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Current placebo research postulates that conditioning processes are one of the major mechanisms of
the placebo response. Behaviourally conditioned changes in peripheral immune functions have been
demonstrated in experimental animals, healthy subjects and patients. The physiological mechan-
isms responsible for this ‘learned immune response’ are not yet fully understood, but some
relevant afferent and efferent pathways in the communication between the brain and the peripheral
immune system have been identified. In addition, possible benefits and applicability in clinical
settings have been demonstrated where behaviourally conditioned immunosuppression attenuated
the exacerbation of autoimmune diseases, prolonged allograft survival and affected allergic
responses. Here, we summarize data describing the mechanisms and the potential clinical benefit
of behaviourally conditioned immune functions, with particular focus on learned placebo effects
on allergic reactions.
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1. INTRODUCTION
A placebo is commonly defined as a sham pharma-
ceutical, routinely employed in clinical studies to
verify the effectiveness of a drug or a treatment, and
is lacking any defined active component. However,
the results of clinical and experimental studies have
clearly shown that placebos can indeed affect sympto-
matology, as demonstrated, for example in patients
with depression [1,2], Parkinson’s disease [3–6],
pain [7,8] and asthma [9]. How is it that substances
without any defined active component affect not only
psychological but more importantly physiological
functions?

Current scientific research focuses on two major
neuropsychological mechanisms for the placebo
response: the patient’s or subject’s expectation of the
impact of the drug or treatment, and classical con-
ditioning procedures [10–12]. The fact that learning
processes are mediating the placebo response has
been reported in early experiments in which a placebo
medication was more potent after the experience of an
effective drug therapy [13,14]. These observations
were later confirmed by a number of experimental
data demonstrating that associative learning processes
are one important factor mediating the placebo
response [9,15–17].
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In this review, we will focus on classical condition-
ing as a major mechanism steering the placebo
response, specifically on the classical conditioning of
immune functions, and will summarize data demon-
strating learned placebo effects on allergic responses.

The phenomenon of the conditioning of immune
functions was first studied by Metalnikov & Chorine
[18]. They injected guinea pigs with the plant extract
Tapioka (the unconditioned stimulus, US), which
increased peripheral leucocyte numbers. Together
with the injection, the skin of the animals was either
heated or slightly slit (the conditioned stimulus, CS).
After several CS–US pairings, the stimulation of the
skin alone increased the leucocyte numbers, indicating
a conditioned immune response.

However, this line of research was not followed up
until Ader & Cohen [19] demonstrated a behaviourally
conditioned immunosuppression employing a con-
ditioned taste aversion paradigm in rats. This early
work led to a number of experimental approaches con-
sidering the conditioning of immune functions in
experimental animals, yielding results showing behav-
iourally conditioned effects on humoral immune
functions like antibody responses [20,21] and effects
on cellular immune functions such as mitogen-induced
lymphocyte proliferation [22], leucocyte number [23],
the circulation of specific lymphocyte subpopulations
[24], the activity of natural killer cells [25] and acute
phase reactions [26,27]. By employing the immunosup-
pressive drug cyclosporin A as a US in a taste aversion
paradigm in rats, a conditioned immunosuppression
This journal is q 2011 The Royal Society
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could be repeatedly demonstrated reflected by a
reduction in spleen and thymus weight [28], a reduced
proliferation rate of lymphocytes in the spleen [28–30]
and decreased interleukin-2 (IL-2) and g-interferon
(g-IFN) concentrations [29,31].

In parallel to the experimental evidence of a con-
ditioned suppression of immune functions, other
studies demonstrated a conditioned enhancement of
immune responses. Solvason et al. [32] induced a con-
ditioned increase in natural killer cell activity in mice
by pairing the odour of camphor with an injection of
poly I:C, a substance that stimulates natural killer
cell activity via the release of g-IFN. The activity of
cytotoxic T-lymphocytes, which can be enhanced
through immunization with allogeneic spleen cells,
can also be conditioned by pairing the immunization
procedure with the camphor odour [33].

In summary these studies demonstrate across
different drugs employed as a US and different con-
ditioning models as well as distinct cellular and
humoral immune parameters used as read-out systems
that immune functions can be modified by associative
learning processes [34].
2. HOW CONDITIONING OF PERIPHERAL
IMMUNE FUNCTIONS WORKS: PRINCIPLES
AND MECHANISMS
Basically, a conditioning procedure requires the pair-
ing of an initially neutral stimulus (the CS) with a
US, for example a drug that elicits a physiological
response within the organism. After this association
phase, the presentation of the CS alone will induce a
conditioned response that is comparable with the
unconditioned response formerly elicited by the US.
A prerequisite for the classical conditioning of
immune functions is the functional interaction
between the central nervous system (CNS) and the
peripheral immune system [35–37]. Although the
classical conditioning of immune functions is a fasci-
nating example of the communication between the
CNS and the immune system, experimental evidence
of how these systems interact during the immune func-
tion conditioning process is rare. The basic model
assumes that there are three important steps in the
acquisition and evocation of a conditioned immune
response. First, the US (e.g. an immunomodulatory
drug) must be either directly sensed by the CNS or
indirectly recognized via changes in the immune
response. Second, the CNS must now integrate and
associate signals caused by the US and the sensory
information provided by the CS (generally a taste or
odour). Third, in the evocation phase, the re-exposure
to the CS must activate those brain areas which
integrated the CS/US association, and sub-
sequently modify the immune response via efferent
pathways [34].

(a) Afferent pathways: how the central nervous

system receives signals from the peripheral

immune system

It is as yet not thoroughly understood how the CNS
receives information about the immunological status
change caused by the US. Two possible pathways
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have been proposed: a systemic or humoral pathway
and a neural pathway. For the systemic or humoral
pathway, it is assumed that the relevant messengers
that are produced by immune cells in the periphery
(e.g. cytokines or prostaglandins) reach the brain by
crossing the blood–brain barrier directly [38] or by
crossing the circumventricular organs [39]. The acti-
vation of the neural pathway requires that the
information from a relevant messenger is turned into
a neural signal. The vagus nerve may play a major
role in this kind of CNS–immune system communi-
cation [40–42], a view which is supported by the
fact that many effects in the CNS induced by the
immune system can be depleted or even abolished by
prior vagotomy [43,44].
(b) Brain structures and neurotransmitters

involved in the integration of the conditioned

stimulus and the unconditioned stimulus

Studies concerning taste aversion learning demon-
strated that the insular cortex is particularly relevant
for the acquisition and retention of the associative
learning process [45,46]. Furthermore, it was found
that the insular cortex is also needed for the evocation
process, whereas the amygdala seemed to be necessary
for the acquisition phase only [47,48].

Regarding the role of central neurotransmission on
the conditioned effect, it was shown that central cat-
echolamines were needed for the association process,
whereas glutamate was also required for the evocation
of a conditioned increase in natural killer cell activity
[49,50]. However, the role of these neurotransmitters
remains to be analysed across different conditioning
models.
(c) Efferent pathways: how the central nervous

system affects the immune system

In the case of behaviourally conditioned immuno-
suppression employing cyclosporin A as a US,
sympathetic nervous system activity could be identified
as one of the major mechanisms mediating the con-
ditioned immune response on the efferent pathway
from the CNS to the peripheral immune system. A sur-
gical denervation of the spleen completely inhibited the
conditioned suppression of proliferation of lymphocytes
in the spleen and IL-2 and g-IFN production [29,51].
In parallel, noradrenaline seemed to be the predominant
neurotransmitter mediating the learned immune
response. Moreover, it was demonstrated that this
effect seemed to be b-adrenoreceptor-dependent, as
the application of b-adrenoreceptor antagonists blocked
the learned immunosuppression [52,53]. However, the
splenic nerve does not seem to be the only efferent path-
way that is activated during evocation, as splenic
denervation does not affect the conditioned suppression
of the contact hypersensitivity reaction [30]. These
results indicate that multiple efferent mechanisms are
activated during the behaviourally conditioned effects
on immunity.

The efferent and afferent communication pathways
employed by the CNS and the peripheral immune
system as well as the central processing of the learned
immune response are currently not entirely understood.
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They are partially described for some selective paradigms
of conditioned immune responses only, without knowing
yet whether and to what extent these experimental data
are reflecting mechanisms of behaviourally conditioned
immune responses in general.
3. CLINICAL IMPLICATIONS OF THE
BEHAVIOURALLY CONDITIONED IMMUNE
RESPONSE
The paradigm of the classical conditioning of immune
functions is a fascinating example of the communi-
cation between the CNS and the peripheral immune
system. A number of studies in experimental animals
and humans have addressed the possibility that behav-
iourally conditioned changes in immune function are
of clinical relevance and can be employed to affect
the disease outcome.

In a rodent model of the autoimmune disease
lupus erythematosus, behaviourally conditioned mice
showed a significantly prolonged latency and survival
time when compared with the control animals [54]. Simi-
larly, in rats with experimentally induced rheumatoid
arthritis, re-exposure to a saccharin-vanilla-flavoured
solution that had previously been paired with the immu-
nosuppressant cyclophosphamide resulted in a reduction
of the inflammatory processes [55,56]. Conditioned
responses also proved to be therapeutically effective in
grafting experiments, expressed by a delayed tissue rejec-
tion after allogeneic skin transplantation [57]. Similarly,
studies on heart allografts demonstrated that behavioural
conditioning prolonged transplant survival [58,59].

A longer survival time in mice that were conditio-
ned with poly I:C and camphor and then re-exposed to
the CS after the transplantation of a myeloma was
demonstrated [60,61]. Likewise, tumour growth could
be delayed [62] and lifespan prolonged [63] through con-
ditioned immune responses after the transplantation of
T-cell lymphomas. These results in experimental animals
document the potential clinical relevance of classical con-
ditioning of immune functions and disease outcome in
chronic inflammatory diseases, organ transplant survival
or tumour development.

Beyond data from animal studies, there are reports
that classical conditioning of immune functions is also
possible in humans [11,34]. A prolonged elevated level
of immune activation was demonstrated after repeated
exposure to an oral stimulus (CS) that was initially
paired with g-IFN injections (US). The activation was
assessed by measuring the serum concentration of qui-
nolinic acid and neopterin and the expression of Fc
receptors on peripheral blood mononuclear cells [64].
A transient conditioned decrease in white blood cell
level was demonstrated in patients with multiple sclero-
sis after re-exposure to anise-flavoured syrup (CS) and
a subtherapeutic dose (10 mg) of cyclophosphamide
[65]. In another experimental approach in healthy
humans, cyclosporin A (US) was repeatedly paired
with a novel-tasting drink (CS) [15]. A conditioned
inhibition of cytokine release and cytokine mRNA
expression for IL-2 and g-IFN and a decreased lympho-
cyte proliferation rate were observed when subjects were
re-exposed to the CS. A more recent study established a
protocol that may indicate a possible application for the
Phil. Trans. R. Soc. B (2011)
conditioned immune response in clinical settings [66].
Patients suffering from psoriasis were treated with a cor-
ticosteroid ointment. However, the experimental group
received the real drug only at 25–50% of the treatment
settings, and was otherwise treated with a placebo
cream. After eight weeks, those patients who received
the drug at the reduced dosage (25–50%) and the rest
of the time the placebo showed symptom scores compar-
able with the group that received the standard therapy
(100%), while patients treated with a reduced dose
throughout the study showed worsening of symptoms.

Collectively, these data are demonstrating a ‘proof
of principle’ that behaviourally conditioned immune
responses are possible in humans, with the next step
being to document that these learning procedures
are robust enough to be employed in clinical routine
treatment [34].
4. BEHAVIOURALLY CONDITIONED RESPONSES
IN CASES OF ALLERGY
Allergic diseases are widespread and their incidence
has increased over the past 50 years, for example by
12–16% for atopic dermatitis, by 15 per cent for aller-
gic rhinoconjunctivitis and by 9–10% for bronchial
asthma [67]. Allergic responses (figure 1a) can be
enhanced experimentally by stress and anxiety [70]
and be modulated by interventions other than conven-
tional drug therapy, for example via hypnosis [71].
This indicates a responsiveness to psychological fac-
tors, and an interaction between the CNS and the
immune cells that are relevant for the allergic reaction,
e.g. mast cells (figure 1b). Thus, allergic responses,
including asthmatic attacks, seem to be a promising
model to study the mechanisms and clinical relevance
of placebo responses in general and, more specifically,
the effects of associative learning processes on immune
function.

A number of studies on experimental animals
reported the effects of classical conditioning on allergic
reactions such as allergic asthma, immediate hypersen-
sitivity reactions or delayed-type hypersensitivity
reactions (table 1). Early studies employed the para-
digm of inducing asthmatic attacks in guinea pigs,
resembling bronchial asthma in humans, by sensitizing
the animals to substances such as bovine serum
albumin (BSA) or egg albumin [72–74,89]. These
early studies reported behaviourally conditioned
effects on the strength of the asthmatic attack, docu-
mented by the increased use of accessory muscles,
gasping, coughing and pronounced respiratory distress
[73] or by increased pressure between inspiratory and
expiratory peak, which is larger during an asthmatic
attack [74].

The hypothesis that histamine release could not
only be the consequence of external stimuli that
directly affects immune functions but could also
occur as a learned response was tested in guinea pigs
[75]. The animals were sensitized and subsequently
exposed to BSA which was presented together with a
sulphur odour as a conditioned stimulus (CSþ).
Using a discriminative conditioning protocol, the ani-
mals were exposed to another odour stimulus (CS2)
which had not previously been paired with albumin
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Figure 1. (a,b) The principle of an allergic reaction: the IgE-primed mast cell releases mediators, such as histamine and several

cytokines, when confronted with an allergen, leading to the allergic reaction (a). Mast cells have been shown to be in close
interaction with the CNS. The vagus nerve may be a bidirectional pathway for CNS–mast cell communication [68]. In
addition, contact formation of mast cells and sympathetic nerves were demonstrated in vitro [69] (b). (c,d) Model of allergic
reactions affected by the classical conditioning paradigm: after one or several pairings of the CS with the US during the acqui-

sition phase, re-exposure to the CS during the evocation phase induces an allergic reaction with increased release of mediators
(c). It was also demonstrated that anti-allergic reactions can be affected by classical conditioning. The exact pathways and
mediators for the conditioned response are not known (d).
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and thus should not elicit an allergic reaction when
presented after the association phase. As hypothesized,
the animals showed a more pronounced histamine
release in the plasma when re-exposed to the CSþ
than to the CS2. Furthermore, the conditioned hista-
mine release was affected by stress exposure and could
not be observed in anaesthesized animals when
re-exposed to the CS, indicating that this ‘learned’ his-
tamine release was mediated by the CNS [77–82].
Employing a similar paradigm, the cellular basis of
this conditioned allergic response was investigated
[76]. Protease II, which is specific to mucosal mast
cell activity, was analysed after pairing egg albumin
injections with an audiovisual cue. Rats that were
exposed to the CS again showed a significantly greater
release of protease compared with the non-con-
ditioned control animals, indicating that the CNS
effects on mast cell activity play a major role in the
conditioned response in allergy.

In an experimental model of contact hypersensitivity,
rats were conditioned by pairing injections of cyclo-
sporin A (US) with a saccharin solution (CS) [30].
The animals of the experimental and control groups
were sensitized to 2,4-dinitrochlorobenzene to elicit
an allergic reaction, which was subsequently applied
Phil. Trans. R. Soc. B (2011)
to the ear. The strength of the allergic response was
measured by the degree of ear swelling and leucocyte
infiltration. Conditioned rats showed a significant
inhibition of ear swelling comparable with the effect of
cyclosporin A treatment. These results indicate a
potential clinical relevance of behaviourally conditioned
immune responses in the inhibition of allergic reactions.

There are few human studies on the behavioural
conditioning of allergic reactions. In 1886, McKenzie
[90] published a case study in which he described a
woman who showed asthmatic reactions when exposed
to an artificial rose. This interesting but rather anecdo-
tal finding was followed by experimental data more
than 50 years later. Two asthmatic patients who were
allergic to house dust extract and grass pollen were
exposed to these allergens by inhalation [83]. After
several conditioning trials in which the environment
and the act of inhalation were supposed to serve as a
CS, both subjects showed a conditioned response in
the form of allergic attacks after inhaling a neutral
solvent.

In an approach to behaviourally condition allergic
reactions in tuberculin-positive subjects, the response
to tuberculin was analysed by assessing the size of
erythema and induration [84]. Subjects received a



Table 1. Summary of studies concerning behavioural conditioning of allergic and anti-allergic responses.

conditioned stimulus unconditioned stimulus

conditioned response/

target parameter animals/subjects reference

animal studies

auditory cue egg white asthmatic attack guinea pigs [72]
environment (chamber) egg white asthmatic attack guinea pigs [73]
environment, features

of the challenge
egg albumin asthmatic attack guinea pigs [74]

odour (sulphur smell) BSA histamine release guinea pigs [75]

audiovisual cue egg albumin mast cell protease II rats [76]
odour ovalbumin histamine release guinea pigs [77]
odour

(dimethylsulphide)
ovalbumin histamine release guinea pigs [78,79]

odour
(dimethylsulphide)

ovalbumin histamine release guinea pigs [80]

odour BSA histamine release guinea pigs [81]
odour BSA histamine release guinea pigs [82]
saccharin solution cyclosporin A ear swelling rats [30]

human studies

inhalation situation;
inhalation procedure

inhaled allergens (grass
pollen, house dust mite)

vital capacity asthmatic subjects [83]

environment, coloured
vials, nurse. . .

tuberculin applied on arm erythema size, induration
size

tuberculin-positive
subjects

[84]

environment, coloured

vials, nurse. . .
allergens (pollen, house

dust mite, cat or dog
hair applied on arm)

weal size patients with a common

allergy (pollen, house
dust mite, cat or dog
hair)

[85]

novel flavoured drink house dust mite allergen
(nasal challenge)

mast cell tryptase patients with house dust
mite allergy

[86]

olfactory cue grass allergens subjective symptoms,
histamine release, nasal
airflow

patients with seasonal
allergic rhinitis

[87]

coloured and flavoured

drink

allergens (house dust mite) erythema and weal size,

subjective symptom
score, basophil
activation

patients with house dust

mite allergy

[88]
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tuberculin skin test on one arm and a saline control on
the other arm for six months. On the last trial, the con-
tents of the two differently coloured vials that
contained the substances were switched unknown to
the subjects. As hypothesized, the reaction to what the
subjects’ thought was saline was weaker than their reac-
tion to the drug previously. In this study, it is not clear
whether this effect can be ascribed to conditioning pro-
cesses—with the vials and other contextual stimuli
serving as CS—or to the subjects’ expectations of a
certain response after the application of an assumed
known substance. Another attempt employing a similar
conditioning paradigm focusing on the immediate
hypersensitivity reaction to common allergens failed to
replicate the data obtained by Smith & McDaniel [85].

Tryptase release, a specific marker for mast cell acti-
vation in nasal fluid, can be analysed as an indicator of
the intensity of an allergic reaction [91]. Subjects under-
went a conditioning protocol which comprised a single
learning trial in which a novel-tasting drink (CS) was
paired with an intranasal challenge of house dust mite
allergens. When re-exposed to the gustatory stimulus,
subjects showed a conditioned allergic reaction, docu-
mented by an increase in tryptase levels in their nasal
fluid compared with the control groups [86]. In parallel
to the conditioned increase in tryptase release, a
Phil. Trans. R. Soc. B (2011)
behaviourally conditioned increase in histamine release
and a decrease in nasal airflow were reported in patients
suffering from seasonal allergic rhinitis [87]. In addition,
in this study, a ‘training’ effect was demonstrated
reflected by a more strongly conditioned effect if subjects
underwent three CS/US pairings (olfactory stimulus þ
allergen) instead of a single CS/US pairing [92]. More-
over, the conditioned effect was smaller after a second
re-exposure to the CS, indicating an extinction of this
‘learned’ immune response.

While the reports mentioned above document that an
allergic reaction can be induced by learning paradigms, a
more recent study demonstrated a behaviourally con-
ditioned anti-allergic effect in patients with allergic
rhinitis [88]. Patients were exposed to a novel-tasting
drink (CS) that they received together with the H1-
receptor antagonist desloratadine on five consecutive
days. After a single evocation trial, subjects showed a
conditioned reduction of subjective symptoms, a
reduced response to the skin prick test and a reduced
percentage of activated basophile granulocytes.

In summary, there is substantial evidence that both
allergic and anti-allergic responses can be influenced
through classical conditioning processes as a ‘learned’
placebo response. The exact biochemical mechanisms
involved are as yet unknown (figure 1c,d).
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5. PERSPECTIVES
The experimental data from animals and humans
summarized above clearly documents that condition-
ing protocols can not only affect peripheral immune
functions but can also affect disease symptoms and
disease progress, such as chronic inflammatory auto-
immune diseases, or the prevention of recurrent
symptoms in patients with psoriasis, as described
above. Thus the question arises whether and to what
extent behavioural conditioning protocols may be
used in a clinical setting as a supplement to an immu-
nomodulatory drug regimen, with the aim to reduce
the dose of medication required, thereby possibly
limiting adverse drug effects and saving costs.

However, before seriously considering conditioning
protocols as a treatment option, several open questions
must be elucidated. It is unknown to date whether all
immune-related diseases and symptoms are subject to
conditioned placebo responses and, in particular,
which substances have immunopharmacological prop-
erties that may be subject to conditioning and to what
extent. In order to answer this question, a better under-
standing of the reciprocal CNS–immune system
communication on a physiological and molecular level
is essential.

Furthermore, it is not known how long the con-
ditioned effects on the immune response last and
whether these effects are reproducible. In addition,
the optimal amount of learning and re-exposure
trials to maximize the conditioned effect are not yet
understood, as this may vary depending on the drug
and/or disease. To establish conditioning protocols
for clinical settings, it will be crucial to assess the inter-
vals of appropriate reinforcement and the extinction
patterns of the learned immune response.

With a more thorough knowledge about the behav-
ioural, neurological and immunological mechanisms
that underlie these processes, it is conceivable that
classical conditioning, as part of a systematically
applied placebo response, could serve as a supportive
therapy in many immune-related diseases [11,34,93].

This work was supported by the Volkswagen Foundation
(I/83806).
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Schult, M., Nagel, E. & Schedlowski, M. 1998 Con-
ditioned taste aversion produced by cyclosporine A:
concomitant reduction in lymphoid organ weight and
splenocyte proliferation. Physiol. Behav. 63, 241–247.

(doi:10.1016/S0031-9384(97)00432-0)
29 Exton, M. S. et al. 1998 Behaviorally conditioned immu-

nosuppression using cyclosporine A: central nervous
system reduces IL-2 production via splenic innervations.

J. Neuroimmunol. 88, 182–191. (doi:10.1016/S0165-
5728(98)00122-2)

30 Exton, M. S., Elfers, A., Jeong, W. Y., Bull, D. F.,
Westermann, J. & Schedlowski, M. 2000 Conditioned sup-
pression of contact sensitivity is independent of sympathetic

splenic innervations. Am. J. Physiol. 279, 1310–1315.
31 Von Hörsten, S. et al. 1998 Behaviorally conditioned

effects of Cyclosporine A on the immune system of
rats: specific alterations of blood leukocyte numbers
and decrease of granulocyte function. J. Neuroimmunol.
85, 193–201. (doi:10.1016/S0165-5728(98)00011-3)

32 Solvason, H. B., Ghanta, V. K. & Hiramoto, R. N. 1988
Conditioned augmentation of natural killer cell activity.
Independence from nociceptive effects and dependence
of interferon-beta. J. Immunol. 140, 661–665.

33 Hiramoto, R. N., Hsueh, C. M., Rogers, C. F., Demissie,
S., Hiramoto, N. S., Soong, S. J. & Ghanta, V. K. 1993
Conditioning of the allogeneic cytotoxic lymphocyte
response. Pharmacol. Biochem. 44, 275–280. (doi:10.

1016/0091-3057(93)90462-3)
34 Schedlowski, M. & Pacheco-Lopez, G. 2010 The learned

immune response: Pavlov and beyond. Brain Behav.
Immunol. 24, 176–185. (doi:10.1016/j.bbi.2009.08.007)

35 Dantzer, R., O’Connor, J. C., Freund, G. G., Johnson,

R. W. & Kelley, K. W. 2008 From inflammation to sick-
ness and depression: when the immune system
subjugates the brain. Nat. Rev. Neurosci. 9, 46–56.
(doi:10.1038/nrn2297)

36 Glaser, R. & Kiecolt-Glaser, J. K. 2005 Stress-induced

immune dysfunction: implications for health. Nat. Rev.
Immunol. 5, 243–251. (doi:10.1038/nri1571)

37 Tracey, K. J. 2009 Reflex control of immunity. Nat. Rev.
Immunol. 9, 418–428. (doi:10.1038/nri2566)

38 Banks, W. A. 2005 Blood-brain barrier transport of cyto-

kines: a mechanism for neuropathology. Curr. Pharm.
Des. 11, 973–984. (doi:10.2174/1381612053381684)

39 Goehler, L. E., Erisir, A. & Gaykema, R. P. 2006 Neural-
immune interface in the rat area postrema. Neuroscience 140,
1415–1434. (doi:10.1016/j.neuroscience.2006.03.048)
Phil. Trans. R. Soc. B (2011)
40 Goehler, L. E., Gaykema, R. P., Opitz, N., Reddaway,
R., Badr, N. & Lyte, M. 2005 Activation in vagal affer-
ents and central autonomic pathways: early responses

to intestinal infection with Campylobacter jejuni. Brain
Behav. Immunol. 19, 334–344. (doi:10.1016/j.bbi.2004.
09.002)

41 Tracey, K. J. 2002 The inflammatory reflex. Nature 420,
853–859. (doi:10.1038/nature01321)

42 Rosas-Ballina, M. & Tracey, K. J. 2009 The neurology
of the immune system: neural reflexes regulate immu-
nity. Neuron 64, 28–32. (doi:10.1016/j.neuron.2009.
09.039)

43 Konsman, J. P., Luheshi, G. N., Bluthe, R. M. &
Dantzer, R. 2000 The vagus nerve mediates behavioural
depression, but not fever, in response to peripheral
immune signals; a functional anatomical analysis.
Eur. J. Neurosci. 12, 4434–4446. (doi:10.1046/j.0953-

816X.2000.01319.x)
44 Luheshi, G. N., Bluthe, R. M., Rushforth, D., Mulcahy,

N., Konsman, J. P., Goldbach, M. & Dantzer, R. 2000
Vagotomy attenuates the behavioural but not the pyro-
genic effects of interleukin-1 in rats. Auton. Neurosci.
85, 127–132. (doi:10.1016/S1566-0702(00)00231-9)
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