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Purpose. The objective of this study was to determine the extent to
which current passage perturbed the skin’s intrinsic permeability, and
to quantify how quickly and to what extent the barrier properties
recovered from the effects of iontophoresis.

Methods. Laser scanning confocal microscopy (LSCM) and impedance
spectroscopy (I1S) were employed, respectively, to visualize and quan-
tify the recovery kinetics.

Results. LSCM images were obtained following passive calcein diffu-
sion through pre-iontophoresed HMS skin in vivo that had been allowed
to recover for progressively longer periods of time. 1S was used to
quantify the rate and extent of skin permeability recovery following
current pretreatment. Impedance spectra were recorded 0, 3, 5, 7, 9
and 18 hrs after current termination.

Conclusions. Enhanced calcein permeability as assessed by confocal
microscopy persisted for up to 24 hrs following current passage. Consis-
tent with these LSCM findings, IS indicated that the time required for
the impedance of hairless mouse skin to return to pre-iontophoresis
levels (following 2-hr current passage at 0.5 mA/cm?) was at least
18 hrs.

KEY WORDS: iontophoresis; skin; barrier function; recovery kinet-
ics; transport; impedance spectroscopy.

INTRODUCTION

The relative impermeability of the skin to ion transport
may be attributed almost entirely to the effective barrier function
of the outermost, and least permeable skin layer, the stratum
corneum (SC). Constant-current iontophoresis is able to
enhance the transdermal flux of a broad range of ionizable
molecules, including therapeutic peptides and proteins. How-
ever, to achieve this objective, some compromise in skin barrier
function is anticipated. Understanding the effects of current
on the skin is critical, therefore, to establish the therapeutic
feasibility of iontophoresis (1). At present, though, evidence is
limited regarding (a) the mechanism(s) by which the barrier
properties of skin are impaired during current passage, and

! Departments of Biopharmaceutical Sciences and Pharmaceutical
Chemistry, University of California—San Francisco, San Francisco,
California 94143-0446.

% Current address: Department of Molecular Pharmacology, Stanford
University Medical Center, Stanford, California 94305-5332,

3 Centre Interuniversitaire de Recherche et d’Enseignement, “Pharma-
peptides”, Campus Universitaire, Parc d’Affaires Internationat, F-
74166 Archamps, France.

4 Université de Genéve, Section de Pharmacie, 30 quai E. Ansermet,
CH-1211 Geneve 4, Switzerland.

$To whom correspondence should be addressed. (e-mail: rhg@
pharmal.cur-archamps.fr)

0724-8741/97/0900-1252$12.50/0 © 1997 Plenum Publishing Corporation

Research Paper

(b) the kinetics and extent in vivo of the subsequent recovery
following iontophoresis.

In vitro experiments have shown that the skin’s ability to
recover from current-induced effects is impaired (2-9). How-
ever, under these conditions, the skin lacks circulation and is
metabolically compromised. To circumvent this limitation, we
designed an experimental approach to examine the effect of
iontophoresis on hairless mouse skin (HMS) in vivo. Laser
scanning confocal microscopy (LSCM) permitted the recovery
and re-establishment of pretreatment-level barrier function to
be visualized directly. Relaxation of skin permeability was also
quantified by impedance spectroscopy (IS) which is able to
characterize noninvasively the electrical properties of the bar-
rier. Skin impedance measures the difficulty encountered by
ions as they move through the membrane: if skin barrier function
is compromised, then ion transport is easier and the impedance
decreases. Skin impedance also decreases with increasing tissue
hydration (10,11), which facilitates ion uptake into the skin. IS
has been used previously to evaluate the effect of current on
skin impedance (10,12-14), the ability of the skin to recover
following current passage (6,10,12,15), and the development
of equivalent circuit models to explain the mechanism of ionto-
phoresis (10).

Thus, our major objective was to determine the extent to
which current passage perturbed the skin’s intrinsic permeabil-
ity, and to quantify how quickly and to what extent the barrier
properties recovered from the effects of iontophoresis. It was
also our intent to measure how different putative transport
pathways (i.e., follicular, intercellular) were affected and to
assess their ability to recover from the electrical perturbation.

MATERIALS AND METHODS

Chemicals

Chromatographically-purified calcein (MW 623), a polya-
nionic fluorescent probe, was used as the model permeant in
LSCM experiments (Molecular Probes, Eugene, Oregon).
Deionized water (resistivity = 18 MQ cm™!) from a Milli-Q
UF Plus purification system (Millipore Corp., Bedford, MA),
was used to prepare all aqueous solutions.

Experimental Apparatus

Glass diffusion chambers (diameter = 1 cm) {LGA, Berke-
ley, California} and silver/silver chloride reversible electrodes
were used in all in vivo iontophoresis experiments. Constant
current was supplied from a custom-built power supply (Profes-
sional Design and Development Services, Berkeley, California)
interfaced to a MaclIntosh IIfx computer (Apple Computer Inc.,
Cupertino, California) running LabView 2.1.1 software
(National Instruments Inc., Austin, TX).

Recovery of Passive Permeability Measured by
Confocal Microscopy

Iontophoresis

HRS/hr female hairless mice (HMS), 8 to 12 weeks old,
were anesthetized for approximately 3.5 hrs by intraperitoneal
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injection of 0.2 mL of 40 mg/mL chloral hydrate. Diffusion
chambers were adhered to the dorsal/ventral skin of the mouse
with cyanoacrylate glue (Borden Inc., Columbus, Ohio). Elec-
trolyte solution (25 mM HEPES buffer in 133 mM NaCl,
adjusted to pH 7.4) was introduced, the electrodes inserted and
connected to the power supply. Then, typically, constant current
at 0.5 mA/cm? was applied for two hours. Each mouse served
as its own control. Three procedures were performed (two of
which were controls): (a) Treatment—Immediately following
current passage, the electrolyte in the cathode chamber was
removed and the skin was allowed to “recover” for 0, 1, 18,
24, or 48 hrs. Following the recovery period, the cathodal
chamber was refilled with 0.05 mM calcein which was allowed
to passively diffuse across the skin for one hour. Then, the
mouse was sacrificed by CO, euthanasia, the skin which had
been situated beneath the cathode was excised, and the sample
was prepared for confocal visualization. (b) Control #1—Same
as above, except that no current was applied. These passive
controls were performed on the same mice as those which were
current-treated in part (a). (¢) Control #2—The 2-hr ionto-
phoresis treatment was performed with 0.05 mM calcein present
in the electrolyte placed in the cathodal chamber. At the end
of iontophoresis, the mouse was sacrificed immediately, and the
skin beneath the cathode was removed for LSCM visualization.

Confocal Microscopy—Visualization

A Bio-Rad MRC 600 Laser Scanning Confocal Micro-
scope [Bio-Rad Microscience Ltd., Hemel Hempstead, UK]
was employed for imaging. The illumination light source was
a Krypton-Argon laser. The principal laser line was 488 nm.
Only in-focus light is detected with this technique, enabling
non-destructive optical sectioning of the tissue to be performed.

Recovery of Passive Permeability Measured by
Impedance Spectroscopy (IS)

A Maclntosh Quadra 800 (Apple Computers Inc., Cuper-
tino, California) equipped with LabView 2.1.1 software
(National Instruments Inc., Austin, Texas) was used to control
a pulse/function generator (HP8116A Hewlett-Packard Co.,
North Hollywood, California). A sinusoidal alternating current
(ac), the frequency of which was increased from 1 Hz to 1.6kHz
incrementally with 10 frequency points sampled per decade,
was produced from an applied voltage of 1.0V (peak-to-peak).
To ensure the passage of a small sinusoidal input current, a 2
M} resistor in series with the skin was included in the electrical
circuit. Thus, at the applied voltage of 1.0V (peak-to-peak),
the sinusoidal current remained approximately constant (=~0.25
pA). The potential difference across the skin was measured
using a lock-in amplifier (SR850 DSP, Stanford Research
Instruments Inc., Sunnyvale, California). Microsoft Excel (ver-
sion 4.0, Microsoft Corp., Redmond, Washington) was used to
analyze all impedance data.

Anodal and cathodal electrode chambers were firmly
adhered with cyanoacrylate glue to the skin of anesthetized
hairless mice. Silver/silver chloride electrodes were placed in
the diffusion chambers, which were filled (~0.6 mL) with 25
mM HEPES buffer (in 133 mM NaCl at pH 7.4). Passive
and hydrated impedance spectra were first recorded. These
impedance measurements were made immediately after applica-
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tion of buffer solution to the skin (the passive measurement)
and then following 10 minutes of skin hydration (the hydrated
measurement). By this time, the low frequency impedance (i.e.,
the resistive component) had fallen to an essentially constant
value. Subsequently, one of three in vivo iontophoretic treatment
regimens were performed (n = 3 mice for each): (a) 0.10 mA/
cm? applied for 15 minutes; (b) 0.10 mA/cm? applied for 2 hrs;
(c) 0.50 mA/cm? applied for 2 hrs.

Impedance spectra were then recorded at 0, 3, 5,7, 9 and
18 hrs after termination of current flow. As for the pre-treatment,
the spectra at each time point were recorded after a 10 minute
hydration period. Impedance (Z;) data are presented as Bode
plots of log [Z,] versus log {w] (log of the angular frequency
in units of rad s™!). To simplify comparisons, the absolute
impedance values were normalized with respect to the pre-
iontophoretic (hydrated skin) impedance measured at 1Hz (6.28
rad s™").

RESULTS

Recovery of Passive Permeability Measured by
Confocal Microscopy

Figure 1 (upper panel) shows a z-series of confocal images
obtained following 2 hrs of calcein iontophoresis across HMS
in vivo. In these images (compared to those of the passive
control in the lower panel), calcein transport to deeper layers
in the skin (i.e., 2040 pwm) clearly involved significant partici-
pation of the follicular (F) pathway. Confocal images obtained
following the in vivo iontophoresis of calcein served as an
important control, with which to compare passive calcein diffu-
sion through pre-iontophoresed skin that had then been allowed
to recover for progressively longer periods of time (0, 1, 18,
24 and 48 hrs). When no time was allowed for barrier recovery
(tecovey = O hrs), confocal images revealed significantly
increased passive penetration of calcein along the F pathways
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Fig. 1. LSCM images of HMS obtained 2 hrs after a) the cathodal
iontophoresis of calcein (upper panel of four images), and b) the passive
diffusion of calcein (lower panel of four images). The images were
obtained by optical sectioning at skin depths of 0, 10, 20 and 40 pum

below the skin surface (arranged from left to right). Magnification was
40X for all images.
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Fig. 2A. LSCM images of HMS obtained after: a) (upper panel of
four images) iontophoretic pretreatment with HEPES buffered saline
at pH 7.4 for two hours. There was no recovery period. Immediately
after termination of the current, calcein was placed in the cathodal
chamber and then allowed to passively diffuse across HMS in vivo for
one hour. b) (lower panel of four images) Same as above except that
no current was passed (control). In the upper and lower panels, images
were obtained by optical sectioning at skin depths of 0, 10, 20 and 40
pm below the skin surface (arranged from left to right). Magnification
was 40X for all images. The images were contrast enhanced.

(Figure 2A, upper panel). In fact, the elevated passive perme-
ability of calcein was comparable, in both distribution and
extent (at the level of LSCM), to that achieved by the direct
iontophoresis of calcein (Figure 1). With a 1 hr recovery period,
the current-induced increase in the passive permeability of the
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Fig. 2B. LSCM images of HMS obtained after: a) (upper panel of
four images) iontophoretic pretreatment with HEPES buffered saline
at pH 7.4 for two hours. There was a one-hour recovery period. Immedi-
ately after termination of the current, calcein was placed in the cathodal
chamber and then allowed to diffuse passively across HMS in vivo for
one hour. b) (lower panel of four images) Same as above except that
no current was passed (control). In the upper and lower panels, images
were obtained by optical sectioning at skin depths of 0, 10, 20 and 40
wm below the skin surface (arranged from left to right). Magnification
was 40X for all images. The images were contrast enhanced.
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Fig. 2C. LSCM images of HMS obtained after: a) (upper panel of
four images) iontophoretic pretreatment with HEPES buffered saline
at pH 7.4 for two hours. There was a 24 hrrecovery period. Immediately
after termination of the current, calcein was placed in the cathodal
chamber and then allowed to diffuse passively across HMS in vivo for
one hour. b) (lower panel of four images) Same as above except that
no current was passed (control). In the upper and lower panels, images
were obtained by optical sectioning at skin depths of 0, 10, 20 and 40
ivm below the skin surface (arranged from left to right). Magnification
was 40X for all images. The images were contrast enhanced.

skin remained obviously elevated above the control level (Fig-
ure 2B). The images recorded after 18 and 24 hours post-current
passage (Figure 2C) show that there has been an appreciable
recovery of the barrier, with only a few and occasional areas
of increased fluorescence persisting. At 48-hrs, the current-

R C o A Ak TR Tants 3 Tants
(Bt e B fve cocommrmes Q8 v maRTIEIE A e pramopnry Wb woomnerss
{3 00 swon e $2 e o

9(’ colain

28 wiorans beime 48 migsans betox

imw' e L S

tady uith DETST e hude uith buffer) 3w topcde. with R ERre
R Mo o et Wb renEeery

T8 eicroms b tne B miceore hekme

Fig. 2D. LSCM images of HMS obtained after: a) (upper panel of
four images) iontophoretic pretreatment with HEPES buffered saline
at pH 7.4 for two hours. There was a 48 hr recovery period. Immediately
after termination of the current, calcein was placed in the cathodal
chamber and then allowed to passively diffuse across HMS in vivo for
one hour. b) (lower panel of four iamges) Same as above except that
no current was passed (control). In the upper and lower panels, images
were obtained by optical sectioning at skin depths of 0, 10, 20 and 40
pm below the skin surface (arranged from left to right). Magnification
was 40X for all images. The images were contrast enhanced.
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exposed and control confocal images were not in any way
different (Figure 2D), suggesting that on the order of 24 hrs is
required for the HMS barrier to recover from a 2-hr exposure
to 0.5 mA/cm? (a current density generally considered to be
the maximum tolerable current density in human subjects (1,2)).

The deduction of a “recovered” barrier versus a “not-yet-
recovered” barrier is based upon the confocal visualization of
F transport. Compared to skin samples pretreated with ionto-
phoresis, no significant F transport was observed in passive
control (control #1) samples. Thus, the F outlining can be
considered diagnostic of a perturbed barrier.
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Recovery of Post-Iontophoeretic Skin Impedance

The recovery of skin impedance was observed following
three pretreatments: (1) 0.10 mA/cm? applied for 15 minutes;
(2) 0.10 mA/cm? applied for 2 hrs; and (3) 0.50 mA/cm? applied
for 2 hrs. Occasional technical difficulties in the latter stages
of the experiment meant that the later measurement times were
sometimes omitted. When no time was allowed for barrier
recovery (trecovery = O hrs), impedance values were significantly
reduced compared to the pre-iontophoretic hydrated control
(see Figure 3, Table I). As a typical example, when a current

0.10 mA/cm? applied for 15 minutes
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Fig. 3. (Top) Effect of iontophoresis (0.10 mA/cm? applied for 15 min) on relative skin
impedance at times t = 0, 3, 5, and § hrs post-iontophoresis. (Middle) Effect of iontophoresis
(0.10 mA/cm? applied for 2 hrs) on relative skin impedance at times t = 0, 3, 5, 7 and 9
hrs post-iontophoresis. (Bottom) Effect of iontophoresis (0.50 mA/cm? applied for 2 hrs)
on relative skin impedance at times t = 0, 3, 5, 7 and 18 hrs post-iontophoresis. The
absolute impedance values were normalized with respect to the pre-iontophoretic (hydrated
skin) impedance measured at | Hz (6.28 rad s™1).
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Table I. Relative Impedance Values as a Function of Time Barrier
Function Recovery

100 * Relative impedance @ 1 Hz

Time of 0.1 mA/ 0.1 mA/ 0.5 mA/

recovery (hrs) cm?*—15 min cm®—2 hrs cm?®—2 hrs
Hydrated control 100 100 100

0 1.5 3.7 0.9

3 3.9 6.3 2.4

5 3.9 7.2 3.0

7 nd? 7.2 2.8

9 6.2 7.4 nd?
18 nd“ nd® 66.3

Note: Relative impedance values (at 1Hz) as a function of time of barrier
function recovery measured following iontophoresis across HMS in
vivo under the following conditions: 0.1 mA/cm? for 15 min; 0.1 mA/
cm? for 2 hrs; and 0.5 mA/cm? for 2 hrs.

¢ nd—not determined.

of 0.1 mA/cm? was applied for 15 minutes, the relative im-
pedance at 1 Hz dropped from 1.0 (for the hydrated control)
to 0.015, a ~67-fold reduction (Table I). This is consistent with
similar recent observations (10,12). Three to nine hours post-
iontophoresis, HMS impedance had recovered only minimally.
Specifically, relative impedance values at 1 Hz were 0.024 to
0.074 (Table 1). Comparison of data obtained from the three
iontophoresis regimens (Figure 3), showed no significant differ-
ence in the kinetics of skin impedance recovery as the current
magnitude and application times were varied. Only in the sam-
ple treated with 0.50 mA/cm? for 2 hrs were we able to obtain
an impedance measurement at the tecovery = 18 hrs time point
(Figure 3c). As shown in Table I, the relative impedance at
trecovery = 18 hrs was 0.66 at 1 Hz, as compared to only 0.028
after 7 hrs recovery. This extended time frame for recovery is
possibly due to the delayed rates in the re-equilibration of ions
in the skin. Thus, the time required to restore the skin impedance
of hairless mouse to near normal (pre-iontophoretic) levels is
longer than 18 hrs. Confocal results indicated that full recovery
of the passive permeability barrier required on the order of 24
hours following iontophoresis. It follows that the confocal and
impedance measurements are self-consistent.

DISCUSSION

The objectives of the present study were: (1) to character-
ize, with LSCM and IS, the effect of ir vivo iontophoresis on
the barrier function and electrical properties of HMS, respec-
tively; and (2) to monitor the rates of recovery of these proper-
ties to their pretreatment control levels. Other investigators
have also shown that skin’s passive permeability is increased
following application in vitro of an iontophoretic current. Wang
et al. (8) demonstrated that the permeability of HMS to hydro-
cortisone was increased post-iontophoretically, suggesting a
current-induced effect. Kim et al. (3) made the same observation
for water and mannitol. Inada et al. (6) examined the effects
of an applied constant voltage on human epidermis in vitro
and assessed the ability of the membrane to recover from the
electrical perturbation. The results were interpreted in terms of
pore formation leading to increased membrane permeability to
mannitol and tetracthylammonium bromide. Recently (5), the
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flux of acyclovir across nude mouse skin in vitro was measured
following current pretreatment with phosphate-buffered saline
for 4 hours at current densities of 0.25 and 0.50 mA/cm?. The
resulting normalized fluxes were ~2.5-fold higher than passive
diffusion. Despite the persuasive nature of the conclusions
which may be drawn from the aforementioned work, these
investigations (a) do not allow truly relevant recovery informa-
tion to be obtained (as all experiments were performed in vitro,
and (b) provide only limited details about the transport pathways
(e.g., anatomic location) followed.

The highest applied current density of 0.5 mA/cm? used
in this study was at the upper limit of clinical acceptability in
human subjects (1,2). Consequently, the observed effects of
iontophoresis on the passive permeability and impedance prop-
erties of HMS represent the extreme end of the normal range.
Indeed, 0.1 mA/cm? induced less perturbation of the skin barrier
compared to iontophoresis at the higher current density. For
practical purposes, of course, the current density and duration
of current application employed will be the minimum necessary
to achieve the desired pharmacological effect with the best
effect on the skin.

The LSCM results provide strong evidence that the hair
follicle is an important iontophoretic transport pathway and a
site at which the skin barrier is altered by current passage. In
terms of the kinetics of recovery, LSCM suggests that about
24 hours are necessary for the full restoration of barrier function
to pre-iontophoretic levels. The IS data correlated well with
this assessment. While IS does not provide direct information
about iontophoretic transport pathways, it can be used to make
mechanistic inferences about iontophoresis (10,16,17). Our
experimental post-iontophoretic impedance data are well
described by the model. The resistive component of the post-
iontophoretic skin impedance (thought to be associated with
appendageal pathways) was most affected by current passage
(2,11). This conclusion supports mechanistically the LSCM
evidence that ion transport during iontophoresis occurs along
appendageal pathways (18,19). It should be emphasized, how-
ever, that the involvement of other, non-appendageal iontopho-
retic transport paths cannot be excluded (20) as the nature of
such routes, and their importance, are simply not deducible
using the experimental tools presently available; in addition,
of course, the observations made here using HMS must be
confirmed in human skin. A full characterization of mechanism
awaits additional, more sophisticated experimental strategies.
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