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In the top floor of the Faculty of Science of Charles
University in Prague, one room is filled with the soft thud
thud thud of restless shifting feet. Opposite a table laden

with biscuits and soft drinks, students listening to techno
music through clunky headphones dance on plastic mats,
following instructions that flash up on laptops in front of
them. This strangely silent disco looks like any group of
graduates letting off steam, but this isn’t the rec room, it’s the
lab.

For the past 20 years, Professor Jaroslav Flegr has been
designing games for his students to play, from simple reaction
tests to the Dance Dance Revolution marathon currently
underway. The light-hearted challenges underlie a more
serious question: is a common brain parasite dimming the
cognitive powers of his students? The parasite in question is
Toxoplasma gondii, a small protozoan with great ambitions.
Although it takes cats as its definitive host, and can only
complete its life cycle there, T. gondii practices a startling
promiscuity when it comes to secondary hosts. The parasite is
typically spread by rodents, which ingest spores deposited in
cat droppings, but T. gondii’s scattergun approach means that
it can be found in almost any warm-blooded animal, from
dogs to dolphins, and notably all of our major livestock —
cattle, pigs, sheep, goats. And, of course, humans. It’s a major
success story of the single-celled kingdom, cropping up across
the planet at an extraordinarily high prevalence: depending on
where in the world you’re reading this, your chances of
harbouring T. gondii are between 30 and 80 per cent. 

The parasite’s ability to cause serious and even fatal birth
defects in mammals meant that for a long time T. gondii was
primarily a concern to farmers and expectant mothers. For
everyone else, T. gondii was something you’d eventually
expose yourself to, most likely through eating undercooked
meat, that would produce mild flu-like symptoms before dying
or lying dormant in your muscle and nervous tissue. Unless
you became acutely immunocompromised (at which point T.
gondii wakes up and begins eating big holes in your brain),
you’d carry the bug for the rest of your life without any
noticeable effect. Well, that was the idea at least.

You see, T. gondii has a very interesting trick. It can
produce dopamine. Not for itself, of course; the protozoan has
no mind of its own that would need a neurotransmitter. But its
hosts do. And dopamine is the skeleton key that T. gondii
uses to unlock the mammalian brain. Rats, as it happens, have
a longstanding animosity toward cats, which is a problem for
any T. gondii hoping to make the leap up the food chain. So
the microbe sets about reprogramming the rodent brain,
making it braver, more intrepid, willing it to take risks. The
rats’ instinctual fear of the smell of cats, stamped millennia-
deep in the rodent brain, is papered over. So too its cautious
neophobia. And this new cavalier attitude ends up putting the
rat in the jaws of a passing cat, and the parasite into the gut
of its definitive host.

Professor Flegr wondered if T. gondii might attempt the
same transformation on humans. After all, how different do a
rat and a human look from the inside? It’s all blood and bone
and dopamine to a parasite. From previous research, Flegr
knew that humans exposed to T. gondii showed diminished
reaction times. He visited local hospitals and took blood
samples from those who had been involved in traffic
accidents, in particular those who had been at fault in traffic
accidents where alcohol wasn’t a factor. He found that they

were almost three times as likely to
test seropositive for Toxoplasma
than the general population. The
link implied that the effects of
exposure to T. gondii — a
change in risk perception, and
a slowing of reflexes, were
both strong enough to
increase the chances of an
accident and yet subtle
enough that the victim was
not aware of their altered
state of mind. It appeared to
be a very real and very
serious effect of T. gondii
infection. Road traffic accidents
claim the lives of some two
million people worldwide every
year; a parasite with even a small
hand in that would still be
responsible for thousands of deaths
annually.

Like a suspect in the dock,
Toxoplasma has the means, the motive
and the opportunity to inflict brain
damage and behavioural changes. Flegr
found women exposed to the parasite
became more outgoing and sociable,
while men expressed greater
insecurity. Researchers have also
implicated the parasite in illnesses
such as schizophrenia. The idea
that an infectious agent might be
at the root of mental illness is
not a new one — in fact, T.
gondii came under
suspicion over a 100
years ago, in an
editorial published
by Scientific
American.

Defence
against
the dark
arts
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However, this coincided with the
arrival of an exciting new science

from Vienna called
psychoanalysis, which held
that repressed desires were
at the seat of most mental
disturbance, and the idea of
contagious insanity seemed

terribly unfashionable by
contrast. It was only after

the great waves that Freud
cast had died down to

ripples that people
once again began to

entertain the idea of
an infectious agent
responsible for
diseases of the

mind. Acute
toxoplasmosis is known

to cause severe
psychological
disturbances in some

patients, giving rise to
auditory and visual

hallucinations, disorganized
speech and delusions. Might
this damage also manifest
itself as long-term mental
disorders, or even subtle but

significant changes in
behaviour?

After visiting Professor Flegr, I had to
wonder, how many other infectious diseases produce

similar effects in us? The sheer prevalence of T. gondii,
coupled with its habit of infecting non-target species,

lends it the status of something approaching an
environmental hazard. Just as fog obscures

the land, allowing travellers to wander
lost, T. gondii stretches over the human
landscape, a kind of mental fog that blurs

our perceptions of the real world. The question is: why aren’t
our brains better at fighting this kind of deception?

Of course, Toxoplasma is not the only parasite to have
evolved an extraordinary ability to adapt a host’s behaviour.
Examples abound through the animal kingdom — Carl
Zimmer dedicated an entire chapter to behavioural
manipulation in his bestseller Parasite Rex. The larvae of the
Hymenopimecis wasp convince the spider they latch onto to
abandon its normal web architecture and instead follow a set
of blueprints of the insect’s own devising. The result is a
sturdy, well anchored cocoon in which the larvae can safely
undergo its transformation into an adult wasp. Closer to
home, the Plasmodium protist responsible for malaria is a
parasite of mosquitoes as much as one of mankind. After
infecting a mosquito, it suppresses the insect’s feeding
behaviour until it is ready to be passed on through the
animal’s salivary glands. Every blood meal carries the risk of
being swatted; the protist wants to make sure each one
counts. In relationships such as these, where the parasite’s
dictated behaviour acts as a direct threat to survival of the
host, should we expect their brain to evolve in response just
as their bodies have? Should a mosquito not grow a mental
shell as impenetrable as its physical one? Instead of physically
defeating the parasite, might a host develop tolerance or
immunity to the parasite’s behavioural tweaks, incorporating
redundancy and error-checking in its behavioural loops like a
robust piece of software? I put the question to Professor
Robert Poulin at the University of Otago, New Zealand. “I’ve
been asking myself the same question for years,” he
replied. “Why don’t hosts put up a better fight against
manipulation? Whatever the actual mechanism, I am not
aware of any case of a host actively resisting. Animals
have numerous adaptations to avoid parasites, or
eliminate them if they succeed at infecting the host; if the
parasite gets through these, however, it wins.”

Part of the problem is the difficulty in identifying what this
kind of resistance would look like, whether it be the
upregulation of certain genes or a shift in brain chemistry in
response to parasitic infection. These are events playing out in
a vague stage somewhere between psychology and physiology,
and require an understanding of the physical foundations of
behaviour that we perhaps do not have yet. But it seems
unlikely that we have arrived at this point without the effects
of behavioural manipulation leaving some kind of mark in the
architecture of our brain. Like the students dancing in Flegr’s
loft to music no one else can hear, the patterns of behaviour
in our brains may be choreographed to some invisible, long
silent orchestra.

Frank Swain
Science Writer

■ Frank Swain is a biologist and science writer who can be
contacted at www.frankswain.com. 
Email: me@frankswain.com. Tel: +44 (0)787 656 3082
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Frank Swain reveals how Toxoplasma
gondii can inflict brain damage and cause

behavioural changes
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Microbes
and mood:
a new approach
to the therapy of
depression?

Depression is associated with inflammation

Human depression is associated with inflammation,
although there have been recent contradictory findings,
a few of which are discussed later within this article.

Some risk factors for depression are inflammation-inducing
risk factors and several of these are listed in Table 1. These
include obesity (resulting from release of proinflammatory
cytokines by adipose tissue and by macrophages aggregated
around visceral fat stores), and chronic inflammatory
disorders such as inflammatory bowel disease (here, the
incidence of depression correlates with the level of circulating
proinflammatory cytokines). Indeed depression is often
accompanied by raised levels of proinflammatory cytokines
even when no other illness is detected (Raison et al., 2010).
Recent meta-analyses have confirmed that there is a dose-
response relationship between depression and the
inflammatory markers C-reactive protein (CRP), interleukin
(IL)-1, IL-6 and tumour necrosis factor (TNF)-α  (Howren et

al., 2009; Dowlati et al., 2010). Major depressive disorder
(MDD) is also known as clinical depression and is
characterized by a low mood that engulfs the sufferer and is
accompanied by low self-esteem, together with a lack of
interest in normally enjoyable activities. Patients with this
disorder have reduced circulating levels of the major
regulatory mediators, IL-10 and TGF-β  (Raison et al., 2010).

Does this mean that the proinflammatory cytokines
themselves, when chronically raised, drive symptoms of
depression (interestingly, brief exposure to raised cytokines
can have the reverse effect, as discussed later)? There is
strong evidence to suggest that prolonged elevations of
inflammatory cytokines do indeed drive depression.
Administration of proinflammatory cytokines (IL-2, interferon-
α [IFN-α], used as treatments for hepatitis or some cancers),
induces states strikingly similar to naturally occurring
depression that are treatable with antidepressant drugs,
confirming the cause-effect relationship (Musselman et al.,
2001; Capuron et al., 2009). Presumably this also accounts
for the common occurrence of depression after influenza, a
virus that drives high levels of IFN-α.

Another type of evidence comes from monitoring the
consequences of treating depression. Treatments that reduce
depressive symptoms simultaneously lower levels of
inflammatory mediators, or increase levels of regulatory ones
(Raison et al., 2010). By contrast, stressors, which promote
depression, tend to downregulate the correlates of
immunoregulation such as CD25+γ Treg, IL-10 and Foxp3
(Buske-Kirschbaum et al., 2007; Freier et al., 2009). 

Taken together, and adding the well-documented ability of
proinflammatory cytokines to drive “sickness behaviour” in
rodents (Dantzer et al., 2008) (an effect that can be opposed
by IL-10), these findings suggest that prolonged imbalance
between proinflammatory and anti-inflammatory mediators

Table 1. Lifestyle factors that increase inflammatory mediators and
are also risk factors for depression

Chronic inflammatory illness (allergies, autoimmunity, inflammatory bowel
disease etc.)

Psychosocial stress

Social isolation

Obesity

Sedentary lifestyle

Diet

Smoking

Female sex

Diminished sleep

Therapeutic use of IFN  and/or IL-2
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can lead to depressive symptoms. But, it is precisely such an
imbalance that is partly to blame for the alarming increases in
chronic inflammatory disorders (allergies, autoimmunity,
inflammatory bowel disease) in developed countries. Why is
this happening? Is depression increasing in parallel with these
disorders? And can we exploit these phenomena in novel
treatments? 

The “hygiene” or “Old Friends” hypothesis
The hygiene hypothesis, or as we prefer to call it, the “Old

Friends” hypothesis, suggests that one reason for the
increasing incidences of chronic inflammatory disorders,
(both Th2-mediated and Th1/Th17-mediated (Rook &
Stanford, 1998; Bach, 2002)), in developed countries since
the mid-19th century is the depletion from the urban
environment of organisms that accompanied mammalian
evolution. Because it was necessary for these organisms to be
tolerated, co-evolutionary forces ensured that they came to
play essential roles in the optimal functioning of
immunoregulatory pathways (Rook, 2010). A failure of
immunoregulatory mechanisms really can lead to
simultaneous increases in diverse types of pathology. For
example, genetic defects of Foxp3 lead to the X-linked
autoimmunity–allergic dysregulation syndrome (XLAAD) that
includes aspects of allergy, autoimmunity and enteropathy
(Wildin et al., 2002).

Which organisms are involved? The bottom line is that they
are organisms associated with faeces (microbiota such as
Bacteroides, helminths and faecal-oral transmission of
infections/carrier states), animals (farm or pet) and mud
(Table 2) (Strachan 1989; Riedler et al., 2001; Aichbhaumik
et al., 2008; Round & Mazmanian, 2009; De Filippo et al.,
2010; McDade et al., 2010). Humans were continuously
exposed to these organisms from early in evolution, right

through the 1st Epidemiological Transition (Neolithic,
agriculture and husbandry) and were not deprived of them
until the 2nd Epidemiological Transition (urbanization). Table 2
lists a few of the organisms to which we refer collectively as
“Old Friends”, to emphasize our long association with them,
and our evolved dependency on their presence (Rook, 2010).

The many experimental models in which a wide variety of
helminths have shown an immunoregulatory effect were
reviewed recently (Table 3) (Osada & Kanazawa, 2010), and a
nice example of a human clinical trial using a helminth to
treat multiple sclerosis has been published by Fleming and
colleagues (Fleming et al., 2011). The important question in
the present context is whether depression is affected by the
mechanisms underlying the “Old Friends” hypothesis and
whether it is, therefore, increasing in parallel with the chronic
inflammatory disorders (Rook & Lowry, 2008; Raison et al.,
2010). If it is, can we use immunoregulation-inducing
“tolerated” microorganisms to treat it? Would clinical trials
with such organisms be justified in MDD? 

Rates of depression and the environment
While there is no universal agreement, there is evidence

that rates of MDD are increasing in developed countries, as

Table 2. Examples of the three overlapping categories of organism
implicated in the “hygiene” or “Old Friends” hypothesis

1) Organisms that form part of the co-evolved human microbiota that are
altered by modern diets, living conditions and antibiotics. 

2) Infections commonly present in early man, usually harmless, transmitted by
the faecal-oral route very early in life, that have been depleted since
urbanization (e.g. helminths, hepatitis A virus, Toxoplasma, Salmonella). 

3) Harmless environmental organisms in mud, untreated water and fermenting
vegetable material (“pseudocommensals”; lactobacilli, environmental
saprophytes) that are eliminated by the modern city lifestyle. 

Immunological expressions explained

CRP

IL-6

TNF-α

IL-10

TGF-β

IL-2

IFN-α

CD25+

Treg

Foxp3

Th1, 2 & 17

C-reactive protein — a marker of inflammation

Interleukin-6 — a pro- and anti-inflammatory cytokine

Tumour necrosis factor alpha — a cytokine involved in
systemic inflammation

Interleukin-10 — an anti-inflammatory cytokine

Transforming growth factor beta — a protein that controls
cellular proliferation and differentiation

Interleukin-2 — an immunoregulatory cytokine (cell activation)

A type I cytokine

A type of suppressor regulatory T-cell

Regulatory T-cells

Forkhead box P3 — a protein which regulates the
development of regulatory T-cells

T helper cells



34

features

expected if there is an association with chronic inflammatory
disorders, stress and obesity (Raison et al., 2010). Moreover,
moving from the developing world to the US increases the risk
for MDD. For example, Mexican immigrants to the US have
rates of depression similar to those seen in Mexico. However,
individuals of Mexican descent born in the US have higher
rates of MDD that are equivalent to the US population at
large, suggesting that it is American life itself — and not
acculturation shock — that accounts for the increase (Vega et
al., 2004).

Can we use microorganisms to treat depression?
There is evidence that MDD is increasing as a result of

environmental factors, in parallel with chronic inflammatory
diseases. These diseases, as with MDD itself, provide good
evidence for an underlying imbalance between anti-
inflammatory and proinflammatory mechanisms (Rook, 2010).
These chronic inflammatory diseases are beginning to be
subjected to clinical trials with immunoregulation-inducing
helminths (Trichuris suis, Necator americanus).
Preliminary results are encouraging (Summers et al., 2005a;
Summers et al., 2005b; Fleming et al., 2011). So what about
MDD?

We do not know whether administering Trichuris suis in
the clinical trials listed above led to improvements in mood.
This effect was not sought, which is a pity, because in
experimental animals altering the microbiota has profound
effects on behaviour, stress responses, and coping (Forsythe
et al., 2010). For example, germ-free mice have exaggerated
hypothalamic-pituitary-adrenal stress responses that can be
reversed by reconstitution with Bifidobacterium infantis
(Sudo et al., 2004). Similarly, a dietary manipulation that
caused profound changes in the microbiota simultaneously
caused significant improvements in working and reference
memory, as well as reduced anxiety (Li et al., 2009). One of
the ways in which changes in the microbiota operate is via
modulation of function and numbers of regulatory T-cells
(Treg) and the balance of Treg to effectors, both in the gut
and in the brain (Round & Mazmanian 2009; Lee et al.,

2010), so we would expect improvement in depressive
symptoms during these trials.

Changes relevant to CNS effects were, however, evaluated
in several clinical trials using heat-killed Mycobacterium
vaccae. This environmental saprophyte (an “Old Friend” from
mud!) induces Treg that downregulate chronic inflammatory
states (Zuany-Amorim et al., 2002). M. vaccae has undergone
clinical trials for allergic disorders, psoriatic arthritis and
some cancers. In several studies the patients who had received
one or more intradermal injections of a heat-killed preparation
of M. vaccae showed unexpected improvements in quality of
life scores (O’Brien et al., 2000; Dalbeth et al., 2004; O’Brien
et al., 2004). M. vaccae activates human dendritic cells (DC)
through an unexpected pathway — via the transcription factor
cAMP response element-binding protein (CREB) rather than
via nuclear factor-κB (NF B) (Le Bert et al., 2011). This is
interesting because CREB is increasingly implicated in the
control of Treg (Wen et al., 2010) and CREB becomes
phosphorylated during successful treatment of MDD (Gass &
Riva, 2007). So, we postulate that the beneficial effect on
quality of life (and related emotional constructs) was due to
correction of the anti-inflammatory to proinflammatory
balance, leading to changes in downstream intracellular
signalling cascades that ultimately result in cessation of the
depressogenic stimulus. However, animal studies with M.
vaccae have revealed a second quite different pathway by
which M. vaccae might have antidepressant properties.

Transient acute effects of inflammatory responses
The clinical effects cited above led to investigation of the

CNS effects of peripheral administration of M. vaccae in a
mouse model, and to the discovery that intratracheal or
subcutaneous administration activated a specific subset of
serotonergic neurons in the interfascicular part of the dorsal
raphe nucleus (DRI) of mice (Lowry et al., 2007). This
activation of DRI serotonergic neurons was associated with
increases in serotonin metabolism within the medial prefrontal
cortex (mPFC), consistent with an effect of immune activation
on mesolimbocortical serotonergic systems. These systems are
heavily implicated in the control of mood. Also, these effects
were temporally associated with reductions in immobility in
the forced swim test (a standard test for antidepressant
activity (Lowry et al., 2007)). The antidepressant-like
neurochemical and behavioural effects were acute effects
peaking 12hrs after injection. They then waned rapidly, and so
are clearly distinct from the more sustained effects
attributable to the long-term raising of the ratio of
proinflammatory to anti-inflammatory mediators. We envision
that activation of serotonergic neurons by peripheral immune
activation, if sustained over a long period of time (weeks or
months), would lead to dysregulation of serotonergic systems
implicated in antidepressant pathways, and increased
vulnerability to MDD. M. vaccae, by increasing
immunoregulation and anti-inflammatory mediators, could
thus prevent dysregulation of serotonergic systems caused by
chronic inflammatory conditions. One of us (C.L.) is actively
investigating the pathway involved in the acute effect, and it
might well be possible to exploit the underlying mechanism
for more long-term effects by triggering it in a different way.

Alternative views
A few workers, particularly Schwartz and colleagues at the

Table 3. Type of animal model* Helminth

Allergy

Autoimmunity:

Type 1 diabetes

Experimental autoimmune
encephalomyelitis (EAE)

Colitis

Arthritis

Heligmosomoides polygyrus

Schistosoma mansoni

Strongyloides stercoralis

Schistosoma mansoni

Trichinella spiralis

Heligmosomoides polygyrus

Schistosoma mansoni

Schistosoma japonicum

Trichinella spiralis

Fasciola hepatica

Heligmosomoides polygyrus

Schistosoma mansoni

Hymenolepis diminuta 

Schistosoma japonicum

Schistosoma mansoni

Hymenolepis diminuta

* Reviewed and referenced in (Osada & Kanazawa, 2010)
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Weizmann Institute in Israel, have argued that inflammation
mediated by T-lymphocytes with specificity for brain antigens
is essential for neuroprotection (Kipnis et al., 2002). The cells
implicated were Th1 cells, but the data show clearly that these
were protective only in the presence of other cell types,
suggesting that the role of the Th1 cells was to attract
regulatory cells to the relevant sites (Rook et al., 2011).

Workers within the same institute also suggested that brain-
recognizing lymphocytes could protect mice and rats from
behavioural changes triggered by stressors (Lewitus et al.,
2008; Lewitus et al., 2009), though no particular cell type
was identified. More recently Kipnis (who had previously
worked with Schwartz but is now at the University of Virginia)
and his colleagues noted that the performance of cognitive
tasks led to accumulation of IL-4-producing T-cells in the
meninges. They also found that there were cognitive defects in
IL-4-knockout mice, or following depletion of T-cells from
meningeal spaces by treatment with anti–very late antigen 4
(anti-VLA-4) (Derecki et al., 2010). These IL-4-secreting cells
then led to alternative macrophage activation (Derecki et al.,
2011), and to regulatory events including increased IL-10 and
decreased TNF . Thus the issue might now be resolved, with
agreement that protecting both structural and functional
aspects of neuronal function requires regulatory pathways,
perhaps particularly IL-10.

A more bizarre claim appeared very recently in the
Proceedings of the National Academy of Sciences (PNAS)
(Warner-Schmidt et al., 2011). The authors used a dataset
from the “sequenced treatment alternatives to relieve
depression” (STAR*D) study to investigate retrospectively the
effect of simultaneous administration of non-steroidal anti-
inflammatory drugs (NSAID) or analgesics on the efficacy of
selective serotonin reuptake inhibitors (SSRIs) in treatment-
resistant depression. The authors concluded that the patients
who took NSAID or other non-anti-inflammatory analgesics
(such as acetaminophen) were less likely to go into remission.
Unfortunately, the data were not controlled for pain, and so
cannot be interpreted, because pain itself strongly predicts
antidepressant non-response and people with pain are more
likely to take acetaminophen or NSAIDs (Fava et al., 2004).
Mouse data accompanying this paper appears to have been
looking at the acute effects of inflammatory mediators
discussed earlier, and might therefore have been analogous to
the work of Lowry and colleagues (2007), and are not
relevant to the effects on mood of sustained increases in
proinflammatory cytokines.

Conclusions
There is overwhelming epidemiological, clinical and

experimental evidence that prolonged increases in levels of
proinflammatory mediators can
cause symptoms of depression.
A similar imbalance is
implicated in the increases in a
range of chronic inflammatory
diseases, and new
immunoregulation-inducing
treatment strategies are being
devised and are entering clinical
trials. These should also be
trialled as treatments for MDD.
In addition, a further
unexpected pathway has been
discovered, involving specialized
serotonergic neurons in the DRI.
These can be acutely activated
by inflammatory stimuli, and
this appears to represent a
short-term behavioural boost
that will be replaced by
depression if the inflammatory
stimulus is prolonged and
unremitting. Nevertheless this
pathway might be exploitable
when it is fully understood, if it
can be triggered in an
intermittent manner by an
alternative non-inflammatory
strategy.

These findings provide a
rationale for ongoing clinical
trials in depression of
treatments such as infliximab, a
neutralizing antibody to TNF-α.
Other anti-inflammatory or
immunoregulatory strategies are
also under consideration.

Figure 1. Some of the ways in which micro- or macroorganisms can modulate cognitive
function and mood (excluding direct infection of the CNS)

Acute transient inflammation can activate serotonergic neurons in the interfascicular part of the dorsal
raphe nucleus (DRI) via activation of spinal afferents. This results in an antidepressant-like behavioural
effect demonstrable in standard laboratory models. On the other hand chronic inflammation, signalling
via vagal sensory afferents, or following entry of cytokines into the CNS via the circumventricular organs
where there is no blood-brain barrier (e.g. area postrema/nucleus of the tractus solitarius (NTS)), or via
selective transport mechanisms, leads to inhibition of DRI neuron activity  and to depression.
Concomitantly, exposure to micro- or macroorganisms modulates the microbiota, both directly by local
competition, symbiosis or colonization, or indirectly by modulating the immune system, and so altering
the relationship between the gut immune system and the microbiota, leading to changes in the balance
of strains and species.  There are poorly understood gut-brain links that then modulate CNS function.
Finally, and crucially, the presence of immunomodulatory “Old Friends” will activate immunoregulatory
pathways (DCreg and Treg) leading to termination of inappropriate chronic inflammation, thus to
diminished depressogenic cytokine signals. The “Old Friends” will also further modulate the microbiota
in ways that would be predicted to protect against depression.
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