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PURPOSE. To evaluate the efficacy and dose–response of
transcorneoscleral Coulomb controlled iontophoresis (CCI) of
carboplatin in the treatment of retinal tumors of a murine
model of retinoblastoma.
METHODS. Thirty 6-week-old LHBETATAG mice underwent a total
of six, serial iontophoretic treatments administered two times
per week using a current density of 2.57 mA/cm2 for 5 minutes. Fourteen animals received carboplatin treatments at concentrations of 1.4, 7.0, 10.0, or 14.0 mg/mL without current.
Ten control mice underwent treatment with balanced saline
solution.
RESULTS. A dose-dependent inhibition of intraocular tumor was
observed after repetitive iontophoretic treatment. At carboplatin concentrations of 7 mg/mL, 50% of the treated eyes (4/8)
exhibited tumor control. No corneal toxicity was observed in
eyes treated at carboplatin concentrations under 10 mg/mL.
CONCLUSIONS. CCI delivery of carboplatin safely and effectively
controls intraocular tumors in a dose-dependent manner in this
murine model of retinoblastoma. CCI is a noninvasive, painless
option for the focal delivery of carboplatin. However, further
clinical and laboratory research is needed before this method
of drug delivery is available for children with retinoblastoma.
(Invest Ophthalmol Vis Sci. 2006;47:3717–3721) DOI:
10.1167/iovs.06-0365

R

etinoblastoma, the most common primary intraocular malignancy of childhood, comprises 3% of registered tumors
in children under the age of 15 years.1–3 Current treatments for
retinoblastoma have led to a survival rate of greater than 95%.4
However, current therapies are associated with long-term morbidity, particularly in children with germline rb-1 mutations.5,6
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Thus, current therapies available for patients with retinoblastoma, particularly systemic chemotherapy and external beam
radiation therapy, have recently come under increasing scrutiny.
External beam radiation, once used in the treatment of
retinoblastoma, carries significant and potential limitations.
First, delayed radiation complications including retinopathy,
vasculopathy, optic neuropathy, cataract, and neovascular
glaucoma occur.7–10 Second, the heritable component of retinoblastoma appears to generate a cancer diathesis, with an
increased incidence of second primary tumors in the field of
radiation.5,6,11
Systemic chemotherapy, involving delivery of carboplatin
alone or in combination with etoposide and vincristine, is
currently standard in the management of bilateral retinoblastoma.4,12–14 It is insufficient for tumor control and is often
followed by adjuvant focal treatment such as cryoablation or
laser therapy.15–18 The treatment is associated with significant
morbidity and potential mortality through drug-related toxicities and, similar to external beam radiation therapy, may have
the potential to increase the risk of subsequent second cancers
in childhood survivors with germ-line rb-1 mutations.19
Focally delivered chemotherapy could carry the benefits
associated with chemoreductive treatment and would conceivably spare patients the associated toxicity and mutagenic potential associated with the systemic delivery of chemotherapy.
Focal carboplatin therapy delivered intravitreally or subconjunctivally has been shown to be effective in reducing the
tumor burden in the LHBETATAG model of retinoblastoma.20,21
In this study, we describe the application of Coulomb controlled iontophoretic (CCI) delivery of carboplatin and evaluate
its potential efficacy in the reduction of retinal tumor burden in
the LHBETATAG model of retinoblastoma. The key to this study
is the integration of CCI coupled with carboplatin chemotherapy, potentially providing a safer and more effective noninvasive treatment modality for transocular drug delivery.

METHODS
The study protocol was approved by the University of Miami School of
Medicine Animal Care and Use Review Board. All experiments were
conducted in accordance with the ARVO Statement for the Use of
Animals in Ophthalmic and Vision Research.
The LHBETATAG mouse model has been described.22,23 Briefly, a
highly expressed transgene drives retinal tumor development by overexpression of the SV40 large T antigen. LHBETATAG mice develop
bilateral retinoblastoma that resembles the human disease. Pathologic
evidence of tumor is noted by 4 weeks of age, and tumors expand to
fill the globe by 16 weeks of age. In this study, mice were treated at 6
weeks of age, when tumors are typically small, and residual tumor
volume was analyzed at 16 weeks of age.

CCI Treatment Parameters
Optimal current density and charge application times were evaluated
in 15 6-week-old LHBETATAG. Animals were anesthetized with intramuscular injections of ketamine hydrochloride and xylazine. Treatments
consisted of application of the positive custom CCI platinum electrode
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balanced saline only, as a safety study for repetitive treatment. Fellow
left eyes were always observed as the untreated control.

Histopathologic Study of Transgenic Mice

FIGURE 1. Schematic diagram of the CCI system, which includes a
peristaltic pump to induce circulation and a constant drug flow. A
transscleral applicator, containing the positively charged carboplatin
solution, is the anode. The CCI electrode is placed on the sclera
immediately posterior to the cornea. The negatively charged electrode
is attached to 30-gauge needle inserted intramuscularly into the flank of
the mouse during treatment, completing a closed circuit.
(active electrode) embedded in a polycarbonate material with silicon
tubing to the mouse eye (Fig. 1). The CCI eyecup was placed on the
eye, resting on the anterior sclera, abutting the corneal limbus (inner
diameter of the CCI probe 3.14 mm, average diameter of the mouse
cornea 3.0 mm). The negatively charged electrode (passive electrode)
was attached to 30-gauge needle inserted intramuscularly into the flank
of the mouse during treatment, completing a closed circuit. Carboplatin was dissolved in balanced saline solution to achieve the desired
concentrations and resulted in a positively charged solution with pH of
5.8. Carboplatin solution was pumped continuously through the electrode at a rate of 0.55 mL/min and a suction of 5 mm Hg. Treatments
were administered at current densities of 1.28, 2.57, 3.21, 3.85, and
5.14 mA/cm2. Eyes were examined after treatment at 2, 5, and 10
minutes. After treatment at these different intensities, eyes were examined through a slit lamp for conjunctiva, cornea, and sclera damage.
At the conclusion of the study treatments, all animals underwent serial
ophthalmic examinations to evaluate for potential ocular toxicity.

Repetitive CCI in Transgenic Mice
Six-week-old, LHBETATAG mice underwent six serial CCI treatments
delivered two times per week. All treatments were administered at a
controlled current of 2.57 mA/cm2, for 5 minutes. Thirty LHBETATAG
mice were treated in the right eye with a total of six CCI treatments at
concentrations of 1.4, 7, 10, or 14 mg/mL of carboplatin. Fourteen
LHBETATAG mice were treated in the right eye with six sham CCI
treatments (no current) at concentrations of 1.4, 7, 10, or 14 mg/mL of
carboplatin. Ten control animals received six CCI treatments with

Animals were euthanatized at 16 weeks of age with an overdose of
ketamine hydrochloride and xylazine hydrochloride. Both eyes were
enucleated and immediately immersion-fixed in 10% formalin. Eyes
were paraffin embedded, serially sectioned, and stained with hematoxylin-eosin. Sixty 5.0-m axial sections were obtained beginning at a
depth of 1.4 mm to ensure cross sectioning of the optic nerve in all
eyes. Light microscopic examination was performed on all histopathologic sections in a masked fashion. Eyes were evaluated for evidence of
corneal, lenticular, retinal, or scleral toxicity. Tumors were assessed by
analyzing the histopathologic hematoxylin-eosin–stained eyes under
the light microscope. Eyes were graded positive for tumor development if any histopathologic evidence of tumor was present and negative in the absence of tumor. Complete tumor control represented total
absence of any tumor on gross and histopathologic review. Further,
the presence of any tumor including microscopic tumor was considered a treatment failure in this study.

Statistical Analyses
Outcomes were analyzed, and a logistic regression program was used
for statistical modeling to calculate dose–response curves (LogXact;
Cytel Software, Cambridge, MA). Carboplatin concentration and tumor
burden were analyzed as independent variables.

RESULTS
Safety of CCI
An investigation of CCI parameters for the treatment of retinoblastoma in this mouse model revealed an optimal transmittance of drug and absence of conjunctival, corneal, and scleral
damage at current densities of 2.57, 3.21, or 3.85 mA/cm2. No
damage to the ocular tissues was observed in treatment times
varying from 2 to 5 minutes in duration using this current
density. A current density greater than 5.14 mA/cm2 was associated with corneal–limbal toxicity at all treatment times evaluated. Signs of toxicity corresponded to a slight corneal epithelium damage and/or a very light superficial yellowing of the
sclera reminiscent of a burn.

Iontophoretic Treatment of Transgenic Mice
All control eyes, including untreated fellow eyes, placebotreated eyes, and eyes treated with carboplatin but no current,
revealed large intraocular tumors (Fig. 2A). Experimental eyes
treated at carboplatin concentrations of 1.4 mg/mL demonstrated a reduction in tumor volume when compared with
untreated control eyes; however, none of the eyes at this dose

FIGURE 2. Histopathologic examination of enucleated globes of 16-week-old LHBETATAG mice after six
serial CCI carboplatin treatments. (A) A control eye receiving balanced saline. A large retinal tumor is
present. (B) Eye treated with 1.4 mg/mL of carboplatin. A moderate-sized tumor is present, demonstrating
a reduction in tumor volume yet a lack of complete tumor control. (C) Eye treated with 14 mg/mL of
carboplatin, showing an absence of tumor. Extreme carboplatin toxicity is evident at this concentration,
resulting in phthisis. Hematoxylin and eosin; magnification ⫻7.
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TABLE 1. CCI Delivery of Carboplatin

FIGURE 3. Histopathologic examination of enucleated globes of 16week-old LHBETATAG mice after six serial CCI carboplatin treatments.
(A) Eye treated with 7 mg/mL of carboplatin without applied current.
Note large retinal tumor. (B) Eye treated with 7 mg/mL of carboplatin
with applied current of 2.57 mA/cm2. No evidence of cataract, scleral
thinning, corneal decompensation or decomposition, or retinal abnormality is present. Note complete tumor control. Hematoxylin and
eosin; magnification ⫻7.

exhibited complete tumor control (Fig. 2B). At carboplatin
concentrations of 14 mg/mL (maximum solubility of carboplatin in BSS) all eyes (9/9, 100%) exhibited complete tumor
control. Toxicity is evident in all animals treated at this concentration, with phthisis developing in some eyes (Fig. 2C).
Histopathologic examination of enucleated globes of transgenic mice treated with six serial iontophoretic carboplatin
applications at a concentration of 7.0 mg/mL, but without
current, did not result in tumor control (Fig. 3A). Histopathologic examination of enucleated globes of transgenic mice
treated with six serial iontophoretic carboplatin applications at
a concentration of 7.0 mg/mL and a current of 2.57 mA/cm2 for
5 minutes resulted in a complete tumor control in 50% of the
treated eyes (4/8; Fig. 3B). There was no evidence of cataract,
scleral thinning, corneal decompensation or decomposition, or
retinal abnormality in any of the eyes treated at this dose. A
dose-dependent inhibition of intraocular tumor was observed
after repetitive CCI treatment (Fig. 4, Table 1). The tumor
control dose for 50% of eyes treated (TCD50) with iontophoretic carboplatin was determined by regression analysis to
occur at a carboplatin concentration of 7.0 mg/mL. At carboplatin concentrations of 10 mg/mL most of the treated eyes
revealed moderate corneal toxicity (epithelial keratopathy
and/or corneal thinning) on histopathologic examination. All
eyes treated with carboplatin concentrations of 14 mg/mL

FIGURE 4. Tumor control dose–response curve of six serial CCI carboplatin deliveries. TCD50 ⫽ 7 mg/mL. Increased tumor control correlates directly with increased carboplatin concentration (P ⬍ 0.001).
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Carboplatin
Concentration
(in the Eyecup)

Eyes with Corneal
Toxicity
n, (%)

Eyes with Complete
Tumor Control
n, (%)

14 mg/mL
10 mg/mL
7.0 mg/mL
1.4 mg/mL
BSS Control

9/9 (100)
5/6 (83)
0/8 (0)
0/7 (0)
0/7 (0)

9/9 (100)
6/6 (100)
4/8 (50)
0/7 (0)
0/7 (0)

LHBETA TAG mice underwent six serial CCI treatments delivered
two times per week. Treatments were administered at a controlled
current density of 2.57mA/cm2, 5 minutes in duration.

revealed complete corneal opacity as well as cataract. Retinal
and choroidal thinning was also present. No ocular toxicity
was observed in eyes treated at carboplatin concentrations less
than 10 mg/mL.
Logistic regression analysis (LogXact; Cytel Software) was
used to calculate a dose–response curve to estimate the relationship between carboplatin concentration and tumor control. The logistic regression analysis demonstrated that increased tumor control correlates directly with increased
carboplatin concentration (P ⬍ 0.001).

DISCUSSION
Iontophoresis, the transfer of drugs across tissues through the
application of a differential charge density, was first initiated in
1908 for the treatment of ocular disorders such as corneal
ulcers, keratitis, and episcleritis.24 In the past 10 years, numerous studies have documented the delivery of various drugs into
ocular tissues in both the anterior and posterior chambers.
Since then, other investigators have reported transcorneal and
transscleral iontophoresis of antimitotic, antifungal, and antibacterial agents in the animal with varying degree of success.25–32 Transscleral iontophoresis has been associated with
damage to the retina and choroid, including thinning and
disorganization of layers of the retina and occlusion of the
choriocapillaris.32 The delivery systems used by these researchers, however, did not address Coulomb’s laws, resulting in
retinal lesions and large variations in drug concentrations in the
aqueous and vitreous. The Bascom Palmer Eye Institute, Ophthalmic Biophysics Center, has developed a CCI system specifically designed for ophthalmic application30,33–36 This system
is in clinical use in Europe37 and in the United States.38 The
CCI used in this study maintains a constant current density (in
milliamps per square centimeter), a constant concentration of
carboplatin (in micrograms per milliliter), and a constant suction of 5 mmHg throughout the treatment period, resulting in
effective transmission of drug into the ocular tissues without
high charge density and fluctuation. This reduces complications such as tissue burning.
Iontophoresis uses a low-potential, continuous electrical
field, incorporating two conductive electrodes to transfer ions
across a tissue barrier. The electrode that contains the drug
(the active electrode) is placed over the treatment site and a
second electrode (the passive electrode), placed elsewhere on
the body, closes the electrical circuit. The passive electrode
has a large surface area, hence low impedance, thereby avoiding potential focal burns. The electrical field (E) and the potential (V) are selected to produce a small direct electrical
current (DC) across the treatment tissue. Although the exact
mechanism of action is unknown, it is postulated that the
electrical field alters the epithelial interstitial spaces allowing
the ionized drug to transfer across the treatment tissue.
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When iontophoresis is used for drug delivery, the best
candidate drug is a low-molecular-weight, charged molecule.
According to electrical principals, if the molecule is positively
charged, it is driven from the anode, and if it is negatively
charged, it is driven from the cathode. Although iontophoresis
delivery could be inversely dependent on the molecular weight
of the candidate drug,39 it has been shown that neutral molecules and high-molecular-weight molecules such as proteins
can be delivered into the skin by the means of iontophoresis.40
Of note, although the size of the molecule is an important
factor influencing iontophoretic delivery, it has been demonstrated, using oligonucleotide penetration through the skin,
that the base sequence and the base composition also affect
steady state transport across the skin. Therefore, the molecular
structure of the candidate drug may influence iontophoretic
transport.
The chemical properties of carboplatin are uniquely attractive for application of CCI in the treatment of retinoblastoma.
Carboplatin, an analogue of cis-platinum, is a crystalline powder with the molecular formula of C6H12O2PtO4 and a low
molecular weight of 371.25 kDa. The polar molecule is neutral,
but takes on a positive charge when dissolved in balanced salt
solution. Carboplatin is soluble in balanced salt solution to a
concentration of 14 mg/mL at a pH of 5.5. In vivo, carboplatin
is metabolized to diaminoplatinum and a nonplatinum carboxyl moiety. Both carboplatin and its metabolite maintain the
cytotoxic mechanism of action associated with the creation of
inter- and intrastrand DNA linkages that impair cell replication.41
Previous studies in our laboratory have demonstrated the
efficacy of focally delivered chemotherapy alone and in combination with other treatment modalities using subconjunctivally delivered carboplatin in a transgenic murine retinoblastoma model.20,21,42,43 Another study has also shown clinically
relevant carboplatin levels in the vitreous of primates after
peribulbar and epibulbar administration.44 Based on these favorable outcomes Abramson et al.45 studied the efficacy and
safety of subconjunctival administration of carboplatin in patients with retinoblastoma. After a median of three subconjunctival injections per eye, they found the treatment to be efficacious for retinoblastoma and suggested further evaluation of
local delivery systems for carboplatin.
A major concern of focal chemotherapy delivered by subconjunctival injection is the risk of globe penetration during
drug delivery. Invasion of the globe may result in tumor seeding along the needle track.46 CCI offers a noninvasive method
of drug delivery that is optimal for small charged molecules
such as carboplatin. A study performed in our laboratory has
demonstrated that transcorneoscleral CCI effectively delivers
carboplatin and its metabolites into the retina, choroid, vitreous, and optic nerve in the rabbit eye.47 This study showed
that CCI not only delivers carboplatin to ocular tissues, but
remarkable retinal tumor control can be attained at doses at
which toxicity is not detected.
Corneal damage or toxicity after CCI treatment is a concern
and may discourage the use of this technology in children with
retinoblastoma. However, it is possible that the toxicity seen
after CCI delivery to the mouse eye is due mainly to the
anatomy of the mouse eye. The mouse cornea, unlike the
human cornea, encompasses nearly half of the eye, almost to
the equator. Therefore, it was difficult to avoid contact of the
electrode with the cornea, which may have resulted in cornea
epithelial damage. This may not be indicative of what is expected after treatment of a human eye. CCI delivery of carboplatin to the rabbit eye, which is more anatomically similar to
the human eye, did not result in toxicity. Histopathology
showed no signs of toxicity after six transscleral CCI applications (14 mg/mL carboplatin, 2.5 mA/cm2, 20-minute duration/
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application).47 Also, there were no reports of corneal toxicity
in the CCI human studies.33,37–38
Transcorneoscleral iontophoretic delivery of carboplatin is
a promising option for the focal delivery of carboplatin. CCI
represents an effective and relatively noninvasive application
of focal therapy for the treatment retinoblastoma. Dose-dependent inhibition of intraocular retinoblastoma was documented
with an excellent therapeutic window and a tumor control
dose for 50% of treated eyes occurring at 7 mg/mL for a
treatment application time of 5 minutes. This study establishes
a framework for further investigation into the clinical application of CCI carboplatin delivery in children with early and
late-stage intraocular retinoblastoma.
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