
was determined by irradiating normal,
untreated rabbit eyes with the 308-nm
UV light source for various time inter-
vals. Twenty-four hours after expo-
sure, all eyes were evaluated for kera-
titis and scored by the method of Mc-
Donald and Shadduck." A 15-minute
exposure induced mild keratitis in all
eyes. A dose-response curve was ob-
tained in the control eyes exposed to
UV light, with progressively longer
exposure periods resulting in increas-
ing inflammation (Table). Pretreat-
ment with Parsol-MCX prevented
keratouveitis from 30-minute and 60-
minute (Fig 4) exposures, whereas a
15-minute exposure of castor oil-
treated control eyes reliably produced
keratitis (P < .001). The protective ef-
fect of Parsol-MCX persists at least
120 minutes, because delaying the 60-
minute UV light exposure until 60
minutes after application of chro-
mophore also showed protection from
the keratitis.

COMMENT

In our studies, two UV light-absorb-
ing chromophores (Parsol-1789 and
Parsol-MCX) appeared to be well tol-
erated by NZW rabbit eyes when top-
ically applied to the conjunctival space
in a single drop. In no animal was acute
toxicity noted, as manifested by ap-
parent discomfort, corneal clouding,
conjunctival hyperemia or chemosis,
or decreased appetite. We performed
trephinations of corneas at various
times after application of topical chro-
mophore, then used a spectrophotom-
eter to measure decreased transmit-
tance. A 20% reduction in corneal UV-
A light transmittance was achieved
following a single drop of 10% wt/wt
Parsol-1789. Because UV-A light prob-
ably has little ability to cause kerati-
tis, this protection is possibly of lim-
ited clinical significance. In contrast,
Parsol-MCX, a UV-B light-absorbing
chromophore, protected our rabbit
corneas against experimental UV
light-induced keratitis. Pretreatment
with Parsol-MCX allowed a fourfold
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increase in UV light dosage without
producing observable keratitis. This
protective effect persists when the UV
light exposure is delayed for 60 min-
utes after application of the chro-
mophore. Since Parsol-MCX absorbs
light in the UV-B light range, these
findings are consistent with prior stud-
ies that have demonstrated UV light-
induced keratitis to be primarily due to
UV-B radiation.'" We did not see any
apparent toxicity immediately after
application of drops containing either
Parsol-1789 or Parsol-MCX or after 24
hours (Table), suggesting that these
chromophores are nontoxic in the
short term. Further studies are indi-
cated to rule out possible long-term
toxicity.

We attempted to quantitate the re-
duction in UV light transmittance
from topically applied chromophores
in two fundamentally different ways-
in vitro spectrophotometric measure-
ment of corneal transmittance and in
vivo reduction of clinical UV light-in-
duced keratitis. Since untreated nor-
mal cornea transmits little UV-B ra-
diation, the reduction of UV light
transmittance in this wavelength
range by a chromophore cannot be ad-
equately assessed by spectrophoto-
metric measurement. Because of the
necessity of trephining the corneas,
with loss of precorneal tear film, we
believe that simple in vitro spectro-
photometric measurement probably
underestimates the actual reduction in
UV light transmittance. An in vivo
model assessing corneal injury from
UV radiation provides a quantitative
assessment of UV-B light damage, and
relative protection by a chromophore
can be quantitated into a sun protec-
tion factor defined as threshold UV
light dose in chromophore-treated
eyes or threshold UV light dose in un-
treated eyes. Because of its reproduc-
ibility, this in vivo method is used to
evaluate sunscreens for dermatologic
use. Using this measure, we observed a
sun protection factor of at least 4 after
application of one drop of Parsol-MCX.

Since normal human cornea trans-
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mits almost all light longer than 300
nm, ocular contents such as lens and
retina are constantly subjected to UV-
A and UV-B nonionizing radiation.
This lifelong exposure of ocular tissues
produces cumulative damage to the
lensh" and retina.' Prevention of pho-
todamage by reduction of UV light ex-
posure by alteration of corneal trans-
mittance is potentially of clinical sig-
nificance. Krah et al'' have shown an in
vitro reduction in corneal UV light
transmittance following topical tetra-
cycline. Tetracycline is a photosensi-
tizing agent, however, and its use as a
UV light-absorbing chromophore is
therefore not advisable. In addition,
tetracycline was not demonstrated to
be effective in reducing UV light-re-
lated injury. Bergmanson and
coauthors" demonstrated that UV
light-filtering soft contact lenses could
protect the rabbit cornea from photo-
keratitis, similar to our findings with a
topical chromophore. Unlike our
study, they used a single exposure time
for the control and UV light-filtering
lens eyes, and it is unlikely that a con-
tact lens would protect against UV
light-induced conjuctival injury.

Hats and sunglasses reduce ocular
UV light exposure incompletely. In
fact, sunglasses that insufficiently ab-
sorb UV light can paradoxically in-
crease the amount of UV light reach-
ing the intraocular tissues by produc-
ing pupillary enlargement. We
conclude that a UV light-absorbing
chromophore, topically applied to the
conjunctival space, could possibly re-
duce cumulative human ocular damage
by nonionizing radiation and augment
the effect of hats and sunglasses. Fur-
ther studies will be necessary to deter-
mine if UV light-absorbing chro-
mophores, such as Parsol-MCX, might
be of clinical value in the prevention of
UV light-induced keratitis and other
ocular lesions, such as cataract and
retinal lesions.
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of the compounds used in this study or in their
manufacturers.
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A Transgenic Mouse Model for Trilateral Retinoblastoma
Joan M. O'Brien, MD; Dennis M. Marcus, MD; Rene Bernards, PhD; James L. Carpenter, DVM;
Jolene J. Windle, PhD; Pamela Mellon, PhD; Daniel M. Albert, MD

We present a murine model of trilat-
eral retinoblastoma. Ocular retinoblas-
toma and central nervous system tumors
are observed in a line of mice formed by
the transgenic expression of SV40 T-anti-
gen. An oncogenic protein known to bind
to the retinoblastoma gene product
(p105-Rb) is specifically expressed within
retinal cells in this model. All animals that
carry this genetic alteration develop mul-
tifocal retinal tumors. Midbrain tumors are
observed in 15% of ocular tumor-bearing
animals, and these arise ventral to the
cerebral aqueduct at the level of the pineal
gland. Both ocular and central nervous
system neoplasms are heritable in het-
erozygous offspring through 10 sequential
generations of breeding. Retinal tumors

etinoblastoma (Rb) is the most
common ocular malignancy of

childhood. Thirty percent to 40% of
children with Rb have a heritable form
of this disease,' while the remaining
affected children have spontaneous so-
matic mutations that will not be trans-
mitted to their own offspring.

Observation of the transmission
pattern of Rb led Knudson et al2 to
formulate a "two hit hypothesis" for
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display the gross appearance, invasive
properties, light and electron microscopic
features, and immunohistochemical stain-
ing characteristics of human retino-
blastoma. The light and electron micro-
scopic characteristics as well as immuno-
cytochemical features of undifferentiated
midline central nervous system neoplasms
further correlate with human trilateral
retinoblastoma. We postulate an alterna-
tive mechanism of retinoblastoma tumori-
genesis that involves functional inactiva-
tion of retinoblastoma protein locally in
the face of an intact retinoblastoma gene
locus.

(Arch Ophthalmol. 1990; 108: 1145-
1151)

tumorigenesis. They postulated that
the heritable form of Rb arises
through transmission of a mutant al-
lele from a carrier parent or through a
new mutation that appears in the
germline. Such a mutant allele is car-
ried within every cell of the affected
child. A second somatic mutation at a
locus homologous to the mutant locus
occurs in the retina, resulting in com-
plete inactivation of the Rb gene prod-
uct and triggering tumorigenesis. The
developing retina contains a large
number of cells susceptible to Rb inac-
tivation, and this accounts for high
penetrance as well as bilateral, multi-
focal expression in the heritable form
of this disease. Eighty percent to 90%
of children with heritable germline
mutations in the Rb locus will develop
this ocular malignancy.

The second form of Rb is not herita-
ble. This neoplasm arises through two
unrelated mutational events that oc-
cur at homologous loci within a single
retinal cell. These double mutation
events are unlikely to occur sporadi-

cally in more than one retinal cell. The
nonheritable form of Rb is therefore
expressed unifocally and unilaterally.'
Children with this form of the disease
show mutations only within tumor
cells and therefore do not transmit the
disease to their own offspring.

Knudson's theory has been substan-
tiated by cytogenetic investigation of
deletions specific to Rb,4 the observa-
tion of restriction fragment-length
polymorphism in a linked genetic
marker," and cloning of DNA loci that
correspond to the Rb gene.' '° Both
copies of the Rb gene are altered in Rb
as well as in some osteosarcomas and
soft-tissue sarcomas.'" Absent or al-
tered messenger RNA expression is
reported in the majority of sporadic
and familial Rbs.'2

An association of bilateral Rb with
midline intracranial malignancies in-
volving the pineal gland or suprasellar
or parasellar regions has been recog-
nized occasionally in patients with the
heritable form of this disease."-" The
clinical entity has been termed human
trilateral Rb. Central nervous system
lesions are believed to be second pri-
mary tumors rather than metastatic
lesions, based on a number of histo-
pathologic criteria." The concomitant
appearance of bilateral ocular tumors
and midline intracranial neoplasms
argues for the existence of a primor-
dial cell that is transformed in both
instances.

It is noteworthy that 50% of chil-
dren who survive bilateral Rb develop
a second primary malignancy within
20 years of treatment.'6 Abnormalities
in the structure of the Rb gene have
recently been noted in human small-
cell lung cancer,'2 breast cancer,'' and
bladder cancer from patients without
Rb." These observations suggest that

Trilateral Retinoblastoma -O'Brien et al 1145
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was determined by irradiating normal,
untreated rabbit eyes with the 308-nm
UV light source for various time inter-
vals. Twenty-four hours after expo-
sure, all eyes were evaluated for kera-
titis and scored by the method of Mc-
Donald and Shadduck." A 15-minute
exposure induced mild keratitis in all
eyes. A dose-response curve was ob-
tained in the control eyes exposed to
UV light, with progressively longer
exposure periods resulting in increas-
ing inflammation (Table). Pretreat-
ment with Parsol-MCX prevented
keratouveitis from 30-minute and 60-
minute (Fig 4) exposures, whereas a
15-minute exposure of castor oil-
treated control eyes reliably produced
keratitis (P < .001). The protective ef-
fect of Parsol-MCX persists at least
120 minutes, because delaying the 60-
minute UV light exposure until 60
minutes after application of chro-
mophore also showed protection from
the keratitis.

COMMENT

In our studies, two UV light-absorb-
ing chromophores (Parsol-1789 and
Parsol-MCX) appeared to be well tol-
erated by NZW rabbit eyes when top-
ically applied to the conjunctival space
in a single drop. In no animal was acute
toxicity noted, as manifested by ap-
parent discomfort, corneal clouding,
conjunctival hyperemia or chemosis,
or decreased appetite. We performed
trephinations of corneas at various
times after application of topical chro-
mophore, then used a spectrophotom-
eter to measure decreased transmit-
tance. A 20% reduction in corneal UV-
A light transmittance was achieved
following a single drop of 10% wt/wt
Parsol-1789. Because UV-A light prob-
ably has little ability to cause kerati-
tis, this protection is possibly of lim-
ited clinical significance. In contrast,
Parsol-MCX, a UV-B light-absorbing
chromophore, protected our rabbit
corneas against experimental UV
light-induced keratitis. Pretreatment
with Parsol-MCX allowed a fourfold
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increase in UV light dosage without
producing observable keratitis. This
protective effect persists when the UV
light exposure is delayed for 60 min-
utes after application of the chro-
mophore. Since Parsol-MCX absorbs
light in the UV-B light range, these
findings are consistent with prior stud-
ies that have demonstrated UV light-
induced keratitis to be primarily due to
UV-B radiation.'" We did not see any
apparent toxicity immediately after
application of drops containing either
Parsol-1789 or Parsol-MCX or after 24
hours (Table), suggesting that these
chromophores are nontoxic in the
short term. Further studies are indi-
cated to rule out possible long-term
toxicity.

We attempted to quantitate the re-
duction in UV light transmittance
from topically applied chromophores
in two fundamentally different ways
in vitro spectrophotometric measure-
ment of corneal transmittance and in
vivo reduction of clinical UV light-in-
duced keratitis. Since untreated nor-
mal cornea transmits little UV-B ra-
diation, the reduction of UV light
transmittance in this wavelength
range by a chromophore cannot be ad-
equately assessed by spectrophoto-
metric measurement. Because of the
necessity of trephining the corneas,
with loss of precorneal tear film, we
believe that simple in vitro spectro-
photometric measurement probably
underestimates the actual reduction in
UV light transmittance. An in vivo
model assessing corneal injury from
UV radiation provides a quantitative
assessment of UV-B light damage, and
relative protection by a chromophore
can be quantitated into a sun protec-
tion factor defined as threshold UV
light dose in chromophore-treated
eyes or threshold UV light dose in un-
treated eyes. Because of its reproduc-
ibility, this in vivo method is used to
evaluate sunscreens for dermatologic
use. Using this measure, we observed a
sun protection factor of at least 4 after
application of one drop of Parsol-MCX.

Since normal human cornea trans-
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mits almost all light longer than 300
nm, ocular contents such as lens and
retina are constantly subjected to UV-
A and UV-B nonionizing radiation.
This lifelong exposure of ocular tissues
produces cumulative damage to the
lens,' and retina.' Prevention of pho-
todamage by reduction of UV light ex-
posure by alteration of corneal trans-
mittance is potentially of clinical sig-
nificance. Krah et al" have shown an in
vitro reduction in corneal UV light
transmittance following topical tetra-
cycline. Tetracycline is a photosensi-
tizing agent, however, and its use as a
UV light-absorbing chromophore is
therefore not advisable. In addition,
tetracycline was not demonstrated to
be effective in reducing UV light-re-
lated injury. Bergmanson and
coauthors" demonstrated that UV
light-filtering soft contact lenses could
protect the rabbit cornea from photo-
keratitis, similar to our findings with a
topical chromophore. Unlike our
study, they used a single exposure time
for the control and UV light-filtering
lens eyes, and it is unlikely that a con-
tact lens would protect against UV
light-induced conjuctival injury.

Hats and sunglasses reduce ocular
UV light exposure incompletely. In
fact, sunglasses that insufficiently ab-
sorb UV light can paradoxically in-
crease the amount of UV light reach-
ing the intraocular tissues by produc-
ing pupillary enlargement. We
conclude that a UV light-absorbing
chromophore, topically applied to the
conjunctival space, could possibly re-
duce cumulative human ocular damage
by nonionizing radiation and augment
the effect of hats and sunglasses. Fur-
ther studies will be necessary to deter-
mine if UV light-absorbing chro-
mophores, such as Parsol-MCX, might
be of clinical value in the prevention of
UV light-induced keratitis and other
ocular lesions, such as cataract and
retinal lesions.

The authors have no proprietary interest in any
of the compounds used in this study or in their
manufacturers,
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A Transgenic Mouse Model for Trilateral Retinoblastoma
Joan M. O'Brien, MD; Dennis M. Marcus, MD; Rene Bernards, PhD; James L. Carpenter, DVM;
Jolene J. Wind le, PhD; Pamela Mellon, PhD; Daniel M. Albert, MD

We present a murine model of trilat-
eral retinoblastoma. Ocular retinoblas-
toma and central nervous system tumors
are observed in a line of mice formed by
the transgenic expression of SV40 T-anti-
gen. An oncogenic protein known to bind
to the retinoblastoma gene product
(p105-Rb) is specifically expressed within
retinal cells in this model. All animals that
carry this genetic alteration develop mul-
tifocal retinal tumors. Midbrain tumors are
observed in 15% of ocular tumorbearing
animals, and these arise ventral to the
cerebral aqueduct at the level of the pineal
gland. Both ocular and central nervous
system neoplasms are heritable in het-
erozygous offspring through 10 sequential
generations of breeding. Retinal tumors

P etinoblastoma (Rb) is the most
common ocular malignancy of

childhood. Thirty percent to 40% of
children with Rb have a heritable form
of this disease,' while the remaining
affected children have spontaneous so-
matic mutations that will not be trans-
mitted to their own offspring.

Observation of the transmission
pattern of Rb led Knudson et al' to
formulate a "two hit hypothesis" for
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display the gross appearance, invasive
properties, light and electron microscopic
features, and immunohistochemical stain-
ing characteristics of human retino-
blastoma. The light and electron micro-
scopic characteristics as well as immuno-
cytochemical features of undifferentiated
midline central nervous system neoplasms
further correlate with human trilateral
retinoblastoma. We postulate an alterna-
tive mechanism of retinoblastoma tumori-
genesis that involves functional inactiva-
tion of retinoblastoma protein locally in
the face of an intact retinoblastoma gene
locus.

(Arch Ophthalmol. 1990; 108: 1145-
1151)

tumorigenesis. They postulated that
the heritable form of Rb arises
through transmission of a mutant al-
lele from a carrier parent or through a
new mutation that appears in the
germline. Such a mutant allele is car-
ried within every cell of the affected
child. A second somatic mutation at a
locus homologous to the mutant locus
occurs in the retina, resulting in com-
plete inactivation of the Rb gene prod-
uct and triggering tumorigenesis. The
developing retina contains a large
number of cells susceptible to Rb inac-
tivation, and this accounts for high
penetrance as well as bilateral, multi-
focal expression in the heritable form
of this disease. Eighty percent to 90%
of children with heritable germline
mutations in the Rb locus will develop
this ocular malignancy.

The second form of Rb is not herita-
ble. This neoplasm arises through two
unrelated mutational events that oc-
cur at homologous loci within a single
retinal cell. These double mutation
events are unlikely to occur sporadi-

cally in more than one retinal cell. The
nonheritable form of Rb is therefore
expressed unifocally and unilaterally.'
Children with this form of the disease
show mutations only within tumor
cells and therefore do not transmit the
disease to their own offspring.

Knudson's theory has been substan-
tiated by cytogenetic investigation of
deletions specific to R13,4 the observa-
tion of restriction fragment-length
polymorphism in a linked genetic
marker," and cloning of DNA loci that
correspond to the Rb gene.' " Both
copies of the Rb gene are altered in Rb
as well as in some osteosarcomas and
soft-tissue sarcomas." " Absent or al-
tered messenger RNA expression is
reported in the majority of sporadic
and familial Rbs."

An association of bilateral Rb with
midline intracranial malignancies in-
volving the pineal gland or suprasellar
or parasellar regions has been recog-
nized occasionally in patients with the
heritable form of this disease."" The
clinical entity has been termed human
trilateral Rb. Central nervous system
lesions are believed to be second pri-
mary tumors rather than metastatic
lesions, based on a number of histo-
pathologic criteria." The concomitant
appearance of bilateral ocular tumors
and midline intracranial neoplasms
argues for the existence of a primor-
dial cell that is transformed in both
instances.

It is noteworthy that 50% of chil-
dren who survive bilateral Rb develop
a second primary malignancy within
20 years of treatment.'6 Abnormalities
in the structure of the Rb gene have
recently been noted in human small-
cell lung cancer,12 breast cancer,'' and
bladder cancer from patients without
Rb.'8 These observations suggest that
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the Rb gene may have a central role in
restraining tumorigenesis. It is loss or
alteration of the Rb gene that predis-
poses to malignant transformation,
earning it the designation of tumor-
suppressing gene or antioncogene.

Evidence for a direct interaction be-
tween the Rb gene as a tumor-sup-
pressing gene and known tumor-pro-
moting genes has recently become
available."'" It is postulated that on-
cogenic proteins may induce malig-
nant transformation by blocking nor-
mal cellular regulatory proteins. The
product of the Rb gene is known to be
a nuclear phosphoprotein." Although
the specific function of the Rb protein
remains undefined, it is believed that
this protein plays a critical role in
maintaining normal cellular growth.
Specific binding and functional in-
activation of p105-Rb may be one
mechanism through which oncogenic
proteins induce transformation. The
SV40 T-antigen (SV40 T-ag) is a well-
characterized viral protein known to
promote tumorigenesis. The trans-
forming function of SV40 T-ag may
require specific binding to the Rb gene
product.20,23'24 This Rb-binding onco-
gene exhibits sequences homologous to
a number of known oncogenes. The
T-ag is used as a transgene in the
present model.

Transgenic mice are created by in-
troduction of new genes into pronuclei
of recently fertilized eggs. The em-
bryos are transferred to pseudopreg-
nant mothers and allowed to develop to
term. In a fraction of births the in-
jected gene or genes are incorporated
into the genome of all cells, including
the germ cells, thereby creating a
transgenic animal." We previously de-
scribed the molecular biologic corre-
lates of this process.24 We now report
and characterize the development of
heritable ocular tumors and midline
brain tumors with marked resem-
blance to human trilateral Rb in a sin-
gle line of transgenic mice."-" These
mice represent the first animal model
of this human malignancy.

MATERIALS AND METHODS

The transgene used in this model con-
tained the human luteinizing hormone
(LH) 0-subunit promoter region from
1.09 kb to +9 base pair relative to the
transcription initiation site. This promoter
was linked to the SV40 early region from
the Bgl I site to the BamHI site." This re-
striction fragment lacked the SV40 early
promoter region but contained the protein
coding region for T-ag and t-ag, including
the translation initiation and transcription
termination sites. The fusion construct was
purified and injected into fertilized single-
cell oocytes." The F, generation was pro-

* *
Fig 1.Focus (arrows) of retinoblastoma cells located in the area of the bipolar cell layer (b) of
the retina demonstrating Homer Wright rosettes. Photoreceptor cell layer (P) is observed (hema-
toxylin-eosin, original magnification X700),

duced by mating transgene-bearing ani-
mals with CB6F1/J (C57B1/6J X Balb/cJ)
males and females, obtained from Jackson
Laboratory, Bar Harbor, Maine. Trans-
gene-bearing offspring were selected by
slot-blot analysis of tail DNA using an
SV40 T-ag-specific probe.

Mice were sacrificed and necropsies per-
formed 6 weeks to 4 months after birth.
Tissues were fixed in 5% buffered formalin
and 3% phosphate-buffered glutaralde-
hyde-sucrose or quick frozen in liquid ni-
trogen. Processed tissue was sectioned for
light microscopy and transmission electron
microscopy or for immunohistochemical
analysis. Southern blot analysis of total ge-
nomic DNA was performed using an SV40
T-ag-specific probe."

RESULTS

Fifteen lines of transgenic mice
were created. Bilateral ocular tumors
occurred in a single line of mice as a
result of transgene expression. In the
remainder of the transgenic lines a low
level of T-ag expression was observed
in gonadotrope cells of the anterior
pituitary. The present investigation
focuses on the single murine line with
ocular tumor phenotype.

Gross examination of enucleated
eyes shows a spectrum ranging from
apparently normal eyes to eyes con-
taining retinal tumors filling the vit-
reous cavity. All animals that carry
the transgene in this line of mice
develop ocular tumors. The tumors are
consistently bilateral and multifocal
and begin to develop at age 1 to 2
months. Smaller tumors appear con-
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tiguous with the retina, while larger
tumors are associated with total reti-
nal detachment and optic nerve inva-
sion. Approximately 15% of trans-
genic animals develop focal midline
neoplasms involving the midbrain in
the region of the pineal gland. These
midbrain tumors are observed in ani-
mals that show early intraocular neo-
plasms that have not yet invaded the
optic nerve.

Microscopically, intraocular tumors
(Figs 1 and 2) are composed of small
cells with relatively large hyperchro-
matic nuclei and scanty cytoplasm.
Two types of rosettes are seen. The
first is composed of rows of photore-
ceptorlike cells separated by a delicate
basement membrane from an internal
photoreceptorlike material (Flexner-
Wintersteiner rosette). The second ro-
sette structure is characterized by a
single row of larger cuboidal cells that
surrounds a fibrous matrix (Homer-
Wright rosette). Tumor cells are ad-
herent to the retinal pigment epithe-
lium and to Bruch's membrane and are
present within the choroid and the op-
tic nerve.

Midbrain tumors typically display
round, undifferentiated cells arranged
in a diffuse manner or in clusters. Nu-
clei are round to oval and occasionally
indented; they have dispersed chroma-
tin and small nucleoli. More differen-
tiated brain tumors are composed of
somewhat smaller cells with hyper-
chromatic nuclei; these cells are some-
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Fig 2. Top, Retinal tumor showing cells with photoreceptor character-
istics forming large rosettes (hematoxylin-eosin, original magnification
X500). Bottom, High-powered view of Flexner-Wintersteiner rosette
(hematoxylin-eosin, original magnification X1000).

times arranged in a palisading pattern
(Figs 3 and 4).

Electron microscopic studies of in-
traocular tumors confirm light micro-
scopic findings of generally uniform,
small cells with large nuclei and scanty
cytoplasm (Fig 5). Rosettes composed
of photoreceptor cells with delicate in-
ternal-limiting membranes and inner-
segment material are seen (Fig 6). Less
differentiated rosettes, characterized
by cuboidal tumor cells arranged in a
radial pattern around a tangle of
fibrils, are also abundant (Fig 7).

Additional ultrastructural features
of intraocular tumors include cilia
with a characteristic 9 + 0 configura-
tion (Fig 8); nuclear triple membrane
structures with a central dense layer of
either granular or fibrillar chromatin
bounded on both sides by membrane
(Fig 9); cytoplasmic microtubules (Fig
10); and dense-core secretory granules
(Fig 11). Midbrain tumors are gener-
ally less differentiated than intraocu-
lar tumors, although membrane-

Arch OphthalmolVol 108, August 1990

Fig 3. Top, Sagittal section of neuroblastic brain tumor (m) localized
to the midbrain, anterior to the cerebellum (c), at the level of the pineal
gland. A normal pineal gland is observed (arrows) (hematoxylin-eosin,
original magnification X300). Bottom, High-powered view of brain tumor
demonstrating highly undifferentiated, bizarre cells with palisading nu-
clei and numerous mitoses (original magnification X700).

bound mitochondria with resemblance
to inner-segment structures of normal
retina are present.

Immunohistochemical analysis re-
veals intraocular and midbrain tumors
to be positive for neuron-specific eno-
lase and negative for S100 protein and
vimentin. Glial fibrillary acidic pro-
tein is identified within the stroma of
the tumor but not within the tumor it-
self.

Fifty percent of progeny from mat-
ings between transgene-bearing ani-
mals and CB6F1/J breeders carry the
SV40 T-ag transgene. This heterozy-
gous transmission pattern was con-
firmed through 10 generations by dot-
blot analysis of purified tail DNA us-
ing an SV40 T-ag-specific probe. The
transgene acts dominantly in determi-
nation of phenotype; 100% of dot-
blot-positive animals develop ocular
neoplasms with diagnostic features of
retinoblastoma. Fifteen percent of
these transgene-bearing animals de-
velop midline brain tumors.

Northern-blot analysis of total RNA
prepared from a variety of transgenic
tissues shows specific expression of
SV40 T-ag within ocular tissues."
Southern-blot analysis of total ge-
nomic DNA using an SV40 T-ag-spe-
cific probe reveals a relatively simple
restriction pattern in the region of
transgene integration. The transgene
is contained within a 23-kb ECORI
fragment (Fig 12). We previously pro-
vided evidence of a specific association
between SV40 T-ag and p105-Rb
within tumor cells by immuno-
precipitation." The transgene integra-
tion site on chromosome 4 is clearly
distinct from the Rb locus."

COMMENT

A single line of transgenic mice car-
rying the protein-coding region of
SV40 T-ag fused to an LH a-subunit
promoter develop heritable ocular tu-
mors with marked resemblance to hu-
man Rb. Retinoblastoma is a neuro-
blastic tumor of nucleated retinal lay-
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Fig 4. Higher-powered view of normal pineal gland (p) with adjacent
dysplastic cells (arrows) within the midbrain (hematoxylin-eosin, original
magnification X750).

Fig 5. Undiff erentiated tumor cells arising from the retina, having small
round nuclei (n), one or more nucleoli (ni), and dispersed chromatin. Note
the invaginations of the nuclear envelope (arrow). The cytoplasm con-
tains mitochondria (M) and ribosomes (R) (original magnification
X3080).

Fig 6.Photoreceptor cells from the retinal tumor (arrows) in the inner
portion of a rosette. Limiting membrane (LM) and inner-segment mate-
rial (IS) are present within the lumen (L) (original magnification X 1560).

ers characterized by cells with large
hyperchromatic nuclei and minimal
cytoplasm."'" The tumor tends to out-
grow its blood supply; viable tumor
cells surround dilated blood vessels
while areas 110 Am or more from
nutrient vessels show coagulative ne-
crosis with prominent calcification."
In rare instances, complete necrosis
and calcification have been associated
with spontaneous and permanent re-
gression of this malignancy."

Rosette formation is also a distinc-
tive feature of human Rb. No other
neural tumor contains these highly
differentiated rosettes in such large
numbers." The Flexner-Wintersteiner

Fig 7. Area of cuboidal retinal tumor cells forming a rosette pattern
around a fibrous matrix (F). The nuclei contain nucleoli (Ni) and marginal
chromatin (C) and have invaginated nuclear membranes (arrows). There
are mitochondria and groups of ribosomes (R) in the cytoplasm (original
magnification X6055).

rosette, composed of cuboidal cells at-
tached at apical ends by terminal bars
surrounding a central lumen, is a di-
agnostic feature of Rb. The Homer
Wright rosette is also characteristic of
Rb, but has been described in other
neural tumors, including neuroblasto-
ma, sympathicoblastoma, and cerebel-
lar medulloblastoma. This rosette is
composed of a single row of cuboidal
cells surrounding a tangle of fibrous
cytoplasmic processes."'" Both Flex-
ner-Wintersteiner and Homer Wright
rosettes are observed in every trans-
genic intraocular tumor examined.
More differentiated transgenic mid-
brain neoplasms also display rosette

1148 Arch Ophthalmol Vol 108, August 1990

formation.
Electron microscopic studies of

transgenic Rbs confirm ultrastruc-
tural features consistent with human
Rb, including cilia with a 9+0 pattern,
cytoplasmic microtubules, and lamel-
lated membranes." As in human Rb,
Muller cells that normally separate
the inner segments of photoreceptor
cells are absent; tumor cells are joined
directly by terminal bars.

Immunohistochemical stains are
also consistent with human Rb and are
identical to a widely studied human Rb
cell line, Y-79. While undifferentiated
human Rb cells demonstrate both neu-
ron-specific enolase and glial fibrillary
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Fig 8.Transverse section of cilia with a 9+0 pattern (arrows) and
basal bodies (BB) (original magnification X41 000).

Fig 10.Tumor-cell cytoplasm containing microtubules, with a diame-
ter of 20 to 25 nm (arrows) (original magnification X131 000).

acidic protein, differentiated cells dis-
play either glial or neuronal features."
These transgenic tumors, staining pos-
itively for neuron-specific enolase and
negatively for glial fibrillary acidic
protein, display a neuronal pattern of
differentiation.

The characteristic mode of exten-
sion of intraocular Rb is by local
invasion." Endophytic tumors grow
from the retina into the vitreous space,
while exophytic tumors grow toward
the choroid. Invasion of the optic nerve
with extension to the brain is also ob-
served. Transgenic retinal tumors
demonstrate endophytic growth, exo-
phytic growth, and direct optic nerve
invasion.

Bilateral and multifocal tumors are
associated with heritable Rb in chil-
dren. This transgenic model parallels
human germline mutation in that tu-
mors are expressed in both eyes, with
multiple discrete foci of tumor devel-
opment.

Fig 9.Triple membrane structure (TMS) with dense chromatin mate-
rial involving the nuclear envelope. A portion of the nucleus (N) is shown.

Fig 11.Neurosecretory granules (arrows) within ocular tumor cells
(original magnification X41 000).

The development of midbrain tu-
mors at lower incidence suggests fur-
ther correspondence with heritable
human Rb. In the present model cen-
tral nervous system tumors arise in
conjunction with well-differentiated
intraocular neoplasms that do not in-
vade the optic nerve. Brain tumors
were observed as unifocal, discrete
masses involving the midbrain, in the
region of the pineal gland. Diffuse
spread along meninges is not observed.
At necropsy, metastatic lesions are
absent elsewhere in the body. The ap-
pearance of these neoplasms is consis-
tent with independent primary tumors
as opposed to metastatic lesions."
These midbrain malignancies may cor-
respond to para/suprasellar tumors
observed in children with trilateral
Rb.

Why should the SV40 T-ag trans-
gene produce ocular tumors with
marked resemblance to human Rb?
Although a complete explanation is

not yet available, perhaps one step to-
ward malignant transformation in-
volves the specific expression of SV40
T-ag within mouse retinal cells. The
transforming region of T-ag is known
to specifically bind the protein product
of the Rb gene.2° This binding may lead
to inactivation of the Rb protein or to
a reduction in the dosage of available
Rb protein. Abnormalities in Rb-gene
expression have been associated with
malignant transformation in an in-
creasingly wide variety of tu-
mors.8,11,12,17,18 Loss of the Rb gene prod-
uct has, however, been most frequently
associated with the development of Rb.
It is possible that the retina has a
unique susceptibility to malignant
transformation when p105-Rb is inac-
tivated or when the available p105-Rb
dosage is reduced.

This provides only a partial expla-
nation for tumorigenesis in our model.
Although many transgenic lines with
SV40 T-Ag pituitary expression were
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Fig 12. -Southern blot analysis of SV40 T-ag hybridization to total genomic DNA from four trans
genic animals of the same line and BalbC control mice. A relatively simple restriction pattern in
the region of transgene integration is evidenced by the fact that the transgene(s) is contained within
a 23-b EcoRI fragment.

developed, only one line showed phe-
notypic expression of Rb. It is likely
that some random integration event in
this single Fo mouse placed SV40 T-ag
under other, unexpected, regulatory
controls.

Microinjected transgenes integrate
into the genome randomly. When sev-
eral lines of transgenic mice show an
identical pattern of tissue-specific ex-
pression, the likely conclusion is that
regulatory signals within the trans-
gene itself direct this tissue-specific
expression. It is unlikely that the LHB
promoter directs SV40 expression to
the retina, given an absence of retinal
tumors in other lines created with the
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