shows the effect of 100 μM 2-APB on a 

representative whole cell ramp I-V relationship recorded in 154 mM extracellular K+ 

(solution 10) following dialysis with nominally Mg2+-free internal solution (solution 1). In 

eight cells, 2-APB inhibited the inward K+ difference current at −90 mV to 43.5 ± 9.2% of 

control. In the same cells, the whole cell current at +90 mV was simultaneously reduced to 

31.1 ± 2.3% of control. Block of inward MIP and outward TRPM7 current was fully 

reversible; however, the time course of reversal was much longer than reversal of the block 

by Cs+, Ba2+, or La3+.
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The inward MIP and outward TRPM7 currents were unaffected by the ATP-sensitive K+ 

(KATP) channel inhibitor glibenclamide (10 μM) and the hERG inhibitor E-4031 (2 μM; data 

not shown).

Isolation of the MIP current during TRPM7 activation using 5-lipoxygenase inhibitors

In an effort to dissociate TRPM7 from the MIP current, we investigated the effect of the 5-

lipoxygenase inhibitors NDGA and AA-861 on our whole cell currents. Because both agents 

have been reported to inhibit TRPM7 (16), it may be possible to record the MIP current in 

the absence of TRPM7. A representative experiment is presented in Fig. 8. The cell was 

dialyzed with a Mg2+-free KCl-based pipette internal solution containing 10 mM EGTA and 

0.5 mM EDTA (solution 3), and ramps from −103 to +97 mV were administered every 3 s. 

The whole cell current at +90 and −90 mV was extracted from individual ramps and plotted 

as a function of time in Fig. 8A. TRPM7 activation as judged by the presence of a prominent 

outward current at potentials greater than +40 mV was accompanied by a negative reversal 

potential and significant outward current at 0 mV, consistent with the expression of the MIP 

current (episode 152 in Fig. 8B). To confirm MIP current activation, the extracellular 

solution was changed from 149 Na+/5 mM K+ (solution 9 without clotrimazole) to 154 mM 

KCl (solution 10 without clotrimazole), resulting in the generation of the marked inward 

MIP current (episode 163 in Fig. 8A). Application of 40 μM NDGA during high-K+ 

application induced a surprising result. The inward MIP current was rapidly inhibited in the 

face of sustained outward TRPM7 current at positive potentials, thus allowing us to separate 

the MIP and TRPM7 currents. The I-V relationship after immediate inhibition of the MIP 

current looked very much like that expected for pure TRPM7 with little inward current. I-V 

relationships before and 6 s after application of NDGA (episodes 163 and 167, respectively) 

are shown in Fig. 8B. Subtraction of the I-V relationship immediately after rapid NDGA 

inhibition of the MIP current (episode 167) from that recorded before MIP current 

application (episode 163) yields the I-V relationship for the MIP conductance under 

conditions of high symmetrical K+. This current is plotted as the difference current in Fig. 

8B. The inwardly rectifying difference current (isolated MIP current) reversed at zero, the 

reversal potential for K+, consistent with the MIP conductance being highly selective for K+. 

The rapid inhibition of the inward MIP current was followed by a slow secondary inhibition 

of the residual outward TRPM7 current (Fig. 8, A and C). Episode 197 demonstrates the 

secondary inhibition of the outward component of TRPM7. The full extent of the slow 

secondary inhibition of TRPM7 could not be studied, as prolonged exposure to NDGA 

resulted in loss of the seal and development of large leakage currents. NDGA inhibited the 

inward MIP current observed in high extracellular K+ solution in five of five experiments.

Since NDGA enables us to separate the MIP and TRPM7 currents on the basis of temporally 

distinct inhibition of the two currents, experiments were performed in cells suspended in 145 

Na+/5 mM K+ solution (solution 9 without clotrimazole) to isolate the I-V relationship for 

pure MIP current under conditions of physiological [K+]. A representative experiment is 

shown in Fig. 9. The cell was dialyzed with a Mg2+-free KCl-based pipette internal solution 

containing 10 mM EGTA and 0.5 mM EDTA (solution 3), and ramps from −103 to +97 mV 

were administered every 3 s. We extracted the whole cell current at 0 and +90 mV and 

plotted these current magnitudes as a function of time in Fig. 9A. The current at 0 mV was 
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plotted, since pure TRPM7 reverses near zero. As a result, current recorded at this potential 

is attributable to the MIP current. The presence of a robust MIP current was first confirmed 

by exposure to 154 mM KCl-based solution (solution 10 without clotrimazole). The currents 

during and after exposure to this high-K+ solution (episodes 229 and 243, respectively; Fig. 

9B, inset) demonstrate the presence of a robust MIP current. After return to 145 Na+/5 mM 

K+ solution, the whole cell I-V relationship showed the large outward TRPM7 current, a 

negative reversal potential, and significant outward current at 0 mV (episode 243 in Fig. 

9B). Exposure to 40 μM NDGA resulted in rapid complete inhibition of the MIP current 

recorded at 0 mV and a small inhibition of the outward current at +90 mV (Fig. 9A). The I-V 

relationship immediately after NDGA inhibition of the MIP current (Fig. 9B, episode 252) is 

indistinguishable from that expected for pure TRPM7. The I-V relationship displays little 

inward current, reverses close to 0 mV, and displays the outward rectification above +40 

mV. Subtraction of the whole cell I-V relationship immediately after rapid NDGA inhibition 

of the MIP current, as judged by inhibition of the current at 0 mV (episode 252 in Fig. 9, A 

and B) from that recorded before application (episode 243 in Fig. 9, A and B), yields the I-V 

relationship for the MIP conductance under physiological conditions of intra- and 

extracellular [K+]. This current is plotted as the difference current in Fig. 9B. The difference 

current (isolated MIP current) reversed at a negative potential close to the reversal potential 

for K+, consistent with the MIP conductance being highly selective for K+. Consistent with 

inhibition of the MIP current by NDGA, the magnitude of the inward current in 154 mM K+ 

solution during NDGA application (episode 271 in Fig. 9B, inset) was much less than that 

measured in its absence (episode 229 in Fig. 9B, inset). NDGA rapidly inhibited the MIP 

current component of the whole cell I-V relationship in eight of eight experiments.

Continued exposure to NDGA resulted in a slow secondary inhibition of the pure TRPM7 

current. Again, the full extent of this secondary inhibition of TRPM7 could not be 

determined, as NDGA resulted in loss of the seal and generation of large leakage currents.

We have also been able to isolate the MIP current by inhibition with the 5-lipoxygenase 

inhibitor AA-861 (15). A representative experiment is shown in Fig. 10. The cell was 

dialyzed with a Mg2+-free KCl-based pipette internal solution containing 10 mM EGTA and 

0.5 mM EDTA (solution 3), and ramps from −103 to +97 mV were applied every 3 s. The 

whole cell current at 0 and +90 mV was extracted from individual ramps and plotted as a 

function of time in Fig. 10A. The cell was briefly exposed to 154 mM K+ solution (solution 

10 without clotrimazole) to confirm the presence of the MIP conductance. The I-V 

relationship during high-K+ exposure is shown in Fig. 10B, top inset (episode 163). Return 

to 145 Na+/5 mM K+ (solution 9 without clotrimazole) resulted in loss of the inward K+ 

current, a negative reversal potential, and outward current at 0 mV, indicative of the MIP 

conductance (episode 187 in Fig. 10B). Application of 40 μM AA-861 resulted in very rapid 

inhibition of the outward current at 0 mV and a small decline in the outward current at +90 

mV. The I-V relationship immediately after inhibition of the current at 0 mV was 

indistinguishable from TRPM7, displaying a reversal potential much nearer 0 mV and the 

fingerprint outwardly rectifying current above +40 mV. The inhibited MIP current 

(difference current in Fig. 10B) determined by subtraction of the whole cell current 

immediately after AA-861 addition (episode 196) from that recorded in the absence of 
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AA-861 (episode 187) revealed an I-V relationship similar to that detected in Fig. 9 with use 

of NDGA. The difference current attributable to pure MIP current reversed at a very 

negative potential, indicative of selective K+ permeability. Similar to NDGA, AA-861 also 

induced a slow secondary inhibition of the outward TRPM7 current recorded at +90 mV. 

However, AA-861 did not result in deterioration of the patch seal, allowing for 

determination of the extent of the TRPM7 inhibition and the extent of reversibility (Fig. 

10A). Removal of AA-861 resulted in slow recovery of the outward current at 0 and +90 mV 

and a return to a highly negative reversal potential (episode 326 in Fig. 10B, bottom inset). 

Exposure to high extracellular K+ solution (solution 10 without clotrimazole) after AA-861 

washout resulted in the pronounced inward MIP current (episode 308 in Fig. 10B, bottom 

inset) that is associated with the negative reversal potential in low-K+ solution. AA-861 

rapidly inhibited the MIP component of the whole cell I-V relationship in all seven 

experiments in which it was tested.

Taken in concert, NDGA and AA-861 rapidly inhibit the MIP current, the component of the 

whole cell current responsible for setting the negative reversal potential during dialysis with 

low intracellular Mg2+.

Constitutive expression of the hyperpolarizing MIP conductance

Given the sensitivity of the magnitude of the MIP current to free intracellular [Mg2+] (Fig. 

6A) and the impact of this conductance on resting membrane potential (Fig. 6B), knowledge 

of the physiological relevance of this K+ conductance is dependent on knowledge of the free 

[Mg2+]. However, free [Mg2+] is difficult to assess. If the declining outward TRPM7 current 

constitutively expressed in the majority of HEL cells (Fig. 3) arises as a result of Mg2+ 

inhibition of the current during whole cell dialysis, then a corresponding inhibition of the 

MIP conductance is predicted. Experiments were undertaken to investigate this hypothesis. 

Cells were suspended in 154 mM K+ solution (solution 10) prior to transition to the whole 

cell configuration with a KCl-based pipette solution containing 5 mM free Mg2+ (solution 1 

supplemented with 5 mM Mg2+). Immediately upon attainment of whole cell configuration, 

voltage ramps (Fig. 11B, top) were initiated every 3 s from a holding potential of −20 mV. 

The magnitude of the currents at +90 and −90 mV was extracted from each ramp and plotted 

as a function of time after transition to the whole cell configuration. The inward and the 

outward current components of the voltage ramp declined in a time-dependent fashion (Fig. 

11A). In Fig. 11B, ramp I-V relationships immediately after attainment of whole cell mode 

and 531 s (episode 177) later are shown. The inward current in episode 1 is indistinguishable 

from the MIP current, while the marked initial outward rectification at potentials greater 

than +40 mV is consistent with a TRPM7 conductance. Both currents inactivate, consistent 

with inhibition of both currents by 5 mM Mg2+ in the patch pipette solution (solution 1 

supplemented with 5 mM Mg2+). An inactivating TRPM7 current was detected in 11 of 12 

experiments in this series, with an inactivating inward MIP-like current clearly identified in 

8 of these experiments. Therefore, MIP currents are constitutively active in the majority of 

HEL cells patched.

The time course of inactivation of the outward and inward currents was markedly different. 

The time course of inactivation of the TRPM7 and MIP currents in Fig. 11A is well fit by 
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double exponentials, yielding fast and slow time constants of 18 and 105.5 s, respectively, 

for inactivation of the outward TRPM7 current and 108.9 and 113.4 s, respectively, for 

inactivation of the inward MIP-like current. In the eight experiments where MIP-like current 

inactivation was observed, the fast time constant of inactivation of the outward TRPM7 

conductance was 4.5 times faster than that of the inward MIP conductance [22.0 ± 3.1 s for 

TRPM7 current inactivation vs. 99.0 ± 19.6 s for MIP current (P ≤ 0.05)]. These data further 

distinguish the MIP current from TRPM7.

It was necessary to ensure that the inward current detected in experiments such as those 

presented in Fig. 11, A and B, is, in fact, the MIP conductance. To address this issue, we 

used a protocol identical to that described for Fig. 11, A and B, to investigate the Cs+ 

sensitivity of the MIP-like current. However, immediately after detecting the inward K+ 

current following transition to the whole cell configuration, we changed the extracellular 

solution to a solution supplemented with 10 mM CsCl. In the experiment presented in Fig. 

11C, this change was accompanied by marked inhibition of the inward current measured at 

−90 mV, consistent with the Cs+ sensitivity of the MIP current. Ramp currents immediately 

before and after Cs+ addition (Fig. 11D) reveal voltage-dependent block of the inward 

current contribution of the ramp. The blocking effect of Cs+ was indistinguishable from its 

effect on the MIP current characterized earlier (Fig. 7). Washout of extracellular Cs+ was 

accompanied by partial recovery of the inward current. The smaller inward current 

following Cs+ removal is consistent with the inactivation of the constitutively expressed 

MIP current during continued dialysis with patch internal solution containing 5 mM free 

Mg2+ (solution 1 supplemented with 5 mM Mg2+). Replacement of 154 mM K+ solution 

with 149 Na+/5 mM K+ resulted in a fall in the inward current at −90 mV, consistent with 

the K+ sensitivity of this current. Further readdition of 10 mM CsCl resulted in inhibition of 

the small residual K+ conductance observed in the presence of 5 mM intracellular Mg2+. Cs+ 

blocked the constitutively expressed inward current in seven of seven experiments, 

supporting the proposal that the MIP current underlies the inactivating current observed in 

Fig. 11, A and B.

MIP-like current expression in CHRF-288-11 cells

Experiments were undertaken to determine if expression of the MIP conductance is a more 

general feature of leukemic cells lacking voltage-activated K+ channel function. Similar to 

HEL cells, CHRF-288-11 cells, a megakaryoblastic leukemic cell line, are devoid of 

voltage-activated K+ channel function (18). In the nominal absence of intracellular Mg2+ 

following dialysis with KCl-based internal solution (solution 1), a MIP-like inward K+ 

current was detected upon replacement of extracellular Na+ with K+ (solution 10; Fig. 12A). 

This inward current was blocked by Cs+ in a voltage-dependent manner, consistent with the 

inhibition of MIP currents in HEL cells. The magnitude of the inward current in 

CHRF-288-11 cells was dependent on intracellular free [Mg2+]. The magnitude of the K+ 

difference current recorded at −90 mV was −7.6 ± 2.0 pA/pF in five cells dialyzed with 

nominally Mg2+-free KCl-based internal solution (solution 1) and −0.7 ± 0.3 pA/pF in five 

cells dialyzed with 5 mM free Mg2+ solution (P ≤ 0.05; Fig. 12C). In addition to the MIP 

current, cells dialyzed with nominally Mg2+-free internal solution displayed an outwardly 

rectifying TRPM7-like current (Fig. 12, A and B). This outward current was absent when 
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cells were dialyzed with 5 mM Mg2+-containing internal solution (data not shown). The 

Mg2+ sensitivity of the outwardly rectifying current, coupled with the immunodetection of 

TRPM7 in CHRF-288-11 cells (Fig. 5), supports the proposal that this current is most 

probably carried by TRPM7. Despite the coactivation of the TRPM7-like and MIP currents, 

the cells had a negative reversal potential when superfused with 149 Na+/5 mM K+ solution 

(solution 9). The reversal potential was −53.8 ± 5.3 mV in cells dialyzed with nominally 

Mg2+-free internal solution and −22.8 ± 5.3 mV in cells dialyzed with 5 mM free Mg2+ 

solution (P ≤ 0.05; Fig. 12D). Therefore, similar to HEL cells, MIP-like current activation in 

CHRF-288-11 cells is accompanied by hyperpolarization in the absence of a detectable 

voltage-gated K+ conductance.

DISCUSSION

The present experiments confirm the absence of detectable voltage-gated K+ currents in 

HEL cells (18). In its absence, we have detected constitutive activation of two Mg2+-

inhibited conductances. The first, the MIP current, is a novel Mg2+-inhibited K+ 

conductance that displayed no time-dependent activation or inactivation upon voltage steps 

but displayed inward rectification in symmetrical K+ solution. The second is a Mg2+-

inhibited conductance displaying characteristics indistinguishable from the ubiquitously 

expressed TRPM7. Both currents were inhibited by the 5-lipoxygenase inhibitors NDGA 

and AA-861. However, because inhibition of the MIP current was much faster than 

inhibition of TRPM7, we were able to use subtraction of the whole cell currents before and 

shortly after addition of the inhibitors to isolate the MIP I-V relationship in the absence of 

TRPM7. In physiological [K+] gradients, the isolated MIP current reversed at negative 

potentials close to the K+ equilibrium potential, indicative of a highly selective PK. While 

the isolated MIP current presented in Fig. 9 is quite small, larger MIP currents were isolated, 

and the magnitude of these currents was related to the magnitude of the inward K+ current 

recorded in high extracellular K+ solution (data not shown). The origin of the inhibition by 

5-lipoxygenase inhibitors is unclear. NDGA and AA-861 inhibition of native and expressed 

TRPM7 in human embryonic kidney (HEK-293) cells is independent of 5-lipoxygenase 

activity (15). The role of 5-lipoxygenase in regulation of the MIP current remains to be 

elucidated.

As evident from the data presented in Fig. 6, MIP current expression induced by low 

intracellular [Mg2+] resulted in a negative membrane potential, a finding that is accounted 

for by a significant increase in the measured whole cell PK relative to PNa. This marked shift 

in the membrane potential to negative values was observed despite the activation of the 

TRPM7 conductance, which has a reversal potential near zero as a result of its nonselective 

cation/divalent cation permeability (26, 33). In the absence of the MIP conductance, the 

constitutive expression of TRPM7 in HEL cells would result in a depolarized resting 

membrane potential, given the absence of conventional resting K+ channel expression in 

these cells. Thus, the constitutive expression of the MIP current reported in Fig. 11 is 

expected to play a crucial role in the maintenance of a hyperpolarized resting potential 

during constitutive TRPM7 activation. Such a conclusion is borne out by the data presented 

in Figs. 9 and 10. Inhibition of the MIP current by NDGA or AA-861 was accompanied by a 

significant shift in the reversal potential toward 0 mV, the reversal potential for the 
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remaining TRPM7 conductance. Clearly, the MIP current is important in the setting of a 

negative membrane potential in the presence of constitutive expression of TRPM7 and the 

absence of expression of alternative conventional K+ conductances. Expression of the MIP 

conductance was not confined to HEL cells. A MIP-like conductance that was blocked by 

extracellular Cs+ in a voltage-dependent manner was also detected in CHRF-288-11 cells, 

another leukemic cell line devoid of voltage-activated K+ channel function (18). Expression 

of the MIP-like current in CHRF-288-11 cells was also accompanied by membrane 

hyperpolarization, despite the expression of TRPM7-like currents (Fig. 12, A and B), 

consistent with the results in HEL cells. Therefore, the MIP current plays an important role 

in the maintenance of a hyperpolarized resting membrane potential in both cell types.

The MIP current and TRPM7-like current in HEL cells share numerous characteristics. 1) 

The MIP and TRPM7 currents are modulated by free intracellular [Mg2+]. The Mg2+ 

dependence of molecularly identified TRPM7 and TRPM7-like conductances is well 

established (11, 17, 19-21, 26, 31, 33), and the present experiments demonstrate the Mg2+ 

sensitivity of the MIP conductance in HEL and CHRF-288-11 cells. 2) Both currents are 

partially and reversibly blocked by 2-APB, a feature shared with TRPM7 and TRPM7-like 

currents in other tissues (11, 13, 17, 22, 31). 3) The MIP and TRPM7 currents are blocked 

by La3+, although to a lesser degree than reported for TRPM7 channels in other cells (11, 

17, 33). In the present experiments, 2 mM La3+ blocked the inward MIP current by ~53% 

and the outward MIC current by only ~18%. In contrast, millimolar La3+ has been reported 

to block the inward TRPM7 current by 97% (33) and outward TRPM7 currents by 37–82% 

(11, 17, 33). In addition, the TRPM7 and MIP currents display identical sensitivities to 

changes in intracellular pH, an established feature of TRPM7 currents in other cell types 

(21). Acidification induced by extracellular exposure to acetate markedly inhibited, in a 

reversible manner, both the inward K+ current attributed to the MIP conductance when cells 

were suspended in high extracellular K+ solution and the outward TRPM7 current at 

depolarized potentials (data not shown). Additionally, both currents were augmented by 

intracellular alkalinization induced by exposure to extracellular  (data not shown).

While both currents share similar characteristics, a major difference between the MIP and 

TRPM7 current in HEL cells is their sensitivity to the 5-lipoxygenase inhibitors NDGA and 

AA-861. While both currents were inhibited by these agents, the MIP conductance showed a 

much faster onset of inhibition, a characteristic that enabled us to isolate the MIP current 

from TRPM7. In addition, the two currents differ in their sensitivity to Ba2+. While Ba2+ 

blocks the inward MIP current in HEL cells by ~56%, it has been reported to be ineffective 

as a blocker of inward and outward TRPM7 currents at the same concentration (33), 

distinguishing the inward MIP current from the inward current carried by heterologously 

expressed TRPM7.

The MIP conductance can also be distinguished from TRPM7 on the basis of the differing 

rates of inactivation of the endogenously activated currents (Fig. 11). During dialysis with 5 

mM Mg2+ solution (solution 1 supplemented with 5 mM Mg2+), the outward TRPM7 

current consistently inactivated with a fast inactivation time constant 4.5 times, on average, 

faster than the inward MIP current inactivation. Furthermore, in 3 of the 11 cells that 

displayed clear TRPM7 current inactivation, no MIP current inactivation was detected. 
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Despite modulation of both currents by intracellular Mg2+, the ability to isolate the MIP 

current from TRPM7 using NDGA and AA-861, the sensitivity of the MIP current to 

extracellular Ba2+, and the differential inactivation kinetics of MIP and TRPM7 

conductances underlie our decision to refer to this as a MIP current, to distinguish it from 

TRPM7 channels.

Why has the MIP conductance not been reported in previous investigations of TRPM7? A 

simple answer may be that this conductance is unique to HEL and CHRF-288-11 cells, or 

leukemic cells in general. Alternatively, its detection in our experiments may arise from the 

experimental conditions. In the present experiments, we have studied an endogenous 

conductance, in contrast to previous reports studying cells heterologously overexpressing 

TRPM7 (26, 33). In addition, the present experiments were performed using K+ as the 

outward current-carrying ion, instead of Cs+, as used in numerous previous investigations of 

TRPM7 currents (2, 13, 19, 20, 22, 26, 33). Extracellular Cs+ is frequently employed in 

investigations of TRPM7 to inhibit endogenous K+ currents (13, 19, 21, 26, 33, 35). Our 

more physiological conditions could be used in HEL and CHRF-288-11 cells, given the 

absence of detectable conventional resting K+ conductances and, hence, the lack of a 

requirement to inhibit such currents. Given the sensitivity of the MIP current to block by 

extracellular Cs+, it is not surprising that MIP currents may have not been observed in past 

investigations of TRPM7 currents. The MIP conductance does not arise from the use in the 

present experiments of nominally Ca2+-free extracellular solutions, as similar Mg2+-

dependent currents were observed in HEL cells in Ca2+-containing solutions (data not 

shown).

While we could find no discussion of a Mg2+-inhibited K+ conductance in our search of the 

literature, we did find data consistent with such a conductance. During investigations of 

TRPM7 in rat microglia cells, Jiang and co-workers (17) performed experiments to 

determine the intracellular Mg2+ sensitivity of their TRPM7-like whole cell current. Pipette 

solutions devoid of added Mg2+ resulted in an increase in the TRPM7-like outward current 

and a shift in the reversal potential to more-negative values. Such a finding is identical to 

our findings in HEL cells. Given the ionic conditions in their experiments, the shift in 

reversal potential to more-negative values can be explained by an increase in the whole cell 

PK, a conclusion consistent with our results. Interestingly, Jiang and co-workers also used 

intracellular K+ as the outward current-carrying ion, and all extracellular solutions were 

devoid of Cs+, conditions used in the present experiments. The origin of this increase in K+ 

conductance in rat microglia cells is worthy of further investigation in the light of the 

present findings in HEL and CHRF-288-11 cells.

We have considered the possibility that low-level expression of a conventional K+ 

conductance may underlie the MIP current in HEL cells. HEL cells express a robust Ca2+-

activated K+ conductance (M. J. Mason, unpublished observations), making it necessary to 

rule out this conductance as the source of the hyperpolarizing influence observed in the 

absence of intracellular Mg2+. The majority of the present experiments were performed in 

the nominal absence of extracellular Ca2+ and with internal solution containing 150 μM 

EGTA in the absence of added Ca2+, conditions that do not support sustained activation of 

the Ca2+-activated K+ conductance in HEL cells (M. J. Mason, unpublished observations). 
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Additionally, extracellular solutions were supplemented with 200 or 400 nM clotrimazole, a 

potent inhibitor of the Ca2+-activated K+ current in HEL cells (M. J. Mason, unpublished 

observations). Furthermore, addition of clotrimazole after detection of the inward K+ current 

had no effect, ruling out incomplete block of the Ca2+-activated K+ current as the source of 

the MIP current (data not shown). Finally, the isolation of the MIP current with NDGA and 

AA-861 was performed using a pipette internal solution containing 10 mM EGTA and 0.5 

mM EDTA in the absence of added Ca2+ and Mg2+ (solution 3) and with extracellular 

solutions devoid of added Ca2+ (solution 9 without clotrimazole). These solutions do not 

support activation of the Ca2+-activated K+ conductance in HEL cells. Under these 

conditions, an inward K+ conductance was again observed in high extracellular K+ solution. 

Taken in concert, these data rule out the endogenous Ca2+-activated K+ conductance as the 

source of the marked intracellular Mg2+-sensitive inward K+ current.

The inward rectification of the K+ current in symmetrical K+, its modulation by intracellular 

Mg2+, and its sensitivity to extracellular Cs+ and Ba2+ are characteristics of classical 

inwardly rectifying K+ channels (16, 39, 40). According to the classical interpretation of 

Mg2+ modulation of inwardly rectifying K+ channels, Mg2+, in part, underlies inward 

rectification, by acting as a voltage-dependent channel pore blocker, resulting in inhibition 

of outward current flow (14, 16, 22, 37, 39). In contrast, in HEL cells, intracellular Mg2+ 

inhibits the inward current component of the I-V relationship when cells are superfused with 

high extracellular K+ solution, rather than merely inhibiting outward current. The presence 

or absence of intracellular Mg2+ has no effect (40) or, at best, a marginal influence on the 

magnitude of the inward current component of the inward rectifier (IRK1) in rat basophilic 

leukemia (RBL) cells (M. J. Mason, unpublished observations), an observation at odds with 

the findings in the present experiments. Additionally, the inward component of the Mg2+-

sensitive K+ current in HEL cells is reversibly inhibited by 2-APB. Preliminary experiments 

in RBL cells revealed little sensitivity of the inward rectifier to 2-APB (M. J. Mason, 

unpublished observations), again inconsistent with this channel underlying the Mg2+-

sensitive K+ current in HEL cells. It would appear that the MIP conductance in HEL cells is 

distinct from classical inwardly rectifying K+ currents.

The KATP channel inhibitor glibenclamide had no influence on the current, arguing against a 

role for these channels in the MIP current in HEL cells. In addition, the MIP current was 

detected when ATP and MgATP were included in the patch pipette, further evidence 

obviating a role for the KATP channel in the MIP conductance. The current was also 

unaffected by the selective hERG channel inhibitor E-4031. In addition, the current detected 

during negative voltage steps from −3 mV (Fig. 1B) did not reveal the time-dependent 

activation and inactivation expected of hERG (38). Furthermore, step currents recorded 

during voltage steps between −103 and −63 mV from a −3-mV holding potential were 

indistinguishable from those elicited from a holding potential of −83 mV (Fig. 1D), a 

voltage at which hERG channels are completely inactivated (38, 41), thus providing further 

evidence against a role for hERG in the MIP conductance.

The mechanism of inhibition by Mg2+ of the MIP current is unclear. The MIP current in 

HEL cells is not inhibited by 5 mM MgATP (Fig. 6C). Only when free [Mg2+] was elevated 

is the MIP current inhibited. It has been proposed that Mg2+ and MgATP levels modulate 
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the TRPM7 current, possibly at two distinct sites (9, 19). It is interesting to note that, in 

addition to MIP currents, large outward TRPM7 currents were also consistently detected in 

the presence of 5 mM MgATP. In the presence of 5 mM MgATP, 184 μM free ATP, and 3 

mM free ATP, the TRPM7-like current at +90 mV was 1,067.5 ± 547.6 pA (n = 5). This is 

not significantly different from 887.0 ± 82.0 pA (n = 5), which was recorded in cells 

dialyzed with patch internal solution supplemented with 3 mM free ATP in the absence of 

added Mg2+, supporting the hypothesis that the TRPM7 conductance in HEL cells, similar 

to that in RBL-2H3 cells, is inhibited preferentially by free Mg2+ (19), rather than MgATP, 

as reported for cloned TRPM7 channels (9).

Phosphatidylinositol 4,5-bisphosphate (PIP2) has been implicated in activation of TRPM7 

channels (24). Mg2+, polyvalent compounds, and intracellular protons have been proposed 

to inhibit TRPM7 activation via their ability to screen or bind to phosphates on PIP2, 

effectively lowering its concentration near the channel (21). In addition to their modulation 

by intracellular free [Mg2+], the MIP and TRPM7 currents in HEL cells are also augmented 

by intracellular alkalinization and inhibited by intracellular acidification, similar to MIC 

currents in RBL-2H3 cells and TRPM7 in recombinant expression systems (21). A 

requirement for PIP2 binding may underlie the Mg2+ dependence and intracellular pH 

sensitivity of the MIP conductance if Mg2+ and protons function as PIP2-screening agents, 

as proposed for TRPM7 currents (21). With this in mind, it is interesting to note that 

TASK-1, TASK-3, TREK-1, and TRAAK, members of the two-pore K+ channel family of 

background K+ currents, have been reported to be dependent on PIP2 for activation (4, 5, 8, 

23). MIP currents in HEL and CHRF-288-11 cells may arise from expression of PIP2-

dependent background two-pore K+ channels. Further experiments are required to address 

this possibility.

The Mg2+ sensitivity of the MIP conductance in HEL cells raises the question of the 

physiological relevance of the current. Intracellular free [Mg2+] has been reported to be 0.5–

1 mM, well below the total Mg2+ content of mammalian cells (32). With 1 mM free Mg2+ in 

the patch pipette, a measurable K+ current was detected in HEL cells, and this was 

accompanied by a negative reversal potential (Fig. 6). However, knowledge of the free 

[Mg2+] in HEL cells is lacking; therefore, the level of activation of the MIP current in intact 

cells is uncertain. In an attempt to overcome this uncertainty, we have exploited the Mg2+ 

sensitivity of the outward TRPM7 current as a bioassay for free [Mg2+] in the cell. In 58 of 

76 HEL cells, an outwardly rectifying current at potentials greater than +40 mV was 

observed immediately upon gaining the whole cell configuration with 1 mM free Mg2+ in 

the patch pipette. Constitutive expression of TRPM7 currents has been previously reported 

in the majority of cells from the rat PAS T cell line and in a very small proportion of 

RBL-2H3 cells (19). In the present experiments, 43 of 58 cells displaying a TRPM7-like 

current at positive potentials showed some degree of inactivation of this current during 

dialysis with 1 mM free Mg2+. The fact that 74% of the cells exhibited TRPM7 current 

inactivation may indicate that in vivo Mg2+ levels are <1 mM. Therefore, the magnitude of 

the MIP current in intact cells is predicted to be greater than that recorded following 

thorough dialysis with pipette solutions containing 1 mM free Mg2+. Constitutive expression 

of the MIP conductance under physiological conditions of intracellular [Mg2+] is supported 
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by the observation that inactivation of the constitutively expressed outward TRPM7 current 

during dialysis with 5 mM Mg2+ is paralleled by inactivation of the Cs+-sensitive MIP 

current (Fig. 11).

The extent to which the MIP conductance is expressed in other cell types remains to be 

determined. Is it confined to the HEL and CHRF-288-11 cells, or could it be a more general 

conductance expressed in leukemia or other forms of cancers? Furthermore, the role of this 

conductance in malignant cell proliferation needs attention.
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Fig. 1. 
Detection of a non-voltage-activated, noninactivating K+ conductance in human 

erythroleukemia (HEL) cells. A: whole cell current-voltage (I-V) relationship derived from 

voltage ramps in 149 Na+/5 mM K+ solution (solution 9) or 154 mM K+ extracellular 

solution (solution 10). Cell was whole cell patch-clamped using a 154 mM KCl-based 

pipette solution (solution 1) supplemented with 1 mM Mg2+, and the 200-ms voltage ramp 

(top) was administered every 3 s from a holding potential of −23 mV (these and all 

subsequent voltages are corrected for junction potential errors; see MATERIALS AND METHODS). B: 

whole cell currents recorded in 154 mM extracellular K+ solution (solution 10) using a 

voltage-step protocol (top) from a holding potential of −3 mV. Voltage-step protocol 

consisted of 500-ms steps from −103 to +97 mV in 20-mV increments. C: whole cell 

currents recorded in 154 mM extracellular K+ solution using a voltage-step protocol 

(bottom) from a holding potential of −83 mV. Voltage steps are identical to those 

Mason et al. Page 23

Am J Physiol Cell Physiol. Author manuscript; available in PMC 2015 November 02.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



administered in B. D: I-V relationships for mean step currents recorded during voltage steps 

from holding potential of −3 mV (B) or −83 mV (C).
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Fig. 2. 
K+ sensitivity of non-voltage-activated, noninactivating inward current in HEL cells. A: cells 

were whole cell patch-clamped using a KCl-based internal solution (solution 1) 

supplemented with 1 mM Mg2+. Magnitude of the inward current recorded at −90 mV was 

extracted from 200-ms voltage ramps administered every 3 s in the presence 149 Na+/5 mM 

K+ solution (solution 9) or 154 mM K+ extracellular solution (solution 10) under steady-

state conditions. Voltage-ramp protocol is shown in B. *P ≤ 0.05. B: cell was whole cell 

patch-clamped with a KCl-based internal solution (solution 1) supplemented with 1 mM 

Mg2+. The 200-ms voltage ramp (bottom) was administered every 3 s during superfusion 

with 5 and 154 mM K+ solutions.
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Fig. 3. 
Modulation by intracellular free Mg2+ concentration ([Mg2+]) of the outward component of 

the whole cell I-V relationship in HEL cells. A: cell suspended in 149 Na+/5 mM K+ solution 

(solution 9) was whole cell patch-clamped with a KCl-based internal solution (solution 1) 

supplemented with 1 mM Mg2+. The 200-ms voltage-ramp protocol administered every 3 s 

is shown in B. Magnitude of the outward current at +90 mV was extracted from ramp data 

and plotted as a function of time. B: I-V relationships immediately after whole cell 

configuration was attained (episode 1) and 339 s later (episode 114) in experiment presented 

in A. C: cell was whole cell patch-clamped with a nominally Mg2+-free KCl-based internal 

solution (solution 1). The 200-ms voltage-ramp protocol is shown in D. Magnitude of the 

outward current at +90 mV was extracted from ramp data and plotted as a function of time. 
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D: I-V relationships corresponding to episodes 26, 88, and 137 after whole cell configuration 

was attained in experiment presented in C.
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Fig. 4. 
Characterization of a TRPM7-like current in HEL cells. A: representative whole cell ramp 

current recorded in a cell suspended in 149 Na+/5 mM K + solution (solution 9) and whole 

cell patch-clamped using nominally Mg2+-free, NMDG-Cl-based internal solution (solution 

2). The 200-ms voltage ramps were administered every 3 s. B: representative whole cell 

ramp current recorded in low intra- and extracellular Cl− solutions. Cell was suspended in 

Na+-methanesulfonate solution containing 2 mM Cl− (solution 11) and whole cell patch-

clamped with a nominally Mg2+-free, K+-glutamate-based internal solution containing 2 
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mM Cl− (solution 5). The 200-ms voltage ramps were administered every 3 s. C: 

representative ramp currents before, during, and after exposure to 100 μM 2-

aminoethoxydiphenyl borate (2-APB). Cell was whole cell patch-clamped with a nominally 

Mg2+-free, K+-glutamate internal solution identical to that used in B (solution 5) and 

superfused with 149 Na+/5 mM K+ solution (solution 9) in the presence and absence of 100 

μM 2-APB. The 200-ms voltage ramps were administered every 3 s. D: whole cell ramp 

currents recorded in the presence and absence of extracellular divalent ions. Cell was whole 

cell patch-clamped with a nominally Mg2+-free KCl-based internal (solution 1) in the 

presence (145 Na+/5 mM K+; solution 9) and absence (145 Na+/5 mM K+ solution devoid of 

added divalent ions and supplemented with 10 mM N-2-hydroxyethyl-EDTA; solution 12) 

of extracellular divalent ions. The 200-ms voltage ramp was administered every 1 s.

Mason et al. Page 29

Am J Physiol Cell Physiol. Author manuscript; available in PMC 2015 November 02.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Fig. 5. 
Immunodetection of TRPM7 in HEL and CHRF-288-11 cells. Protein extracts were 

prepared and immunoblotted. A commercially available TRPM7 antibody (Ab729, Abcam) 

was used to detect bands at the appropriate molecular mass (left) in CHRF-288-11 (CHRF) 

and HEL cells. Immunodetection of actin is shown for control of protein loading.
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Fig. 6. 
Sensitivity of inward K+ current to inhibition by free intracellular Mg2+ and MgATP 

concentrations in HEL cells. A: cells were whole cell patch-clamped with a KCl-based 

internal solution (solution 1) that was nominally Mg2+-free (0 Mg2+) or contained 1 or 5 

mM free Mg2+, and 200-ms voltage ramps from −103 to +97 mV were administered every 3 

s from a holding potential of −3 mV. Cells were dialyzed for ≥300 s, and the K+ difference 

current was calculated as the magnitude of the current at −90 mV in 154 mM K + solution 

(solution 10) minus the magnitude of the current at the same potential in 149 Na+/5 mM K+ 
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solution (solution 9). Currents were normalized to cell capacitance. B: reversal potential 

(ERev) averaged over 5 consecutive ramps was determined in 149 Na+/5 mM K+ solution. C: 

magnitude of the K+ difference current at −90 mV under different conditions of free Mg2+ 

and MgATP (solutions 6–8). Numbers in parentheses denote sample size. *P ≤ 0.05.
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Fig. 7. 
Sensitivity of Mg2+-inhibited K+ (MIP) and TRPM7 current to Cs+, Ba2+, La3+, and 2-APB 

in HEL cells. A: cell was superfused with 154 mM K+ solution (solution 10) during whole 

cell patch clamp with a nominally Mg2+-free KCl-based internal solution (solution 1). The 

200-ms voltage ramp (top) was administered every 3 s in the presence and absence of 10 

mM Cs+ and 1 mM Ba2+, and whole cell I-V relationships were plotted. B: whole cell I-V 

relationships under conditions identical to those described in A in the presence and absence 

of 10 mM Cs+ and 2 mM La3+. C: whole cell I-V relationships under conditions identical to 
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those described in A in the presence and absence of 100 μM 2-APB. Holding potential was 

−20 mV. D: summary of inhibitory influence of Cs+, Ba2+, La3+, and 2-APB. Data are 

presented as percentage of control K+ difference current remaining in the presence of 10 

mM Cs+, 1 mM Ba2+, 2 mM La3+, and 100 μM 2-APB. Numbers in parentheses denote 

sample size. , intracellular Mg2+. *P ≤ 0.05 vs. control. #P ≤ 0.05 vs. La3+, Ba2+, and 

2-APB.
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Fig. 8. 
Inhibition by nordihydroguaiaretic acid (NDGA) of MIP current recorded in high 

extracellular K+ solution. A: cell suspended in 149 Na+/5 mM K+ solution (solution 9) was 

whole cell patch-clamped with a Mg2+-free KCl-based internal solution (solution 3). The 

200-ms voltage-ramp protocol administered every 3 s is shown in C. Magnitude of the 

outward current at +90 and −90 mV was extracted from ramp data and plotted as a function 

of time. Where indicated, extracellular solution was changed to 154 mM K+ (solution 10) 

and 40 μM NDGA was applied. B: I-V relationships in 149 Na+/5 mM K+ solution (solution 
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9; episode 152), 154 mM K+ (solution 10; episode 163), and immediately after (episode 

167) application of NDGA. I-V relationship labeled “Difference” was obtained by 

subtraction of I-V relationship after NDGA addition (episode 167) from that before (episode 

163) application of NDGA and is the I-V relationship for MIP conductance in the absence of 

TRPM7 contamination. C: I-V relationships corresponding to episodes 167 and 197 in the 

sustained presence of 40 μM NDGA as denoted in A.
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Fig. 9. 
Isolation of the MIP current in low extracellular K+ solution by NDGA inhibition. A: cell 

suspended in 149 Na+/5 mM K+ solution (solution 9) was whole cell patch-clamped with a 

Mg2+-free KCl-based internal solution (solution 3). The 200-ms voltage-ramp protocol 

administered every 3 s is shown in B. Magnitude of the outward current at +90 and 0 mV 

was extracted from ramp data and plotted as a function of time. Where indicated, 

extracellular solution was changed to 154 mM K+ (solution 10), and 40 μM NDGA was 

applied. B: I-V relationships in 149 Na+/5 mM K+ solution (solution 9) before (episode 243) 
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and shortly after (episode 252) application of 40 μM NDGA. I-V relationship labeled 

“Difference” was obtained by subtraction of the I-V relationship after NDGA addition 

(episode 252) from that before NDGA addition (episode 243) and is the I-V relationship for 

the MIP conductance in the absence of TRPM7 contamination. Inset: I-V relationships 

obtained in the presence (episodes 229 and 271) and absence (episodes 243 and 252) of high 

extracellular K+ solution before and during NDGA application as denoted in A. Voltage-

ramp protocol is shown in main panel.
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Fig. 10. 
Isolation of MIP current in low extracellular K+ solution by AA-861 inhibition. A: cell 

suspended in 149 Na+/5 mM K+ solution (solution 9) was whole cell patch-clamped with a 

Mg2+-free KCl-based internal solution (solution 3). The 200-ms voltage-ramp protocol 

administered every 3 s is shown in B. Magnitude of the outward current at +90 and 0 mV 

was extracted from ramp data and plotted as a function of time. Where indicated, 

extracellular solution was changed to 154 mM K+ (solution 10) and 40 μM AA-861 was 

applied. B: I-V relationships in 149 Na+/5 mM K+ solution (solution 9) before (episode 187) 
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and shortly after (episode 196) application of 40 μM AA-861. I-V relationship labeled 

“Difference” is the difference between episodes 187 and 196 and is the I-V relationship for 

the MIP conductance in the absence of TRPM7 contamination. Inset: I-V relationships 

obtained in the presence (episodes 163 and 308) and absence (episodes 187 and 326) of high 

extracellular K+ solution before and after AA-861 application as denoted in A. Voltage-ramp 

protocol is shown in main panel.
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Fig. 11. 
Constitutive expression of MIP and TRPM7 currents in HEL cells. A: cell was whole cell 

patch-clamped with KCl-based internal solution (solution 1) supplemented with 5 mM Mg2+ 

and superfused with 154 mM K+ solution (solution 10). The 200-ms voltage-ramp protocol 

administered every 3 s is shown in B. Magnitude of the current at −90 and +90 mV was 

extracted from each ramp and plotted as a function of time. Curves are best fits of double 

exponentials to data. B: I-V relationships immediately after whole cell configuration was 

attained (episode 1) and 531 s later (episode 177). C: cell superfused with 154 mM K+ 

solution (solution 19) was whole cell patch-clamped with a KCl-based internal solution 

(solution 1) supplemented with 5 mM Mg2+. The 200-ms voltage-ramp protocol 
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administered every 3 s is shown in D. Magnitude of the currents at −90 and +90 mV is 

plotted as a function of time. Where indicated, extracellular solution was changed to 154 

mM KCl (solution 10) supplemented with 10 mM Cs+ or replaced with 149 Na+/5 K+ 

solution (solution 9). D: whole cell I-V relationships in the absence (episode 7) and presence 

(episode 8) of 10 mM Cs+.
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Fig. 12. 
Detection of a MIP-like current in CHRF-288-11 cells. A: whole cell I-V relationship 

derived from voltage ramps in the presence of 149 Na+/5 mM K + solution (solution 9) or 

154 mM K+ extracellular solution (solution 10). Cell was whole cell patch-clamped using a 

154 mM KCl-based nominally Mg2+-free pipette solution (solution 1), and the 200-ms 

voltage ramp (top) was administered every 3 s. B: cell was superfused with 154 mM K+ 

solution (solution 10) during whole cell patch clamp using a nominally Mg2+-free KCl-

based internal solution (solution 1). Voltage-ramp protocol in A was carried out in the 
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presence and absence of 10 mM Cs+. C: cells were whole cell patch-clamped with a 

nominally Mg2+-free KCl-based internal solution (solution 1) or a KCl-based internal 

solution (solution 1) supplemented with 5 mM Mg2+, and 200-ms voltage ramps from −103 

to +97 mV were administered every 3 s from a holding potential of −3 mV. K+ difference 

current was calculated as the magnitude of the current at −90 mV in 154 mM K+ solution 

(solution 10) minus the magnitude of the current at the same potential in 149 Na+/5 mM K+ 

solution (solution 9) and normalized for cell capacitance. D: reversal potential in 149 Na+/5 

mM K+ solution (solution 9) in cells dialyzed with nominally Mg2+-free KCl-based internal 

solution (solution 1) or KCl-based internal solution (solution 1) supplemented with 5 mM 

free Mg2+. Numbers in parentheses denote sample size. *P ≤ 0.05 vs. 0 Mg2+.
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