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SUMMARY

The effect of a null mutation for the metallothionein (MT)-I and -II isoforms in mice on the

immunosuppressive action of ultraviolet B (UVB; 280±320 nm) radiation has been examined. Mice

were exposed to a series of increasing daily UVB doses, each dose administered to the dorsum on 3

consecutive days. Erythema was assessed, and measured as its oedema component by the post-

irradiation dorsal skinfold thickness, but there was no effect of the null mutation (MT±/±) observed

after 3r3.4 kJ/m2 of UVB radiation. Immune function was assessed by the contact hypersensitivity

(CHS) response, which was initiated by sensitization on unirradiated abdominal skin, and thus

demonstrated the systemic effects of dorsal treatments. In comparison with the wild-type MT+/+

mouse, the MT±/± mouse was signi®cantly more immunosuppressed by moderate daily UVB doses

(1.75±5.9 kJ/m2). When topically applied cis-urocanic acid (cis-UCA) replaced UVB radiation as

the immunosuppressive agent, contact hypersensitivity in MT±/± mice was again markedly more

suppressed than in MT+/+ mice, in a dose-responsive manner. The results infer that MT, which was

shown immunohistochemically to be strongly induced in the epidermis of MT+/+ mice, but to be

absent in MT±/± epidermis, has the potential to protect from photoimmunosuppression, and that the

mechanism of action may be via the inactivation of the epidermal UVB-photoproduct, cis-UCA.

INTRODUCTION

The metallothioneins (MTs) are a class of small cysteine-rich,

heavy-metal-binding proteins produced in response to a

variety of stresses, in¯ammation, and as components of the

acute-phase response. Consequently a number of apparently

unrelated functions have been ascribed to MT. It has been

suggested that MT may play a major role in the prevention of

tissue damage, and MT has been shown to be an ef®cient free

radical scavenger.1 MT also regulates essential trace metal

homeostasis and plays a protective role in heavy metal

detoxi®cation reactions. However, the essential physiological

role of MT remains unclear and may not have been identi®ed to

date.2 At least four isoforms of MT exist in the mouse, with

MT-I and -II having been localized immunohistochemically to

a number of organs including the skin. MT-III appears to be

localized in the brain, and MT-IV has been identi®ed in some

squamous epithelia and tumour tissue, but not, to date, in skin.

Irradiation of the skin with ultraviolet B (UVB) results in a

range of pathological lesions, some directly induced by the

radiation, some indirectly induced by secondary reactions

involving oxidative processes and the release of reactive

oxidative species such as hydroxyl and superoxide radicals.

In vitro, cell lines which express higher than normal levels of

MT have been demonstrated to be resistant to killing by UV

radiation.3,4 Furthermore, the in vivo induction of cutaneous

MT has been observed in response to a variety of oxidative or

DNA-damaging agents, such as cadmium,5 UVB radiation,6,7

1,25-dihydroxyvitamin D38 and cold stress,9 and has been

correlated with conferred protection from damage resulting

from subsequent UV irradiation, measured as a reduction in

sunburn cell formation.5,8,9 This photoprotective effect of MT,

also described in cultured human and rodent cells, appears to

be associated with its potential to reduce superoxide and

hydroxyl radicals, in support of its suggested role as an

endogenous antioxidant.6

Exposure to UVB radiation not only causes critical damage

to epidermal DNA, most abundantly seen as the formation of

cyclobutyl pyrimidine dimers, but simultaneously selectively

suppresses T-cell-mediated immune function such that initiated
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tumour cells are permitted to survive and proliferate.10 It is not

clear whether UV-induced oxidative damage comprises a

contributing factor for photoimmunosuppression, but evidence

is accumulating to suggest that antioxidant compounds may

reduce the immunosuppression.11±17 It has therefore been of

interest to assess in vivo the role of MT in protection from other

possible oxidant-dependent pathologies of UV irradiation

besides sunburn cell formation, in particular, photoimmuno-

logical impairment. We have utilized the recently developed

mouse strain bearing a null mutation for the MT-I and -II

isoforms, to study effects on the systemic immune suppression

induced by exposure to UVB radiation, or by its putative

immunosuppressive epidermal mediator, cis-urocanic acid (cis-

UCA), using the contact hypersensitivity (CHS) assay as the

measure of the relevant T-lymphocyte immune function.

MATERIALS AND METHODS

Mice

The transgenic mice de®cient in the MT-I and MT-II genes

were created by introducing the mutations into embryonic stem

cells by homologous recombination to produce chimeric mice

of the 129OlarC57BL/6J cross.18 Lines of homozygous MT±/±

and the wild-type MT+/+ were derived from this common

progenitor stock and are therefore congenic. The two lines have

been maintained by random breeding of successive homo-

zygous generations. Six pairs of the two lines were obtained

from the Murdoch Institute, and the experimental animals used

in this study were produced by continuing random homo-

zygous breeding in the Department of Veterinary Anatomy and

Pathology under conventional animal house conditions. Coat

colour phenotype may vary from black to light brown, and the

animals appear to have no special husbandry requirements, to

be fertile, and to have a normal healthy lifespan. The study was

conducted with the ethical approval of the University

Committee on Animal Care.

The mice were bred and maintained in wire-topped plastic

boxes, on inert vermiculite bedding (Boral, Camellia, NSW),

with an ambient temperature of 25u under gold lighting (GEC

F40GO tubes, Davis Ultra Violet Pty Ltd, Marayong, NSW)

which does not emit UVB radiation, on a 12-hr on/off cycle.

They were fed stock laboratory mouse cubes (Norco Stock-

feeds, Lismore, NSW) and tap water ad libitum. For the study,

female mice aged 8±12 weeks were housed together in groups

of six. Hair was clipped from the mice using Oster clippers

24 hr before either UV irradiation or UCA lotion application

(dorsum) or sensitization (abdomen), and mice were selected

for inclusion in the study if apparently in the resting phase of

hair growth (pink skin). Coat colour had no measurable effect

on either the erythema/oedema response or the suppression of

CHS by UVB exposure, so black- and brown-haired mice were

combined in experimental groups.

UVB radiation

A single un®ltered 120-cm ¯uorescent UVB tube (Oliphant

FL40SE, NSW Ultraviolet, Maryong, NSW; equivalent to

Westinghouse FS40 UVB tube) housed in a re¯ective batten

provided the radiation. Irradiance was measured using an

International Light IL1500 radiometer with two detectors

(SEE 015/UVA and SEE 240/UVB; International Light Inc.,

Newburyport, MA) which had been calibrated to the spectral

irradiance of the source (F. Wilkinson, CSIRO National

Standards Laboratory, Brad®eld Park, NSW), and was found

to comprise 2.5r10x4 W/cm2 UVA (320±400 nm) and

4.1r10x4 W/cm2 UVB (280±320 nm).

Erythema is dif®cult to quantify in the mouse and therefore

was assayed by the oedema component of this in¯ammatory

response by measuring mid-dorsal skinfold thickness daily

following UV irradiation, using a spring micrometer (Mercer, St

Albans, UK). The minimal erythemal dose (MED) was found to

be approximately 2.1 kJ/m2 UVA and 3.4 kJ/m2 UVB for both

MT+/+ and MT±/± mice, administered in 14 min. Mice were

exposed dorsally, unrestrained, with the wire cage tops removed,

to UVB daily doses varying from 0.5rMED (1.7 kJ/m2) to

1.74rMED (5.9 kJ/m2) on 3 consecutive days. Ears were

protected with topical application of a UVB-absorber (2-ethyl-

hexyl-p-methoxycinnamate) solution in ethanol (5% v/v).

Immunohistochemical staining

Dorsal skin samples were collected before and 72 hr after UV

irradiation and were ®xed in Histochoice (Amresco, Parkway,

OH) followed by embedding with paraf®n. Deparaf®nized 5-

mm tissue sections were subjected to immunohistochemical

staining for MT with rabbit polyclonal antibody against rat

MT-1, prepared as described elsewhere.19 The bound primary

antibody was then visualized with the avidin±biotin peroxidase

complex (ABC) immunostaining method (PK-4000,Vector

Lab., Burlingame, CA) as previously described.19

Urocanic acid lotions

UCA was purchased (Sigma Chemical Co., St. Louis, MO) as

the trans isomer, and photoisomerized in dimethyl sulphoxide

solution to a photostationary mixture of 52% trans and 48% cis

isomers as previously described.14 Lotions containing 0.2% (w/

v) of trans-UCA, or between 0.02% and 0.5% (w/v) of UV-

irradiated UCA, referred to here as cis-UCA, were prepared in

an innocuous cosmetic oil-in-water emulsion and stored in the

dark at 4u. The base lotion was identical in composition,

without added UCA.14 Aliquots of 0.1 ml (20±500 mg UCA)

were spread evenly over the mouse dorsum and left to be

absorbed for 30 min. The lotions were applied daily for 3

consecutive days.

Induction of contact hypersensitivity

CHS was induced in groups of six mice, on day 8 and day 9

following the ®rst treatment with either UVB radiation or with

UCA lotions, as previously described.20 The sensitizer, 0.05 ml

0.15% (v/v) 2,4-dinitro¯uorobenzene (DNFB; Sigma) freshly

prepared in acetone, was applied to the unirradiated abdominal

skin in order to measure systemic effects. The mice were

challenged on day 15 with 5 ml 0.15% DNFB applied to each

surface of both pinnae. Average ear swelling was calculated at

the peak of the response, usually at 18±20 hr, by the difference

between the group average pre- and post-challenge ear

thicknesses measured with a spring micrometer (Mercer).

The percentage suppression of CHS was calculated in

comparison with the CHS responses of control mice which

were not irradiated with UVB, or which received topical base

lotion application (no UCA) only. Statistical signi®cance of

differences between treatments was assessed by a paired

two-tailed t-test.
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RESULTS

Erythema/oedema

There was no signi®cant difference between the oedema

generated post-irradiation in MT+/+ and MT±/± mice, as

shown in Fig. 1. Therefore, MT-I and -II do not appear to be

important in regulating this response to UVB exposure.

MT expression in skin

Constitutive immunopositive MT expression could be detected

in the epidermal layer of untreated MT+/+ skin, but there was

only very faint non-speci®c staining in the MT±/± skin (Fig. 2).

At 72 hr following irradiation (3r1 MED) there was strong

induction of immunopositive staining in MT+/+ skin, mainly

localized in the basal cell layer of the epidermis and in the cells

lining the hair follicles. There were also discrete immunopo-

sitive cells in the dermal layer, possibly ®broblasts. No positive

staining was found in the epidermal basal cells or follicles or in

the dermis in the MT±/± skin following UVB irradiation. The

epidermal hyperplastic response contributing to erythema can

be seen by the counterstain to be well established by 72 hr, the

time-point at which the mid-dorsal skinfold thickness was

maximal (Fig. 1), and to be present to a similar degree in both

MT+/+ and MT±/± skin. Some diffuse positive staining for MT

was also seen in the upper layers of the irradiated epidermis of

both mouse strains, but this diffuse staining was very weak in

the upper epidermis of MT±/± mice.

CHS reaction

Both MT+/+ and MT±/± mice raised effective reactions to

DNFB (Fig. 3), with ear thickness increasing approximately

two-fold following the challenge treatment, responses of the

magnitude of those observed in other mouse strains.13,14,20

There was no signi®cant difference between the responsiveness

of MT+/+ or MT±/± mice, indicating that MT-I and -II are not

essential for this form of T-cell-mediated immune reaction.

Suppression of CHS by UVB radiation

When MT+/+ mice were exposed to increasing daily doses of

UVB radiation, CHS to DNFB became increasingly sup-

pressed (Fig. 4). In these mice, the lowest daily doses (1.75±

3.7 kJ/m2) of UVB were not immunosuppressive. Higher doses

(4.4±5.9 kJ/m2) increased the suppression dose-responsively

from 3% to 59% suppression.

Figure 2. Immunostaining for MT in the skin of MT+/+ mice (a and b) and MT±/± mice (c and d). Untreated skin (a and c, r50

magni®cation) shows weak staining in MT+/+ epidermis, non-speci®c background staining in MT±/± epidermis. At 72 hr post-UVB

irradiation (b and d, r100 magni®cation) epidermal hyperplasia is evident in both mouse strains; strong MT expression has been

induced in MT+/+ epidermis (b), but there is only background staining for MT in MT±/± epidermis (d).
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Figure 1. Progressive erythema/oedema, measured by mid-dorsal

skinfold thickness, following exposure of MT+/+ and MT±/± mice

(n=10) to 3.4 kJ/m2 daily on 3 consecutive days. Bars =SD.
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MT±/± mice were more readily immunosuppressed by UVB

exposure (Fig. 4) than MT+/+ mice. At the lowest daily UVB

dose of 1.75 kJ/m2 the response was suppressed by 25%, and

there was a progressive UVB dose-related increase in the degree

of suppression to 68% at 5.9 kJ/m2. At this dose, the responses

of the two mouse strains were less disparate, but the

suppression in MT±/± mice was still highly signi®cantly

greater (P<0.001) compared with that in MT+/+ mice. If

the relationship between UVB radiation dose and the degree of

suppression of CHS was examined, it could be calculated that

the 50% immunosuppressive UVB dose was approximately

5.5 kJ/m2 for MT+/+ mice, and approximately 3.8 kJ/m2 for

MT±/± mice.

Suppression of CHS by cis-UCA

Application of trans-UCA (3r200 mg) resulted in 6.9t3.0%

suppression of CHS in MT+/+ mice, and 3.9t3.5% suppres-

sion of CHS in MT±/± mice, neither response being signi®cantly

different from base lotion-treated mice. When MT+/+ mice

were treated with increasing concentrations of cis-UCA, dose-

responsively suppressed CHS became apparent (Fig. 5).

Whereas 20±40 mg cis-UCA daily was not immunosuppressive,

there was a small but signi®cant 9% suppression of CHS

following a daily dose of 100 mg cis-UCA (P<0.05), and the

suppression increased progressively with increasing cis-UCA

concentration to 47% suppression at 500 mg cis-UCA.

In contrast, MT±/± mice revealed a much greater sensitivity

to cis-UCA, and 20 mg cis-UCA daily resulted in 11%

immunosuppression (P<0.01), with increasing suppression

until 53% suppression following 100 mg cis-UCA (Fig. 5). Thus

the relationship between cis-UCA concentration and the degree

of suppression of CHS can be seen to differ markedly between

MT+/+ and MT±/± mice, with approximately 50% suppression

achieved in MT+/+ mice by 500 mg cis-UCA daily, and a

similar level of suppression in MT±/± mice apparent after only

100 mg cis-UCA daily.

DISCUSSION

This study has demonstrated that the systemic suppression of

T-cell-mediated immunity by UVB radiation is exacerbated in

mice bearing a null mutation for the MT-I and -II genes, and

infers that one function of MT, which has not previously been

described, is to provide a pathway of photoimmunoprotection.

The observation is supported by currently available data

showing that induced MT production in cells and experimental

animals confers resistance to other forms of UV photodamage

such as cell death,3 cell proliferation,4 sunburn cell formation5

and the formation of superoxide and hydroxyl radicals.6 We

have demonstrated that exposure to UVB radiation induces

strong epidermal MT expression in normal mice, whereas this

is absent in the mutant MT±/± mouse.

A broad variety of studies have provided substantial

evidence for the involvement of MT in essential trace metal

homeostasis, in heavy metal detoxi®cation and in antioxidant

reactions in a number of tissues. However, there are sparse data

indicating that MT might have an immune regulating function.

Two studies have indicated that extracellular MT could

modulate humoral immune responses in a zinc- or cadmium-

dependent environment,21 and, of more relevance here, that

MT could induce lymphoproliferation,22 although the possible

mechanisms were not clari®ed. It is therefore of interest

that MT is now known to be induced by a number of

immunological mediators and cytokines such as interleukins

x1 and -6 and tumour necrosis factor-a,23,24 mediators known

to be released from UV radiation-damaged skin, and also to be

associated with various aspects of the photoimmunosuppressed

state.25±28

We did not ®nd that there was MT-dependence of the

erythema/oedema response to UVB, in contrast to a recent

study in which histological evaluation of the post-UVB

epidermal hyperplasia revealed marked inhibition in the

MT±/± mouse.29 In that study, erythema was induced by a
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Figure 3. The CHS reaction in MT+/+ and MT±/± mice to DNFB,

indicated by the pre- and post-challenge ear thickness measurements

(n=10 or 12; bars = SD).
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Figure 4. Per cent suppression of CHS to DNFB induced by increasing

daily exposures to UVB radiation in MT+/+ and MT±/± mice, relative

to the response in non-irradiated mice (n=12; bars = SEM).
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single UVB exposure of approximately 2 MED and resulted in

a ®ve-fold increase in epidermal thickness. In our study, a total

exposure of 3 MED was administered in three separate daily

irradiations of 1 MED and resulted in less than a two-fold

increase in skinfold thickness at the maximum time-point. The

UVB dosages and exposure regimes were thus different, as well

as the assessment of epidermal thickness, and suggest that MT-

dependence of erythema may be obvious only with more

injurious UV doses than we have used. This would be

consistent with the reported association of MT with proliferat-

ing cells,30 since keratinocyte proliferation would be more

marked in the post-irradiation repair period. Alternatively,

since our data suggest that the MT+/+ strain is less

immunologically sensitive to both UVB radiation and exogen-

ous cis-UCA than we have found hairless Skh:HR or

conventional C57BL mice to be,14,20,25 but the MT±/± epidermal

hyperplasia was compared in the histological study, not to its

wild-type MT+/+ mouse, but to the sensitive C57BL mouse, it

is possible that unmatched mouse strain genetics may explain

the reported inhibition of hyperplasia. It is also relevant that

immune function has been shown to be more sensitive to UV

irradiation than erythema,31 so that MT immune protection

could be expected to be detectable at smaller UV doses than

MT protection from the hyperplasia and oedema of the

erythema response. We observed that the increasing suscept-

ibility of the MT±/± mouse to photoimmunosuppression by

increasing UVB exposure was most marked at the lower UVB

doses we administered. This would be consistent with a

photoimmunoprotective function of MT at moderate UVB

exposures, but with protection from epidermal hyperplasia

perhaps predominating at higher exposures. It is probable

therefore that the mechanism by which MT inhibits photo-

immunosuppression differs for the MT inhibition of erythema

described by others.

Our results indicate that the immunoprotective role of MT

may be less effective against UVB irradiation than cis-UCA

treatment. This suggests that MT protection may not be

effective against the numerous other mediators of photo-

immunosuppression which have been described,32±34 and which

are likely to interact in different ways to result in the elicitation

of photoimmunosuppression.

There is indirect evidence of an alignment between the

antioxidant and photoimmunoprotective properties of MT,

from studies with aloe extract in mice. These have demon-

strated a concurrent capacity of aloe extract for the scavenging

of radiation-produced reactive oxygen intermediates, main-

tenance of the cellular antioxidant enzymes glutathione

transferase and superoxide dismutase, and induction of MT

in the skin,35 while other studies have demonstrated that aloe

extract protects mice from photoimmunosuppression.36 It is

thus possible that the MT immune protective effect is mediated

via its capacity for inactivation of oxidant photoproducts.

Recent evidence indicates that cis-UCA-induced immunosup-

pression may be potentiated by reactive oxygen species, since a

number of antioxidant treatments have been shown to inhibit

immune suppression induced by both UV radiation and cis-

UCA.11±17 Our results indicate that MT is photoimmunopro-

tective by virtue of its antagonism of cis-UCA, and therefore

would be consistent with the previously demonstrated oxida-

tive radical scavenging function.6 However, the nature of

subsequent oxidant-dependent reactions of cis-UCA, or

relevant cutaneous cytokine derangements that could be

assigned to cis-UCA and which might culminate in immuno-

suppression, remains unclear.

It will be informative to compare the effects of both UVB

exposure and cis-UCA treatment on cutaneous cytokine

patterns in MT+/+ and MT±/± mice, since it is now apparent

that photoimmunosuppression results from a preponderance of

T helper type 2 (Th2)-associated cytokines over Th1 cyto-

kines.37 The mechanism by which MT might contribute to the

endogenous photoprotective defences of the skin in an

immunologically effective way might thus be revealed. In

addition, since this study has compared only normal levels of

MT in the MT+/+ mice with an MT de®ciency in MT±/± mice,

con®rmation of the immunoprotective role of up-regulated

expression of MT is currently being sought.
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