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Abstract

The effect of imipramine on Mg2+ efflux in NaCl medium (Na+/Mg2+ antiport), on Mg2+ efflux in cholined Cl medium (choline/Mg2+

antiport) and on Mg2+ efflux in sucrose medium (Cl�-coupled Mg2+ efflux) was investigated in rat erythrocytes. In non-Mg2+-loaded rat

erythrocytes, imipramine stimulated Na+/Mg2+ antiport but inhibited choline/Mg2+ antiport and Cl�-coupled Mg2+ efflux. The same effect

could be obtained by several other compounds structurally related to imipramine. These drugs contain a cyclic hydrophobic ring structure to

which a four-membered secondary or tertiary amine side chain is attached. At a physiological pH, the amine side chain expresses a cationic

choline-like structure. The inhibitory effect on choline/Mg2+ antiport is lost when the amine side chain is modified or abandoned, pointing to

competition of the choline-like side chain with choline or another cation at the unspecific choline antiporter or at the Cl�-coupled Mg2+

efflux. Other related drugs either stimulated Na+/Mg2+ antiport and choline/Mg2+ antiport, or they were ineffective. For stimulation of Na+/

Mg2+ antiport and choline/Mg2+ antiport, there is no specific common structural motif of the drugs tested. The effects of imipramine on Na+/

Mg2+ antiport and choline/Mg2+ antiport are not mediated by PKCa but are caused by a direct reaction of imipramine with these transporters.

By increasing the intracellular Mg2+ concentration, the stimulation of Na+/Mg2+ antiport at a physiological intracellular Mg2+ concentration

changed to an inhibition of Na+/Mg2+ antiport. This effect can be explained by the hypothesis that Mg2+ loading induced an allosteric

transition of the Mg2+/Mg2+ exchanger with low Na+/Mg2+ antiport capacity to the Na+/Mg2+ antiporter with high Na+/Mg2+ antiport

capacity. Both forms of the Mg2+ exchanger may be differently affected by imipramine.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction

To date, there is no specific inhibitor available for

characterizing Na+/Mg2+ antiport and Na+-independent

Mg2+ efflux systems. Subsequent to the finding of Feray

and Garay [1] that the neuropharmacologic drug imipramine

inhibits Na+/Mg2+ antiport in Mg2+-loaded human erythro-
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cytes, this substance has been used among others as an

unspecific inhibitor of Na+/Mg2+ antiport. So far, imipramine

has proven to be an effective inhibitor of Mg2+ efflux in the

following Mg2+-loaded cells: rat erythrocytes [2], cardio-

myocytes [3,4], collagenase-dispersed isolated rat hepato-

cytes [5], rat liver plasma membranes [6], vascular smooth

muscle cells [7], and rat renal epithelial cells (NRK-52E) [8].

On the other hand, imipramine has also inhibited Na+/

Mg2+ antiport in some non-Mg2+-loaded cell types. These

were ferret erythrocytes [9], Ehrlich ascites tumor cells [10],

lymphocytes [11], HL-60 promyelocytic leukemia cells [12],

and MDCK cells after treatment with angiotensin II [13].

During our investigation of the properties of Na+/Mg2+

antiport and choline/Mg2+ antiport in non-Mg2+-loaded
ta 1667 (2004) 132–140



H. Ebel et al. / Biochimica et Biophysica Acta 1667 (2004) 132–140 133
erythrocytes [14,15], we were surprised to detect that in

these cells imipramine stimulated Na+/Mg2+ antiport but

inhibited choline/Mg2+ antiport. Mg2+ loading of cells could

change the properties of the Na+/Mg2+ antiporter, as seen by

its drastic activation. This was explained by an allosteric

transition of the Mg2+/Mg2+ exchanger [16]. Therefore, we

investigated the effect of imipramine on the various Mg2+

efflux systems in non-Mg2+-loaded and Mg2+-loaded rat

erythrocytes. Because Mg2+ efflux can be mediated (a) by

Na+/Mg2+ antiport that operates in NaCl medium, (b) by

choline/Mg2+ antiport that is active in cholined Cl as well as

in KCl medium and (c) by Cl�-coupled Mg2+ efflux in

sucrose medium [17,18], the effect of imipramine on Mg2+

efflux was tested in these media.
2. Materials and methods

2.1. Materials

NembutalR (pentobarbital sodium) was obtained from

Abott (North Chicago, IL, USA). The following sub-

stances, including imipramine hydrochloride, were

obtained from SIGMAR, Taufkirchen, Germany: amitrip-

tyline hydrochloride, amoxapine, carbamazepine,

chlorpromazine hydrochloride, cyproheptadine hydrochlor-

ide, desipramine hydrochloride, diclofenac sodium

salt, diphenhydramine hydrochloride, fluvoxamine mal-

eate, hemicholinum-3, lidocaine, phenylbutazone, stauro-

sporine, trazodone hydrochloride, trifluoperazine

dihydrochloride. BIM I, Ro 318425 and U73122 were

obtained from CALBIOCHEMR. All other chemicals

were purchased at the highest purity available from

MerckR, Darmstadt, Germany. Filtered, de-ionized and

virtually Mg2+-free water with a resistance of 15–18 MV/

cm was used for the solutions.

2.2. Preparation of red blood cells

Red cells were prepared as described earlier [15]. In

brief, blood (6–8 ml) was always obtained from only one

anesthetized male Sprague–Dawley rat (50 mg/kg Nem-

butalR i.p.), weighing 350–450 g. The abdominal vein was

catheterized with a heparinized syringe. Portions of the

blood were transferred to heparinized tubes, diluted 1:3–

1:5 with NaCl medium consisting of 10 mmold l�1 NaCl, 5

mmold l�1
d-glucose and 10 mmold l�1 HEPES–Tris, pH

7.4. The cell suspension was centrifuged at 1000�g for 10

min at 24 8C. The plasma and the buffy coat containing

the white cells were aspirated and discarded. The

sedimented red cells were washed twice at 24 8C in NaCl

medium. Finally, the red cells were resuspended and

incubated with gentle shaking as a 10% (v/v) suspension

in one of the following media, each containing 5

mmold l�1
d-glucose and 10 mmold l�1 HEPES–Tris, pH

7.4: (a) 150 mmold l�1 NaCl (NaCl medium), (b) 150
mmold l�1 cholined Cl (cholined Cl medium) and (c) 150

mmold l�1 KCl (KCl medium), (d) 300 mmold l�1 sucrose

(sucrose medium).

To minimize hemolysis, the cells were handled with

utmost caution, temperature was kept at 24 8C, and

centrifugation was carried out at 1000�g. Usually, hemolysis

ranged between 0.5% and 1.5%, and when more than 2%, the

red cells were not used. Paired experimentswere always done.

2.3. Mg2+ loading of red blood cells

The cells were loaded with Mg2+ by incubating a 10% (v/

v) cell suspension for 30 min at 37 8C in Mg2+ loading

medium containing (in mmold l�1) 140 KCl, 50 sucrose, 5

d-glucose and 10 HEPES–Tris, pH 7.4, 12 MgCl2 and 6

Amold l�1 A 23187 (dissolved in dimethyl sulfoxide). After

loading, the ionophore was removed by incubating the cells

four times in ionophore-free Mg2+ loading medium plus 1%

bovine serum albumin for 10 min at 37 8C. Thereafter, the
erythrocytes were washed two times in cold NaCl medium.

2.4. Mg2+ efflux

At the beginning and at various time intervals, 1-ml

aliquots of the cell suspensions were centrifuged at 1000�g

for 10 min. To determine Mg2+, the supernatant was diluted

with TCA. The final concentration of TCA was 5% (w/v),

containing 0.1% (w/v) La2O3 and 0.16% (v/v) HCl. Mg2+

was measured in triplicates by means of atomic absorption

spectrometry (Perkin Elmer, 2380). Mg2+ efflux was

calculated from the increase in extracellular Mg2+ concen-

tration during the time interval, and was related to the

original cell volume measured by hematocrit. Hematocrit

and hemolysis were measured in each sample. Mg2+ efflux

was corrected for hemolysis. For this purpose, Mg2+ was

extracted from the sedimented erythrocytes with 5% (v/v)

TCA and was measured after appropriate dilution of the

extract with TCA and La2O3–HCl as described above.

2.5. Statistical analysis

Data were expressed as meansFS.E., and statistical

significances were determined by Student’s paired and two

tailed t-test. A value of Pb0.05 was considered significant.
3. Results and discussion

3.1. Effects of imipramine in non-Mg2+-loaded rat

erythrocytes

The time course of the imipramine effect on Na+/Mg2+

antiport (in NaCl medium) and on choline/Mg2+ antiport (in

cholined Cl medium) was investigated in a first series of

paired experiments. In order to keep hemolysis low, a dose

of only 100 Amold l�1 imipramine was applied, while other



Fig. 1. Time course of the imipramine effect (100 Amold l�1) on Mg2+

efflux in NaCl medium and cholined Cl medium of non-Mg2+-loaded rat

erythrocytes. MeansFS.E. of paired experiments, n=5. At t=60 and 120

min, the imipramine effects in NaCl or cholined Cl were significant when

compared to the control.
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authors used 200 Amold l�1 [6], or 500 Amold l�1 [10,11,14]

of the drug. Fig. 1 shows that at 60- and 120-min

imipramine stimulated Na+/Mg2+ antiport by about 30%

but inhibited choline/Mg2+ antiport by about 30%.

The different reactions of Na+/Mg2+ antiport and of

choline/Mg2+ antiport support our previous conclusion that

Na+/Mg2+ antiport and choline/Mg2+ antiport may be

different transporters [15]. However, the surprising stim-

ulation of Na+/Mg2+ antiport by imipramine is in contrast to

the behaviour of Na+/Mg2+ antiport in other cell types,

where the transporter was inhibited by imipramine [1–13].

In a next series of paired experiments, the effect of

imipramine on Na+-independent Mg2+ efflux systems was

measured. Mg2+ efflux in cholined Cl medium was included

as a reference and for comparison with Fig. 1. The results

are presented in Fig. 2. Imipramine inhibited Mg2+ efflux in

cholined Cl medium by 27%, and in other series of experi-

ments by 39% and 40% (Table 2, Table 4). In KCl medium

imipramine inhibited Mg2+ efflux by 49%. Since the choline
Fig. 2. Effect of imipramine (100 Amold l�1) on Mg2+ efflux from non-

Mg2+-loaded rat erythrocytes in cholined Cl, KCl and sucrose medium,

t=120 min. MeansFS.E. of paired experiments, n=4–5. *Pb0.05.

Fig. 3. Lineweaver–Burk plot for determination of the IC50 values for

imipramine inhibition of Mg2+ efflux from non-Mg2+ -loaded rat

erythrocytes in cholined Cl medium (A), in KCl medium (B) and in sucrose

medium (C), t=120 min. The linear regression used for calculating the IC50

is given in the inset. The IC50 values were 69 Amold l�1 in cholined Cl

medium, 56 Amold l�1 in KCl medium and 70 Amold l�1 in sucrose

medium. DMg2+ efflux is the difference of Mg2+ efflux without and with

imipramine. For details, see Ref. [47]. Means of four to five paired

experiments.
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exchanger is rather unspecific, it also accepts K+ instead of

choline so that Mg2+ efflux in KCl medium may reflect K+/

Mg2+ antiport via the unspecific choline exchanger [16]. In

sucrose medium, Mg2+ efflux accompanied by Cl� for

charge compensation was reduced by 40% by imipramine.

For further characterization, Mg2+ efflux was measured

as a function of imipramine concentration in the different

media. As shown in Fig. 3A–C, the Lineweaver–Burk plots

yielded an IC50 value of 69 Amold l�1 for imipramine in

cholined Cl medium, 56 Amold l�1 in KCl medium and 70

Amold l�1 in sucrose medium.

The stimulatory effect of imipramine on Na+/Mg2+

antiport is a real effect and is not mimicked by an increased

Mg2+ leakage. First, in cholined Cl, in KCl and in sucrose

medium, Mg2+ efflux was inhibited by imipramine, which is

not congruent with increased Mg2+ leakage. Second, at the

relative low concentration of imipramine used in our

experiments, hemolysis was not different from controls

and was always lower than 1%. Third, in Mg2+-loaded

human erythrocytes suspended in NaCl medium, a leakage

of Mg2+ was only observed at much higher imipramine

concentrations of 1 mmold l�1 [1]. Also, the missing effect

of imipramine on K+ efflux in NaCl and cholined Cl medium

as shown in Table 1 contradicts Mg2+ leakage.

The effect of imipramine on K+ efflux in sucrose medium

has not been included in Table 1 because at low ionic

strength, various transport systems are activated such as that

for glutamine, glutamic acid, lactic acid, histidine, taurine,

glycine, serine, choline, carnitine, and K+ [19,20].

3.2. Structural requirements for the effect of imipramine

Imipramine and other tricyclic antidepressives have

been previously demonstrated to produce a blockade of

a-adrenergic receptors [21], h-adrenergic receptors [22,23],
cholinergic-muscarinergic receptors [24,25], nicotine recep-

tors [26], P2X2 receptors [27,28], and 5-HT3 receptors

[29]. Furthermore, these drugs inhibited neuronal [30,31]

and myocardial [32] Na+ currents and different types of K+

channels [33–35]. Insofar, a stimulation Na+/Mg2+ antiport

in non-Mg2+-loaded rat erythrocytes deviates from the

usual inhibitory action of imipramine on receptors and

channels.

In order to see whether the unexpected stimulation of Na+/

Mg2+ antiport by imipramine is specific for imipramine, we

tested the effect of related compounds. The results are

documented in Table 2. Here, the structural formula and the
Table 1

Effect of imipramine (70 Amold l�1) on K+ efflux (mmold l�1 cellsd 2 h�1)

from non-Mg2+-loaded rat erythrocytes incubated in NaCl medium and

cholined Cl medium

Substance NaCl medium Cholined Cl medium

Control 4.04F0.08 2.64F0.08

Imipramine 4.00F0.06 2.85F0.11

Paired experiments; meansFS.E., n=6.
change of Na+/Mg2+ antiport as well as of choline/Mg2+

antiport relative to untreated controls are documented. The

compounds were divided into three groups according to their

effects. Group I compounds stimulated Na+/Mg2+ antiport

but inhibited choline/Mg2+ antiport. Thus, the stimulation of

Na+/Mg2+ antiport is not a curious effect of imipramine but is

shared by several structurally related compounds. Group II

compounds stimulated Na+/Mg2+ antiport as well as choline/

Mg2+ antiport. Group III compounds had a small or no

significant effect on both Mg2+ transporters.

Evidently, the drug effects on Mg2+ efflux were unrelated

to the clinical effects of the drugs. Group I incorporates the

antidepressives imipramine, amitriptyline and desipramine,

the selective choline uptake inhibitor hemicholinum-3, the

neuroleptic chlorpromazine and the histamine H1 receptor as

well as the 5-HT2/5-HT1 receptor antagonist cyprohepta-

dine. Group II contains the neuroleptic trifluoperazine and

the serotonin uptake inhibitor fluvoxamine as well as the

antidepressive trazodone. Group III contains the H1 receptor

antagonist diphenhydramine, the antidepressive amoxapine,

the anticonvulsant carbamazepine, the anti-inflammatory

diclofenac as well as phenylbutazone, the local anaesthetic

lidocaine and the muscle relaxant decamethonium.

In contrast to the clinical actions, the drug effect on Mg2+

efflux can be related, at least in part, to the chemical

structure. All drugs contain a cyclic hydrophobic ring

structure to which a side chain is attached.

Due to the cyclic hydrophobic ring structure, group I

drugs are intercalated into the hydrocarbon phase of the

membrane bilayer [36,37] according to their octanol/water

partition coefficients [38,39]. Within the inner leaflet of the

membrane, their cationic hydrophilic secondary/tertiary

amine side chain interacts with the negatively charged head

groups of PL [37]. In erythrocytes these PLs are particularly

phosphatidylserine and phosphatidylinosites [40]. Gener-

ally, membrane-bound proteins (receptors, channels,

enzymes) are surrounded by negatively charged PL. The

action of group I drugs depends at least on their interaction

with PLs and membrane-bound proteins, as was directly

shown for the inhibition of PKC by chlorpromazine.

Chlorpromazine competes with PL and prevents the

activation of PKC by PL [41].

Besides their reaction with phospholipids, group I drugs

could also react with Mg2+ efflux by other mechanisms. The

side chain of group I drugs has a choline-like structure,

which at a physiological pH value is positively charged.

When the amine side chain is eliminated, elongated or

otherwise modified (group II and group III), the inhibition

of the choline antiporter was lost. This indicates competition

of the choline-like amine side chain with choline or another

cation with the unspecific choline/Mg2+ antiporter.

In experiments with a cloned and mutated P2X2 receptor/

channel expressed in Xenopus oocytes it was found that

imipramine interacting with Asn333 and Thr330 blocked the

channel, whereas the interaction with Asp315 attenuated the

block [27]. Also, in case of the Na+ channel, a reaction of



Table 2

Effect of various drugs on Mg2+ efflux from non-Mg2+-loaded rat

erythrocytes in NaCl and cholined Cl medium

Drug Structure NaCl Cholined Cl

Group I

Imipramine +32* �39*

Desipramine +23* �44*

Amitriptyline +21* �47*

Hemicholinum-3 +26* �32*

Chlorpromazine +12* �8*

Cyproheptadine +9* �21*

Group II

Trifluoperazine +12* +18*

Fluvoxamine +12* +16*

Table 2 (continued)

Drug Structure NaCl Cholined Cl

Group II

Trazodone +5* +7*

Group III

Diphenhydramine +7* �1n.s.

Amoxapine +5* �4n.s.

Carbamazepine 0n.s. �3n.s.

Diclofenac �1n.s.�2n.s.

Phenylbutazone �2n.s. +3n.s.

Lidocaine �2n.s. 0n.s.

Decamethonium +2n.s. �1n.s.

Values are expressed as a change in percentage of control. In NaCl medium,

Mg2+ efflux of control was 228.9F21.2 Amol l�1 cells 2 h�1, in cholined Cl

medium, Mg2+ efflux of control was 134.7F5.8 Amol l�1 cells 2 h�1. Drug

concentration in Amold l�1 usually was 100 with exception of 50 for

trifluoperazine, and 4600 for hemicholinum-3. Paired experiments, means

of n=4. *Pb0.05; n.s., not significant.
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Table 4

Effect of the protein kinase inhibitor staurosporine and of imipramine on

Mg2+ efflux from non-Mg2+-loaded rat erythrocytes incubated in chol-

ined Cl medium

No. Group Cholined Cl medium DControl

1 Control 123.0F9.7 –

2 Imipramine 74.4F10.0* �48.6

3 Staurosporine 98.8F6.4* �24.2

4 Imipramine+Staurosporine 57.8F15.7* �65.2

Values are shown in Amold l�1 2 h�1. The concentrations in Amold l�1 were:

imipramine 100, staurosporine 0.5. DControl, Mg2+ efflux in the presence

of inhibitor minus Mg2+ efflux in their absence. MeansFS.E., n=4.

* Pb0.05.
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the phenyl rings of imipramine with aromatic amino acids of

the channel has been discussed [30].

The stimulation of Mg2+ efflux in NaCl by group I drugs

or stimulation of Mg2+ efflux in NaCl and cholined Cl

medium by group II drugs as well as the minor or negligible

effect of group III drugs is more difficult to explain.

According to their cyclic hydrophobic ring structure

(exception decamethonium), the drugs are also intercalated

into the membrane bilayer. However, there seems to be no

apparent common motif in the structure of these compounds

to explain the drug effect.

3.3. Exclusion of protein kinase in the action of imipramine

on Mg2+ efflux

In a previous study we found that the Na+/Mg2+ antiport of

non-Mg2+-loaded rat erythrocytes could be activated by

PKCa [42]. Furthermore, evidence has been presented that in

cultured rat hippocampal cells 10�4 to 10�5 mold l�1 desipr-

amine stimulated the release of the neurotransmitter gluta-

mate, probably by activating PKC [43]. Also, the

administration of tricyclic antidepressives stimulated PLC

[44] and PLD [45] in neuronal tissue. These findings were the

reason for us to test the hypothesis whether the stimulation of

Na+/Mg2+ antiport by imipramine in non-Mg2+-loaded rat

erythrocytes may be due to the stimulation of PKCa. As can

be seen from line 3 of Table 3, PMA as an activator of PKC

increased Na+/Mg2+ antiport to the same degree as imipr-

amine (line 2 of Table 3). The effects of PMA and imipramine

behaved additively (line 4 of Table 3). The PMA concen-

tration used was 1 Amold l�1, which induced maximum

stimulation of Mg2+ efflux via PKC in rat erythrocytes. In

these cells the Km value for PMA stimulation of Mg2+ efflux

amounted to 51 nmold l�1 [42]. Therefore, the activation of

Na+/Mg2+ antiport by imipramine must be an additional

effect independent of PKC. This conclusion is supported by

the finding that the specific PKC inhibitors BIM I, Ro 318425

(line 5,6 of Table 3) and the phospholipase C inhibitor

U73122 (line 7 of Table 3) did not significantly affect the
Table 3

Effect of various protein kinase effectors and imipramine on Mg2+ efflux

from non-Mg2+-loaded rat erythrocytes in NaCl medium

No Group NaCl medium DControl

1 Control 232.0F6.11 0

2 Imipramine 305.3F0.01* 73

3 PMA 307.0F0.05* 75

4 Imipramine+PMA 387.3F0.01* 155

5 Imipramine+BIM I 300.5F0.01* 69

6 Imipramine+Ro 318425 296.9F0.01* 65

7 Imipramine+U73122 311.8F0.01* 80

8 Staurosporine 203.2F0.02* �29

9 Imipramine+Staurosporine 272.5F0.04* 41

Values are shown in Amold l�1 cellsd 2 h�1. The concentrations in Amold l�1

were: imipramine 100, PMA 1, BIM I 0.5, Ro 318425 0.5, U73122,

staurosporine 1. DControl, Mg2+ efflux in the presence of effector minus

Mg2+ efflux in their absence. MeansFS.E., n=4.

* Pb0.05.
stimulation of Na+/Mg2+ antiport by imipramine. Stauro-

sporine reducedMg2+ efflux by 29 Amold l�1 cells 2 h�1 (line

8 of Table 3), which is about the same amount by which

staurosporine reduced Mg2+ efflux from imipramine-stimu-

lated cells (line 9 of Table 3, compare: line 2 minus line 8).

This finding confirms our previous findings [42] and could be

interpreted as evidence for the presence of a PK other than

PKC, which stimulates Na+/Mg2+ antiport and is inhibited by

staurosporine. This unidentified PK is not inhibited by

imipramine.

As the choline/Mg2+ antiporter could be stimulated by

PKC [42], we investigated the possible role of PKs in the

inhibition of choline/Mg2+ antiport by imipramine. From line

2 of Table 4 it can be depicted that imipramine inhibited

choline/Mg2+ antiport in accordance with the results pre-

sented in Figs. 1–3. Furthermore, as with Na+/Mg2+

antiport, staurosporine inhibited choline/Mg2+ antiport (line

3 of Table 4). Thus, the unidentified PK stimulating Na+/

Mg2+ antiport can also stimulate choline/Mg2+ antiport and is

inhibited by staurosporine. The inhibition of choline/Mg2+

antiport by staurosporine and imipramine was additive.

Because a maximum PKC inhibitory dose of staurosporine

was used, this result indicates that the inhibition of choline/

Mg2+ antiport by imipramine is an additional effect

independent of PK. Therefore, imipramine must directly

inhibit the choline/Mg2+ antiporter. Exclusion of PKC and

the direct reaction of imipramine with the Na+/Mg2+ and the

choline/Mg2+ antiporters are supported by further arguments:

First, in the inhibition of purified brain PKC, chlorpromazine

was about 10 times more potent than imipramine [41].

However, as shown in Table 2, chlorpromazine had a much

smaller effect on Mg2+ efflux than imipramine. Second, for

the inhibition of purified skin PKC, 10 to 30 times higher

doses of imipramine were needed than for the inhibition of

Mg2+ efflux. Dependent on experimental conditions, the IC50

value for the inhibition of skin PKC by imipramine was 0.6

or 2.5 mmold l�1 [46] whereas the IC50 value of the

imipramine inhibition of choline/Mg2+ antiport and of Na+/

Mg2+ antiport amounted to 69 Amold l�1 (Fig. 3A) and 25

Amold l�1 [1], respectively. Taken together, cumulative

evidence favors the hypothesis that imipramine must directly

affect Na+/Mg2+ and choline/Mg2+ antiport.



Fig. 4. Effect of imipramine (100 Amold l�1) on Mg2+ efflux in NaCl

medium at different intracellular Mg2+ concentrations obtained by Mg2+

loading. (A) Effect of imipramine on Mg2+ efflux at various intracellular

Mg2+ concentrations. MeansFS.E. of paired experiments, n=6–8. The

effect of imipramine was significant ( Pb0.05) at all investigated intra-

cellular concentrations of Mg2+. (B) Relative effect of imipramine as a

function of intracellular Mg2+ concentration. Mg2+ efflux was given as

percentage change (Dpercent) from control without imipramine at each

Mg2+ concentration.

H. Ebel et al. / Biochimica et Biophysica Acta 1667 (2004) 132–140138
Perhaps, the reason for the reported contradictory results

on the action of imipramine on PKC is that the stimulatory

effect of imipramine on PKC was deduced indirectly from

experiments with cellular systems [43], whereas the

inhibitory effect was found directly with the partially

purified enzyme [41,46].

3.4. Effect of imipramine on Mg2+-loaded erythrocytes

Due to the fact that in previous studies with human

erythrocytes imipramine was found to inhibit Na+/Mg2+

antiport [1–8] when the cells were loaded with Mg2+, we

tested the effect of imipramine on Mg2+ efflux on Na+/Mg2+

antiport as a function of intracellular Mg2+, which was

produced by loading the cells with different concentrations

of Mg2+. Fig. 4A shows a sigmoidal kinetic, indicating

allosteric activation of Na+/Mg2+ antiport by intracellular

Mg2+, as discussed earlier in detail [16].

Moreover, Fig. 4A shows the inhibition of Na+/Mg2+

antiport by imipramine with increasing intracellular Mg2+

content. Since the effect is not clearly seen in Fig. 4A at a

physiological Mg2+ content, the effect of imipramine on

Na+/Mg2+ antiport was plotted as percentage change

(Dpercent) of controls without imipramine at different

intracellular Mg2+ contents, as shown in Fig. 4B. Here, it

can be seen that at a physiological Mg2+ concentration

imipramine stimulated Na+/Mg2+ antiport by 30%, as is

also shown in Fig. 1. Upon Mg2+ loading at an

intracellular Mg2+ content above 3 mmold l�1 cells,

imipramine increasingly inhibited Na+/Mg2+ antiport, and

approached maximal inhibition at an Mg2+ concentration

above 10 mmold l�1 cells.

The effect of other antidepressant and neuroleptic drugs

on Mg2+ efflux of Mg2+-loaded erythrocytes was not

studied because this has already been done by other

authors [1]. Imipramine, amitriptyline and desipramine

inhibited Mg2+ efflux from Mg2+-loaded human erythro-

cytes in NaCl medium. The IC50 values of these drugs in

the inhibition of Na+/Mg2+ antiport in Mg2+-loaded

human erythrocytes amounted to 25 Amold l�1 for imipr-

amine, 50 Amold l�1 for desipramine and 60 Amold l�1 for

amitriptyline [1], which is in the same range as we have

found for the inhibition of Mg2+ efflux in non-Mg2+-

loaded rat erythrocytes by imipramine in KCl, choline Cl

and sucrose medium (see Fig. 3).

As reported earlier, in Mg2+-loaded rat erythrocytes,

imipramine, amitriptyline and desipramine had about the

same inhibitory effect on Na+/Mg2+ antiport, whereas

chlorpromazine inhibited Na+/Mg2+ antiport to a minor

degree [1]. Furthermore, in Mg2+-loaded erythrocytes

trazodone had a similar effect as chlorpromazine [1].

However, in our study with non-Mg2+-loaded rat

erythrocytes, trazodone had a small stimulatory effect on

Na+/Mg2+ and choline/Mg2+ antiport (Table 2).

These controversial effects in non-Mg2+-loaded and

Mg2+-loaded erythrocytes can be explained as follows. As
discussed earlier in detail [16], Mg2+-loading transferred

the Mg2+/Mg2+ exchanger of non-Mg2+-loaded erythro-

cytes with low Na+/Mg2+ antiport capacity to the Na+/

Mg2+ antiporter with high Na+/Mg2+ antiport capacity.

These two forms of the exchanger in non-Mg2+-loaded

and Mg2+-loaded erythrocytes may be differently affected

by imipramine. The finding that imipramine inhibited

Na+/Mg2+ antiport in some non-Mg2+-loaded cell types

(see Section 1) may indicate the existence of isoforms of

the Na+/Mg2+ antiporter in various cell types that are

inhibited by imipramine without Mg2+-loading. For a

definite explanation, the structure of the Na+/Mg2+ anti-

porter and its possible cell-specific isoforms must be

characterized.
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Garcia, Tricyclic antidepressants block cholinergic nicotinic recep-

tors and ATP secretion in bovine chromaffin cells, FEBS Lett. 418

(1997) 39–42.

[26] B. Rana, S.O. McMorn, H.L. Reeve, C.N. Wyatt, P.F. Vaughan, C.

Peers, Inhibition of neuronal nicotinic acetylcholine receptors by

imipramine and desipramine, Eur. J. Pharmacol. 250 (1993) 247–251.

[27] K. Nazakawa, K. Inoue, Y. Ohno, Block and unblock by imipramine

of cloned and mutated P2X2 receptor/channel expressed in Xenopus

oocytes, Neurosci. Lett. 264 (1999) 93–96.

[28] S. Koizumi, H. Uneyama, M. Ikeda, S. Ueno, K. Inoue, Inhibition by

imipramine of ATP-evoked responses in rat pheochromocytoma cells,

Biochem. Biophys. Res. Commun. 244 (1998) 342–346.

[29] P. Fan, Effects of antidepressants on the inward current mediated by 5-

HT3 receptors in rat nodose ganglion neurones, Br. J. Pharmacol. 112

(1994) 741–744.

[30] C.C. Kuo, R.C. Huang, B.S. Lou, Inhibition of Na+ current by

diphenhydramine and other diphenyl compounds: molecular determi-

nants of selective binding to the inactive channels, Mol. Pharmacol.

57 (2000) 135–143.

[31] Y.C. Yang, C.C. Kuo, Inhibition of Na+ current by imipramine and

related compounds: different binding kinetics as an inactivation

stabilizer and as an open channel blocker, Mol. Pharmacol. 62

(2002) 1228–1237.

[32] Y. Habuchi, T. Furukawa, H. Tanaka, Y. Tsujimura, M. Yoshimura,

Block of Na+ channels by imipramine in guinea-pig cardiac

ventricular cells, J. Pharmacol. Exp. Ther. 256 (1991) 1072–1081.

[33] C.C. Kuo, Imipramine inhibition of transient K+ current: an external

open channel blocker preventing fast inactivation, Biophys. J. 75

(1998) 2845–2857.

[34] J.C. Dreixler, J.T. Bian, Y.J. Cao, M.T. Roberts, J.D. Roizen, K.M.

Houamed, Block of rat brain recombinant SK channels by tricyclic

antidepressants and related compounds, Eur. J. Pharmacol. 401 (2000)

1–7.

[35] O. Gavrilova-Ruch, K. Schfnherr, G. Gessner, R. Schfnherr, T.

Klapperstqck, W. Wohlrab, S.H. Heinemann, Effects of imipramine on

ion channels and proliferation of IGR1 melanoma cells, J. Membr.

Biol. 188 (2002) 137–149.

[36] J.G.R. Elferink, The asymmetric distribution of chlorpromazine and

its quarternary analogue over the erythrocyte membrane, Biochem.

Pharmacol. 26 (1977) 2411–2416.

[37] J.Y. Chen, L.S. Brunauer, F.C. Chu, C.M. Helsel, M.M. Gedde,

W.H. Huestis, Selective amphipathic nature of chlorpromazine

binding to plasma membrane bilayers, Biochim. Biophys. Acta

1616 (2003) 95–105.

[38] K. Yokagawa, J. Ishizaki, S. Ohkuma, K. Miyamato, Influence of

lipophilicity and lysosomal accumulation on tissue distribution

kinetics of basic drugs: a physiologically based pharmacokinetic

model, Methods Find. Exp. Clin. Pharmacol. 24 (2002) 81–93.

[39] J.P. Ploemen, J. Kelder, T. Hafmans, H. van de Sandt, J.A. van

Burgsteden, P.J. Saleminki, E. van Esch, Use of physicochemical

calculation of pKa and CLogP to predict phospholipidosis-inducing

potential: a case study with structurally related piperazines, Exp.

Toxicol. Pathol. 55 (2004) 347–355.



H. Ebel et al. / Biochimica et Biophysica Acta 1667 (2004) 132–140140
[40] A.J. Verkleij, R.F. Zwaal, B. Roelofson, P. Comfurious, D. Kastelijn,

L.L.M. van Deenen, The asymmetric distribution of phospholipids in

the human red cell membrane: a combined study using phospholipases

and freeze-etch electron microscopy, Biochim. Biophys. Acta 323

(1973) 178–193.

[41] T. Mori, Y. Takai, R. Minakuchi, B. Yu, Y. Nishizuka, Inhibitory

action of chlorpromazine, dibucaine, and other phospholipid-interact-

ing drugs on calcium-activated, phospholipid-dependent protein

kinase, J. Biol. Chem. 255 (1980) 8378–8380.

[42] H. Ebel, K. Kreis, T. Gqnther, Regulation of Na+/Mg2+ antiport in rat

erythrocytes, Biochim. Biophys. Acta 1664 (2004) 150–160.

[43] A. Bouron, J.Y. Chatton, Acute application of the tricyclic anti-

depressant desipramine presynaptically stimulates the exocytosis of

glutamate in the hippocampus, Neuroscience 90 (1999) 729–736.
[44] H. Fukuda, A. Nishida, H. Saito, M. Shimizu, S. Yamawaki,

Imipramine stimulates phospholipase C activity in rat brain, Neuro-

chem. Int. 25 (1994) 567–571.

[45] M. Bobeszko, A. Dygas, I. Nalepa, J. Baranska, Different regulation

of phospholipase D activity in glioma cells by sphingosine,

propranolol, imipramine and phorbol ester, Cell. Signal. 12 (2000)

399–404.

[46] R. Vaitla, P. Roshani, O. Holian, B. Cook, R. Kumar, Inhibition of

skin protein kinase C by psychotropic drugs, Skin Pharmacol. 10

(1997) 191–199.

[47] E.M. Ross, A.G Gilman, in: A. Goodman Gilman, L.S. Goodman,

T.W. Rall, F. Murad (Eds.), The Pharmacological Basis of Therapeu-

tics, 7th ed., Mac Millan, New York, 1985, pp. 35–48.


	Differential effect of imipramine and related compounds on Mg2+ efflux from rat erythrocytes
	Introduction
	Materials and methods
	Materials
	Preparation of red blood cells
	Mg2+ loading of red blood cells
	Mg2+ efflux
	Statistical analysis

	Results and discussion
	Effects of imipramine in non-Mg2+-loaded rat erythrocytes
	Structural requirements for the effect of imipramine
	Exclusion of protein kinase in the action of imipramine on Mg2+ efflux
	Effect of imipramine on Mg2+-loaded erythrocytes

	Acknowledgement
	References


