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ABSTRACT. Using a specific and sensitive epidermal
growth factor (EGF) radioimmunoassay, we identified ra-
dioimmunoasayable EGF both in developing and adult
mouse ocular tissues. In neonatal animals ocular EGF
concentrations increase during the first 4-9 days and then
decline between 9 and 15 days. Thyroxine (T4) administra-
tion (0.4 ug/g body weight/day from day 0) increased local
EGF concentrations in eye and skin of 7-day-old neonatal
mouse pups. However, this treatment did not affect sub-
mandibular gland EGF concentrations during the 1st wk
of life. Both EGF and T4 are known to accelerate eye
opening in the neonatal mouse. Exogenous EGF adminis-
tration (2 pg/g body weight/day) during the first 8 days of
life elicited precocious eyelid opening as expected but did
not alter the serum T4 concentration, suggesting that EGF
does not mediate eye opening by T4 dependent mecha-
nism(s). Tissue EGF measurements revealed that the ex-
ogenous EGF was localized in skin and eye; however, other
tissues including lung, liver, heart and submandibular gland
also contained exogenous EGF. Kidney-EGF concentra-
tions did not rise while brain-EGF levels were significantly
decreased after exogenous EGF, suggesting that different
EGF uptake and regulatory mechanism(s) exist in different
tissues during the neonatal period. T4 administration (0.4
ug/g body weight/day) for 10 days to adult mice also
increased ocular-EGF concentrations. However, this in-
crease was abolished by sialoadenectomy, suggesting in
contrast to the newborn, that submandibular gland is an
important source of ocular-EGF in adult mice. These stud-
ies indicate that ocular EGF in the mouse is thyroxine
responsive only during the neonatal period. (Pediatr Res
19: 315-319, 1985)

Abbreviations

T4, thyroxine

EGF, epidermal growth factor
BW, body weight
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Thyroid hormones have been shown to accelerate maturation
of ocular tissues in both mammalian and submammalian species.
In anuram larvae local T4-cholesterol implantation stimulates
the development of eyelids, formation of nictitating membranes,
fusion of cornea, growth of extrinsic muscles, and bulging of the
eyes (1). T4 stimulates the conversion of porphyropsin to rho-
dopsin both in metamorphosing tadpoles (2) and in rainbow
trout (3). The photo pigment conversion by T4 also appears to
be a local effect since monocular implantation of T4-impreg-
nated pellets causes a greater increase in rhodopsin levels in the
treated than in the contralateral eye (2).

Thyroid hormones also stimulate cell proliferation in lens
epithelium of both intact (4) and hypophysectomized adult frogs
(5). In chick embryos thyroid hormones accelerate the develop-
ment of corneal epithelium and endothelium, the two cell layers
essential for the maintenance of corneal transparency (6). Con-
versely thiouracil, an antithyroid agent, has been shown to delay
corneal histogenesis. Similar opposing effects of thyroid hor-
mones and antithyroid drugs have been demonstrated on corneal
dehydration (7) and total corneal thickness, as well as changes in
electrolyte content (8). In rat embryos, congenital eye defects
ranging from excessive retinal fold formation to complete ab-
sence of the lens have been reported following partial thyroid-
ectomy of the mother before prgnancy (9). In neonatal rodents,
administration of thyroid hormones accelerates eyelid opening,
while neonatal hypothyroidism signficantly delays this develop-
mental process (10, 11).

EGF, a polypeptide with mitogenic effects on a variety of
epithelial cells, has been demonstrated to evoke precocious eyelid
opening in newborn rats and mice (12). In vivo and in vitro
studies suggest that EGF may function as a mitogenic agent for
both corneal epithelial (13, 14) and endothelial cells (15, 16).
EGF receptors have been identified in lens epithelial cells (17)
and mitogenic responses of these cells have been observed in
response to EGF in vitro (18, 19). Recently, EGF also has been
shown to evoke angiogenic effects in the avascular corneal stroma
in vivo (20). Hamburgh et al. (21) have shown that EGF admin-
istered systemically will correct the developmental delay of eyelid
opening in hypothyroid rats. Recently we reported that thyroid
hormone administration increases EGF concentrations in neo-
natal mouse skin (22).

To determine whether the action of thyroid hormones on
eyelid opening and eye maturation might be mediated by local
alterations in EGF concentrations, T4 was administered to new-
born mice and changes in ocular EGF concentrations were
assessed by a specific EGF-RIA. The results suggest that thyroid
hormones modulate local EGF concentrations in ocular tissues
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during development. Exogenous administration of EGF also
increased ocular EGF concentrations suggesting the existence of
an EGF uptake mechanism in ocular tissues during the neonatal
period. Studies extended to adult mice suggest that the period of
ocular tissue EGF sensitivity to thyroid hormones is confined to
the neonatal period.

MATERIALS AND METHODS

Animals and treatments. Time dated, pregnant Swiss-Webster
mice were purchased from Simonsen Laboratories, Gilroy, CA.
The mice were housed individually in light controlled’ rooms and
allowed free access to food and water. The day of birth was
considered to be day 0. Eight pups per mother were maintained
for eye-EGF ontogeny studies; in these studies the pups were
sacrificed on days 0, 3, 6, 9, 12, and 15 of postnatal life.

For T4 response studies, newborn mice were injected subcu-
taneously with daily doses of 0.4 ug T4/g BW in 5 ul volume of
0.001 N NaOH. Control animals were injected with similar
volumes of vehicle. Both control and experimental pups were
given injections from birth (day 0) to day 5 and were sacrificed
on day 6. This time period was chosen since preliminary studies
revealed this dose and treatment schedule were sufficient to
induce both precocious tooth eruption and eyelid opening. For
EGF response studies, newborn pups were injected daily subcu-
taneously with 2 ug EGF/g BW dissolved in saline; littermates
received equivalent volumes of saline. Injections were com-
menced within 12 h of birth and repeated at the same time each
day until day 8. Animals were sacrificed on day 9 (the day of
eyelid opening in EGF-treated pups) through acceleration of T4
production.

For studies in adult female mice, animals were purchased from
the supplier 5-7 days prior to treatment and housed in groups
of 3-4 animals per cage. All animals were treated with T4 (0.4
rg/e BW/day) or vehicle for a period of 10 days and sacrificed
24 h after the last injection. A total of 18 animals per group were
used. Blood was collected from the inferior vena cava and pooled;
serum samples were used for hormone measurements.

Sialoadenectomy studies were conducted in adult female
Swiss-Webster mice weighing 30-35 g. Animals were anesthe-
tized with 0.1 mg/g BW sodium pentobarbital (Trico Pharma-
ceutical Co., San Carlos, CA) given as a 1% solution in saline.
Submandibular glands were excised under aseptic conditions and
the skin sutured. Streptomycin sulphate was applied locally to
avoid postoperative infection. Following surgery, animals were
housed in groups of three. Thirty days after sialoadenectomy the
mice were treated with T4 (0.4 ug/g BW/day) or vehicle for a
period of 10 days. Mice were sacrificed 24 h after the last injection
and blood was collected from the inferior vena cava for serum
hormone measurements.

Preparation of Tissue Extracts. In all groups eyes were re-
moved, trimmed of connective tissue, and pooled prior to freez-
ing on dry ice. For studies involving neonatal pups, 32-40 eyes
were pooled per tube, whereas in adult animals 6-12 eyes were
used per tube. Both SMG and dorsal skin were removed and
frozen on dry ice before storage at —20° C. SMG tissues were
pooled in neonatal groups (eight glands per tube), whereas glands
removed from adult animals were processed individually. Tissues
were routinely processed within 48 h after removal. Both SMG
and eyeballs were homogenized in phosphate-buffered saline
(homogenizing buffer), pH 7.2, at 4° C using a glass Teflon
homogenizer. Whole dorsal skin homogenate were prepared
using a Tekmar Tissuemizer as described earlier (22). All ho-
mogenates were centrifuged at 25,000 X g for 30 min at 4° C
and supernatants were used both for protein determination (23)
and for EGF-RIA. v

EGF-RIA and Recovery Studies. EGF was measured by double
antibody RIA as previously described (22). Standard curves were
prepared in triplicate at nine dilutions and samples were assayed
in triplicate at two dilutions. Parallelism of [**’I]JEGF displace-
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ment by dilutions of eyeball tissue homogenate supernatant and
standard EGF was assessed in thyroxine treated and control
neonatal and adult mice. Recovery studies were performed by
adding varying amounts of standard EGF to 100 ul of eye
homogenate supernatants from young and adult mice. The meas-
ured EGF per tube was compared to the amount expected.
Percentage recoveries were calculated from quintuplicate speci-
mens. Mean recovery was 108 + 4% (mean + SEM).

Serum thyroid hormone measurements. Serum T4 and T3
concentations were measured as described earlier (22). ['*]]
labeled T4 and T3 were purchased from Nichols Institute (San
Juan Capistrano, CA).

Purification of EGF. EGF was isolated as described by Savage
and Cohen (24). The final fraction was characterized as a single
band by polyacrylamide gel electrophoresis and manifested an
apparent molecular weight of 6000 as described previously (22).
The bioassy for EGF in newborn mice was performed according
to the method of Cohen (12). Briefly mice were treated (subcu-
taneously) from birth, either with saline or EGF (1 or 2 pug/1.5¢g
BW/day); a total of six pups for each dose was employed. Both
higher and lower doses elicited eyelid opening on days 8 and 9,
respectively. Saline-treated pups opened their eyelids on day 14.
These results are similar to those reported by Cohen (12).

Statistical analyses. Statistical analysis of the data was con-
ducted using Student’s ¢ test; the level of significance was taken
as p < 0.05 unless otherwise specified.

RESULTS

RIA of EGF in eye homogenates and developmental changes.
Figure 14 illustrates the displacement curves of purified mouse
EGF and eye homogenate supernatant dilutions in the EGF-
RIA. Displacment curves of ['*’I]EGF from antibody were par-
allel for standard EGF and for serial dilutions of eye extracts
prepared from neonatal and adult female mice with and without
T4 treatment. This indicates the presence of EGF-like immu-
noreactive material both in neonatal and in adult ocular tissues.

EGF-RIA measurements also were conducted in eye tissue
homogenate supernatants prepared from neonatal animals dur-
ing various stages of development. Figure 1 B shows the ontoge-
netic profile of eye-EGF content (pg EGF/pair of eyes) as a
function of increasing postnatal age. Between 4-9 days of age
there was a progressive increase in ocular EGF concentration;
the mean EGF concentration increased 7- to 8-fold (from 14-
106 pg/pair of eyes) during this 5-day period. A marked reduction
in eye EGF concentration was observed between 9 and 15 days.
The mean EGF concentration on day 15 approximates 25% of
the level observed on day 9 of neonatal life.

Influence of T4 on EGF concentrations in eye, skin, and SMG
tissue of neonatal mice. Serum concentrations of T4 and T3 in
mice receiving T4 (0.4 ug/g BW/day during the first 6 days) were
significantly elevated compared to control mice. (Control versus
T4-treated animals: T4 2.2 + 0.2 versus 15.0 = 1.9 ug/dl, p <
0.0001; T3 40 % 3.5 versus 71 + 7.0 ng/dl, p < 0.005). No
significant differences were noted in mean body weights of
control and T4 treated animals (3.44 + 0.07 versus 3.58 + 0.09
g, respectively, p > 0.05). T4 treatment increased mean EGF
concentration both in skin and eye (Fig. 24); the mean SMG-
EGF concentration of T4-treated animals was not significantly
different from that of controls.

Effects of EGF administration on serum T4 and tissue EGF
concentration in neonatal mice. Administration of EGF, 2 ug/g
BW/day, did not affect the mean body weight or mean serum
T4 levels (Table 1), but the EGF-treated animals exhibited early
eyelid opening on day 9. There was no change in (wet) organ
weights (expressed as % BW) of the EGF-treated animals relative
to controls. Ther results of tissue EGF concentrations are shown
in Figure 3; EGF was expressed relative to mg of tissue protein.
Significant increments in EGF were detectable in all tissues
studied. The tissue EGF concentrations in control animals varied
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in decreasing order as follows: brain, kidney, skin, lung, eye,
SMG, heart, and liver. EGF injection produced significant in-
creases in EGF concentrations in skin, eye, lung, liver, SMG,
and heart tissues relative to control animals. Mean kidney EGF
concentrations were not altered and mean brain EGF concentra-
tion after EGF treatment was significantly decreased (Fig. 3).
Effect of T4 administration with and without sialodenectomy
in adult mice. Administration of T4 (0.4 ug/g BW/day) to adult
female mice for 10 days increased serum T4 (control versus T4-
treated animals: 4.4 + 0.6 versus 17.8 = 1.8 pg/dl, p <0.01) and
T3 concentrations (40 + 10.3 versus 592 + 159, ng/dl, p <0.01).
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Fig. 1. A, radioimmunoassay for mouse SMG-EGF (®). Parallel dis-
placement was observed for serial dilutions of ocular tissue supernatant
(0), adult mouse and (A), neonatal mouse. B, developmental profile of
ocular-EGF content in neonatal mice. Each point represents the mean +
SEM of three or four individual determinations. See “Materials and
Methods” for details of pooling of tissue specimens.
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Fig. 2. Effect of T4 administration on EGF levels in eye, skin, and
SMG. Newborn mice received daily injections of thyroxine or vehicle
from day O to 5 and were sacrificed on day 6.
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Fig. 3. Effect of EGF administration on tissue EGF concentrations
in neonatal mice. Newborn pups were injected daily with EGF (2 ug/g
BW/day) or saline from day 0 to 8. Animals were sacrificed on day 9
and tissue EGF was quantified by RIA as described in “Materials and
Methods.” Each bar represents mean + SEM of three or four individual
determinations. No statistically significant differences were noted in
kidney-EGF concentrations for EGF-treated compared to control pups.
* p<0.01; ** p < 0.005; *** p < 0.001.

Table 1. Effect of exogeneous EGF administration in neonatal mice*

Body wt Organ wt (g/100 g BW)
: Serum T4

Treatment No. of animals Day 0 Day 9 (ug/dl) Brain Kidney Lung Eye SMG Heart Liver
Saline 48 1.51 6.15 8.1 5.23 1.32 1.99 0.45 0.59 0.59 3.36
+.035 +.09 +.29 +.29 +.07 +.11 +.01 +.02 +.02 +.07

EGF 32 1.57 5.90 7.6 5.40 1.25 1.85 0.43 0.55 0.61 3.25
+.034 +.13 +.022 +.16 +.07 +.14 +,02 +.03 +.01 +,08

NS NS NS NS NS NS NS NS NS NS

* Newborn pups received either EGF (2 ng/g BW/day) or saline from day 0 to day 8 and were sacrificed on day 9. Data are presented as mean +
SEM. Tissue weights were registered either singly (brain, SMG, heart, and liver) or in pairs (lung, kidney, and eye).
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Hormone treatment did not affect mean body weight (body
weight of T4-treated animals before and after hormone treat-
ment: 35.5 = 0.6 and 37.8 =+ 0.8 g, p > 0.05). After 10 days
treatment, mean EGF concentrations in SMG and eye tissues
had increased to 318 and 1125% of control values, respectively
(p <0.001) (Fig. 4). The administration also increased skin EGF
concentration as previously reported (25). The results of siaload-
enectomy on tissue EGF concentration responses to T4 treat-
ment of adult female mice are shown in Table 2. The T4
treatment produced the expected increase in serum T4 and T3
levels without affecting mean body weight. However, in contrast
to previous experiments, sialoadenectomy abolished the T4
evoked increase in EGF in the eye tissue.

DISCUSSION

As already discussed, thyroid hormones have been shown to
accelerate development of the eye. Although malformations of
the eye are not consistently observed following the administration
of antithyroid substances, a wide range of intraocular abnormal-
ities in several species have been demonstrated in response to
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Fig. 4. Effect of exogenous T4 on SMG and eye EGF concentrations
in adult mice. Adult female mice were injected with T4 or vehicle for 10
days and tissue EGF contents were measured as described in “Materials
and Methods.” Results represent the mean + SEM of three independent
determinations. * p < 0.001.
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abnormalities of thyroid function (hypo and hyperthyroidism).
Both morphological and biochemical parameters, for neural
retina (9) to corneal cells (6, 26), have been reported to be
sensitive to changes in thyroid hormone status. In contrast, there
is only limited information at present to suggest that EGF
influences ocular morphogenesis. EGF is known to accelerate
eyelid opening in both euthyroid (12) and hypothyroid neonatal
rodents (21) and there is accumulating evidence to suggest that
both corneal epithelium and endothelium represent target tissues
of EGF (27). The mitogenic responses of these cells, taken
together with the evidence for the existence of functional EGF
receptors in lens epithelium (18, 19), support this view. However,
to date, there has been no report of an adverse effect of EGF
antiserum on the developing eye.

We previously proposed the hypothesis (28) that EGF may be
mediating selected maturational effects of thyroid hormones. To
test this hypothesis we measured EGF in developing eye tissue
with and without T4 administration. Our results document, for
the first time, the existence of EGF in the developing eye. Though
the origin and site(s) of EGF localization in the eye have not
been resolved by the present studies, the observed rapid increase
and then decline in EGF concentration in neonatal mouse eye
tissue support the view that this growth factor has a role in
maturation of the eye during this critical period. The eye opening
effect of T4 is reported to be due to growth of the eye and
resulting exophthalmos (29), whereas EGF is reported to have a
direct effect on keratinization of the eyelid skin (30).

The observation in the present study that T4 increases eye
EGF concentration would support the hypothesis that T4 me-
diates the orderly events of eye maturation through EGF effects
on both skin and eye tissues. The dose of T4 utilized is in the
pharmacological range (e.g. 0.4 ug/g BW versus a physiological
dose of 0.02 to 0.04 ug/g BW), and despite this we observed that
T4 did not increase SMG EGF in the neonatal animal, whereas
a marked SMG-EGF response to T4 was observed in the adult.
This suggests that T4 may stimulate local EGF synthesis or EGF
receptor binding in the neonatal eye. Whether the lack of EGF
responsiveness in neonatal SMG, in contrast to skin and eye
tissues, is secondary to absence of specific hormone receptors or
postreceptor mechanism(s) requires further investigation.

EGF has been suggested to exert a TRH-like effect in the CNS
(31). In addition, high concentrations of EGF have been identi-
fied in human thyroid glands (32), and EGF has been shown to
be a potent mitogen for sheep thyroid cells in tissue culture (33).
Thus, to exclude an effect of EGF on thyroid metabolism, we
investigated the effect of EGF on serum T4 levels in developing
mice. The lack of an EGF effect on serum T4 does not rule out
an effect of EGF on hypothalamic-pituitary thyroid maturation
or function, but does suggest that the effect of EGF on eyelid
opening is not mediated via an increase in T4 secretion. The
observed increase in EGF content both in skin and eye suggests
that enhanced epidermal Keratinization of supraocular skin and
ocular growth together may contribute to the T4 mediated early
eyelid opening process. However, the nature of cellular and

Table 2. Effect of exogenous T4 administration on eye-EGF in sialoadectomized adult female mice

Body wt (g) Serum iodothyronines
T4 T3 Eye-EGF concentrations
Treatment Initial Final (ug/dl) (ng/dl) (pg/mg protein)
Control 30.8 04 324+0.2 6.2+ 1.1 50 £ 11 50 +£29
Thyroxine 33.9+0.6 372+ 1.0 154 £4.2* 486 + 144% 26 =13
NS NS NS

Thirty days after surgery mice were treated daily with T4 (0.4 ug/g BW/day) or vehicle for 10 days. Results are expressed as mean = SEM. See

“Materials and Methods” for other details.
tp<0.01.
1 p<0.001.
$p<0.05.
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biochemical mechanism(s) that underlie this process remains
obscure.

The effect of EGF on eye opening in neonatal mice indicates
that the EGF preparation used in this study had very similar
biopotency as reported by others (12, 34, 35). However, we did
not observe a decrease in body weight in response to EGF as
observed by other investigators (34-36). The reason for this is
not clear. Similarly, EGF administration did not affect organ
weights. In studies conducted in newborn rats using a similar
dose and duration of EGF administration, Heimberg et al. (36)
observed an increased liver/BW ratio thought to be secondary to
increased hepatic triglyceride accumulation. These results suggest
the possibility of a species specific organ response to EGF.

The present results of measurements of tissue EGF levels
following EGF administration indicate a differential distribution
in various tissues. Based on the relative EGF distribution the
tissues could be classified into three categories: tissues with
increased (skin, eye, heart, lung, SMG, and liver), decreased
(brain), and unchanged (kidney) EGF levels. Whether these
variations in tissue EGF distribution represent differences in rate
of EGF uptake, binding, or degradation needs to be studied.
Many cell types and membrane preparations of primary cells
and whole organs have been shown to contain EGF receptor
systems (37). Evidence for the existence of EGF induced down
regulation of EGF receptor systems in embryonic tissues (38)
and specific in vivo uptake in skin and eyes of adult animals (39)
suggest that neonatal animals are likely to possess similar receptor
mechanisms.

The absence of T4 responsiveness of EGF concentrations in
adult eye tissues of sialectomized mice suggests that SMG is the
source for the increased eye EGF levels observed in nonsialec-
tomized adult mice after T4 treatment. In the present study, we
did not investigate whether T4 caused release of EGF from SMG.
Both a-adrenergic agonists (40) and aggressive behavior (41)
have been reported to cause release of EGF from adult SMG.
Experiments are in progress to determine whether T4 causes of
SMG-EGF in addition to its effect on EGF synthesis in SMG.
The absence of T4 responsiveness of eye EGF in sialoadenectom-
1zed adult mice contrasts with the effect of T4 in neonatal animals
in which ocular EGF levels increased in the absence of an increase
in SMG-EGF. Another extrasalivary source of EGF is possible
in the neonatal period; this also is under investigation.

The thyroid hormone-mediated increase in skin and eye EGF
in the neonatal period may represent an effect of T4 on tissue
EGF synthesis, tissue EGF uptake/binding, or EGF degradation.
Further study is necessary to assess these possibilities. Also, it is
not clear whether EGF and T4 elicit eyelid opening by similar
mechanisms. The identification and study of specific biochemical
responses in various intraocular tissues may provide a model(s)
to study whether thyroid hormones mediate growth responses
through spectfic growth factors.
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