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Microvascular exudative hyperresponsiveness in
human coronavirus-induced common cold

Lennart Greiff, Morgan Andersson, Anders Akerlund, Per Wollmer,
Christer Svensson, Ulf Alkner, Carl G A Persson

Abstract
Background - The inflammatory re-
sponse of the airway microcirculation in
rhinitis and asthma may be recorded as
luminal entry ofplasma macromolecules
(mucosal exudation). This study ex-
amines the exudative responsiveness of
the subepithelial microvessels in subjects
with and without common cold after
inoculation with coronavirus.
Methods - The airway mucosa was
exposed to exudative concentrations of
histamine (40 and 400,ug/ml) before and
six days after inoculation. To assess
whether mucosal penetration of a topi-
cally applied agent was altered, nasal
absorption of chromium-51 labelled
ethylene diamine tetraacetic acid (5'Cr-
EDTA, MW 372) was also examined. A
nasal pool technique kept the challenge
and tracer solutes in contact with the
same ipsilateral mucosal surface. Con-
centrations of albumin in lavage fluids
were measured as an index of mucosal
exudation of plasma. Nasal absorption
of 5'Cr-EDTA was determined by the
cumulated 24 hour urinary excretion of
radioactivity.
Results - Nine subjects developed com-
mon cold after coronavirus inoculation
and 10 remained healthy. Histamine pro-
duced concentration dependent mucosal
exudation ofplasma in all subjects before
and after coronavirus inoculation. In
subjects with common cold, however, the
histamine-induced mucosal exudation
was significantly augmented compared
with the group without common cold.
This exudative hyperresponsiveness is
not explained by an increased baseline
exudation because the lavage regimen
used produced comparably low baseline
exudation in both groups of subjects, nor
is it explained by an increased penetra-
tion of topical histamine because the
ability of the nasal mucosa to absorb
5'Cr-EDTA was not significantly
increased in the subjects with common
cold.
Conclusions - An increased proclivity of
the airway subepithelial microcircula-
tion to respond with plasma exudation
develops during coronavirus-induced
common cold. This specific exudative
hyperresponsiveness may be a feature of
inflammatory airway diseases.

(Thorax 1994;49:121-127)

Several reports have suggested that rhinoviral
infections may contribute to the development
of non-specific bronchial hyperresponsive-
ness.'2 The possibility that viral infections of
the nose also produce nasal hyperresponsive-
ness has not received attention. This seems
unfortunate because nasal studies can be car-
ried out with great specificity and yield in-
formation of potential relevance both for the
upper and lower airways.3
Changes in the sensitivity and function of

different nasal end organs including the epi-
thelial barrier, the secretory apparatus, the
innervation, and the subepithelial microcircu-
lation can be assessed in the nose.3 One end
organ response - the mucosal exudation of
plasma - may be of special interest. This
response constitutes a significant mucosal
defence reaction4 but may also produce many
pathogenetic effects in the airways.5 In addi-
tion, it can serve as a specific and quantitative
index of the subepithelial inflammatory pro-
cess.3

In allergic airway disease and coronavirus
infection the inflammatory process is charac-
terised by mucosal exudation of bulk plasma.67
Topical challenge with single mediators such
as histamine also produces a reproducible
mucosal exudation of bulk plasma.89 Using
histamine as a challenge agent we have recently
shown that an exudative hyperresponsiveness
may develop during seasonal allergic rhinitis.'0
This increased vascular epithelial exudation
response in allergy was not associated with
increased mucosal absorption." It is not
known whether the exudative responsiveness
of the airway mucosa may be altered in other
inflammatory respiratory diseases such as
common cold. Viral infections are thought to
damage the epithelium, resulting in increased
tissue penetration of the challenge agent. This
mechanism alone might produce exaggerated
responses to airway challenges.

In the present study we have measured
histamine-induced mucosal exudation of
plasma before and during human coronavirus-
induced common cold. We have also examined
the rate of nasal absorption of 51-chromium
labelled ethylene diamine tetraacetic acid
(5'Cr-EDTA, MW 372) to assess whether the
normal barrier function of the mucosa is
altered in the present virus-induced inflamma-
tion. A nasal pool technique9 has been used
both for histamine challenge and for adminis-
tration of 5'Cr-EDTA. This technique ensures
that the challenge and tracer solutes, respect-
ively, are kept in contact with a large and well
defined area of the nasal mucosal surface for a
selected period of time.
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Methods
SUBJECTS
Nineteen healthy men of mean age 24 (range
20-27 years) participated in the study. The
subjects had no history of general, nasal, or
allergic disease, and no history of recent drug
treatment or recent vaccination. Absence of
allergy was verified by a negative history and a
negative skin prick test (Phazett, Pharmacia,
Uppsala, Sweden). The study was performed
in May 1991 and was approved by the local
ethics committee and informed consent was
obtained.
The subjects were isolated and lodged four

by four in five separate two bedroom apart-
ments. They were instructed not to meet
people other than their lodge mates at a range
closer than 10 metres. Outdoor activities were
otherwise not restricted. All meals were de-
livered to the apartments. In order to ensure
that the subjects were not infected at the start
of the study, they were observed for the first
two days of isolation. During this time none of
the subjects developed symptoms of common
cold so all were inoculated with coronavirus.
Subjects not developing infection after corona-
virus inoculation were used as control subjects.

NASAL CORONAVIRUS INOCULATION
Human coronavirus 229E was diluted in phos-
phate buffered saline at 4°C to a concentration
of 100 TCID,0/ml (tissue culture infective dose
50 - that is, the dose that produced infection in
50% of cultures). With the subjects in a supine
and extended neck position 0 5 ml of this
solution was administered into each nasal
cavity two days after isolation (study day zero).
In order to avoid infectious contamination
during the study the investigators in contact
with the subjects wore aprons, surgical gloves,
and face masks. The non-disposable equip-
ment used by the investigators was soaked in
ethanol (70%) or boiled water for two minutes
between use. The clinical course, including
daily measurements of symptoms and mucosal
temperature, is reported elsewhere.7

DETERMINATION OF COMMON COLD
To distinguish between subjects with and
without common cold a clinical evaluation was
performed daily by an otolaryngologist. A
symptom and clinical sign score, based on
symptoms presented on direct questions and
clinical signs on physical examination includ-
ing an anterior rhinoscopy, was given twice
daily according to the method of Beare et al.'2
The criteria for the development of common
cold was a total score of more than 16 points,
and a convincing progress of symptoms and
signs on the second to fifth days after inocula-
tion - that is, a four point increase for at least
two consecutive days. In support of the clinical
evaluation an ELISA techique was used for
serological analysis. Preinoculation sera were
compared with convalescent sera obtained
three to four weeks after inoculation. A greater
than fourfold increase in the titre was con-

sidered as seroconversion and as a suggestion
of recent coronavirus-induced infection.

NASAL POOL TECHNIQUE
A nasal pool technique was used for concom-
itant histamine challenge and lavage, and for
adminstration of the absorption tracer, re-
spectively.9 The nasal pool device is a com-
pressible plastic container equipped with a
nasal adapter. The adapter is inserted into one
of the nostrils (in the present study the right
nostril) and the container is compressed by the
subject sitting in a 60° forward flexed neck
position. The nasal pool fluid (in the present
study 14 ml) is then instilled and maintained in
contact with a large and defined area of the
nasal mucosal surface for an extended period
of time. When the pressure on the device is
released the fluid returns into the container.

MEASUREMENT OF MUCOSAL EXUDATION OF
PLASMA
Measurement of histamine-induced mucosal
exudation of albumin was performed one
month before and six days after coronavirus
inoculation. Isotonic saline and histamine (40
and 400 pg/ml) were introduced in sequence
into the nasal cavity by the nasal pool tech-
nique. The fluid was maintained in the nasal
cavity for 10 minutes, and 20 minutes elapsed
between each instillation. To prevent hist-
amine from being retained in the airway the
mucosal surface was irrigated with saline for
30 seconds using the nasal pool technique,
immediately after each 10 minute challenge.
These lavage fluids were not collected. The
recovered fluids were centrifuged (105g, 10
minutes, 4°C) and samples were obtained from
the supernatant and frozen (- 20°C) while
awaiting analysis. The concentration of albu-
min was measured in the recovered lavage
fluids with a radioimmunoassay technique
sensitive to 6-25 ng/ml. The intra- and inter-
assay coefficients of variation were 5% and
10%, respectively.
Five days after inoculation the effect of

repeated saline lavages without histamine on
lavage fluid levels of albumin was examined in
the group with common cold. Two consec-
utive saline lavages, each of 10 minutes
duration, were performed, followed by a third
lavage 30 minutes later. The concentration of
albumin was measured in the recovered lavage
fluids as described above.

MEASUREMENT OF NASAL ABSORPTION OF
5'Cr-EDTA
Measurement of nasal absorption of 51Cr-
EDTA was performed one month before and
four days after coronavirus inoculation.'3 5GCr-
EDTA (about 5 MBq) in isotonic saline was
introduced into the nasal cavity by the nasal
pool technique. The fluid was maintained in
the nasal cavity for 15 minutes. Two additional
30 second saline lavages were then promptly
carried out to prevent absorption of any tracer
retained on the mucosal surface. The nasal
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absorption of 5"Cr-EDTA during the 15
minute exposure was determined by sampling
the urine produced during 24 hours after the
instillation procedure. Three samples (each
3-0 ml) taken from the pooled 24 hour urine
collection were counted in a well counter for
2000 seconds. Two samples (each 3 0 ml) of a

standard solution, prepared by diluting 0 1 ml
of the instillate to 100 ml, were counted
together with the urine samples. The amount
absorbed was expressed as the corresponding
volume of the nasal instillate - that is, the urine
count rate multiplied by the pooled urine
volume, divided by the standard solution
count rate corrected for dilution.

STATISTICS
The Friedman and Wilcoxon signed rank tests
were used to examine differences in albumin
concentrations between the three lavages per-

formed on subjects with common cold five
days after inoculation. The Wilcoxon signed
rank test was used to examine differences in
histamine-induced albumin concentrations
and differences in absorbed volumes of 5"Cr-
EDTA before and after inoculation within the
groups, with and without common cold. The
Mann-Whitney U test was used to examine
differences in histamine-induced albumin con-

centrations between the groups with and with-
out common cold. A regression analysis of
individual values was used to examine the
correlation between histamine-induced muco-

sal exudation of plasma on day six and
absorption of 51Cr-EDTA on day four after
inoculation. A p value <0 05 was considered
significant. Data are presented as means (SE).

Results
Nine subjects developed common cold as

judged by scores of symptoms and clinical
signs (table), two of whom failed to show
seroconversion. Because of a convincing de-
velopment of symptoms, however, all nine
subjects were included in the group with com-

mon coldi. A total number of nine subjects
showed seroconversion, two of whom were

without convincing symptoms or clinical signs
of common cold. The latter subjects were
included in the group without common cold.

Before inoculation the albumin concentra-
tion in the saline lavage fluid obtained was low
in subjects who subsequently developed or did
not develop common cold (11-8 (3-5) tg/ml
and 22 3 (5-1) jig/ml, respectively). Six days
after inoculation the group without common
cold also exhibited a relatively low albumin
concentration (34 6 (8 5) gtg/ml) in the saline
lavage fluid obtained, whereas the albumin
concentration was significantly elevated (137 2
(30 7) jg/ml) in the group with common cold
(p < 0 01) reflecting an ongoing mucosal
exudation of plasma. The initial saline lavage
fluid obtained five days after inoculation (the
day before the saline/histamine challenge
series) in subjects developing common cold
exhibited an almost equally elevated level
of albumin concentration (83-3 (31-8) gg/ml;
p < 0 05), again demonstrating ongoing muco-

sal exudation in the subjects with common

cold. However, in the second saline lavage
fluid taken on day five a low baseline level
of albumin (34 1 (11 2)glg/ml) was obtained
(Friedman test, p< 005; Wilcoxon's signed
rank test, p < 0 01 ) compared with the concen-
tration of albumin in the first saline lavage
fluid. Furthermore, in the third saline lavage
fluid obtained 30 minutes later the level of
albumin remained low (36 1 (13 5) gg/ml) sug-
gesting that, with the present technique of
repeated challenge and lavage experiments,
changes in baseline concentrations of albumin
would not invalidate the measurement of hist-
amine-induced exudation in subjects who
developed common cold.

Histamine produced a concentration de-
pendent mucosal exudation of albumin in both
groups before and six days after coronavirus
inoculation (fig 1). Furthermore, the effect of
histamine was increased in the group with
common cold after inoculation compared with
its effect before inoculation (histamine 40 gg/
ml (p <0 05) and 400 gg/ml (p <0 05)). In con-
trast, the effect of histamine was unchanged in
the group without common cold after inocula-
tion compared with before inoculation. The

Individual scores of symptoms and clinical signs before inoculation and days 0-6 after inoculation, total scores after inoculation (days 1-6)
according to method of Beare et al,'2 and changes in coronavirus titre in subjects with and without common cold

Subject no. Symptom score Increase in serotitre Common cold

Before inoculation Days after inoculation Total

0 1 2 3 4 5 6

1 00 0.0 1-0 25 110 235 125 55 560 0 Yes
2 0 5 0 5 4 5 3 0 9 5 13-5 8 5 3-5 42-5 )4 fold Yes
3 1.0 1.0 2-5 3 5 5 5 14-0 9 5 6-0 41.0 >4 fold Yes
4 1-5 15 35 50 50 5 5 10.0 100 390 2 fold Yes
5 00 15 25 1-5 65 110 85 35 335 >4 fold Yes
6 15 15 2 0 3-0 7 5 115 3 0 5-5 32-5 )4 fold Yes
7 00 00 00 10 15 5.0 120 75 270 4 fold Yes
8 20 15 15 25 50 55 55 30 230 4 fold Yes
9 00 00 0-0 10 25 45 80 50 210 4 fold Yes
10 20 2.0 30 60 60 30 4-5 55 280 4 fold No
11 10 10 40 30 40 45 3-5 35 225 0 No
12 00 00 40 40 30 30 40 30 210 0 No
13 0 0 0 0 10 2 5 2-0 5.5 3 5 4 0 18 5 0 No
14 15 10 50 55 25 15 1.5 15 175 0 No
15 00 25 2-5 2-0 30 25 30 20 15.0 0 No
16 00 00 10 25 1.5 30 40 20 140 >4 fold No
17 1.0 35 30 30 20 1.5 05 1.0 11.0 0 No
18 00 10 3-0 20 00 00 20 20 90 0 No
19 0.0 00 00 00 0.0 10 00 15 25 0 No
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histamine-induced levels of albumin were
larger in the group with common cold than in
the group without common cold (fig 1). The
response to histamine was not different
between the groups before inoculation.

If subjects with clinical signs of common
cold but without seroconversion (subjects 1
and 4 in the table) and subjects without clinical
signs of common cold but with seroconversion
(subjects 10 and 16 in the table) are excluded
from the calculations of histamine-induced
mucosal exudation of albumin, the effect of
histamine was still greater in the group with
common cold than in the group without com-
mon cold (fig 2). The response to histamine
was not different between the groups before
inoculation.
Absorption of 5"Cr-EDTA tended to in-

crease in both the control and the common
cold groups. However, the change was signi-
ficant only in the control group. The absorbed
volumes were 0 060 (0 014) ml before and
0 189 (0 042) ml after the inoculation in the
group without common cold (p < 0-05), and
0 091 (0 035) ml before and 0 194 (0 053) ml
after inoculation in the group with common
cold. Absorption of 'Cr-EDTA was similar
for subjects with and without common cold
before and after inoculation. There were no
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significant correlations between histamine-
induced exudation of albumin and absorption
of 51Cr-EDTA after inoculation at any hist-
amine concentration and in any of the groups
(r= 0 16-0 47, p>005).

Discussion
As previously reported/ the symptoms and
signs of common cold of the present subjects
reached a maximum after four to five days and
were accompanied by mucosal exudation of
bulk plasma reflecting the coronavirus-
induced airway inflammation. This study
showed an increased exudative responsiveness
to topical histamine in the subjects with
coronavirus-induced common cold, and also
found that the nasal absorption of 51Cr-EDTA
was not significantly increased in these sub-
jects.

In this study histamine produced concentra-
tion dependent mucosal exudation of plasma in
all subjects before and after inoculation. We
have demonstrated previously by analyses of
lavage fluid levels of albumin, fibrinogen, and
ot,-macroglobulin that the histamine-induced
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exudation of albumin corresponds to mucosal
exudation of non-sieved bulk plasma.310 We
have also observed, in human nasal airways'3
and in guinea pig tracheobronchial airways,'4
that histamine-induced mucosal exudation of
plasma is not associated with any change in the
absorption permeability of the airway mucosa.

Interestingly, the histamine-induced exuda-
tion of plasma was significantly greater in
subjects with common cold than in those with-
out common cold. The response in the former
group was significant. For comparison, about a
fivefold greater concentration of histamine
may be required to produce the same degree of
plasma exudation in healthy subjects.9 The
increased response in subjects with common
cold may not reflect a high baseline concentra-
tion of albumin because control experiments
carried out five days after inoculation showed
that the high baseline is already lost after the
initial saline lavage. Furthermore, the results
obtained on day five showed that albumin does
not accumulate significantly on the mucosal
surface for the period of 30 minutes that was
chosen in the present challenge and lavage
regimen. The baseline levels obtained on day
five thus strongly suggest that the abnormally
increased concentrations of albumin after the
two histamine challenge doses in subjects with
common cold reflect an exudative hyper-
responsiveness of the airway mucosa. This
hyperresponsiveness is similar in magnitude to
that recently found in seasonal allergic rhin-
itis."' Hence, both allergen-induced and virus-
induced airway inflammation appear to be as-
sociated with exudative hyperresponsiveness.
We have suggested that exudative indices may
directly reflect the intensity of the subepithe-
lial airway inflammation.3 One consequence of
an increased exudative responsiveness, as
observed in the present study, is that the
mucosal exudation response would be an even
more sensitive measure of airway inflamma-
tion than previously suggested.3

In a series of studies involving human and
guinea pig airways we have examined mechan-
isms of mucosal exudation of plasma.31516 Posi-
tioned just beneath the epithelial lining is a
network of capillary venular microvessels.
Active separation of endothelial cells of post-
capillary venules is induced by actions of in-
flammatory mediators on these cells. Through
the open gaps in the venular wall bulk plasma
is extravasated along a hydrostatic pressure
gradient. We have suggested that the extrava-
sated plasma moves up between epithelial cells
and exerts a hydrostatic pressure load on baso-
lateral aspects of the cells.315 This load may
produce a transient separation of the junctions
between the epithelial cells so that a paracellu-
lar pathway for the clearance ofplasma into the
lumen is created. In guinea pig tracheal tube
preparations we have shown that an increase in
serosal hydrostatic pressure of about 5 cm H20
is sufficient to move macromolecules from the
serosal to the mucosal aspect of the prepara-
tion.'6 Furthermore, the luminal entry in vitro
is not affected by the presence of exudative
mediators on the mucosa,16 suggesting that the
physical pressure effect alone, without the aid

of any mediator-induced epithelial effect, ac-
counts for the passage. Luminal entry of bulk
plasma may thus occur along a small hydro-
static pressure gradient, and even if mucosal
exudation of plasma is pronounced it may
occur without generation of oedemal7 or
increased lymph protein transport.'8 Mucosal
exudation of plasma is produced by threshold
inflammatory challenges.'9 Hence, the move-
ment of extravasated plasma into the airway
lumen may not be hindered greatly by the
normal epithelial lining and may not involve
pharmacological effects on the epithelial cells.
We therefore suggest that the increased exud-
ative responsiveness to histamine challenge
in coronavirus-induced airway inflammation
does not reflect an abnormal responsiveness of
the epithelial lining, but is the result of an
increased responsiveness of the subepithelial
microcirculation.
Mucosal exudation of plasma is strictly

unidirectional and the baseline absorption
ability of the mucosa is not affected by the
exudation process.'3 1420 In the present study
nasal absorption of 5'Cr-EDTA was not signi-
ficantly changed in subjects with common cold
at the height of infection, suggesting that sig-
nificant epithelial destruction had not oc-
curred. Since mucosal exudation of plasma
may occur without damage to the epithelial
lining, this process may be considered a first
line respiratory defence also in common cold.
Mucosal exudation of plasma is induced by

inflammatory mediators,819 allergen,61921 occu-
pational factors,'9 and infection.7 The intensity
and time course of the plasma exudation re-
sponse can be monitored by analysing the
concentration ofplasma proteins/tracers in air-
way mucosal surface liquids. Mucosal exud-
ation of bulk plasma has been found in allergic
rhinitis2' and in allergic asthma.6 Furthermore,
increased concentrations of both albumin and
fibrinogen have been shown in airway mucosal
surface liquids after nasal coronavirus inocula-
tion, indicating that mucosal exudation of bulk
plasma is ongoing in subjects with common
cold,722 particularly late at night and in the
early morning hours.22 In the present study the
first saline lavages carried out on days five and
six in subjects with common cold revealed
abnormally high levels of albumin, confirming
the inflammatory exudative nature of this dis-
ease.
The mechanism of the exudative hyper-

responsiveness has not yet been clarified. In
the present study the nasal absorption of 5'Cr-
EDTA (a small polar solute like histamine) was
not significantly changed in subjects with com-
mon cold. It therefore seems that increased
penetration of histamine to the subepithelial
microvascular target can be excluded as an
important mechanism. Although it has been
suggested that epithelial disruption and
increased absorption across the mucosa is a
feature of airway inflammation and airway
hyperresponsiveness,23-25 this is not strongly
supported by actual observations made in
asthmatic subjects,2627 and in experimental
studies involving human nasal airways and
animal tracheobronchial airways.3 1420 We
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have shown that absorption across the nasal
mucosa may even be reduced in seasonal aller-
gic rhinitis late into the birch pollen season.'1
During the course of the present study the
absorption rate was slightly increased both in
healthy individuals and in those with common
cold. This effect may be a result of the frequent
lavages that were carried out in these subjects
during the course of the entire experiment
comprising seven days.7 It is less likely that
coronavirus inoculation in itself may have con-
tributed to the increased absorption that was
recorded in subjects who did not develop com-
mon cold.

Bronchial hyperresponsiveness to topical
histamine has been shown during virus infec-
tion,' but it is not known what mechanisms are
involved in this response. Indeed, if the muco-
sal thickness is increased this could in theory
explain an increased "obstructive" responsive-
ness to any fixed bronchoconstrictor stimulus.
Thus, methacholine and histamine have pre-
viously been employed to study non-specific
responsiveness in asthma (and rhinitis). In the
present study we have used histamine specific-
ally to examine the ability of the subepithelial
microcirculation to respond with plasma exu-
dation. The presently observed increased
mucosal responsiveness may be one of several
specific end organ functions of the airways that
can potentially be altered in airway inflamma-
tion. Other important functions include sens-
ory nerve responsiveness and secretory res-
ponsiveness, both of which may increase in
airway diseases.3

It is difficult to examine plasma exudation
and solute absorption across the human tra-
cheobronchial mucosa in vivo with acceptable
specificity. The distribution of absorption
tracers and challenge factors may not be well
controlled, and it may be difficult to distin-
guish between airway and alveolar absorption
processes in the human lung. In a series of
studies on human nasal and guinea pig tra-
cheobronchial airways we have found very
similar responses to inflammatory challenges
between the upper and the lower airways,
particularly concerning effects on plasma exu-
dation and solute absorptionrates.'131428 The
possibility that an exudative hyperresponsive-
ness may also be present in inflammation of the
lower airways cannot therefore be excluded.
Studies on exudative responsiveness may be
particularly warranted in asthma where
exuded plasma is considered a multipotential
disease mechanism.5

It is possible that altered airway end organ
functions may be important and specific char-
acteristics of inflammatory airway diseases or
of subgroups of patients within a particular
disease. Our observation of increased exudat-
ive responsiveness in both virus-induced (this
study) and allergen-induced'0 inflammation
suggests a generality of this particular altera-
tion in mucosal function. However, we do not
yet know any details of the development of
increased exudative responsiveness or its role
in the disease process. It is an intriguing, but
as yet unproven, possibility that this specific

responsiveness may be modulated by anti-
inflammatory drug intervention.
We conclude that coronavirus-induced

common cold is characterised by an increased
proclivity of the subepithelial microcirculation
to respond with plasma exudation. This
exudative hyperresponsiveness may not be
explained by increased mucosal penetration of
histamine, as the absorption permeability of
the airway was not significantly changed in the
subjects with common cold.
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