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Escherichia coli cells were used to study the mechanism of penetration of local anesthetics and the relationship between
permeation and functional properties. We show that both the neutral and the protonated form of dibucaine can be
accumulated in the cells. Accumulation of the protonated form occurs in response to a transmembrane electrical
potential (negative inside) and results in high trapped concentrations (70 mM). Accumulation can lead to an
alkalinization of the internal pH. Low concentrations of dibucaine stimulate the respiration, increase the transmem-
brane electrical potential and raise the accumulation of solutes. Inhibition of these functions occurs at higher
concentrations of the drug. Furthermore, the drug concentration required to inhibit these functions is smaller at alkaline
external pH than at acidic external pH, suggesting that the inhibition is mainly due to the neutral form of the
anesthetics. Other hydrophobic amines also stimulate and inhibit different membrane functions, their efficiency being

correlated to their lipophilicity.

Introduction

Most local anesthetics are tertiary aromatic amines,
the pK of which varies between 8 and 9. Therefore, they
exist in both the neutral and protonated form at physio-
logical pH. Numerous studies have shown that these
drugs exert their anesthetic effect on the cytoplasmic
side of excitable membranes and in the protonated form
(for a review see Ref. 1). It has been assumed that the
cationic form did not freely permeate into the mem-
brane and that the drug first crossed the membrane in
the neutral form, and was protonated on the inner side
of the membrane [2]. Nevertheless different experiments
suggest that the protonated form may also have access
to the inner side of the membrane since some hydro-
phobic amines exert their anesthetic effect although
they exist only in a protonated form at physiological pH
[3). Furthermore, Mayer et al. [4] have shown that the
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protonated form of dibucaine may be accumulated in
large unilamellar egg phosphatidylcholine vesicles in
response to a diffusion potential (negative inside). They
recently confirmed this result by showing that N-meth-
yldibucaine, which exists only in the cationic form,
could also be accumulated in lipid vesicles in response
to a diffusion potential [5].

To go further into the comprehension of the mecha-
nism of penetration of local anesthetics into intact cells
and also to relate quantitatively this permeation to the
functional properties of cells, we used Escherichia coli
cells. Respiring Escherichia coli cells generate an elec-
trochemical gradient of protons:

Afiy+ = FAY -2 3RTApH

where A¥ represents the transmembrane electrical
potential (negative inside) and ApH represents the pH
difference across the membrane (alkaline inside). A¥
and ApH are easily monitored using radioactive probes
[6]. Several membrane functions can be followed, allow-
ing to correlate the changes of activity with the relative
amount of protonated and neutral form of the drug.
Most of the experiments described in this paper were
performed with dibucaine, a commonly used local
anesthetic. We show that dibucaine can be accumulated
in Escherichia coli cells in the neutral and in the proto-
nated form (in response to a transmembrane electrical
potential) and that this permeation modifies both the
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transmembrane electrical potential and the internal pH.
Furthermore, depending on the relative concentrations
of the charged and neutral form, dibucaine either en-
hances or inhibits several cellular functions. Some of
these effects are compared to those induced by other
related drugs.

Materials and Methods

Materials

[*HITPP*, [**C] sucrose, [**C] benzoate and tritiated
water were purchased from CEA, France. [**C]Lactose,
["*C]a-MG, *Rb and [*Clproline were from
Amersham, UK. All materials were of reagent grade
and were obtained from commercial sources.

Growth conditions and cell treatment

Escherichia coli cells from the strain ML 308-225 (i7,
z~,y*, at) were grown aerobically at 37°C in minimal
synthetic medium, supplemented with 0.4% glycerol
(v/v). Bacteria were harvested by centrifugation at an
absorbance of 0.5 at 650 nm.

Cells were permeabilized to the membrane potential
probe TPP*, by a treatment with Tris-EDTA [7]. The
cells, treated or not with EDTA were centrifuged and
washed once with sodium phosphate buffer 100 mM at
the desired pH, and containing 1 mM KCI. They were
then resuspended in the same buffer at an Ag5 = 50 (25
mg cell dry weight/ml), kept on ice and used within 3 h.
All assays were performed at 20°C in this buffer.

Uptake of dibucaine in Escherichia coli cells

Dibucaine was assayed by fluorescence (A, = 327
nm, A,, =410 nm) in a quartz cuvet of 1 cm path-
length. The cell suspension (5 ml, 2.5 mg dry weight /ml)
energized by the addition of glycerol (0.4%) and
oxygenated by addition of catalase (5000 U/ml) and
H,0, (0.53 mM) was incubated at 20°C for 15 min, in
the presence of dibucaine at the desired concentration.
This time was sufficient to obtain a steady state level of
accumulation of dibucaine. (not shown). The suspension
was then centrifuged for 3 min on a microfuge TH12
and the supernatant was carefully collected. After ap-
propriate dilution, the fluorescence of the supernatant
was measured and the concentration was calculated by
reference to a standard sample of anesthetic containing
glycerol, catalase and H,0,. The entrapped dye con-
centration was obtained from the difference between
these two fluorescences. The uptake of dibucaine in
deenergized cells was measured under similar conditions
except that the cells and the control were treated with
the protonophore TCS (10 pM, final concentration) 5
min prior to the addition of dibucaine. TCS was pref-
ered to CCCP since it does not interfere with the
fluorescence of dibucaine. The values given in the text
are the result of at least nine independent experiments.
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Determination of the cytoplasmic volume

The cytoplasmic volume of the dibucaine-treated cells
and of the control cells was determined with 3H20 (0.12
MBq,/ml) as described in Ref. 6. [**C}Sucrose (0.6 uM,
20 GBq/mmol), which passes through the outer mem-
brane but is excluded by the inner membrane, was used
as an external marker [6]. Catalase (5000 U/ml) and
H,0, (0.53 mM) were added to prevent anaerobiosis.
[**C)-Sucrose was purified before use, to eliminate glu-
cose contamination. For this purpose glucose grown
ML 308 225 cells (5 mg dry weight/ml) were incubated
during 10 min in the presence of ['*C]sucrose (0,04 mM,
20 GBq/mmol). The cells were centrifuged and the
supernatant containing the purified sucrose was used
immediately after. The volume was determined using
1.5 ml of the cell suspension (5 mg cell dry weight,/ml)
and using the centrifugation technique.

Determination of ApH

ApH was estimated from the accumulation of [*CJ-
benzoate (1.5 uM, 19.7 GBq/mmol) in the presence of
tritiated water (0.12 MBq/ml) as a marker of the total
water content [6]). The cells (1 mg dry weight/ml) were
incubated for 15 min with dibucaine in the assay
medium. Then, the radioactive probes, catalase (5000
U/ml) and H,0, (0.53 mM) were added. The method
of separation was centrifugation.

Measurement of AY and of the initial rate of lactose
influx

AV was determined from the accumulation of [*H]
TPP*. Energized EDTA-treated cells (1 mg dry
weight /ml) were suspended in the assay medium and
incubated with agitation for 15 min in the presence of
dibucaine. The cells were further incubated during 10
min with 10 pM [*H] TPP* (3.7 GBq/mmol). [**C]
lactose (0.1 mM, 36 MBq,/mmol) was then added and
aliquots (100 pl) were filtered 10 s later on Whatman
glass microfiber filters (GF /F), and washed twice with
4 ml of the assay medium. The filters were counted for
radioactivity on the preset *H/*C program. The filtra-
tions were made in triplicate and TPP* uptake was
corrected for nonspecific binding by subtracting a blank
obtained under the same conditions except that the
cells, incubated in the presence or in the absence of
dibucaine, were pretreated with 10 uM TCS.

Measurement of A¥ with ®Rb* (0.5 pM, 37
MBq,/mg) was performed in a similar way except that
the cells were treated with 10 uM valinomycin and that
no KCl was added to the buffer.

Initial rate of a-MG and proline influx

[“C] a-MG (0.1 mM, 5.55 GBgq/mmol) or ['*C]-
proline (0.1 mM, 9.25 GBq/mmol) were added to 100
ul of the cell suspension containing dibucaine and the
sample was filtered 10 seconds later as described above.
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Rate of respiration

Oxygen consumption was determined polarographi-
cally with a Gilson oxygraph using a Clark oxygen
electrode. The cell concentration was 1 mg dry
weight /ml.

ATP measurement

The energized cells (1 mg dry weight/ml), were in-
cubated in the presence or in the absence of dibucaine
in the assay medium for 15 min. 10 pl of cell suspension
were diluted with 90 pl dimethylsulfoxide; 4.9 ml of
sterile H,O was then added to prevent any interference
of dimethylsulfoxide in the luminescence assay. 100 ul
of this suspension were withdrawn for ATP measure-
ment with a luminometer (Lumac) using the luciferin /
luciferase assay system.

Results

Effect of dibucaine and other related drugs on the trans-
membrane electrical potential and internal pH of
Escherichia coli cells

Fig. 1 compares the effects of increasing concentra-
tions of dibucaine on the transmembrane electrical
potential for two values of the external pH : 6.6 and 8.
Under these conditions dibucaine which has a pX of 8.8
[8] is essentially protonated at pH 6.6 and 84% proto-
nated at pH 8. ApH values were measured in a parallel
experiment (Fig. 2). In the absence of drug, the values
of A¥ and ApH were, respectively, 160 mV and 0.75
pH unit at pH,, = 6.6, and 200 mV and 0 pH unit at
pH.,, = 8. Addition of low concentrations of dibucaine
significantly enhanced A¥ (30 to 40 mV). The range of
concentrations for which A¥ was enhanced decreased
with increasing external pH, and thus with the increas-
ing amount of neutral form of the anesthetics. The
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Fig. 1. Effect of increasing concentrations of dibucaine on the trans-

membrane electrical potential of EDTA-treated Escherichia coli cells.

A¥ was measured with [*H]TPP* at pH 6.6 () and 8 (0). Dibucaine

was added 15 min before TPP*, A mean value of 1.2 pl/mg cell dry
weight was taken for the cytoplasmic volume.
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Fig. 2. Internal pH of control and dibucaine-treated cells. EDTA-

treated cells were incubated with dibucaine during 15 min prior to the

addition of ['*C]benzoate. The external pH was 6.6 (® ) or 8 (O).
Values are given with an error bar of 0.05 pH unit.

further increase of drug concentration resulted in a
progressive decrease of A¥, which was even collapsed
when the drug concentration exceeded 2 mM at pH,,, =
8. Fig. 2 shows that there was a more pronounced
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Fig. 3. Effect of various drugs on the transmembrane electrical

potential of Escherichia coli cells. Experimental conditions were iden-

tical to those described in legend to Fig. 1 except for the pH of the

buffer which was 7.2. (A) Chlorpromazine (CPZ, D) trifluoro-

perazine (TFP, m). (B) Procaine (PRO, W) tetracaine (TET, O) dibu-
caine (DIB, a)



TABLE I

Comparison of the effects of different hydrophobic amine drugs in
bacteria and mitochondria

References are given in square brackets. n.d., not determined.

Drug pK Concn. Uncoupling  log P¢
(mM) * efficiency ®
Trifluoroperazine  n.d. 008 n.d. n.d.
Chlorpromazine 9.3(10] 0.5 1000 5.28
Dibucaine 8.8 [8] 2.8 99.5 4.29
Tetracaine 8.5 [9) 6 119 373
Procaine 9[10) > 40 40 1.90

* Concentration of drug required to decrease A¥ to 60 mV in
Escherichia coli cells incubated at pH 7.2 (see Fig. 3).

® As determined in mitochondria (from Ref. 12).

¢ P is the octanol/water partition coefficient (taken from Ref. 12).

alkalinisation of pH,, (0.4 unit) when the cells were
incubated at pH,,, = 8 (i.e., when the drug was partially
in the neutral form) than at pH,,, = 6.6 (i.e., when the
drug was almost fully protonated).

The same A¥ changes were obtained when %Rb* in
the presence of valinomycin was used instead of
[**CJTPP*, thus excluding a possible dibucaine-induced
artefact in the A¥Y measurement (data not shown). The
variations of Ay and ApH could not be attributed to a
change of internal volume which was not significantly
different in the presence of dibucaine (1.36 and 1.29 +
0.05 pl/mg dry weight at pH 6.6 and 8, respectively)
and in the absence of drug (1.13 + 0.05 p1/mg). A mean
value of 1.2 pl/mg was used in all calculations.

Fig. 3 represents the A¥ changes induced by various
drugs carrying an aromatic backbone and an amine
function for which the pK varies between 8.5 (tetra-
caine) and 9.3 (chlorpromazine) (Table I and Refs. 9,
10). All the drugs induced a large increase of A¥Y (from
145 to 190 mV) followed by a decrease. Nevertheless the
concentration required to abolish A¥ differed among
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Fig. 4. Accumulation of dibucaine in energized and deenergized

Escherichia coli cells. The amount of trapped dibucaine was de-

termined by fluorescence as described in Materials and Methods. The

cells incubated at pH 6.6 were treated (O) or not (M) with 10 uM TCS
prior to the addition of dibucaine.

the drugs, and concentrations of procaine up to 20 mM
were not sufficient to decrease A¥ (Table 1).

Uptake of dibucaine in energized and deenergized cells
The uptake of dibucaine in Escherichia coli cells was
measured for two different values of pH,, using the
fluorescence technique. At pH,,, = 6.6 and in the range
of concentrations tested, the AY¥ of energized cells varied
between 130 and 190 mV (Fig. 1) and ApH did not
change significantly (Fig. 2). Fig. 4 shows that the
amount of drug trapped was higher in energized cells
(125 + 15 nmol dibucaine/mg dry weight) than in cells
treated with the protonophore TCS (A¥ and ApH = 0)
(40 + 15 nmol/mg dry weight). At pH 8, only a small
range of dibucaine concentrations was tested since the
drug induced an important decrease of A¥ for con-
centrations larger than 1 mM (see Fig. 1). In the range
of dibucaine concentrations tested (from O to 0.5 mM)

(nmol/mg.min)

(0]
2

0.0 1.0 2.0
dibucaine (mM)

Fig. 5. Effect of dibucaine on oxygen consumption in energized and deenergized cells. TCS (10 pM) was added prior to the addition of the drug.
The experiments were performed at pH 6.6 (A) and pH 8 (B). ®, + TCS; O, — TCS.
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there was no appreciable difference in the amount of
trapped drug in energized and deenergized cells (30 + 15
nmol /mg dry weight) (data not shown).

The respiratory activity of dibucaine-treated cells

The respiratory activity was measured at pH 6.6 and
pH 8 in energized and deenergized (TCS-treated) cells.
In the absence of dibucaine, the respiratory activity was
the same whatever the state of energization (figs. SA
and B). These results are in good agreement with those
reported previously [11] which showed that Escherichia
coli lacks respiratory control, i.e., the respiratory activ-
ity is not increased in the presence of protonophore.
Increasing the external pH from 6.6 to 8 in these
control cells resulted only to a 10 to 20% increase of the
respiratory activity. Addition of dibucaine strongly af-
fected the respiratory activity. In energized cells, low
concentrations of dibucaine stimulated the respiration
and high concentrations inhibited it partially. A similar
behaviour has also been observed with several local
anesthetics in mitochondria [12,13]. The concentration
required to inhibit the respiration was smaller at al-
kaline pH (> 0.5 mM) than at acidic pH (> 2 mM).
Furthermore, the concentration at which the respiratory
activity started to decrease was higher than that re-
quired to decrease A¥ (see Fig. 1). The effect of di-
bucaine on TCS-treated cells was more complex and
strongly dependent on pH.,,: at pH 8, the respiratory
activity first increased at low dibucaine concentration
and then decreased. At pH 6.6, the respiratory activity
was inhibited over the whole range of dibucaine con-
centrations. An intermediate situation was observed at
pH 7.2: the respiratory activity remained constant on a
wide range of dibucaine concentrations (0 to 2.5 mM)
and fell to zero beyond 2.5 mM (data not shown).
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Fig. 6. Effect of dibucaine on the internal ATP concentration of

energized Escherichia coli cells. ATP was measured 15 min after the

addition of dibucaine as described in Materials and Methods. The pH
of the buffer was either 6.6 (®), or 8 (0).
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Fig. 7. Effect of dibucaine on the initial rate of lactose uptake in

Escherichia coli cells. Energized cells were incubated either at pH 6.6

(m) or pH 8 (O) in the presence of dibucaine and for 15 min. Then

lactose (0.1 mM, final concentration) was added. Initial rates were
measured in triplicate 10 s after lactose addition.

ATP content of the dibucaine treated-cells

Intracellular ATP slightly increased in the presence
of small dibucaine concentrations and decreased at
higher concentrations (Fig. 6). This decrease occurred at
lower concentrations and was more pronounced at pH 8
than at pH 6.6.

Solute uptake in the presence of dibucaine

Fig. 7 shows the effect of dibucaine on the active
transport of lactose which is cotransported with protons
[14]). The changes of the initial rate (V,) of lactose
transport evolved in parallel with those of A¥ (see Fig.
1): it increased at low dibucaine concentration and
decreased at higher concentrations.

Table II shows that other lipophilic amine drugs
were also able to stimulate the rate of lactose influx.
Furthermore these drugs also stimulate the transport of
other solutes: proline (a sodium and H* coupled active
transport) [15] and methyl a-D-glucopyranoside, a non

TABLE 11

Relative rates of solute accumulation in Escherichia coli cells treated
with local anesthetics

The initial rates (¥V;) of lactose, proline and a-MG transport were
determined as described in Material and Methods. The external solute
concentration was 0.1 mM. The local anesthetics were added 15 min
prior to the solutes.

Drug V; lactose V; proline V, a-MG
None 1 1 1
Dibucaine 0.2 mM 1.31+0.1 1.9+0.2 nd
Tetracaine 0.25 mM 1.3+0.1 27102 210.1
Procaine 5 mM 1.540.1 n.d. n.d.




metabolizable analog of glucose which is transported
via the PTS system [16].

Discussion

We have first provided evidence that the electro-
chemical gradient of protons can drive the accumula-
tion of the protonated form of local anesthetics in
bacteria. Indeed, at pH 6.6, the amount of accumulated
drug (which is essentially in the protonated form) was
higher in energized cells (125 nmol dibucaine/mg dry
weight) than in cells treated with the protonophore TCS
(A¥ and ApH =0) (40 nmol/mg dry weight). It is
unlikely that this accumulation may be driven by the
pH gradient (which is about 1 unit) since its direction
(more alkaline inside) is unfavorable to an accumula-
tion (one expects that at equilibrium [DibH']; /
[DibH*],,, = [H" ]in/[H " lou)- We thus favour the hy-
pothesis that the protonated drug is accumulated in
response to the transmembrane electrical potential
(negative inside). Under conditions where A¥ and ApH
=0, one can assume that the concentration of free
dibucaine in the cytoplasm is equal to the external one.
Thus, an external concentration of 1 mM would corre-
spond to a free internal concentration of 1.2 nmol/mg
dry weight (a value calculated using a cytoplasmic
volume of 1.2 ul/mg dry weight). Since about 40
nmol /mg were trapped in deenergized cells, this sug-
gests that most of the drug is associated with the
membranes. Fig. 4 showed that the amount of drug
trapped in deenergized cells did not increase when the
concentration of dibucaine was increased above 0.25
mM; this suggests that the number of dibucaine binding
sites is saturable. If one assumes that the number of
binding sites is identical in energized and deenergized
cells, then the concentration of dibucaine accumulated
in response to AY can be calculated from the difference
between the concentration of drug trapped in energized
and deenergized cells. A concentration of 70 mM is
found. It should be stressed that such high concentra-
tions of dibucaine are also accumulated in liposomes in
response to a diffusion potential [5]. Fig. 2 showed that
a large alkalinization of pH;, occurred when the drug
was partially deprotonated (pH,,, = 8) whereas pH;,
remained practically constant when the drug was almost
fully protonated (pH,,, = 6.6). This suggests that the
deprotonated form of the drug, which is freely permea-
ble across membranes [17], is mainly responsible for the
alkalinization.

Interestingly, small concentrations of dibucaine and
of other related drugs enhance significantly A¥. This
increase is not the consequence of the interconversion
of ApH into A¥ [18] since the ApH was not signifi-
cantly modified at pH,,, = 6.6. Although the hypothesis
of a decrease of passive leak cannot be ruled out since it
is known that the interaction of local anesthetics with
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lipid head groups modifies the permeability of mem-
branes [19-21] it is more lileky that the increase of A¥
may be due to the large stimulation of the respiratory
activity.

In energized cells the stimulation of the respiration
occurred over a broader range of dibucaine concentra-
tion when the drug was fully protonated (pH 6.6) than
when both forms (protonated and neutral) were present
(pH 8), suggesting that the inhibition is related to the
increase of the neutral form of the anesthetic. The effect
of dibucaine on deenergized cells (TCS-treated) was
also strongly pH dependent. At pH 8 the stimulation
and the inhibition of the respiration occurred in the
same range of concentrations as for energized cells.
Surprisingly, at pH 6.6, we observed that the respiration
was inhibited over the whole range of concentrations.
Clearly, the acidification of the external medium is not
responsible for the inhibition of respiration, since this
inhibition was not observed in energized cells. On the
other hand, in the presence of the protonophore, the
internal pH of the cells has decreased from 7.25 to 6.6.
We thus favour the hypothesis that, in the presence of
dibucaine, this acidification of pH,, affects one or more
components of the respiratory chain on the cytoplasmic
side of the membrane.

Small concentrations of dibucaine also had a strong
stimulating effect on several functions:. The higher ATP
content of dibucaine-treated cells is probably related to
the increase of AY¥ but one cannot exclude a direct
interaction of the drug with the ATPsynthase as sug-
gested by the work of Vanderkooi et al. on the isolated
F,-ATPase of mitochondria [22]. The enhancement of
lactose transport may be attributed to the increase of
AY since the V,_, of lactose transport is known to be a
function of A¥ [23,24]. The same argument may prevail
in the case of proline

The results described above suggest that the toxicity
of local anesthetics in Escherichia coli increases with
increasing amount of the neutral form of the drug.
Indeed, smaller concentrations of dibucaine were re-
quired to abolish A¥ and to impair the different func-
tions at alkaline pH than at acidic pH. The effect, on
AY, of various drugs having similar pK values but
different lipophilicities (see Table I) suggests that their
toxicity increases with increasing lipophilicity. Interest-
ingly a good correlation exists between the effect of
these drugs in Escherichia coli and in mitochondria (see
Table I and Ref. 12). Thus, the general statement that
the toxicity of local anesthetics is related to their lipo-
philicity and to the amount of neutral form also prevails
in bacteria. The results presented here also show that
the protonated form of local anesthetics can be accu-
mulated in whole cells in response to a membrane
potential. Although very high internal concentrations of
the drug can be attained, the cells retain, at least par-
tially, their functionality. This may be of relevance for
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the mechanism of action of these drugs in excitable
membranes.

Local anesthetics are known to prevent the export of
Escherichia coli periplasmic and outer membrane pro-
teins. As a result, the precursors are generally accu-
mulated in the cells [25-28]. It was generally admitted
that the local anesthetic would induce structural alter-
ations of the membranes (changes in fluidity) which
would in turn be responsible for the accumulation of
precursors. Most of these experiments were performed
with concentrations of drugs which we show here to be
sufficient to depolarize the cells and to decrease the
ATP content. Since the export of bacterial proteins
requires energy in the form of ATP and of electrochem-
ical gradient of protons [29] this suggests that the accu-
mulation of precursors induced by local anesthetics is
probably the result of the perturbation of the energetic
state of the bacteria.
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