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Abstract

To investigate the impact that physiological variation in serum
cortisol has on IgE-mediated events, 10 atopic subjects under-
went cutaneous antigen challenge with measurement of the
early phase wheal (EPW) at 20 min and the late phase reaction
(LPR) at 6 h. All subjects were challenged during control condi-
tions between 8:00 and 9:00 a.m. Repeat challenges were per-
formed in five subjects at 6:00 p.m. and in eight subjects after
ingestion of metyrapone, a specific inhibitor of cortisol synthe-
sis. Compared with control values, mean serum cortisol was
suppressed in the evening and after metyrapone (P < 0.05 all
time points). No effect was seen on the EPW, but mean LPR
diameters at three antigen dilutions were significantly in-
creased by cortisol suppression (P < 0.05). Replacement doses
of hydrocortisone given in the evening and with metyrapone
abrogated these increases. Blinded analysis of LPR biopsies
from cortisol-suppressed subjects revealed increases in leuko-
cytoclasis (P < 0.0001), interstitial leukocytes (P . 0.01), and
eosinophils (P s 0.04). These results indicate that physiologi-
cal levels of serum cortisol can regulate IgE-dependent cutane-
ous inflammation by affecting the expression of cellular events
at late phase sites. (J. Clin. Invest. 1992. 90:596-603.) Key
words: metyrapone - hydrocortisone * diurnal * inflammation.
skin

Introduction

Beginning in the late 1930s when glucocorticoids were first
isolated and identified, it was widely believed that these com-
pounds protected an organism during periods of stress by en-
hancing normal defense mechanisms and maintaining physio-
logical homeostasis (1, 2). When the antiinflammatory effects
of steroids were recognized, investigators had difficulty accept-
ing these actions as protective. The ensuing controversy led to
the concept of separate glucocorticoid effects: those occurring
at normal physiological concentrations and those occurring
only at large pharmacological doses (3, 4). To keep the early
theories of glucocorticoid action intact, all antiinflammatory
and immunosuppressive actions have until recently been rele-
gated to a nonphysiological role. By the 1970s numerous stud-
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ies in isolated cell systems (for review see reference 5) had dem-
onstrated that the majority of glucocorticoid effects were in fact
suppressive, not enhancing as had been predicted from the
early theories. Many ofthese observations came from immuno-
logic systems using physiological concentrations of glucocorti-
coids.

In 1984, Munck et al. (5) published a restatement of the
hypothesis on glucocorticoid actions. They felt that the pri-
mary role of glucocorticoids was not to protect the organism
from stress but to protect against host defense mechanisms
activated by stress. In their view glucocorticoids were fulfilling
a central regulatory role meant to keep the destructive forces of
host defenses, such as the immune system, at bay once they
became activated (5). Several studies, most in experimental
animals, have corroborated this theory by demonstrating
various immunoregulatory actions of endogenous glucocorti-
coids in whole systems (6-9).

The importance of endocrine-immunoregulation has been
bolstered by evidence supporting a bidirectional feedback be-
tween the immune system and the hypothalamic-pituitary-
adrenal axis. This evidence initially came from the observation
that supernatants of activated peripheral blood leukocytes con-
tained factors that increased plasma corticosterone levels when
injected into rats (10). More recent work suggests that the im-
mune system is capable of positive feedback on the hypothal-
amic-pituitary-adrenal axis via the release of several cytokines
(including IL- 1, IL-6, and tumor necrosis factor-a) that act to
increase circulating cortisol levels by inducing corticotropin-
releasing hormone synthesis and secretion from the hypothala-
mus (1 1-13). This capacity for bidirectional feedback between
the immune and neuroendocrine systems creates a situation
where cortisol could tightly regulate important immune func-
tions.

In humans, cortisol is secreted in a diurnal pattern, with
serum levels typically rising above 20 ,g/dl in the early morn-
ing hours and falling below 5 gg/dl in the evening (14). The
immunologic consequences of this variation are poorly under-
stood. Asthma, now recognized as an inflammatory disease
(15), is characterized by nocturnal exacerbations (16). It has
been suggested that this phenomenon is related at least in part
to the fall in cortisol levels seen at night (17, 18), although
efforts to demonstrate this conclusively have not been success-
ful (19). Circadian variation in rhinitis and immediate cutane-
ous responses to antigen, 48/80, and histamine have also been
described, but none have been linked directly to changes in
endogenous cortisol (20-22).

In man, IgE-dependent mast cell stimulation typically re-
sults in a biphasic clinical response. The immediate or early
phase response is largely a product of histamine release and, in
contrast to the late phase, is felt to be relatively steroid resistant
(23). The late phase response is known to occur in a variety of
tissues and is widely used as a model for studying chronic aller-

596 R. F. Herrscher, C. Kasper, and T. J. Sullivan

J. Clin. Invest.
© The American Society for Clinical Investigation, Inc.
0021-9738/92/08/0596/08 $2.00
Volume 90, August 1992, 596-603



gic disease states. The cutaneous late phase appears 4-6 h after
antigen challenge and may last more than 24 h. Physically it
appears as a tender, indurated, and erythematous lesion. Histo-
logically it is characterized by the sequential appearance of neu-
trophils, eosinophils, and lymphocytes into a mixed cellular
infiltrate (24-26). In this study, we investigated the effect that
physiological variation in endogenous cortisol has on the physi-
cal and histological expression of IgE-dependent cutaneous re-
actions.

Methods

Subjects and study design. Nine males and one female, ages 23-43 yr
(mean 28 yr), were selected for study after giving written informed
consent. All subjects demonstrated an IgE-dependent biphasic re-
sponse, early phase wheal (EPW)' and late phase reaction (LPR), to
intradermal antigen challenge. None had ever received immunother-
apy. Subjects were instructed to avoid all medications 2 3 d before
being studied. The study involved two phases, both designed to manipu-
late subjects' cortisol levels, with effects determined by the EPWand
LPRresponse to cutaneous antigen challenge. This study was approved
by the Institutional Review Board at the University ofTexas Southwest-
ern Medical Center.

Antigen challenges. In each subject, one antigen from a single ex-
tract lot was used for all cutaneous challenges. Antigens supplied by
Hollister-Stier (Spokane, WA) included mountain cedar (500 pnu/ml),
ragweed (500 pnu/ml, 0.62 Ag/ml antigenE), Aspergillus fumigatas
(1,000 pnu/ml), and those supplied by Berkeley Biologicals (Berkeley,
CA) included Dermatophagoides farinae and pteronyssinus (1:5,000
wt/vol, 100 au/ml). Antigens were diluted with phenol-saline (Hollis-
ter-Stier) to a concentration that produced a 10 x 10 mmEPW(first
dilution) and then serially 10-fold x 2 (second and third dilutions).
Antigen challenges were performed with these three dilutions, deter-
mined per subject, in duplicate by injecting 0.025 ml into the volar
surface of the forearm with a 0.5-ml allergen syringe (Becton Dickinson
Co., Mountain View, CA). For each experiment, subjects were chal-
lenged with fresh dilutions - 3 d apart (mean = 12 d), and extreme care
was taken to inject at new forearm sites.

Phase I diurnal variation experiments. In these experiments corti-
sol levels were allowed to follow the normal diurnal pattern, except
when replaced by hydrocortisone (HC, The Upjohn Company). Anti-
gen challenges, in five subjects, were performed on separate occasions
at 8:00 a.m., 6:00 p.m., and 6:00 p.m. 30 min after ingestion of 10 mg
(three subjects) or 20 mg(two subjects) of HC. Differences in HCdos-
age were based on lean body weight.

Phase 2 pharmacological modulation experiments. In these experi-
ments cortisol levels were depleted by metyrapone (MTP) (CIBA,
Pharmaceutical Company, Summit, NJ), a specific inhibitor of cortisol
synthesis that acts by reversibly blocking the I 1-hydroxylation of 11-
deoxycortisol in the adrenal cortex (27). Eight subjects underwent anti-
gen challenge between 8:00 and 9:00 a.m. during control conditions
and on a separate occasion after ingestion of MTPin two l-g doses: I h
before and 2 h after challenge. In four subjects both experiments were
performed twice, bringing the total number of challenges for each con-
dition to 12. In five subjects antigen challenges were performed after
ingestion of HCin two 20-mg doses given with MTPat the times stated
above. This increased HCdose, compared with that used in the diurnal
variation experiments, was necessary for full replacement because
of the marked decrease in serum cortisol t112 seen after MTPinges-
tion (28).

Cutaneous reaction and cortisol determination. Crossed diameters
of the EPW(defined by its margin of edema) and LPR (defined by its

1. Abbreviations used in this paper: EPW, early phase wheal; HC, hy-
drocortisone; LPR, late phase reaction; MTP, metyrapone.

clearest margin of erythema or induration) were measured at 20 min
and 6 h. An early phase increase of 2 X 2 mmover the 6-mmstandard
injection bleb and an LPR2 4 X 4 mmin diameter defined our thresh-
old for positive reactions. Subthreshold reactions were recorded as
measured for the EPWand as 0 mmfor the LPR. Blood was drawn
from an antecubital vein at either 3-h (phase 1 experiments) or 2-h
intervals (phase 2 experiments), with serum separated by centrifuga-
tion at 3,000 rpm and stored at -20'C. Cortisol determinations were
made in duplicate from stored samples with the Amerlex cortisol RIA
kit (Amersham Corp., Arlington Heights, IL). The range of this assay is
0-60 Ag/dl, intraassay coefficient of variation = 4.3, interassay coeffi-
cient of variation = 6.8. The percent cross-reactivity with other endoge-
nous steroids is low, being highest for 1 1-deoxycortisol (1.8%). MTP
does not interfere with determinations of endogenous steroids but may
cause over estimation of cortisol levels by immunoassay because of the
increase in cross-reactive metabolites (27, 29).

LPR biopsies and histological analysis. Preliminary biopsies of
LPRs were taken at 6, 9, and 12 h. The 6-h time point was chosen for
study based on peak clinical response and range of histopathology pres-
ent. LPRs were not biopsied in the diurnal variation experiments be-
cause evening cortisol levels were found to be unpredictable in subjects
faced with the threat of tissue removal. During phase 2 experiments, 10
matched pairs (n = 20) of 3-mm punch biopsies were taken centrally
from LPR sites in five subjects. A matched pair was comprised of two
biopsies, each taken separately during a control and MTPexperiment,
from sites in a single subject challenged with identical antigen concen-
trations. Two saline-injected sites were biopsied to establish a baseline
histology. All biopsies were fixed in 10% Formalin solution, stained
with a hematoxylin and eosin preparation, and cut into thin sections
for light microscopy. Histological analysis was based on the evaluation
of seven parameters. These parameters included estimations on the
presence of neutrophils, eosinophils, lymphocytes, and monocytes;
their overall perivascular accumulation and interstitial migration; and
their activation as assessed by leukocytoclasis. A dermatopathologist
(Candace Kasper, M.D., Ph.D.), blinded to the experimental condi-
tions, graded the biopsies using a semiquantitative scoring method. All
biopsies were given a score of 0 to 3+ for each parameter, with 0 de-
fined as not different from baseline and 3+ as marked or intense.

Data analysis. Single diameters of the EPWand LPR (averaged
from duplicate reactions) were recorded separately for the three antigen
dilutions used in our challenge model and, including cortisol values,
are presented as the mean±SEMof all determinations made during an
experimental condition. Differences were analyzed by the Neuman-
Keuls test for multiple comparisons of repeated measures. This test
reports significance at the P < 0.05 level only. %without LPRdenotes
the number of subjects, as a percentage of the total, in whomduplicate
challenges failed to elicit at least one positive LPR. Differences between
experimental conditions for %without LPRand LPRhistology (based
on matched biopsy scores) were analyzed by Fisher's exact test unless
stated otherwise. Kwikstat (Southwestern Medical Center software pro-
gram) and Statview II were used for statistical calculations.

Results

Serum cortisol levels

Diurnal variation experiments. Serum cortisol is secreted in a
reproducible diurnal pattern. This was reflected in our experi-
ments as subjects' mean morning cortisol ranged from 22 to 12
,ug/dl and mean evening values fell below 5 ,ug/dl (Fig. 1). At all
three time points, mean evening cortisol was suppressed by
48%, 68%, and 71% compared with morning (P < 0.05). A
10-20-mg dose of HC given in the evening replaced mean
serum cortisol with values significantly greater than those for
evening experiments (P < 0.05, all time points). These levels
were also greater than those for morning experiments, though
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Figure 1. Diurnal variation in serum cortisol and the effect of evening
hydrocortisone replacement. In antigen-challenged subjects, serum
was collected at 3-h intervals and assayed for cortisol (Og/dl). Results
are the means±SEMin five experiments performed at 8:00 a.m.
(o o), 6:00 p.m. (- *) and 6:00 p.m. 30 min. after ingestion
of 10-20 mgHC(o0 a ). Time of antigen challenge and mea-
surement of late phase reactions are depicted by EPWand LPR (re-
sults in Fig. 4). Compared to a.m. and p.m.+HC: * P < 0.05 and
compared to a.m.: *P < 0.05 Neuman-Keuls test.

differences were significant only at the first two time points
(Fig. 1).

Pharmacological modulation experiments. The ingestion of
two l-g doses of MTPin the morning (described in Methods)
caused significant suppression of subjects' serum cortisol
throughout the 6-h study period (Fig. 2). Compared with con-
trol, mean values were decreased 67.2, 70.2, 61.3, and 37.7% at
0, 2, 4, and 6 h, respectively (P < 0.05). Similar to the evening
trough in cortisol shown in Fig. 1, MTPheld mean levels near
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Figure 3. Effect of metyrapone (MTP) plus hydrocortisone (HC) on
serum cortisol levels. In antigen-challenged subjects, serum was col-
lected at 2-h intervals beginning between 8:00 and 9:00 a.m. and as-
sayed for cortisol (,gg/dl). Results are the means±SEMin five experi-
ments performed during control conditions (o o) and after in-
gestion of 2 g MTPplus 40 mgHC(0 0) at the indicated times.
Time of antigen challenge and measurement of late phase reactions
are depicted by EPWand LPR (results in Fig. 6). Compared to con-
trol: *P < 0.05 Neuman-Keuls test.

or below 5 ,tg/dl. When subjects took 20 mgof HCwith each
dose of MTP(described in Methods), serum cortisol remained
similar to control, although differences were significant at the
4-h time point (Fig. 3).

Early phase wheal
There were no significant differences in EPWdiameters be-
tween conditions for diurnal variation or pharmacological
modulation experiments (Figs. 4-6). However, EPWsize did
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Figure 5. Effect of cortisol suppression on IgE-mediated cutaneous
reactions. Between 8:00 and 9:00 a.m. subjects were challenged intra-
dermally (with three 10-fold serial antigen dilutions) during control
conditions (o) and during endogenous cortisol suppression by MTP
(a) (cortisol levels in Fig. 2). Diameters of the early phase wheal
(EPW-) at 20 min and late phase reaction (LPR) at 6 h were recorded.
Results for the three antigen dilutions are shown as the means±SEM
from 12 challenges. Inset shows the percent of challenges by dilution
that produced no LPR. Compared to control: *P < 0.05 Neuman-
Keuls test, *P . 0.04 Fisher's exact test, § tequivalent by Neuman-
Keuls test.

demonstrate a clear dose dependence with mean diameters
showing decremental reductions to the point ofbecoming nega-
tive (defined in Methods) as antigens were taken from the first
through the third dilution (Figs. 4-6). The slope of the regres-
sion line for EPWdiameter versus log antigen dilution re-
mained consistent despite changes in serum cortisol: for morn-
ing and control challenges y = 1.9(logx) + 10.7 (r2 = 0.72, P
< 0.0001), for evening and MTP challenges y = 1.7(logx)
+ 10.3 (r2 = 0.75, P . 0.0001), and for HCreplacement chal-
lenges y = 1.6(logx) + 10.2 (r2 = 0.73, P < 0.0001).

Late phase reactions
At all three antigen dilutions, mean LPR diameters after eve-
ning and MTPchallenges were significantly greater (P < 0.05)
than those seen after morning and control challenges, respec-
tively (Figs. 4 and 5). Whensubjects took replacement doses of
HCduring evening and MTPchallenges, LPR size did not
increase, and mean diameters remained equivalent to morning
and control values (Figs. 4 and 6). As antigen concentrations
were diluted 10- and 100-fold the incidence of subjects without
a late phase response (defined in Methods) increased from 60%
to 100%in morning challenges and from 33%to 75% in control
challenges (Figs. 4 and 5, inset). However, with cortisol levels
suppressed in the evening or after MTPthe incidence of nega-
tive reactions was significantly lower as nearly all subjects man-
ifested a late response even at the most dilute antigen concen-
tration (P . 0.002, evening and P < 0.04, MTP) (Figs. 4 and 5,
inset). Whencortisol levels were replaced with HCthe number
of subjects without a late response was similar to that observed
for morning and control challenges (Figs. 4 and 6, inset).

The use of serially diluted antigens indicated that EPWsize
was strongly correlated with antigen dose as described above.
In all experiments we also observed a strong correlation be-
tween EPWdiameter and the LPR diameter measured 6 h
later. In morning and control experiments the slope of the re-
gression line for LPR versus EPWdiameter was nearly identi-
cal to that observed for the HCreplacement experiments: y
= 1.8x - 11.2 (r2= 0.62, P < 0.0001) and y = 1.8x - 12.4 (r2
= 0.53, P < 0.0001), respectively. However, for evening and
MTPexperiments the regression line shifts upward: y = 1.8x
- 7.6 (r2 = 0.70, P < 0.0001). These same observations were
seen for linear regression of LPRdiameter vs. log antigen dilu-
tion indicating that the EPWintensity and antigen dose neces-
sary for LPRexpression are reduced under conditions of endog-
enous cortisol suppression. As presented in Figs. 4 and 5, this
equates to a 10-fold reduction in antigen concentration and the
appearance of late reactions after subthreshold EPWs(isolated
late phase).

%Wdihout LPR
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Figure 6. Effect of metyrapone (MTP) plus hydrocortisone (HC) on
IgE-mediated cutaneous reactions. Between 8:00 and 9:00 a.m. sub-
jects were challenged intradermally (with three 10-fold serial antigen
dilutions) during control conditions (0) and after ingestion of MTP
+ HC (a). (cortisol levels in Fig. 3). Diameters of the early phase
wheal (EPW) at 20 min and late phase reaction (LPR) at 6 h were
recorded. Results for the three antigen dilutions are shown as the
means±SEM from five challenges. Inset shows the percent of chal-
lenges by dilution that produced no LPR.

Histological data from LPR biopsies
Correlation between LPR size and histological scores. Diame-
ters of biopsied LPRs ranged from 0 to 11.5 mm, with a
mean±SEMof 4.3±1.3 mmin the control group and 8.0±0.6
mmin the MTPgroup (P . 0.002, paired t test). A mixed-cell
perivascular infiltrate defined the general histological appear-
ance in all but one biopsy (subject 3, third dilution, Table I),
including three control biopsies where the LPR was clinically
absent (subjects 1, 2 and 5, Table I). Neutrophils were the most
prominent cell type identified, followed in order by eosinophils
and lymphocytes; monocytes were rarely seen. As described in
Methods, 20 LPRbiopsies were systematically graded on seven
different parameters of cutaneous inflammation. For all biop-
sies, the correlation between total histological score received
and the measured LPRdiameter was marginal by linear-regres-
sion analysis (r2 = 0.18, P = 0.06). Subgrouping of parameters
revealed a clear split between those that were and were not
correlated with LPR size. The cumulative score for neutro-
phils, eosinophils, lymphocytes, monocytes, and their perivas-
cular accumulation did not correlate (r2 = 0.09, P = 0.2),
whereas the cumulative score for interstitial leukocyte migra-
tion and leukocytoclasis did correlate with LPRsize (r2 = 0.37,
P < 0.005).
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Table I. Histological Grading of Late Phase Reactions Biopsied during Control and Cortisol-Suppression Experiments in Five Subjects
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Cutaneous antigen challenges were performed during control and cortisol suppression (MTP) experiments (see Fig. 5). In five subjects matched
late phase reactions (LPRs) were biopsied during each condition. A dermatopathologist blinded to the condition graded biopsies by light micro-
scopy, using a scale of 0 (-) to 3 (+++), on seven parameters: 1) leukocytoclasis, 2) interstitial leukocytes, 3) perivascular leukocytes, 4) eosino-
phils, 5) neutrophils, 6) lymphocytes, and 7) monocytes. Subject origin and antigen dilution used appear in the first two columns. Subsequent
columns list measured LPR diameter, score by parameter, and total score for biopsies from control (unshaded rows) and MTP(shaded rows)
experiments. Summary data including means ±SEMand number of matched biopsies with an increase are given at the bottom of the table.
* P < 0.0004, tP < 0.002, §P < 0.01, 11P < 0.02, 1P < 0.03 paired t test. **P <0.0001, 4P <0.01, "P < 0.03 Fisher's exact test.

Comparison between control and MTP biopsies. When
LPR histology was analyzed on the basis of experimental con-

dition, all 10 MTPbiopsies received a higher total score com-

pared with their matched-control biopsy. The mean±SEMwas
8.75± 1.0 for the MTPgroup versus 5.75±0.7 for the control
group (P < 0.01 paired t test) (Table I). The most striking differ-
ence was seen in leukocytoclasis, as nearly all MTPbiopsies (9
of 10, P 0.0001) received an increased score for this parame-
ter. Leukocytoclasis was present in only two control biopsies

and both graded lower than the matched MTPbiopsy (Table I).
However, a significant difference between conditions for over-

all inflammatory cell presence, assessed by perivascular accu-

mulation, was not detected; nor were there significant individ-
ual differences for neutrophils, lymphocytes, and monocytes
(Table I). Although overall cellularity in the MTPbiopsies was

not different from control, the interstitial migration of leuko-
cytes was. Increased scores for this parameter were seen in six
MTPand no control biopsies (P < 0.01). Eosinophil presence,
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increased in five MTPvs. zero control biopsies (P < 0.03), was
the only parameter based on cell type in which differences be-
tween matched biopsies reached significance (Table I).

Discussion

This study demonstrates that changes in the physiological level
of serum cortisol can affect the expression of IgE-mediated
events. In experiments designed around diurnal variation and
pharmacological inhibition of cortisol secretion, measurement
of the biphasic response to cutaneous antigen challenge re-
vealed that the late phase is enhanced by low levels of endoge-
nous cortisol. Subsequent analysis of late phase biopsies identi-
fied three histological parameters that became significantly in-
creased during cortisol-suppressed conditions, with two of
these parameters indicative of activated inflammatory cells.
These results suggest that regulation of the late cutaneous re-
sponse by endogenous cortisol is in part directed at the activa-
tion state of cells infiltrating these reactions.

Diurnal variation in cutaneous early phase responses after
mast cell activation was reported for compound 48/80 in 1965
(20) and for allergen in 1977 (21). Both studies found increased
wheal reactions in the late evening when serum cortisol levels
are low. In the majority of human studies, however, pharmaco-
logical doses of steroids do not appear to influence immediate
mast cell responses (30-34). A recent study by Vichyanond and
Nelson (35) and experiments reported here failed to detect
diurnal variation in early phase responses after cutaneous anti-
gen challenge. Wealso failed to see an effect from cortisol sup-
pression initiated by metyrapone 1 h before antigen challenge.
These findings suggest that changes in endogenous cortisol lev-
els have little influence over the IgE-dependent release of hista-
mine from human cutaneous mast cells.

Although current data suggest that the events governing
human mast cell activation are relatively insensitive to steroid
modulation, effects on other inflammatory cells are well
known. In vitro, steroids have been shown to inhibit neutrophil
phagocytosis and adherence; eosinophil chemotaxis, adher-
ence, and survival; T cell proliferation, IL-2 and IL-2 receptor
expression; macrophage killing, antigen presentation, IL- 1, tu-
mor necrosis factor, granulocyte macrophage colony-stimulat-
ing factor, and arachidonic acid production (for review see ref-
erence 23). The observation that steroid premedication inhibits
the IgE-dependent influx of neutrophils and eosinophils and
late mediator release at cutaneous late phase sites (36-38) is
consistent with the functional regulation by steroids found in
other immunologic systems. Clinically, steroids are potent in-
hibitors of allergic late phase reactions in the skin, lung, and
nose (30-33). Chronic allergic disease states like asthma and
perennial rhinitis are now felt to have a predominate inflamma-
tory component, with a histopathology similar to the mixed
cellular infiltrate of neutrophils, eosinophils, and mononuclear
cells seen in late phase biopsies from allergic challenge models
(39, 40). It then comes as no surprise that pharmacological
doses of steroids are currently the most effective known treat-
ment for these conditions.

In asthmatics, diurnal variation in pulmonary function has
been well described and nocturnal exacerbation of symptoms is
a frequent occurrence, affecting 75% of patients at least weekly
in one large epidemiologic study (41). The precise mechanisms
responsible for nocturnal asthma exacerbations have remained

obscure, although studies can be found supporting correlations
with circadian rhythms in both plasma cortisol and epineph-
rine (17, 18). Few studies have directly addressed circadian
rhythms and allergic late phase inflammation; although re-
cently, a significant diurnal variation in the late asthmatic re-
sponse after antigen inhalation was observed, with increased
bronchoconstriction occurring in the evening (42). In a study
using experimental dogs, Sasaki et al. (6) reproduced cortisol's
diurnal variation by pharmacological means and found that
antigen inhalation caused late phase bronchoconstriction and
peribronchial inflammatory cell infiltrates only when endoge-
nous cortisol was suppressed by metyrapone. These previously
reported observations, providing much of the impetus for our
own investigations, indicate the existence of circadian variabil-
ity in inflammation and the potential role played by endoge-
nous cortisol.

The threshold for cortisol's immunosuppressive effects is
not well defined; however, functional inhibition has been seen
at a level of 10 ,ug/dl in at least one in vitro immunologic sys-
tem (43). Weobserved that subjects studied in the late evening
or after the ingestion of metyrapone had cortisol levels below 5
,qg/dl, compared with values well above 10 tig/dl during the
morning hours. This degree of cortisol suppression not only
increased the mean diameter of IgE-mediated late cutaneous
reactions in our subjects but also induced the appearance of
isolated late reactions. Previous investigations have shown that
LPR size is highly correlated with the size of the preceding
EPW. Somestudies demonstrated that the smallest EPWdiam-
eter, after intradermal antigen injection, associated with a late
response ranged from 6 to 9.5±1 mm(44-46). Wefound this
same correlation between EPWsize and LPRexpression in our
experiments, and when mean EPWdiameters fell below 8 mm
(subthreshold) in either morning or control experiments, most
subjects did not have a LPR. However, under conditions of
cortisol suppression there was an upward shift in the regression
line for LPR versus EPWdiameter, and third-dilution chal-
lenges elicited late responses in nearly all subjects despite mean
EPWdiameters that were clinically negative. When replace-
ment hydrocortisone was given with metyrapone or in the eve-
ning, serum cortisol levels were not suppressed, and we no
longer saw the increases in mean LPRdiameter, shifting of the
LPR versus EPWregression line, or isolated late responses.
Thus, evidence from diurnal variation and pharmacological
modulation experiments indicates that changes in the physio-
logical level of serum cortisol can have a significant impact on
the physical expression of IgE-mediated late cutaneous inflam-
mation.

Several investigators have reported that the cutaneous LPR
is characterized by the sequential infiltration of neutrophils,
eosinophils, and lymphocytes (25, 47). However, most studies
have not found histology (with the exception of fibrin deposi-
tion) to correlate with LPR size or even differentiate positive
from negative LPR sites (45, 47, 48). LPR biopsies from our
subjects uniformly demonstrated a perivascular infiltrate of
neutrophils, eosinophils, and lymphocytes that also failed to
correlate with the measured LPR diameter. Two histological
parameters were found, leukocytoclasis and leukocyte intersti-
tial migration, that together did correlate well with physical
LPRexpression. Only one other study has looked at leukocyto-
clasis in analyzing cutaneous LPR histology; although no
correlation was found with LPR size, biopsies were performed
long after (24 h) the peak of clinical inflammation (48). In our

Endogenous Cortisol Regulates Immunoglobulin E-dependent Late Phase Reactions 601



study direct comparison of matched biopsies (control vs. MTP)
revealed minor differences in the presence of inflammatory
cells, reaching significance only for eosinophils. MTP treat-
ment has been shown to increase peripheral blood eosinophil
and lymphocyte counts in humans and to decrease neutrophil
counts in animals (49-51). Although effects on tissue histology
from changes in peripheral blood leukocytes are less than clear,
the possibility exists that histological scores from MTPbiopsies
could be exaggerated for eosinophils and lymphocytes or de-
pressed for neutrophils. The use of a semiquantitative scoring
method may have additionally missed subtle differences in leu-
kocyte numbers. Striking differences were not obscured, as in-
creased leukocytoclasis and interstitial leukocyte migration
were recorded for the majority of MTPbiopsies. Differences in
leukocyte accumulation, significant only for eosinophils, could
indicate an effect on the local release of factors involved in
cellular recruitment, while increases in leukocytoclasis and in-
terstitial migration are more likely to reflect an increased level
of cellular function. The changes seen in the MTPbiopsies
suggest that suppression of serum cortisol enhanced the physi-
cal expression of LPRs by affecting not only inflammatory cell
recruitment, but also the activation state of these infiltrating
cells.

The finding in humans that blister fluid, obtained from
sites up to 60 min after mast cell activation, will produce a LPR
upon reinjection provides evidence that factors released by
mast cells are critical for LPR expression (52). It is now clear
from animal studies that mast cells secrete several cytokines
after receptor activation. TNF and IL-6 mRNAappear early
(within 30 min), whereas mRNAfor IL-1, -3, -4 and -5 appear
several hours after mast cell stimulation (53-55). Tumor ne-
crosis factor and IL- 1 are known to increase adhesion molecule
expression on human endothelial cells in vitro (56, 57) and,
with newly formed lipid mediators such as PAF and leuko-
triene B4, may be responsible for the recruitment of inflamma-
tory cells into sites of mast cell activation. However, the poor
correlation between LPR size and inflammatory cell presence
at biopsy seen in our study and by others (45, 47, 48), suggests a
level of interaction other than recruitment must exist between
mast cells and infiltrating leukocytes. Several of the cytokines
listed above are likely to play a role in this interaction. Since
glucocorticoids appear to inhibit lymphocyte proliferation by
blocking cytokine gene transcription (58), increased cytokine
production could account for the enhanced leukocyte activa-
tion we observed in LPR biopsies from cortisol-depleted sub-
jects.

In contrast to studies where subjects are premedicated with
pharmacological doses of steroids (36-38), we did not find a
striking effect on LPR cellularity based on differences in serum
cortisol. There are several explanations as to why this occurred.
First, the relative steroid differential obtained in our experi-
ments is 10-20 times less than that predicted from a 40-mg
dose of prednisone. Second, because we depleted cortisol levels
only 1 h before antigen challenge, the early release of mast cell
signals involved in leukocyte recruitment may not have been
affected. Third, as stated earlier, our method of histological
scoring may have missed real differences in leukocyte numbers
between matched biopsies. Our results do not minimize steroid
effects on inflammatory cell recruitment, but they do implicate
the activation state of infiltrating cells as an important factor in
late phase expression and one that appears to be regulated by
endogenous cortisol.

The results of this study demonstrate that circadian varia-
tion in IgE-dependent late phase inflammation is directly re-
lated to the level of endogenous cortisol. Though, the precise
nature of glucocorticoid regulation over LPRs remains specula-
tive, endogenous cortisol should be viewed as a powerful force
that can affect inflammatory events after mast cell activation in
a variety of disease states.
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