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T

he eye is a common site of allergic inflammation; more
than half of all acute conjunctivitis is of allergic origin
(1). Allergic diseases of the eye are mostly confined to the
conjunctiva and are classified as acute allergic conjunctivitis, seasonal hay fever, perennial allergic conjunctivitis, vernal conjunctivitis, and atopic conjunctivitis (1). Acute allergic conjunctivitis is
an acute hypersensitivity reaction caused by an exposure to allergens and seasonal hay fever is relatively mild form of allergic
conjunctivitis often associated with rhinitis. Perennial allergic conjunctivitis is a mild, chronic form of allergic conjunctivitis. Vernal
and atopic keratoconjunctivitis are severe, bilateral inflammations
affecting the conjunctiva and cornea, and chronic diseases. In this
study, we have concentrated on acute allergic conjunctivitis.
Allergic conjunctivitis is a type-I hypersensitivity reaction initiated by allergen cross-linking of specific IgE molecules on mast
cells within the conjunctiva of sensitized patients (1– 6). Release of
mast-cell mediators such as histamine, bradykinin, platelet activating factor, and leukotrienes trigger an inflammatory reaction including local itching, redness, chemosis, and leukocyte extravasation (7). This leukocyte traffic from the blood circulation into
inflamed tissues is mediated by a complex cascade of interactions
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between leukocytes and the endothelium lining the inner surface of
the vasculature: it involves initial tethering, rolling, activation by
chemoattractants, and finally, transendothelial migration (8 –13).
P-selectin is released from the storage granules, the Weibel-Palade
bodies, onto the endothelial surface within minutes after cascade
initiation, (14) and participates in the two first steps of leukocyte
extravasation.
We have recently introduced a new, noninvasive application of
confocal reflected light microscopy enabling direct and repeatable
quantitative analysis of conjunctival inflammation in human patients (15, 16). The human conjunctiva is useful in these analyses,
as it is semitransparent and normally devoid of leukocytes, which
greatly facilitates the identification of newly emigrated leukocytes
during the inflammatory reaction. We used the conjunctival allergen challenge model, as it reproduces the signs and symptoms of
allergic conjunctivitis (17).
This study was set up to analyze and compare the clinical signs,
symptoms, and the in vivo leukocyte rolling and extravasation into
sites of inflammation occurring in either birch allergen- or histamine-induced conjunctival reactions, both in patients with clinical
birch pollen allergy and in healthy controls.
We show here that both the specific allergen in allergic patients
as well as histamine in both patients and normal controls induced
symptoms and signs of an acute allergic reaction, together with
leukocyte rolling within the conjunctival blood vessels. Only the
allergen challenge in allergic patients, but not histamine, caused
leukocyte extravasation into the site of inflammation. Allergen also
enhanced expression of endothelial P-selectin in conjunctival vessels and the slow rolling of leukocytes in allergic patients which is
required for their extravasation from the blood circulation into tissue. Finally, i.v. heparin strongly reduced the number of slowly
rolling cells during allergen- or histamine-induced reactions and
may hinder leukocyte extravasation after allergen exposure.

Materials and Methods
Subjects
The study was performed according to the Declaration of Helsinki, and the
study protocol was reviewed and accepted by the Committee on Ethics of
the Helsinki University Eye and Ear Hospital (Helsinki, Finland). Allergic
0022-1767/04/$02.00
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Immediate allergic reactions are initiated by allergen-induced, specific IgE-mediated mast cell degranulation and involve leukocyte
recruitment into the inflamed site. We compared conjunctival signs, symptoms, and in vivo leukocyte rolling and extravasation
into sites of inflammation in five patients allergic to birch pollen and in 10 nonallergic controls who received a challenge to birch
allergen or histamine. Both the specific allergen in allergic patients and histamine, both in patients and in healthy controls, induced
symptoms and signs of an immediate allergic reaction together with leukocyte rolling within the conjunctival blood vessels.
However, only allergen, not histamine, caused leukocyte extravasation into the site of inflammation in the allergic patients.
Allergen also increased expression of endothelial P-selectin in conjunctival vessels and slowed the rolling of leukocytes which is
required for their extravasation from blood circulation into the target tissue. Finally, i.v. heparin strongly reduced the number of
slowly rolling cells during allergen- or histamine-induced reactions and this can probably hinder the leukocyte extravasation after
allergen exposure. These findings suggest that slow rolling is required for leukocyte extravasation in acute allergic reactions, and
it can be inhibited by heparin in vivo in therapeutically relevant conditions. The Journal of Immunology, 2004, 172: 3235–3242.

DIRECT MONITORING OF ACUTE ALLERGIC REACTIONS

patients gave their informed consent. Five volunteers (all women; mean
age 29.4 years, range 24 –39) suffering from ocular allergic symptoms during the birch pollen season were included in the study. These allergic
patients were selected on the basis of a symptom history of ocular involvement and a skin-prick test positive for birch allergen (Solu-Prick, 10 SQ,
ALK, Hørsholm, Denmark). Their reaction was considered positive if the
allergen caused a weal of over 3 mm, and the positive control (histamine
dihydrochloride 10 mg/ml) and negative control (solvent) gave the expected results (18). All of the allergic patients had rhinitis together with
their ocular symptoms; otherwise they were healthy. Ten healthy nonallergic volunteers (5 women, 5 men; mean age 29.1 years, range 26 –33)
were enrolled to the study and served as control subjects. Exclusion criteria
for both the allergic patients and healthy controls were: any symptoms or
signs of clinical activity of allergic ocular involvement, any other eye disease, any use of anticoagulative or immunosuppressive drugs, use of topical ophthalmic solutions, and use of anti-inflammatory or anti-allergic
drugs at least 2 wk before the study.

positive control for vascular endothelium. CD3 Ab (1:100, NCL-CD3-PS1;
Novocastra Laboratories) was used to count activated T cells. Isotypematched mouse and rat IgG, IgM, and rabbit polyclonal Ab served as
negative control reagents with the same concentration as the specific Ab.
The mAb 7C7 (also from S. Jalkanen) served as the negative control for
2F3, and TIB146 (1:100 culture supernatant, also from S. Jalkanen) was a
negative control for HECA-452 and MECA-79. Immunohistochemistry
was performed according to the relevant Vector ABC Elite Kit (Vector
Laboratories, Burlingame, CA) protocols. We used pretreatment in citrate
buffer 2 ⫻ 5 min, pH 6 (mAbs CD 34 class II, 2F3, HECA-452, MECA-79,
and CD3) and pH 3 (P- and E-selectin, and ICAM-1). Incubation of primary Ab was overnight at 4°C. A separate protocol for the anti-VCAM-1
mAb was used exactly according to manufacturer⬘s instructions with incubation of primary Ab overnight at 4°C. The reactivity of mAbs was
evaluated by J.K., who had no knowledge of the pathological diagnosis of
the specimens, and the total number of positive vessels was determined
from each biopsy.

Conjunctival allergen challenge

Heparin treatment

The conjunctival challenges were all done out of pollen season. One drop
of birch allergen (100,000 SQ-U/ml; ALK) or histamine diphosphate
(HIST)3 (0.5 mg/ml) was applied (1 ml standard tuberculin injection syringe) into the conjunctival sac of the eye, after which the eye was kept
closed for 30 s. The medial canthus was compressed to prevent the flow of
allergen into the lacrimal channel. Allergic symptoms (redness, tearing,
chemosis, and itching) were scaled according to Abelson et al. (17) before
the challenge and 15, 30, and 60 min afterward. Confocal microscopy of
the lateral bulbar conjunctiva venules for analysis of leukocyte trafficking
was performed before the conjunctival challenge and 15, 30, and 60 min
afterward. Healthy controls were challenged only once with HIST or birch
allergen. Birch-allergic patients were challenged twice, first with HIST,
and at least 2 wk after the first challenge with birch allergen.

Two healthy controls and two allergic patients participated also in the
experiment with heparin treatment. The analytical set-up was identical with
nonheparin treated ones. They each received a single i.v. bolus of heparin
(2500IE, Heparin Leo; Leo Pharmaceutical Products, Ballerup, Denmark)
3 min before a conjunctival challenge with HIST (controls) or birch allergen (allergic patient). Confocal microscopy of the lateral bulbar conjunctiva venules was performed before the heparin treatment and 15, 30, and 60
min after conjunctival challenge. The activated partial thromboplastin time
(APTT) clotting assay was taken three times during the experiment: before
heparin treatment and 15 and 60 min after heparin bolus injection.
The same two healthy controls also participated in another heparin treatment experiment. The conjunctival challenge with HIST was performed as
before. A single heparin i.v. bolus (2500IE, heparin; Leo Pharmaceutical
Products) was given 40 min after the conjunctival challenge. Confocal
microscopy of the lateral bulbar conjunctiva venules was performed before
and then 15, 30, 45, 50, 55, and 60 min after the challenge. The APTT
clotting assay was taken twice during the experiment, before heparin treatment, and 20 min after heparin bolus injection.

In vivo confocal microscopy, leukocyte-rolling, and histological
image parameters
A tandem scanning confocal microscope was used (TSCM, Model 165A;
Tandem Scanning, Reston, VA). The objective lens of the microscope
(cone tip ⫻24, gel contact, numerical aperture 0.6, working distance 0 –1.5
mm, including a floating tip retraction mechanism, Tandem Scanning) was
adjusted to give an en face view of the bulbar conjunctival vessels. The
set-up and operation of the confocal microscope have been described previously (15, 19, 20).
Vessel diameters, mean centerline flow velocity, and number and velocity of rolling cells were counted for all vessels. Mean centerline flow
velocity was counted for three to five freely moving bright cells by measurement of average movement in the four subsequent frames. Vessels with
flow above 500 m/s were included in the analysis. Number of rolling cells
was counted for each vessel with continuous flow and a sharp image from
those cells passing an imaginary horizontal line in the vessel, which was
fixed in one of the local landmarks in the vessel area to eliminate the effect
of small movements. The number of extravasated leukocytes in the focal
plane of the conjunctival stroma was counted for an area adjacent to the
vessels where rolling had been analyzed.

Conjunctival biopsies and immunohistochemistry
Conjunctival biopsy specimens were taken from two control subjects 60
min after conjunctival challenge with histamine and one birch-allergic patient 60 min after conjunctival challenge with birch allergen. The conjunctiva was locally anesthetized with obucain (Oftan Obucain; Santen, Tampere, Finland) eye-drops, and the specimen was taken from the lateral
bulbar conjunctiva. The conjunctival specimens were formalin-fixed and
paraffin-embedded. The glycan epitopes on L-selectin ligands were identified by mAbs (mAbs) 2F3, HECA-452, and MECA-79. Both mAbs 2F3
(5 g/ml; BD PharMingen, San Diego, CA) and HECA-452 (15 g/ml,
kindly provided by S. Jalkanen, University of Turku, Turku, Finland) are
anti-sLex mAbs, requiring both the presence of ␣2,3 sialylation and ␣1,3
fucosylation of the lactosamine. MECA-79 (1:100 culture supernatant, also
from S. Jalkanen) requires 6-sulfation of the core 1 O-glycan decoration of
L-selectin ligands. We also used the anti-VCAM-1 mAb (10 g/ml, 1.4C3;
Novocastra Laboratories, Newcastle, U.K.). A polyclonal Ab was used
against P-selectin (0.5 mg/ml; BD PharMingen), E-selectin (0.1 mg/ml;
HyCult, Uden, The Netherlands), and ICAM-1 (0.1 mg/ml; HyCult). Anti-CD 34 class II (QBEND 10; DAKO, Glostrup, Denmark) served as the
3
Abbreviations used in this paper: HIST, histamine diphosphate; APTT, activated
partial thromboplastin time.

Statistics
Statistical analyses were performed with SPSS 9.0 for Windows (Microsoft, Redmond, WA). The one-way ANOVA served to determine the
significance between time points and groups. Spearman⬘s  served in calculating correlation between the tissue-emigrated cells and very slowly
rolling leukocytes. Results are expressed as mean ⫾ SD, and differences
were considered significant at p ⬍ 0.05. Statistical analyses were not performed for heparin or immunohistochemistry data because of the small
patient number.

Results
Allergic symptoms were scaled before and during both challenges.
Whereas birch pollen allergen induced no symptoms in normal
control individuals, it had marked effects on the allergic patients
(Table I). Histamine challenge caused similar symptoms in both
the patients and controls. The in vivo leukocyte rolling and extravasation was analyzed so that the number of vessels, vessel
diameter, analysis time, and leukocyte velocities between the four
groups and different time points were similar (Table II). Thus the
differences were interpreted to result from the birch allergen or
histamine challenges to the conjunctiva, rather than from sampling
errors.
Characteristics of birch allergen-induced leukocyte traffic in
conjunctiva
In the allergic patients, the birch allergen challenge induced a
strong increase in number of rolling cells: 0.4 ⫾ 0.5 vs 78.8 ⫾ 40.0
(mean ⫾ SD of rolling leukocytes/min before and at 60 min after
the challenge, respectively. Value of p ⫽ 0.011, Fig. 1A). It did not
cause significant rolling of leukocytes in the controls (Table III and
Fig. 1A).
The birch allergen also significantly reduced the mean rolling
velocity of the leukocytes in allergic patients, from 221 ⫾ 210
m/s before to 26 ⫾ 17 m/s at 15 min after the challenge ( p ⫽
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Table 1. Comparison of allergic symptoms (mean ⫾ SD) scaled at each time point between study groups
Patients

Challenge

Allergen

Control

Allergen

Allergic

Histamine

Control

Histamine

Allergic

Prophl.
Heparin⫹
Allergen

Control

Prophl.
Heparin⫹
Histamine

Time Point (min)

Hyperemia (0 – 4)

Chemosis (0 –3)

Itching (0 – 4)

Total Score (0 –10)

5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
2
2
2
2
2
2
2
2

0
15
30
60
0
15
30
60
0
15
30
60
0
15
30
60
0
15
30
60
0
15
30
60

0⫾0
2.1 ⫾ 0ⴱⴱ
2.3 ⫾ 0.4ⴱⴱ
1.3 ⫾ 0ⴱⴱ
0⫾0
0⫾0
0.4 ⫾ 0.4
0.3 ⫾ 0.4
0⫾0
2 ⫾ 0ⴱⴱ
2 ⫾ 0ⴱⴱ
1.4 ⫾ 0ⴱⴱ
0⫾0
2 ⫾ 0ⴱⴱ
2.2 ⫾ 0ⴱⴱ
1.9 ⫾ 0ⴱⴱ
0⫾0
2.5 ⫾ 0
2.5 ⫾ 0
2⫾0
0⫾0
2.3 ⫾ 0
1.5 ⫾ 0
1.5 ⫾ 0

0⫾0
2 ⫾ 0ⴱⴱ
2 ⫾ 0ⴱⴱ
1.8 ⫾ 0ⴱ
0⫾0
0⫾0
0⫾0
0⫾0
0⫾0
1.6 ⫾ 1.4ⴱⴱ
1 ⫾ 0ⴱ
1 ⫾ 0ⴱ
0⫾0
1⫾0
1⫾0
1⫾0
0⫾0
1⫾0
2⫾0
2⫾0
0⫾0
1⫾0
1⫾0
1⫾0

0⫾0
2.3 ⫾ 2.1ⴱ
0⫾0
0⫾0
0⫾0
0⫾0
0⫾0
0⫾0
0⫾0
1.2 ⫾ 0ⴱ
0.8 ⫾ 0
0⫾0
0⫾0
0⫾0
0.2 ⫾ 0
0⫾0
0⫾0
1⫾0
0⫾0
0⫾0
0⫾0
0⫾0
0⫾0
0⫾0

0⫾0
5.5 ⫾ 2.1ⴱⴱ
4.3 ⫾ 0.4ⴱⴱ
3⫾0
0⫾0
0⫾0
0.3 ⫾ 0.4
0.3 ⫾ 0.4
0⫾0
5 ⫾ 1.4ⴱⴱ
4 ⫾ 0ⴱⴱ
2 ⫾ 0ⴱⴱ
0⫾0
4 ⫾ 0.7ⴱⴱ
3.5 ⫾ 0ⴱⴱ
3 ⫾ 0ⴱⴱ
0⫾0
4.5 ⫾ 0
4.5 ⫾ 0
4⫾0
0⫾0
3.25 ⫾ 0
2.5 ⫾ 0
2.5 ⫾ 0

ⴱ p ⬍ 0.05 compared with baseline.
ⴱⴱ p ⱕ 0.01 compared with baseline.

0.023, Table III, Fig. 1B). Since only very slow rolling leukocytes
can adhere to and migrate through the endothelium, we further
analyzed this fraction of the slowest rollers. Before the challenge
no leukocytes had a rolling velocity below 9 m/s, but the number
of these cells increased in a time-dependent manner up to 72.4% at
60 min after application of allergen to the conjunctiva (Fig. 1C).
In the allergic patients, birch allergen had already induced a
significant increase in the number of tissue-emigrating leukocytes
within 15 min (Table III). This effect was most pronounced at 30
min, when the number of leukocytes within the conjunctival tissue
had risen from 0 ⫾ 0 to 764 ⫾ 181 cells/mm2, p ⬍ 0.001). A
strong time-dependent correlation appeared between number of
tissue-emigrated cells and the number of adherent or very slowly
rolling cells ( p ⫽ 0.001, Spearman⬘s ). In nonallergic controls,
the birch allergen did not induce transmigration of leukocytes
(Table III).

Effects of histamine challenge in human conjunctiva
A direct histamine challenge was chosen to bypass the mast-cell
degranulation effect induced by the allergen in vascular endothelial
cells. This histamine challenge caused hyperemia, itching, and
chemosis in allergic patients as well as in healthy controls; symptoms and signs were essentially identical with those caused by the
allergen in the birch-sensitized patients (Table I). Histamine also
induced a strong increase in number of rolling cells in both allergic
patients and controls (Table III). The peak in number of rolling
leukocytes/min occurred 30 min after the histamine challenge in
both groups. The number of rolling leukocytes/min was 0.9 ⫾ 1.3
and 80.4 ⫾ 21.4 (mean ⫾ SD, p ⫽ 0.001, Fig. 1A) before and 30
min after the challenge. No statistically significant difference appeared in number of rolling leukocytes/min between the controls
and allergic patients during the histamine challenge. In contrast to

Table II. Comparison of hemodynamic parameters (mean ⫾ SD) measured at each time point between study groups

Patients

Challenge

Allergic

Allergen

Control

Allergen

Allergic

Histamine

Control

Histamine

n

Time Point
(min)

No. of
Vessels

Vessel Diameter
(m)

Analysis Time
(s) (range)

Leukocyte Velocity
(m/s)

Total Rolling Cells
Analyzed (sum)

5
5
5
4
5
5
5
5
5
5
5
5
5
5
5
5

0
15
30
60
0
15
30
60
0
15
30
60
0
15
30
60

2.8 ⫾ 1.9
3.4 ⫾ 1.1
2.6 ⫾ 1.1
4.3 ⫾ 1.5
2.6 ⫾ 1.9
3.4 ⫾ 1.5
3.4 ⫾ 1.5
2.8 ⫾ 1.3
3.2 ⫾ 1.3
2.8 ⫾ 1.3
3.0 ⫾ 1.2
3.2 ⫾ 1.3
4.0 ⫾ 1.6
2.0 ⫾ 1.0
2.2 ⫾ 1.1
2.4 ⫾ 0.9

31.1 ⫾ 4.3
32.1 ⫾ 9.1
28.5 ⫾ 12.4
28.1 ⫾ 6.4
25.9 ⫾ 3.9
27.9 ⫾ 8.1
27.3 ⫾ 5.9
28.9 ⫾ 4.8
25.9 ⫾ 6.3
29.9 ⫾ 4.0
30.9 ⫾ 1.7
38.6 ⫾ 14.6
26.6 ⫾ 3.1
38.2 ⫾ 8.9
38.0 ⫾ 11.4
42.5 ⫾ 6.4

31 (15– 61)
78 (34 –118)
64 (15–140)
67 (24 –100)
46 (18 –131)
41 (29 – 65)
42 (33– 65)
38 (21–79)
34 (10 –59)
48 (17– 65)
32 (18 – 44)
58 (29 –112)
53 (22–123)
72 (28 –154)
72 (32–189)
84 (43–189)

910 ⫾ 363
944 ⫾ 77
811 ⫾ 111
852 ⫾ 88
995 ⫾ 115
972 ⫾ 73
1002 ⫾ 80
986 ⫾ 127
875 ⫾ 113
897 ⫾ 119
773 ⫾ 125
828 ⫾ 142
927 ⫾ 149
987 ⫾ 205
1024 ⫾ 234
984 ⫾ 202

2
164
154
210
2
1
6
2
4
147
137
208
10
247
186
232
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and two controls. Of the molecules participating in the leukocyte
trafficking, we analyzed the endothelial expression of P- and Eselectin, ligands for L-selectin, as detected by HECA-452, 2F3,
and MECA-79, ICAM-1, and VCAM-1. Although a small fraction of conjunctival vessels had already expressed endothelial
P- selectin before the challenge, the number of P-selectin-positive vessels was further enhanced by the allergen in an allergic
patient, but not with histamine after 60 min. Concomitantly,
neither the E-selectin nor ICAM-1 was expressed in resting
endothelium but both were induced by histamine and even more
strongly by the allergen (Fig. 2). We detected no expression of
the ligands for L-selectin or VCAM-1 in any of the conjunctival
biopsies analyzed, although the internal positive control for the
assay was always reactive. In allergic patient 60 min after allergen challenge, there were 221 polymorphonuclear leukocytes
in the conjunctival tissue and only two of them (0.9%) were
CD3 positive.

FIGURE 1. In vivo analysis of rolling leukocytes before and after histamine (HIST) and birch allergen challenges (BPA). A, Number of rolling
leukocytes in conjunctival venules. B, Velocity of rolling leukocytes. C,
Relative frequency of leukocytes rolling very slowly (0 –9 m/s) in allergic
patients (ALL) during histamine and birch allergen challenges. f, Birch
allergen; , histamine challenge. Significance values were calculated with
ANOVA, ⴱ, p ⬍ 0.05 and ⴱⴱ, p ⬍ 0.01.

the allergen-induced reduction in leukocyte rolling velocity, the
histamine challenge did not affect velocity at all (Table III, Fig. 1,
B and C). Consequently, and in striking contrast to the allergen
challenge, the histamine challenge did not induce leukocyte transmigration in either group (Table III).
Endothelial adhesion molecules participating in leukocyte
rolling and extravasation after allergen or histamine challenge
We were able to obtain conjunctival biopsy specimens after confocal microscopy, at 60 min after the challenge from one patient

Of the major molecules mediating leukocyte rolling in our settings
only P-selectin was present. Heparin has been suggested to be an
effective inhibitor especially of P- and to a lesser extent of Lselectin-mediated rolling and extravasation (21–26). In allergic patients during allergen challenge, the numbers of rolling cells, with
or without heparin prophylaxis were identical (Fig. 3A). However,
mean rolling velocity, however, was markedly increased with the
prophylactic heparin bolus: 26 ⫾ 17 without and 135 ⫾ 76 m/s
with heparin (Fig. 3B). Furthermore, although the prophylactic bolus also caused a 45-min delay in transendothelial migration, eventually leukocyte extravasation took place in these patients also
(Fig. 3C). All of these alterations in leukocyte rolling and extravasation were present only when the prophylactic heparin bolus also
caused a significant anti-coagulative effect, prolongation of the
APTT (APTT 145 s, with normal values being 24 – 40 s). Despite
the fact that the prophylactic heparin bolus almost completely
abolished slow rolling and caused a significant delay in leukocyte
extravasation, it had no effect on allergic symptoms or signs
(Table I).

Table III. Comparison of inflammatory parameters (mean ⫾ SD) measured at each time point between
study groups

Patients

Challenge

Allergic Allergen

Control

Allergen

Allergic Histamine

Control

Histamine

n

Time Point
(min)

No. of Rolling
cells/min

Rolling Velocity
(m/s)

No. of Transmigrated
leukocytes/mm2

5
5
5
4
5
5
5
5
5
5
5
5
5
5
5
5

0
15
30
60
0
15
30
60
0
15
30
60
0
15
30
60

0.4 ⫾ 0.5
45.0 ⫾ 27.1ⴱ
55.5 ⫾ 35.7ⴱ
78.8 ⫾ 40.0ⴱⴱ
1.1 ⫾ 2.4
9.0 ⫾ 20.1
10.6 ⫾ 19.5
1.0 ⫾ 2.2
0.9 ⫾ 1.3
53.1 ⫾ 39.8ⴱ
80.4 ⫾ 21.4ⴱⴱ
51.4 ⫾ 11.2ⴱ
2.1 ⫾ 3.4
42.4 ⫾ 16.4
58.8 ⫾ 28.1ⴱⴱ
54.4 ⫾ 27.2ⴱ

221 ⫾ 210
26 ⫾ 17ⴱ
37 ⫾ 17ⴱ
32 ⫾ 15ⴱ
113 ⫾ 0
231 ⫾ 0
192 ⫾ 55
141 ⫾ 0
110 ⫾ 113
111 ⫾ 36
94 ⫾ 27
102 ⫾ 19
112 ⫾ 45
81 ⫾ 25
111 ⫾ 41
115 ⫾ 44

0⫾0
177 ⫾ 193
764 ⫾ 181ⴱⴱ
642 ⫾ 81ⴱⴱ
0⫾0
0⫾0
14 ⫾ 31
0⫾0
6 ⫾ 13
0⫾0
0⫾0
0⫾0
0⫾0
8 ⫾ 19
0⫾0
0⫾0

ⴱ p ⬍ 0.05 compared with baseline.
ⴱⴱ p ⱕ 0.01 compared with baseline
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FIGURE 2. Analyses of endothelial
expression of P- and E-selectin in conjunctival venules in healthy control 60
min after histamine challenge, and
birch-allergic patient 60 min after birch
allergen challenge. Percentage of conjunctival venules expressing P-selectin
(A) and E-selectin (B). Staining in specimen (brown) with anti-P-selectin (C)
anti-E-selectin (D) Abs in allergic patient. Staining with anti-P-selectin (E)
and anti-E-selectin (F) in control subjects specimen. Isotype-matched background control for anti-P-selectin (G)
and anti-E-selectin (H) Abs showed essentially no reactivity. Original magnification, ⫻200.

Effect of heparin on histamine-induced leukocyte traffic and the
clinical picture
In this setting, we analyzed healthy subjects, because histamineinduced rolling had been shown to be similar in both allergic patients and healthy controls (Table III, Figs. 1, A and B). In contrast

to the allergen challenge, the prophylactic heparin bolus given before the histamine challenge markedly reduced the number of the
rolling cells from 58.8 ⫾ 28.1 without to 18.9 ⫾ 20.1 with heparin
(Fig. 4A). Concomitantly with heparin⬘s maximal anti-coagulative
effect (APTT was 148 s at 15 min), also the mean leukocyte rolling
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velocity increased (Fig. 4B). Once again, even though the prophylactic heparin bolus significantly modified leukocyte rolling behavior, it had no effect on clinical symptoms or signs (Table I).
Finally, to monitor the capacity of heparin treatment to modify
the already ongoing leukocyte rolling in conjunctival vessels induced by the histamine challenge, we gave an i.v. heparin bolus at
the time-point of maximal rolling at 40 min after histamine challenge. This intervention promptly and significantly reduced the
number of rolling leukocytes (Fig. 5A) and increased their velocity, indicating that heparin not only prevents but also modifies
ongoing trafficking (Fig. 5, B–E). Once again, modified leukocyte
rolling was evident only when the APTT measurements rose to
anti-coagulative levels.

FIGURE 5. Effect of heparin (HEPA) treatment in healthy controls after
histamine (HIST) challenge. The heparin bolus was given 40 min after
histamine challenge. A, Number of rolling cells in conjunctival venules.
Histamine challenge with prophylactic heparin treatment marked of the
both control subjects (CONT) are shown with dotted lines (CONT (1) and
CONT (2)) and the mean of the five control subjects without heparin treatment with unbroken line (CONT (1–5)). B–E, Relative frequencies of leukocyte rolling velocities. f, Histamine challenge with heparin treatment;
, without heparin.

Discussion

FIGURE 4. Effect of heparin (HEPA) prophylaxis in healthy controls
(CONT) before and after histamine (HIST) challenge. A, Number of rolling
cells in conjunctival venules. B, Mean rolling velocity. Histamine challenge with prophylactic heparin treatment marked of the both control subjects are shown with dotted lines (CONT (1) and CONT (2)) and the mean
of the five control subjects without heparin treatment with unbroken line
(CONT (1–5)).

We analyzed for the first time allergen- and histamine-induced
leukocyte rolling and extravasation into sites of acute allergic inflammation in human patients. When applied to the human conjunctiva, both birch allergen and histamine significantly raised the
number of rolling cells within only 15 min after the challenge.
Surprisingly, only allergen, not histamine, induced a time-dependent reduction in the velocity of rolling cells in the allergic patients, followed by the extravasation of leukocytes into the conjunctival tissue. Allergen had no effect on nonsensitized controls.
Atopic allergy to environmental proteins is related to the development of highly polarized Th2 cells, with high type 2 cytokine
response (IL-4, IL-5, and IL-13) but without simultaneous production of the type 1 cytokine IFN-␥. These highly polarised Th2 cells
induce B cells to switch to IgE production. In the normal subjects
low levels of IFN-␥ block the IgE switch induced by IL-4 or IL-13.
The biased polarization of the response toward Th2 cells in atopics
is generalized due to enhanced levels of serum IgE, and in some of
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FIGURE 3. Effect of heparin prophylaxis in allergic patients (ALL) before and after birch allergen (BPA) challenge. A, Number of rolling cells in
conjunctival venules. B, Mean rolling velocity. C, Number of extravasated
leukocytes. Birch allergen challenge with prophylactic heparin (HEPA)
treatment marked of the both patients are shown with dotted lines (ALL (1)
and ALL (2)) and the mean of the five ALL without heparin treatment with
unbroken line (ALL (1–5)).

The Journal of Immunology

anti-inflammatory activity, (48) it may be possible to dissect the
effects of two kinds of heparin. Our prophylactic heparin bolus was
sufficient to cause a marked delay in transendothelial migration
after allergen challenge, but probably due to the rapid elimination
kinetics of heparin, its concentration was insufficient to block all
slow rolling and transmigration after one hour. Alternatively or in
addition, induction of E-selectin may compensate for inhibition of
P-selectin-dependent rolling at this stage (40).
We demonstrate some unique features of the leukocyte trafficking in allergy-caused inflammation in a relevant human conjunctivitis, which challenge the role of leukocytes in the very acute
phase of the allergic reaction. First, clinical symptoms began before significant leukocyte extravasation took place, often within 1
min from the topical inoculation of birch allergen, whereas no
significant changes in numbers of rolling leukocytes were evident
in the initial screening experiments before 5 min (data not shown).
This occurred both with allergen and with histamine. Secondly,
histamine is a major mediator of a full range of clinical symptoms
(1) and has promoted leukocyte rolling in animal models (30 –32).
We show that it promotes leukocyte rolling also in human subjects,
but it is insufficient to induce leukocyte extravasation. Finally, heparin was almost completely able to inhibit histamine-induced slow
leukocyte rolling and allergen-induced slow rolling and extravasation, but not to modulate clinical symptoms or signs. These results argue against the direct role of local cellular inflammation in
acute allergic reactions in human conjunctiva within the minutes
after allergen or histamine challenge. In animal models of more
chronic diseases such as delayed-type hypersensitivity, inhibition
of lymphocyte, or eosinophil adhesion to the vascular endothelium
has reduced inflammation (49, 50). It is possible that a longer
detection period of more chronic forms of allergic inflammation
may also show improved clinical outcome or the differences may
be due to different effector cell populations. Although heparin did
not modulate clinical outcome in our setting within the first hour
after the challenge, it showed a marked potential to inhibit or completely block leukocyte traffic at routine clinical doses. Heparin
treatment can inhibit cancer metastasis in animal models (21). It is
part of the treatment of acute myocardial infarct and may prevent
ischemia-reperfusion injury by inhibiting leukocyte traffic (48).
The threshold for adequate inhibition of leukocyte traffic may differ among inflammatory processes and may vary over time, but our
initial findings warrant further studies in humans.
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