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Abstract Contact hypersensitivity (CHS) is a T-cell-mediated skin inflammatory reaction to cutaneous exposure to small

sensitizing chemicals, haptens. Majority of CHS studies were conducted in mice and there is paucity of data in other

experimental animals. In this review, after a brief survey of murine CHS, hitherto known characteristics of CHS in rats

were presented including inflammatory and immune mechanisms of both sensitization and elicitation phases. Survey of

literature of rat CHS is presented, with our data concerning the importance of genetic background both in the induction and

in the expression of reaction to dinitrochlorobenzene. The knowledge of CHS in rats, preferred animal in immunophar-

macological studies, might help development of immunomodulatory intervention in contact allergy.
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Introduction

Allergic contact dermatitis (ACD) is a common skin

inflammatory disease in humans, which develops at site of

skin re-exposure to contact allergen, called hapten, in

individuals previously sensitized with the same, or a

structurally closely related, hapten. ACD is the second

most commonly reported occupational illness, accounting

for 10–15% of all occupational diseases [1]. It is charac-

terized by redness, papules and vesicles, followed by

scaling and dry skin [2]. Pathophysiology of ACD is

studied on animal, mostly murine, models referred as

contact hypersensitivity (CHS).

General characteristics of murine contact

hypersensitivity

Contact hypersensitivity is a T-cell-mediated skin inflam-

matory reaction to cutaneous exposure to small sensitizing

chemicals, haptens. As shown in murine models of CHS to

strong haptens (as dinitrohalobenzenes and oxazolone),

called ‘‘experimental haptens’’ since not encountered in

environment, two distinct phases are necessary to achieve

optimal CHS reaction (Fig. 1). The sensitization phase

(known as afferent or induction phase) starts with the first

contact of the skin with the hapten, after its topical appli-

cation to animal’s abdominal or dorsal area. Owing to their

lipophilic nature, haptens get into the skin and their

chemical reactivity enable them to bind to skin proteins [3].

Epidermal and dermal dendritic cells in skin uptake hapten

or haptenated proteins and migrate to skin-draining lymph

nodes under the influence of inflammatory signals such as

interleukin (IL)-1 and tumor necrosis factor (TNF), gen-

erated in the skin by hapten application [4]. In the regional

lymph nodes, hapten-loaded dendritic cells present hapte-

nated peptides bound to major histocompatibility complex

(MHC) class I and II molecules to naı̈ve hapten-specific
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CD8? and CD4? T cells, respectively, stimulating their

activation and proliferation [5]. Production of IL-2 and IL-

6 during sensitization phase are considered important for,

respectively, hapten-specific and non-specific proliferation

of draining lymph node cells during sensitization phase [6–

8], although there are data that challenged association

between IL-6 and proliferative responses during sensitiza-

tion with some haptens [4]. During sensitization phase,

primed (sensitized) specific T cells leave lymph nodes and

enter circulation. Some of sensitized cells infiltrate skin as

well, but with no clinically evident consequences [2]. Data

obtained from investigations of sensitization phase resulted

in the development of local lymph node assay (LLNA), a

screening system for identification of contact sensitizing

potency of chemicals, in which increase in draining

(auricular/facial) lymph node weight, and numbers of

dividing cells are measured following primary sensitization

of ear skin with the chemical in question [9]. By analyzing

changes in the dynamics as well as the type of leukocyte

accumulation in LLNA assay [10], the effect of contact

allergens on various cell types could be evaluated.

The elicitation phase (efferent or challenge phase)

occurs following subsequent application of hapten to skin,

usually ears of sensitized animals, several days later.

Hapten application provokes proinflammatory innate

immune cell activity and activity of skin antigen-presenting

cells in challenged skin [11, 12], resulting in infiltration of

hapten-primed T cells in epidermis and dermis [13].

Activation of hapten-specific effector T cells brings to the

production of effector cytokines involved in recruitment of

innate immunity leukocytes to the challenged skin, and

further recruitment of effector hapten-specific T cells, what

Fig. 1 CHS scheme. Sensitization phase starts after hapten topical

application to the animal’s skin. Hapten penetration into the skin

results in the production of proinflammatory cytokines (TNF-a, IL-

1b) and chemokines (1), what induce activation and migration of

hapten-loaded epidermal and dermal skin dendritic cells through

afferent lymph to the draining lymph nodes (2). In draining lymph

nodes, hapten presentation results in proliferation, activation and

subsequent differentiation of hapten-specific T cells (3). Secretion of

cytokines in draining lymph nodes during sensitization phase

contributes to efficient specific T cells activation and proliferation

(IL-1, IL-2, IL-6) and differentiation (IFN-c, IL-17, IL-4). At the end

of this phase, primed specific T cells emigrate out of the lymph nodes

to the blood beginning their recirculation between lymphoid organs

and peripheral tissues, especially skin (4). In elicitation phase,

subsequent application of the same hapten on, usually, animal’s ears,

leads to hapten uptake by cells in skin (Langerhans cells, keratino-

cytes, endothelial cells) and its presentation to recirculating hapten-

specific T cells what induce production of inflammatory cytokines

and chemokines in challenged skin leading to neutrophil infiltration.

Dynamic interaction of adaptive and innate immune cells in

challenged skin, which display their effector activities, results in the

development of characteristic skin lesions (5)
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mediate the characteristic tissue edema and lesions asso-

ciated with ear swelling response [14]. Intereferon-c (IFN-

c) producing CD8? T cells are considered as the primary

cutaneous effector cells [15, 16], but the identity of effector

T cells relevant for the expression of CHS is a matter of

debate, as the relevance of both CD8? and CD4? cells as

effector IFN-c producing T cells in CHS was shown [17,

18] and even lower production of this cytokine by CD8?

cells was noted in mouse CHS to dinitrochlorobenzene

(DNCB) [19]. IFN-c as effector cytokine is generally

accepted as an absolute requirement for CHS expression

[20]; however, there are studies that showed a minor role of

this cytokine in CHS [21, 22]. There is also some contro-

versy concerning the nature/type of the CHS response.

According to a dominant concept, CHS to majority of

contact allergens is associated with the activation of T

helper type 1 (Th1) or T cytotoxic type 1 (Tc1) cells [18],

while IL-4/IL-10 producing CD4? T cells are considered to

have predominantly regulatory role in CHS [16]. However,

although down-regulatory role of Th2 cytokine IL-4 was

shown in sensitization [16] and elicitation phase [23], the

importance of this cytokine in CHS expression was shown

as well, as impairment of CHS was demonstrated in IL-4

deficient mice [24, 25]. According to some opinions, both

Th1 and Th2 cells and their signature cytokines play a role

in CHS [26].

The involvement of cells that produce IL-17

(TIL17 cells) was shown in murine CHS [27]. Production of

IFN-c and IL-17 by hapten-primed CD4? and CD8?

draining lymph node cells was shown in DNFB-sensitized

mice implying their role in the development of effector

cells during afferent phase of CHS [28]. In addition, it was

shown that both IFN-c- and IL-17-producing CD8? cells

initiate immune response to hapten challenge in sensitized

mice [29] and that both cytokines are necessary for optimal

CHS response [28].

Contact hypersensitivity studies in rats

Despite numerous data from mouse CHS studies, the

knowledge of contact allergy mechanisms is still far from

complete. Data about CHS in other experimental animals

might contribute to the understanding mechanisms of this

reaction, which is important aspect in translational studies.

Beside mice, rats are used in studying contact allergy,

although there are far less data gathered since the early

work in which rat CHS was suggested as an experimental

model for study of human contact allergic dermatitis [30].

Rat is preferred species in pharmacological/toxicological

studies of new compounds with immunomodulating

potential what might help bridging variety of inves-

tigations. In this review, the survey of literature data

concerning rat CHS is presented, with the significant

number of data obtained in our model of contact sensitivity

to DNCB, which is employed to explore the impact of

genetic background on inflammatory/immune mechanisms

of this reaction.

Ear swelling response in rats

Early experiments in Th1-prone Lewis (Le) rats suggested

the involvement of IFN-c in the effector phase of rat CHS

to dinitrofluorobenzene (DNFB) [31, 32]. However, the

role of this cytokine in elicitation of CHS turned out con-

troversial, as its neutralization resulted in reduction of its

effects on keratinocytes (in terms of increase in MHC class

II molecules), but with enhancement of ear swelling [31].

Moreover, administration of recombinant IFN-c during

elicitation of CHS was shown to reduce intensity of reac-

tion to DNFB [32]. Comparative study of CHS in Th1-

prone Lewis rats and Th-2 prone Brown Norway (BN) rats

showed more intense ear swelling response in challenged

Le rats, what suggested the importance of Th1 response in

CHS expression in rats [33]. By measuring different

aspects (ear thickness and leukocyte infiltration) of ear skin

response following challenge of sensitized Th1-prone Dark

Agouti (DA) rats, we have shown dose-dependent increase

in the intensity of this response following application of

0.66 or 1.3% DNCB to rats previously sensitized with two

consecutive applications of 2 or 4% DNCB, respectively

[34]. At low DNCB dose (0.4% DNCB in sensitization and

0.13% DNCB in elicitation), weak or no ear swelling could

be detected, with meager cell infiltration close to control,

vehicle (acetone-olive oil)-treated ears. In keeping with

data which showed the need for skin inflammation (irri-

tancy of contact sensitizers) for the development of optimal

CHS responses in mice [12], we have demonstrated a dose-

dependent increase in TNF and nitric oxide (NO) produc-

tion using challenged ears skin organ culture system [34,

35] what correlated highly and significantly with the

infiltration of leukocytes into the challenged skin. Micro-

array study of challenged ears skin and draining lymph

nodes in Crl: CD (SD) rats [36] demonstrated up-regulation

of genes for numerous inflammatory mediators beside

iNOS and inflammatory cytokines, including chemokines,

as well as genes for innate immunity effectors such as

metalloproteinases (MMP) and complement components.

The level of TNF and NO production was much higher in

DA as compared to Th-2 prone Albino Oxford (AO) rats

[35], signifying the importance of genetic background in

CHS expression in rats. In corroboration, strain-dependent

differences in sensitivity to DNCB were shown between

Th1-prone Wistar rats and Th2-prone BN rats, as sensitized

BN rats developed less prominent macroscopic and
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microscopic changes in ear skin after challenge, compared

to sensitized Wistar rats [37]. Increase in IFN-c (and IL-12)

production by draining lymph nodes in the efferent phase

of CHS to DNCB in BN rats with somewhat increased IL-

10 production and unchanged IL-4 implied rat CHS to this

hapten as Th1 type reaction [38] what suggested a role for

Th1 cells as effectors in rat CHS. Higher levels of both

IFN-c and IL-17 production by draining lymph nodes

during expression of CHS in DA rats as compared to AO

rats (unpublished data) imply involvement of both Th1 and

Th17 cells as effectors in rat CHS.

Sensitization studies in rats

Development of LLNA in rats [39] suggested that this

animal species might be considered as useful experimental

model for sensitization studies as well. Both Th-2 prone

BN and Th1-prone Wistar rats responded dose dependently

to sensitization with increasing doses of DNCB, by a rise in

draining lymph node weight and numbers of dividing

(BrdU?) cells, although with variability in randomly bred/

outbred Wistar rats [39]. Rat LLNA assay has proved

useful in discriminating between sensitizing and non-sen-

sitizing potential of chemicals [40] and in determination of

dose-dependent responses and threshold level doses in skin

allergy [41]. Our initial work with AO rats sensitized with

2% DNCB demonstrated changes in draining lymph node

(DLN) cell activity including increase in total cell number

and accumulation of cells with dendritic morphology, as

well as proliferation (either non-specific/spontaneous,

hapten-stimulated or in response to exogenous IL-2) 3 days

following sensitization [35]. Sensitization was accompa-

nied by changes in cell subset composition (increase in

percentages of CD8? cells, concomitantly with a decrease

in CD4? cells), what resulted in a decrease in CD4?/CD8?

cell ratio (compared to unsensitized animals). Shift in favor

of CD8? cells was more pronounced 5 days following skin

sensitization and is observed at both low (0.4%) and high

(4%) DNCB doses. No changes in subset composition were

observed in DA rats (unpublished data), what suggested

strain-dependent differences in the sensitization phase of

CHS as well. By investigating time-dependent changes in

DLNs during 5 day-sensitization period, we have shown

increase in basic indices of DLN cell activity (cellularity

and proliferation) in both rat strains, but with higher values

in sensitized DA rats [42]. Development of CHS was

associated with a progressive decrease in IL-6 production

(more pronounced in AO rats). The production of inflam-

matory cytokines IFN-c and IL-17, necessary for the

development of effector cells in CHS, was increased in

both strains, but with differential pattern and generally

lower levels of production of both cytokines in AO rats. In

contrast to inflammatory cytokines, IL-4 was undetectable

during the entire sensitization phase. Production of IFN-c
concomitantly with low IL-4 in both strains, classify rat

CHS as Th1/type 1 reaction, and increase in IL-17 imply

the involvement of Th17/TIL-17 cells in this reaction. Strain-

dependent differences in inflammatory cytokine production

might rely on anti-inflammatory cytokine IL-10, as higher

production was noted in AO rats [42]. In analogy with data

in humans [43], which showed that the principle factor

that determines responses to challenge is the strength of

sensitization, DLN cell activity during sensitization might

be responsible for the observed differences in CHS

expression between DA and AO rats.

Systemic innate response in rat CHS to DNCB

Inflammatory/immunostimulatory potential of DNCB was

employed as topical immunotherapy for some skin derma-

toses, and the use of topical DNCB is proposed as a systemic

immunotherapy for some immune-based diseases including

HIV disease [44] and lupus erythematosus [45]. On the basis

of the efficacy of repeated topical DNCB application shown

in HIV patients [46, 47], chronic prurigo [48] and in

refractory atopic dermatitis [49] systemic effects of skin

sensitization (increase in peripheral blood T-cell counts

and stimulation of proinflammatory Th1 responses) were

proposed as an underlying mechanisms of beneficial effects

of topical DNCB therapy in these patients. Data from ani-

mal CHS studies revealed systemic Th1 response as judged

on serum hapten-specific IgG2a [50] and IgG antibodies

[37] following DNCB sensitization of mice and rats,

respectively. Increase in plasma levels of IL-6 and acute

phase reactants (haptoglobin and serum amyloid A) in sera

of mice sensitized with oxazolone [51, 52] pointed out that

beside local (in skin) proinflammatory activity, there is also

a systemic inflammation in contact sensitization. Our study

showed the priming effect of repeated skin sensitization

with DNCB on peripheral blood granulocyte respiratory

burst and adhesion in both DA and AO rats 1 day following

repeated application of high doses (2 and 4%) of DNCB

[53], which indicated involvement of a cellular component

of innate systemic inflammation in contact sensitization

with this hapten. Changes in other granulocyte activities

relevant for inflammatory/effector functions of these cells

(myeloperoxidase content, NO and TNF production and

expression of CD11b, a main molecule involved in the firm,

irreversible granulocyte adhesion to various matrices) were

observed following application of low (0.4%) DNCB dose

as well, and some of the activities were evident during the

entire (5 days) sensitization period [54, 55]. Increased

responsiveness of granulocyte NO and TNF production

to exogenous stimulation depict the impact of DNCB
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application to signaling pathways in granulocytes of sensi-

tized rats. Distinctive pattern of expression as well as

differential dynamics of some of the granulocyte activities

in sensitized animals of the same strain imply differential

regulation of some of the aspects of their activity [54] and

upregulation of all granulocyte activities first day following

sensitization in both rat strains demonstrated acute changes

in these cells. Increase in numbers of peripheral blood

granulocytes in DA rats and a lack of quantitative changes

in AO rats, concomitantly with upregulation of all examined

granulocyte activities in DA rats, might be an indicator of

higher responsiveness of these cells to DNCB stimulation in

this strain. Distinctions between DLN cell activity in DA

and AO rats during sensitization phase along with those

reported for peripheral blood granulocytes might have col-

lectively contributed to differences in the intensity of

expression of CHS reaction in these two strains.

Conclusion

Although knowledge about CHS is mostly derived from

murine model, rat as model for contact allergy investiga-

tions has been also used, in respect of inflammatory and

immune mechanisms involved. Studies conducted in

different rat strains, with significant number of data

obtained in our model of rat CHS to DNCB, point to the

importance of genetic background in the induction and

expression of reaction. Beside the importance in under-

standing mechanisms involved in CHS reaction, charac-

terization of rat CHS can be useful in the development of

immune-based intervention strategies in contact allergy.
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