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Traffi c-related pollutants can trigger the release of aller-
gen-containing granules from grass pollen, and increase 
the bioavailability of airborne pollen allergens. This is a 
new mechanism by which air pollution concurs with the 
current increase in the prevalence of allergic diseases. 
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 Introduction 

 Raising atmospheric pollution levels is one of the pos-
sible explanations for the current increase in the preva-
lence of respiratory allergic diseases. The traffi c-related 
gaseous pollutants O 3  and NO 2  are known for their toxic-
ity on respiratory tracts, as well as for their adjuvant effect 
on respiratory hypersensitivity and on asthma  [1–5] . 
Moreover, these pollutants can also interact with airborne 
pollen grains and modify their allergen content and re-
lease  [6, 7] .  Phleum pratense  pollen is one of the most 
common sources of outdoor allergens. Although it is too 
big (35  � m) to penetrate the airways  [8] , it can release 
cytoplasmic granules (CG) following contact with water 
 [9] . Due to their small size (3  � m), these granules can form 
a respirable aerosol capable of reaching the deep airways. 
Previously, we have shown that  Phleum pratense  pollen 
CG (PCG) contain allergens and can trigger a secondary 
allergic response in pollen-sensitized rats  [10] . In addi-
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 Abstract 
  Background/Aim:  Pollen cytoplasmic granules (PCG) are 
loaded with allergens. They are released from grass pol-
len grains following contact with water and can form a 
respirable allergenic aerosol. On the other hand, the traf-
fi c-related air pollutants NO 2  and O 3  are known to be in-
volved in the current increase in the prevalence of aller-
gic diseases via their adjuvant effects. Our objective was 
to determine the effects of air pollutants on the release 
of PCG from  Phleum pratense  (timothy grass) pollen. 
 Methods:   P. pratense  pollen was exposed to several con-
centrations of NO 2  and O 3 . The induced morphological 
damages were observed by environmental scanning 
electron microscopy, and the amount of PCG released 
from the pollen upon contact with water was measured. 
 Results:  The percentages of damaged grain were 6.4% 
in air-treated controls, 15% after treatment with the high-
est NO 2  dose (50 ppm) and 13.5% after exposure to 
0.5 ppm O 3 . In treated samples, a fraction of the grains 
spontaneously released their PCG. Upon subsequent 
contact with water, the remaining intact grains released 
more PCG than pollen exposed to air only.  Conclusions:  
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tion, purifi ed PCG were able to prime for specifi c IgE and 
T-cell responses in a rat model of allergy  [11] . A dramat-
ic example of the allergenic potential of PCG is the so-
called thunderstorm-associated asthma. During these ep-
isodes, PCG are released from the pollen grains by con-
tact with rainwater. Intact and emptied pollen grains are 
washed down by the rain but PCG, due to their small size, 
are carried by the wind, and a PCG-enriched cloud is 
formed, which moves along the front of the thunderstorm 
 [12–14] . Pollen-allergic patients who encounter this cloud 
would be more susceptible to undergo an asthma attack. 
The aim of our study was to determine if the traffi c-re-
lated pollutants O 3  and NO 2 , by damaging the pollen 
grains, could also signifi cantly increase the amount of 
PCG released and thus have an impact on the quantity 
of allergens in the airborne submicronic fraction. We ex-
posed pollen grains to several concentrations of gaseous 
pollutants in a fl uidization chamber. Pollen grains were 
then observed with an environmental scanning electron 
microscope (ESEM) to determine the proportion of dam-
aged grains, and we measured the changes in PCG release 
following contact with water.  

 Methods 

  Pollen Grains.  Pollen grains from  P. pratense  (timothy grass) 
were purchased from Allergon, Angelholm, Sweden.  

  Pollen Exposure to Pollutants.  The system was composed of a 
glass cylinder (height: 250 mm, and diameter: 20 mm) with a po-
rous glass plate at the bottom. The pollen (about 2 g) was placed in 
the cylinder and formed a layer of 25–30 mm, lying on the porous 
glass plate. Mixtures of air and pollutants (NO 2 : 0, 0.5, 2, 10, 20 
and 50 ppm, and O 3 : 0, 0.1, 0.25, 0.5, 1.3 and 5 ppm) were inject-
ed from the bottom at a constant rate of 1.2 l/min for 4 h. The pol-

len was then suspended in a rising current of air, producing a fl uid-
ized bed. Fluidization, ensuring homogenous exposure of the pol-
len, was obtained by a slight contact of the cylinder with a vortex. 

  Environmental Scanning Electron Microscopy.  Pollen grains ex-
posed to air or to pollutants were directly observed without treat-
ment, in low vacuum mode (0.7 Torr), using an ESEM (Quanta 
400, Philips). The proportion of damaged grains was determined 
by visual counting. A grain was considered damaged if visible 
cracks of the exine were present or if it was broken (n = 1,000 
grains). 

  Quantifi cation of Pollen Cytoplasmic Granule Release.  PCG 
were isolated from pollen grains according to a protocol described 
previously  [11] . Samples of non-treated, air-treated or pollutant-
treated pollen (10 mg) were suspended in 500  � l distilled water to 
allow the release of PCG from remaining intact pollens. The sus-
pension was then fi ltered by centrifugation through a 5- � m mesh 
fi lter at 10,000  g  for 5 min (Ultrafree-MC; Millipore, Bedford, 
Mass., USA). PCG pellet was resuspended in 500  � l distilled water 
and particles were counted with a particle count and size analyzer 
(Z2; Coulter, Hialeah, Fla., USA).  

  Statistical Analysis.  The variable ‘damaged grains’ was consid-
ered to follow a binomial distribution. Results are expressed as the 
percentage of damaged grains  8  confi dence interval of probability, 
estimated under the binomial distribution assumption. The amount 
of PCG released is considered as normally distributed. Results are 
expressed as means  8  SEM. Comparison between air-treated and 
pollutant-treated pollen was carried out using analysis of variance 
followed by the Dunett test. The differences were considered sta-
tistically signifi cant for p  !  0.01. 

 Results 

 Modifi cations of the Pollen Morphology following 
Exposure to Pollutants 
 Exposure to air or pollutants damaged the pollen 

grains. ESEM revealed either fi ssures in the exine or com-
plete breaking of the grains ( fi g. 1 ). Non-treated pollen 

  Fig. 1.  Examples of damaged pollen grains. Treatment of pollen samples to air or pollutants can induce struc-
tural damage of the grains.  a  Intact pollen.  ! 7,540.  b  Pollen damaged following treatment to 50 ppm NO 2 .  ! 3,000. 
 c  Pollen damaged following treatment to 0.7 ppm O 3 . PCG can be seen inside the broken grain.  ! 6,000. 
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already contained 3.4% damaged grains. Treatment with 
air only increased this proportion to 6.4%. Exposure to 
pollutants induced damages of the grains in a dose-depen-
dent way for NO 2 , (from 6.4% at 2 ppm to 15% at 50 ppm) 
and non-dose-dependent manner for O 3 , reaching a pla-
teau from 0.5 ppm (13.5%). A dramatic increase up to 
19.5% was observed for the highest O 3  concentration 
(5 ppm). 

 Modifi cations of PCG Release following Exposure to 
Pollutants 
 PCG are naturally released from the pollen grain when 

the cytoplasm is expelled from the grain through the pore, 
following contact with water ( fi g. 2 a, b). However, we ob-
served that the release could also occur through cracks of 
the exine when the grain was damaged ( fi g. 2 c). To look 
for pollutant-induced modifi cations in the PCG release, 

  Fig. 2.  Release of PCG following contact of pollen grains with water. PCG are expelled from the grain via the 
pore ( a ,  b ). Only a small proportion of the grains release their cytoplasm, and the remaining grains stay intact
( b : intact grain on the right). However, in the fragile pollen, PCG release can also occur through breaks of the ex-
ine ( c ).  ! 400.  

  Fig. 3.  Effect of exposure to air or pollutants on the proportion of damaged pollen grains and on the release of 
PCG following contact with water. Pollen samples were exposed to several concentrations of NO 2  or O 3 . The pro-
portion of damaged pollen was observed with ESEM (left axis, bars  8  confi dence intervals of probability esti-
mated under the binomial distribution assumption) and the PCG released from the remaining intact grains con-
tained in 10 mg pollen suspended in 500  � l of distilled water were counted (right axis, points  8  SEM, * p  !  0.01, 
n = 5). 
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we isolated the granules liberated from 10 mg of treated 
or non-treated samples upon contact with water and 
counted them with a particle counter. In all samples, size 
distribution of PCG presented in a curve ranged from 2.5 
and 4  � m in diameter, with a peak at 3  � m. Treatment 
with air only induced a dramatic decrease in the amount 
of PCG released when compared to non-treated pollen. 
This decrease was correlated with an increase in broken 
grains in the sample ( fi g. 3 ), indicating that the grains that 
had been broken during the exposure released their PCG, 
which were then carried out of the exposure system with 
the airfl ow. Indeed, PCG were present on a 0.45- � m mesh 
fi lter placed at the exit of the exposure system in a control 
experiment. Only the remaining intact grains could re-
lease their PCG upon a subsequent contact with water. 
Among these intact grains, only a small proportion was 
able to release PCG  [15] . In pollutant-treated samples, 
the proportion of damaged pollen grains was higher than 
in air-treated samples, and thus less intact grains re-
mained. Interestingly, the amount of PCG released after 
contact with water increased in pollutant-treated sam-
ples. Consequently, among the remaining intact grains, 
the proportion of grains susceptible to expel their cyto-
plasm was increased. NO 2  treatment induced a dose-de-
pendent increase in the PCG amounts released, being 
 statistically signifi cant from 2 to 50 ppm. Following O 3  
treatment, the increases in the PCG amounts were statis-
tically signifi cant from the lowest (0.1 ppm) to the highest 
concentration (5 ppm). This increase remained stable for 
the three fi rst concentrations (0.1, 0.25 and 0.5 ppm) and 
rose dramatically at 1.3 ppm. For both pollutants, the 
amount of PCG released showed a sharp decrease at the 
highest concentration (50 ppm NO 2  and 5 ppm O 3 ). This 
is probably due to the fact that, in these samples, too 
much PCG were lost during the treatment via spontane-
ous release as indicated by the concomitant peaks of dam-
aged grains. 

 Discussion 

 As the number of studies on the effects of air pollution 
on allergy prevalence increases, it becomes clear that gas-
eous air pollution affects airways by inducing infl amma-
tion, and by playing an adjuvant role in respiratory al-
lergy. On the other hand, it also has an effect on airborne 
allergens themselves. Pollen allergens release is modifi ed 
by exposure of pollen to environmental pollution  [6] . 
Here, we showed that air pollution could also induce the 
release of PCG in our exposure system. Although the 

damages observed on the pollen in this study come part-
ly from mechanic wear in the exposure process, there was 
a clear adjuvant effect of the pollutants. In a study from 
Taylor et al.  [15]  on  Lolium perenne , 72% of freshly col-
lected pollen grains released their PCG upon contact with 
water. However, this proportion rapidly decreased to 
10% after pollen was stored for 48 h at 27   °   C, and to 1% 
for commercial pollen that has been kept at 4   °   C for more 
than 1 year. Our experiments were carried out with com-
mercial pollen. Although this does not allow working with 
pollen having a high capacity to release intrinsic PCG, it 
exemplifi es the homogeneity of the samples and the pos-
sibility for other groups to reproduce the experiments. 
Our results showed that the interaction of pollen with pol-
lutants increases the proportion of pollen grains releasing 
their PCG upon contact with water. Compared to air-
treated samples, an increase of PCG release in pollutant-
treated samples was observed in a dose-dependent man-
ner, becoming statistically signifi cant with realistic con-
centrations: 0.1 ppm O 3  is a concentration frequently 
reached during the summer in polluted areas and large 
cities (e.g. Paris in July 1994, 0.13 ppm) or industrial 
zones (e.g. Etang de Berre in the south of France, 
0.3 ppm). Regarding NO 2 , 2 ppm is above the environ-
mental levels but can be reached in indoor environments. 
Moreover, the fi rst part of the PCG release curve from 
ozone-treated pollen shows a plateau. This suggests that 
lower concentrations of ozone might also induce signifi -
cantly higher PCG release. PCG have been shown to con-
tain allergens  [10]  and to be able to trigger an IgE-medi-
ated response in rats  [11]  and asthmatic patients  [16] . In 
previous studies, pollen-specifi c IgE ELISA inhibition ex-
periments showed that 2.6  !  10 6  PCG contained as much 
allergen as in 100  � g of pollen. Knowing this, we then 
observed that for the same amount of allergens, PCG trig-
gered a higher in vitro cellular response than intact pollen 
or pollen extract  [10] , indicating that PCG increased the 
bioavailability of pollen allergens. This may be explained 
by their particulate nature  [17]  and/or due to the more 
effi cient presentation by antigen-presenting cells  [18] . In 
addition, the critical role of PCG in grass-pollen-induced 
respiratory allergy may be due to their size (3  � m), which 
allows them to penetrate the deep airways in contrast to 
pollen grains (30–60  � m). Finally, elevated levels of air-
borne PCG have been reported following light rainfall in 
the pollen season although intact pollens were no longer 
detectable, showing the epidemiological relevance of 
these particles  [19] . In this study, we showed that struc-
tural damage of pollen grains by traffi c-related air pollut-
ants (O 3  and NO 2 ) could lead to spontaneous release of 
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the PCG. If not broken, the grains became more fragile 
and the natural expulsion of PCG upon contact with wa-
ter was enhanced. The mechanisms involved in this phe-
nomenon remain to be elucidated. The pollen wall is com-
posed of sporopollenin, a highly resistant biopolymer. 
This envelope contains thousands of microcanals linking 
the inside of the grain to the outside. Thus one can hy-
pothesize that oxidative pollutants affect: (a) the struc-
ture of the sporopollenin, making it more fragile, and/or 
(b) the inside of the pollen, modifying the susceptibility 
to osmotic shock. Our exposure system remains quite ar-
tifi cial in mimicking the mechanical and chemical stress-
es encountered by the pollen grains in the atmosphere. 
However, it provides qualitative information and shows 

that peaks of traffi c-related air pollution during the pollen 
season can lead to an increased bioavailability of airborne 
pollen allergens by inducing or facilitating the release of 
PCG. This mechanism of induction of allergen release 
might lead to more thunderstorm asthma episodes in pol-
luted areas and even provide a new link between air pol-
lution and the increased prevalence of respiratory allergic 
diseases. 
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