
letters to nature

420 NATURE | VOL 413 | 27 SEPTEMBER 2001 | www.nature.com

were used to provide indices of ®shing activity. These indices were based on the annual
weight of landings of demersal species by Scottish boats to ports in Orkney and Shetland,
and to all Scottish ports. Analyses focused on demersal catches because these ®sheries were
the most likely to produce by-catch and ®sheries waste.

Data analyses

Estimates of cohort variation in recruitment rate were based on the 1,281 chicks that were
ringed at sites on Eynhallow between 1958 and 1980. The effort put into catching the new
recruits to the breeding population varied between years, but should not bias overall
estimates of cohort recruitment rate because searching effort for each cohort was
integrated over 18 ®eld seasons. The probability of observing breeding adults at the colony
was estimated for colour-ringed birds that were con®rmed breeders and known to be alive
in that year (on the basis of positive sightings in subsequent years). Analyses were based on
observations made between 1954 and 1995, using a total sample of 987 colour-ringed
breeding adults.

To standardize effort across years, estimates of colony size, hatching success and ¯edging
success excluded data from part of the colony where steep cliffs prevented easy access to
nest sites. The sub-area used in this study represented roughly 64% of the whole colony,
and these estimates therefore differ slightly from previously published data from all nests24.
A highly signi®cant relationship between the number of occupied nests in this sub-area
and the whole colony (data from 1950 to 1995: F1,44 = 808, P , 0.0001, r2 = 0.95) suggests
that its demographic development was representative.

Because disturbance has been shown previously to in¯uence breeding performance27,
we also incorporated this factor into our analysis of variations in reproductive success.
Annual estimates of disturbance levels were based on the number of days that researchers
were present on the island during the incubation and chick-rearing period. The in¯uence
of different climate indices, ®shing effort and disturbance on cohort recruitment rate
and breeding performance (hatching success and ¯edging success) was determined by
stepwise multiple regression. Initial factors included in each model were (1) colony size;
(2) Northern Hemisphere temperature anomaly; (3) winter NAO; (4) annual NAO; (5)
year; (6) Scottish demersal catch; (7) Orkney and Shetland demersal catch; and (8)
disturbance.

The demographic consequences of observed environmentally induced variation in
reproductive success and recruitment were initially analysed using an autoregressive
model that estimated the in¯uence of the following variables on subsequent colony size:
(1) winter NAO index (which is predicted to in¯uence attendance; Fig. 1); (2) lagged
values for colony size; and (3) lagged values for the winter NAO index (which are predicted
to in¯uence the number of ¯edglings produced in previous cohorts; Fig. 2b); and (4)
lagged values for the Northern Hemisphere temperatures (which are predicted to
in¯uence the subsequent recruitment rate for each cohort of ¯edglings; Fig. 3). The effect
of lagged values for colony size was not signi®cant, and this variable was therefore dropped
from the ®nal model. Year was included in each model to account for the strong temporal
trend in the data. Values of 1±9 years were used for the time lag in the effects of colony size
and climate indices on future colony size, on the basis of biologically reasonable estimates
of the delay between ¯edging and ®rst reproduction14.

Received 25 June; accepted 24 July 2001.

1. Post, E., Peterson, R. O., Stenseth, N. C. & McLaren, B. E. Ecosystem consequences of wolf behavioural

response to climate. Nature 401, 905±907 (1999).

2. Milner, J. M., Elston, D. A. & Albon, S. D. Estimating the contributions of population density and

climatic ¯uctuations to interannual variation in survival of Soay sheep. J. Anim. Ecol. 68, 1235±1247

(1999).

3. Sñter, B.-E. et al. Population dynamical consequences of climate change for a small temperate

songbird. Science 287, 854±856 (2000).

4. Planque, B. & Taylor, A. H. Long-term changes in zooplankton and the climate of the North Atlantic.

ICES J. Mar. Sci. 55, 644±654 (1998).

5. O'Brien, C. M., Fox, C. J., Planque, B. & Casey, J. Climate variability and North Sea cod. Nature 404,

142 (2000).

6. Lloyd, C., Tasker, M. L. & Partridge, K. The Status of Seabirds in Britain and Ireland (T & A. D. Poyser,

London, 1991).

7. Fisher, J. The Fulmar (Collins, London, 1952).

8. Salomonsen, F. The geographical variation of the fulmar (Fulmaris glacialis) and the zones of marine

environment in the North Atlantic. Auk 82, 327±355 (1965).

9. Brown, R. G. B. Fulmar distribution: a Canadian perspective. Ibis 112, 44±51 (1970).

10. Wynne-Edwards, V. Animal Dispersion in Relation to Social Behaviour (Oliver & Boyd, Edinburgh,

1962).

11. Kitaysky, A. S. & Golubova, E. G. Climate change causes contrasting trends in reproductive

performance of planktivorous and piscivorous alcids. J. Anim. Ecol. 69, 248±262 (2000).

12. Post, E. & Stenseth, N. Climatic variability, plant phenology, and northern ungulates. Ecology 80,

1322±1339 (1999).

13. Gaillard, J.-M., Festa-Bianchet, M. & Yoccoz, N. G. Population dynamics of large herbivores: variable

recruitment with constant adult survival. Trends Ecol. Evol. 13, 58±63 (1998).

14. Ollason, J. C. & Dunnet, G. M. in Reproductive Studies of Individual Breeding Systems (ed. Clutton-

Brock, T. C.) 263±278 (Univ. Chicago Press, Chicago, 1988).

15. Dunnet, G. M. Population studies of the Fulmar on Eynhallow, Orkney Islands. Ibis 133, 24±27

(1991).

16. Mougin, J. L., Jouanin, C. & Roux, F. Intermittent breeding in Cory's Shearwater Calonectris diomedea

of Selvagem Grande, North Atlantic. Ibis 139, 40±44 (1997).

17. Bradley, J. S., Wooller, R. D. & Skira, I. J. Intermittent breeding in the short-tailed shearwater Puf®nus

tenuirostris. J. Anim. Ecol. 69, 639±650 (2000).

18. Furness, R. W. & Bryant, D. M. Effect of wind on ®eld metabolic rates of breeding Northern Fulmars.

Ecology 77, 1181±1188 (1996).

19. Wilby, R. L., O'Hare, G. & Barnsley, N. The North Atlantic Oscillation and British Isles climate

variability, 1965±1996. Weather 52, 266±276 (1997).

20. Phillips, R. A. et al. Diet of the northern fulmar Fulmar glacialis; reliance on commercial ®sheries?

Mar. Biol. 135, 159±170 (1999).

21. Briffa, K. R., Jones, P. D., Schweingruber, F. H. & Osborn, T. J. In¯uence of volcanic eruptions on

Northern Hemisphere summer temperature over the past 600 years. Nature 393, 450±455 (1998).

22. Cooper, C. F. & Stewart, B. S. Demography of Northern elephant seals, 1911±1982. Science 219, 969±

971 (1983).

23. Pomeroy, P. P., Twiss, S. D. & Duck, C. D. Expansion of a grey seal (Halichoerus grypus) breeding

colony: changes in pupping site use at the Isle of May, Scotland. J. Zool. 250, 1±12 (2000).

24. Dunnet, G. M., Ollason, J. C. & Anderson, A. A 28-year study of breeding Fulmars Fulmaris glacialis in

Orkney. Ibis 121, 293±300 (1979).

25. Dunnet, G. M. & Anderson, A. A method of sexing living Fulmars in the hand. Bird Study 8, 119±126

(1961).

26. Hurrell, J. W. Decadal trends in the North Atlantic Oscillation: regional temperatures and

precipitation. Science 269, 676±679 (1995).

27. Ollason, J. C. & Dunnet, G. M. Nest failures in the Fulmar: the effect of observers. J. Field Ornithol. 51,

39±54 (1980).

Acknowledgements

We are indebted to the late G. Dunnet, who developed and directed the long-term ®eld
study on which these ®ndings are based. Thanks also to A. Anderson, P. Heppleston,
P. Doyle, P. Cosgrove and many other colleagues who assisted with data collection and
analyses; and to S. D. Albon, P. F. Billingsley, J. W. Durban, D. A. Elston, M. L. Gorman,
X. Lambin, J. G. Ollason and W. R. Turrell for advice and discussion. Orkney Islands
Council and the late J. M. Robertson kindly provided access to facilities on Eynhallow.

Correspondence and requests for materials should be addressed to P.M.T.
(e-mail: lighthouse@abdn.ac.uk).

.................................................................
Histamine regulates T-cell and
antibody responses by differential
expression of H1 and H2 receptors
Marek Jutel*, Takeshi Watanabe², Sven Klunker*, MuÈbeccel Akdis*,
Olivier A. R. Thomet*, Jozef Malolepszy³, Teresa Zak-Nejmark³,
Ritsuko Koga², Takashi Kobayashi², Kurt Blaser* & Cezmi A. Akdis*

* Swiss Institute of Allergy and Asthma Research (SIAF), Obere Strasse 22,
CH-7270 Davos, Switzerland
² Medical Institute of Bioregulation, Kyushu University, 3-1-1 Maidashi,

Higashi-ku, 812-8582 Fukuoka, Japan
³ Department of Internal Medicine and Allergology, Wroclaw Medical University,

Traugutta 57, 50-417 Wroclaw, Poland

..............................................................................................................................................

Many pathological processes, including those causing allergies
and autoimmune diseases, are associated with the presence of
specialized subsets of T helper cells (TH1 and TH2) at the site of
in¯ammation1±4. The diversity of TH1 and TH2 function is not
predetermined but depends on signals that drive the cells towards
either subset1±4. Histamine, released from effector cells (mast cells
and basophils) during in¯ammatory reactions can in¯uence
immune response5±8. Here we report that histamine enhances
TH1-type responses by triggering the histamine receptor type 1
(H1R), whereas both TH1- and TH2-type responses are negatively
regulated by H2R through the activation of different biochemical
intracellular signals. In mice, deletion of H1R results in suppres-
sion of interferon (IFN)-g and dominant secretion of TH2 cyto-
kines (interleukin (IL)-4 and IL-13). Mutant mice lacking H2R
showed upregulation of both TH1 and TH2 cytokines. Relevant to
T-cell cytokine pro®les, mice lacking H1R displayed increased
speci®c antibody response with increased immunoglobulin-e
(IgE) and IgG1, IgG2b and IgG3 compared with mice lacking
H2R. These ®ndings account for an important regulatory
mechanism in the control of in¯ammatory functions through
effector-cell-derived histamine.
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H1R and H2R both belong to the G-protein-coupled receptor
family9,10; however, they trigger different intracellular events upon
activation5,6,11. We investigated the expression of these receptors on
TH1 and TH2 cells bearing the CD4 antigen (CD4+) and whether
histamine stimulation exerts differential effects on these cells. Cells
bearing the histamine receptor were stained with ¯uorescein-
labelled histamine; histamine bound signi®cantly more strongly
to TH1 cells than to TH2 cells (Fig. 1a). The H1R-speci®c antagonist
tripelennamine inhibited histamine binding in TH1 but not in TH2
cells, which indicates predominant H1R expression on TH1 cells.
Neither the H2R antagonist ranitidine nor the H3R antagonist
clobenpropit had any effect on histamine binding to TH1 cells (not
shown). IL-3 signi®cantly increased histamine receptor expression
on TH1 but not on TH2 cells (Fig. 1b, c). Predominant expression of
H1R on TH1 cells and H2R on TH2 cells is demonstrated by
antibodies generated against the H1R and H2R (Fig. 1d, e).
Predominant expression of H1R messenger RNA was detected in
TH1 cells compared with TH2 cells (Fig. 1f). Furthermore, IL-3
enhanced expression of H1R mRNA in TH1 but not in TH2 cells. In
contrast, H2R mRNA was predominantly expressed in TH2 cells
(Fig. 1g).

We then investigated the changes in histamine receptor expres-
sion during naive cell differentiation towards TH1 and TH2
cells. CD45RA+ T cells expressed little or undetectable mRNA and
no detectable HRs on the surface (Fig. 1a, h, i). Stimulation of
CD45RA+ T cells with IL-12 resulted in enhanced H1R expression,
whereas IL-4 suppressed H1R mRNA expression (Fig. 1h, i). These
results demonstrate that CD45RO+ TH1 and TH2 cells preferentially
but not exclusively express H1R and H2R, respectively, and that
H1R and H2R are regulated by cytokines present in the immune
environment.

The differential expression of H1R and H2R on TH1 and TH2 cells
should result in distinct intracellular events triggered upon receptor
stimulation. Therefore, we investigated the signals induced by
histamine in TH1 and TH2 cells. The primary signal from H1R is
delivered through calcium-dependent activation of phospholipase
C with generation of inositol 1,4,5-triphosphate (IP3) and 1,2-
diacylglycerol (DAG)11. Because H1R is overexpressed on TH1 cells,
stimulation of TH1 (Fig. 2a) but not TH2 cells (Fig. 2b) with
histamine resulted in signi®cant Ca2+ ¯ux. This effect was speci®-
cally blocked by tripelennamine, demonstrating H1R-dominated
with signalling in TH1 cells. Activation of H1R can produce signals

via the Gq/11 family of G proteins, which are capable of commu-
nicating with signalling mediated by T-cell receptors. The Gq-
mediated signal induces translocation of the nuclear factor (NF)-
AT to the nucleus, which is involved in activation of the IL-2 gene12.
Stimulation through H2R results in cAMP formation5,6,13. TH2
cells are characterized by high levels of cyclic AMP14. The cAMP-
inducible transcriptional repressor protein ICER (inducible cAMP
early repressor), which inhibits activity of the IL-2 promoter, has
been described in T cells15. Accordingly, only TH2 cells showed dose-
dependent increases in cAMP to histamine stimulation (Fig. 2c).
This effect was fully abrogated by the speci®c H2R antagonist
ranitidine but not by tripelennamine (Fig. 2d), indicating the
H2R-dominated signalling in TH2 cells.

We further investigated whether distinct intracellular events
induced in TH1 and TH2 cells on stimulation with histamine
in¯uence the functions of immune effectors. We analysed the
effect of histamine on proliferation and cytokine secretion of
human TH1 and TH2 cells. Histamine enhanced anti-CD3-induced
proliferation of TH1 cells, whereas TH2 cells were inhibited (Fig. 3a).
Tripelennamine fully blocked the effect of histamine on TH1 cells,
whereas ranitidine blocked the action of histamine on TH2 cells. The
relevance of these ®ndings was investigated on TH1- and TH2-type
antigen-speci®c responses. Peripheral blood mononuclear cells
(PBMCs) from sensitized individuals were stimulated with either
puri®ed protein derivative of Mycobacterium bovis (PPD) or aller-
gens (Der p1, a major house dust mite allergen, and phospholipase
A2 (PLA), a major bee venom allergen). Predominance of TH1 has
been reported in PPD-speci®c T-cell responses16, and histamine
enhanced proliferation in PPD-stimulated cultures. In contrast,
allergen-stimulated cells, which showed TH2 predominance, from
individuals allergic to house dust mites17 and bee venom18 were
suppressed (Fig. 3b). We also observed that secretion of TH1
cytokine IFN-g was enhanced in TH1 cells, whereas TH2 cytokines
(IL-4, IL-13) were inhibited in TH2 cells by histamine (Fig. 3c).

To provide direct evidence linking our ®ndings to in vivo
immunoregulatory processes, we investigated mutant mice lacking
H1R and H2R. Both types of mice developed normally and were
apparently healthy and fertile19,20. It has been demonstrated that
deletion of either H1R or H2R results in abnormalities in the central
nervous and gastrointestinal systems19±21. Here we show that H1R-
and H2R-deleted mice are characterized by a marked deviation
of the immune response. H1R- and H2R-deleted mice showed
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differences in development of TH1 and TH2 cells, as demonstrated by
frequencies of IL-4- and IFN-g-producing spleen T cells (Fig. 4a).
H1R-deleted mice showed lower, whereas H2R-deleted mice
showed higher, percentages of IFN-g-producing T cells compared
with wild-type mice (P , 0.001). A tendency for increased fre-
quency of IL-4-producing cells was observed both in H1R- and
H2R-deleted mice compared with wild-type mice. After histamine
stimulation, consistent with the ®ndings in humans, H1R-deleted
mice demonstrated abundant suppression of IFN-g secretion by T
cells (Fig. 4b). In contrast, the TH2 cytokines (IL-4 and IL-13) were
enhanced.

These results demonstrate the importance of H1R-mediated
signalling in the induction of TH1-type cytokine responses. It was
previously reported that the signal generated by histamine through
H1R augments immune responses mediated by the antigen recep-
tor, suggesting a cross-talk between H1R and antigen-receptor-
mediated signalling8. T-cell proliferation and ZAP-70 tyrosine
kinase phosphorylation were strongly reduced in H1R-deleted
mice8. H2R-deleted mice showed signi®cant enhancement of both
TH1- and TH2-type cytokine secretion by histamine pre-incubation
(Fig. 4b). This indicates that H2R triggering provides a negative
signal for T cells. Activation of H2R on T cells increases intracellular
cAMP and thus downregulates both TH1- and TH2-type cytokines.

The in¯uence of histamine and differential HR expression on TH1
and TH2 cells was further analysed in ovalbumin (OVA)-speci®c,
T-cell-dependent antibody production in H1R- and H2R-deleted
mice (Fig. 5). H1R-deleted mice produced high OVA-speci®c IgG1
and IgE compared with wild-type mice (P , 0.05). In contrast,
H2R-deleted mice showed decreased serum levels of OVA-speci®c
IgG3 and IgE compared with wild-type mice (P , 0.01). H1R-
deleted mice produced signi®cantly higher amounts of OVA-
speci®c IgE, IgG1, IgG2b and IgG3 compared with H2R-deleted
mice (P , 0.001). These results demonstrate the dominant role of
H1R and related TH1 response in the suppression of humoral

immune response. Accordingly, IgG2a, an isotype dependent on
the TH1 cytokine IFN-g, did not show any suppression in H2R-
deleted mice. H2R-deleted mice showed signi®cantly decreased
OVA-speci®c IgE production compared with wild-type and H1R-
deleted mice. Although T cells of H2R-deleted mice secreted
increased IL-4 and IL-13, OVA-speci®c IgE was suppressed in the
presence of highly increased IFN-g, supporting the dominant role
of IFN-g on the suppression of IgE production22.

Collectively, our results indicate that histamine can modulate
T-cell-mediated immune response. Mast cells and basophils,
which are considered mainly as effector cells for IgE-mediated
reactions, can modulate the immune response through secreted
histamine23,24. IL-3 is important in the regulation of mast cell and
basophil development by T cells25. The increase in H1R expres-
sion on TH1 cells by IL-3 may account for negative-feedback
regulation due to an anti-allergic role of TH1 cells. We conclude that
histamine secreted from effector cells of in¯ammation potently
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aluminium hydroxide at days 0 and 21. OVA-speci®c antibodies were detected from

serum samples obtained at day 28. OVA-speci®c IgG1, IgG2a, IgG2b and IgG3 were

determined by ELISA in duplicates from serially diluted serum. Serum dilution was

100,000-fold for IgG1, 500-fold for IgG2a, 50,000-fold for IgG2b and 500-fold for IgG3.

IgE was determined by passive cutaneous anaphylaxis. Results demonstrate mean 6 s.d.

of two experiments each with six mice. Triple asterisk, P , 0.001; double asterisk,

P , 0.01; single asterisk, P , 0.05.
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in¯uences TH1 and TH2 responses as well as antibody isotypes as a
regulatory loop in in¯ammatory reactions. M

Methods
H1R- and H2R-deleted mice

H1R- and H2R-deleted mice were generated and the mutant mice were backcrossed to
C57BL/6 mice six and eight times, respectively, and maintained under pathogen-free
conditions with proper aeration, light and temperature19,20.

Differentiation of human TH1 and TH2 cells

TH1 and TH2 cells were obtained by differentiation of CD45RA+ T cells derived from cord
blood, as described before3. Cytokine production by TH1 and TH2 cells revealed distinct
pro®les. TH1 cells (106 per ml) secreted 5.6 ng ml-1 of IFN-g, ,0.1 ng ml-1 of IL-4,
,0.1 ng ml-1 of IL-5 and ,0.2 ng ml-1 of IL-13. TH2 cells (106 per ml) secreted 4.6 ng ml-1

of IL-4, 7.2 ng ml-1 of IL-5, 9.2 ng ml-1 of IL-13, and ,0.1 ng ml-1 of IFN-g when given
10 mg ml-1 plate-bound anti-CD3 stimulation in 48 h.

Flow cytometry and mRNA expression

For ¯ow cytometric analysis, 5 ´ 104 cells were stained either with ¯uorescein-conjugated
histamine (Molecular Probes) alone or together with histamine dihydrochloride, H1R
antagonist tripelennamine hydrochloride, H2R antagonist ranitidine dihydrochloride or
H3R antagonist clobenpropit dihydrobromide (RBI Research Biochemicals). Mouse IgG
was used as a negative control. Fluorescein-conjugated histamine (10-5 M), histamine
(10-3 M), tripelennamine (10-6 M), ranitidine (6.3 ´ 10-5 M) and clobenpropit
(1.25 ´ 10-7 M) were used at optimized concentrations. The concentrations of
tripelennamine, ranitidine and clobenpropit were 1,000 times the pA2 value, that is, the
negative logarithm of the concentration required to get 50% reduction of the ef®cacy of
histamine11. The speci®city of histamine receptor staining was further demonstrated by
rabbit polyclonal antibodies generated against the amino-terminal peptides of H1R
(SCLLEDKMCEGN) and H2R (SFCLDSTACKIT).

For the semiquantitative analysis by polymerase chain reaction with reverse
transcription (RT-PCR) of H1R and H2R, 2 ´ 106 TH1, TH2 or puri®ed CD45RA+ T cells
were cultured in RPMI-1640 medium26,27 with or without 25 ng ml-1 IL-3 (PharMingen),
25 ng ml-1 IL-4 (Novartis), or 5.5, 16.6 or 50.0 ng ml-1 IL-12 (PharMingen). Solid-phase
bound anti-CD3 monoclonal antibody (Ortho Diagnostics) was used at 10 mg ml-1. Total
RNAwas isolated using Trizol reagent (Life Technologies) following the instructions of the
manufacturer. One step RT-PCR was performed using the One Tube Titan RT-PCR
System (Roche). Primers used to amplify speci®c gene products were as follows: H1R
forward primer, 59-ttt ctc tct ttt ctg tgg gtt att c-39; H1R reverse primer, 59-ctt ggg ggt
ttg gga tgg tga ctt c-39; H2R forward primer, 59-ttc atc gtg tcc ttg gct atc-39; H2R reverse
primer, 59-ctg aga ggc gtt gga cct c-39; b-actin forward primer, 59-atc tgg cac cac acc ttc
tac aat gag ctg cg-39; b-actin reverse primer, 59-cgt cat act cct gct tgc tga tcc aca tct gc-39.
H1R PCR and H2R PCR products were 387 base pairs (bp) and 804 bp, respectively.
b-actin was used as the housekeeping gene. Primers ampli®ed a 838-bp PCR product. The
reverse transcription of RNAwas performed, 50 8C for 30 min, followed by 94 8C for 2 min.
Conditions for PCR were 10 cycles of 94 8C for 30 s, 55 8C for H1R (62 8C for H2R) for 30 s
(annealing), 68 8C for 45 s (elongation), followed by 25 cycles of 94 8C for 30 s and 55 8C for
H1R (62 8C for H2R) for 30 s (annealing) and 688C for 45 s plus 5 s per step (elongation).
The elongation time was prolonged in one cycle to 7 min (68 8C). PCR products were
identi®ed by 1% agarose gel electrophoresis.

Intracellular calcium and cAMP measurements

The intracellular ionized calcium concentration ([Ca2+]i) was measured by a spectro-
¯uorometric assay as previously described28. TH1 or TH2 cells (4 ´ 106), labelled with
fura-2/AM, were stimulated with histamine 5 ´ 10-3 M or with biotinylated monoclonal
antibody to CD3 (Sigma) (7 mg ml-1) followed by crosslinking with Avidin (Sigma)
(1 mg ml-1). Tripelennamine and ranitidine were used at 10-6 M. Intracellular cAMP levels
were determined using the Biotrak cAMP enzyme immunoassay system (Amersham
Pharmacia) according to the manufacturer's instructions.

Cell cultures and cytokine detection

Human TH1 and TH2 cells were incubated for 60 min with histamine either alone or with
H1R antagonist tripelennamine (10-6 M) or with H2R antagonist ranitidine (10-6 M).
PBMCs were incubated with increasing concentrations of histamine for 2 h. Thereafter
10% FCS was supplemented and the cells were stimulated with 10 mg ml-1 solid-phase
bound anti-CD3 monoclonal antibodies in triplicate. Cytokine levels were measured by
ELISA after 48 h26,27. Incorporation of [3H]-thymidine was determined after 48 h26,27.
PBMCs were stimulated with either Der p1 (10 mg ml-1), PLA (10 mg ml-1) or PPD
(2 mg ml-1)23. Incorporation of [3H]-thymidine was measured in antigen-speci®c cultures
after 5 d.

Spleen T cells from 8-week-old wild-type, H1R-deleted and H2R-deleted mice were
puri®ed by passing them through a nylon wool column, and red blood cells were lysed
with NH4Cl lysis buffer. The cells were then suspended in RPMI-1640 medium.
Intracytoplasmic IL-4 and IFN-g were determined after 8, 24 and 48 h of stimulation with
10 mg ml-1 immobilized anti-CD3e and 10 mg ml-1 soluble anti-CD28 antibody (both
from PharMingen). Monensin (2 mM, Sigma) was added 4 h before the end of cultures.
Cells were ®xed, permeabilized, stained with PE-labelled anti-IFN-g and PE-labelled anti-
IL-4 (ref. 27). Because CD3 was downregulated during anti-CD3 stimulation, anti-CD90

labelled with ¯uorescein isothiocyanate (FITC; Thy1.2, PharMingen) was used as a pan T-
cell marker for counter stain. Spleen T cells were incubated with 10 mM histamine in the
absence of FCS at 37 8C for 2 h. After being supplemented with 10% FCS, T cells (2 ´ 106

per ml) were stimulated with 10 mg ml-1 solid-phase bound anti-CD3e antibody in
triplicate in 24-well plates. Cytokine levels in the 3-d supernatants were determined by
ELISA (Amersham Pharmacia).

Determination of OVA-speci®c antibody production

Eight- to nine-week-old wild-type, H1R-deleted and H2R-deleted mice were immunized
intraperitoneally with 100 mg OVA adsorbed to aluminium hydroxide (both from Sigma)
at days 0 and 21. Serum was collected at day 28 and OVA-speci®c IgG1, IgG2a, IgG2b and
IgG3 were determined in serial dilutions in duplicates by ELISA8. OVA-speci®c IgE was
determined by passive cutaneous anaphylaxis as described29.
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Polar transport of the phytohormone auxin mediates various
processes in plant growth and development, such as apical
dominance, tropisms, vascular patterning and axis formation1,2.
This view is based largely on the effects of polar auxin transport
inhibitors. These compounds disrupt auxin ef¯ux from the cell
but their mode of action is unknown3. It is thought that polar
auxin ¯ux is caused by the asymmetric distribution of ef¯ux
carriers acting at the plasma membrane4. The polar localization of
ef¯ux carrier candidate PIN1 supports this model4. Here we show
that the seemingly static localization of PIN1 results from rapid
actin-dependent cycling between the plasma membrane and
endosomal compartments. Auxin transport inhibitors block
PIN1 cycling and inhibit traf®cking of membrane proteins that
are unrelated to auxin transport. Our data suggest that PIN1
cycling is of central importance for auxin transport and that auxin
transport inhibitors affect ef¯ux by generally interfering with
membrane-traf®cking processes. In support of our conclusion,
the vesicle-traf®cking inhibitor brefeldin A mimics physiological
effects of auxin transport inhibitors.

Polar auxin transport inhibitors are important tools in assessing
the role of polar auxin transport in plant development5±7. They
disrupt auxin ef¯ux from the cell without interacting with the ef¯ux
carrier itself 8,9. However, their mechanism of action has remained
elusive despite considerable efforts towards the biochemical
characterization of binding sites10±12 and several screens for auxin-
transport-inhibitor mutants13±16. In situ visualization of Arabidopsis
putative auxin ef¯ux carriers PIN1 and PIN2 correlated polar auxin
transport with their asymmetric distribution in the plasma
membrane17,18. This coordinated polar localization of PIN1 is not
established in gnom mutant embryos. GNOM encodes a brefeldin A
(BFA)-sensitive regulator of vesicle traf®cking19. Consistent with
this, the vesicle-traf®cking inhibitor BFA affects auxin ef¯ux from
the cell8,9, abolishes polar localization of PIN1 and induces its
intracellular accumulation19.

BFA-induced PIN1 accumulation in two large intracellular com-
partments was completely and rapidly reversible (Fig. 1a±c). To
determine whether this reversible BFA effect re¯ects protein syn-

k Present address: Zentrum fuÈr Molekularbiologie der P¯anzen, UniversitaÈt TuÈbingen, Auf der Morgen-

stelle 3, D-72076 TuÈbingen, Germany.

thesis and degradation or continuous cycling between the plasma
membrane and endosomal compartments, we inhibited protein
synthesis by cycloheximide (CHX). Incubation of roots in 50 mM
CHX for 30 min reduced 35S-labelled methionine incorporation
into proteins to below 10% of the control value (data not shown).
However, treatment with 50 mM CHX for 4 h had no detectable
effect on the amount of labelled PIN1 at the plasma membrane
(Fig. 1d), suggesting that PIN1 protein is turned over slowly. CHX
did not interfere with the reversible BFA effect as PIN1 still
accumulated in endomembrane compartments (Fig. 1e) and, on
withdrawal of BFA, reappeared at the plasma membrane (Fig. 1f).
Thus, BFA-induced intracellular accumulation of PIN1 resulted
from blocking exocytosis of a steady-state pool of PIN1 that rapidly
cycles between the plasma membrane and some endosomal com-
partment.

In animal cells, BFA alters structure and function of endomem-
brane compartments, especially the Golgi apparatus, which fuses
with other endomembranes20±22. BFA seems to have different effects
in plant cells. In BFA-treated maize root cells, Golgi stack systems
progressively disappear and aggregates of vesicles accumulate in
their vicinity, with Golgi markers localizing to the newly formed
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Figure 1 Reversible inhibition of PIN1 recycling by BFA treatment. a±f, Arabidopsis

seedling roots treated with BFA or cycloheximide (CHX) as indicated. a, Two-hour buffer

control. b, Treatment with 50 mM BFA for 2 h. c, Treatment with 50 mM BFA for 2 h

followed by 2 h washing out. d, Treatment with 50 mM CHX for 2 h. e, Pre-treatment with

50 mM CHX for 30 min, then 50 mM BFA and 50 mM CHX for 90 min. f, Treatment with

50 mM BFA for 90 min, then 50 mM BFA and 50 mM CHX for 30 min followed by 2 h

washing out with 50 mM CHX. g±k, Electron micrographs of root cells after treatment

with 50 mM BFA for 30 min (g, h) and untreated control (i). g, Ultrastructure. h, i, Anti-

PIN1 immunogold labelling. Note aggregate of membrane vesicles (mv) in ribosome-free

cytoplasm near nucleus (n) and Golgi structures (go) of treated cells (g, h). i, Untreated

control. Note PIN1 label at the plasma membrane of the upper cell (uc) but not the lower

cell (lc). cw, cell wall. j, Higher magni®cation of g. k, Higher magni®cation of h. Scale bars,

1 mM.
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