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The Single-celled Parasite Toxoplasma gondii Alters Innate Fear      
in Mice by Infecting Primarily Cortical and Striatal Neurons
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Carruthers Lab, U Michigan

7 μm.

single-celled protozoan;

single parasite, tachyzoite stage;

clusters of parasite, bradyzoite stage;

encyst chronically for life of host in 
muscle or brain tissue;

can infect all vertebrates

THE PARASITE

Carruthers Lab, U Michigan

Toxoplasma gondii  (‘Gandhi’ - ‘eye’ )

1 μm.
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THE PARASITE Toxo Can Only Sexually* Reproduce in Cats

*can asexually reproduce in other 
animals, e.g. pandas, whales, 
cows, humans 

Monday, March 17, 14



1 - 4 Billion People Worldwide Test Positive for ToxoTHE PARASITE
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"This is also the first time we found Toxoplasma in 
a giant panda, so we know very little about the 
infection and its pathology as it relates to this 
animal," 

-Head of Wolong Giant 
Panda Reserve

Feb 14th, 2014

THE PARASITE

March 14th, 2014

Feb 19th, 2006

Toxo Can (& Does) Infect Any Vertebrate
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Above, the Toxo parasite is genetically modified to bioluminesce. Toxo enters chronic central 
nervous system stage around day 21 and persists in the brain. It gets into the brain by 
hijacking immune system cells which have privileged access to the central nervous tissue.

day post-infection

Toxo Gets Into the Brain of Its Host a Few Weeks After Infection 

(Vyas et al. 2007 PNAS)

THE PARASITE
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THE PARASITE Toxo Can Only Sexually* Reproduce in Cats

*can asexually reproduce in other 
animals, e.g. pandas, whales, 
cows, humans 

%

increase chance 

of predation?
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Toxoplasma has a gene for making Tyrosine 
Hydroxylase (Gaskell 2009)

Dopamine

L-Dopa

Tyrosine

TYROSINE
HYDROXYLASE

DOPA 
DECARBOXYLASE

THE PARASITE

Toxoplasma increases Dopamine levels (~15%) in the 
brains of infected mice (Stibbs 1985)

Is Toxo Altering Dopamine Levels in its host?
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THE PARASITE Questions: Known, Unknown and Known Unknowns

Behavioral
Are Toxo-infected animals less afraid of cats, or more attracted to cats?
Does Toxo make all rodents less afraid of cats, or just some of them?

Neurobiological
How much Toxo gets in the brain after infection? 
Does Toxo preferentially infect a certain neural subtype?
Does Toxo exhibit preference for some brain regions over others?
What does Toxo do to neurons it infects? Does it kill them? Alter their signaling?
Does Toxo infection increase dopamine levels in an individual neuron?

Ecological 
Why can Toxo only sexually reproduce in the cat?

Human & Medical
How do we kill Toxo once it encysts in the brain?
How do we vaccinate against Toxo?
How many people worldwide have Toxo? 1 - 4 billion
Does it influence human behavior?

Monday, March 17, 14



THE PARASITE Questions: Known, Unknown and Known Unknowns

Behavioral
Are Toxo-infected animals less afraid of cats, or more attracted to cats?

Monday, March 17, 14



IN MICE

IN RATS

IN PEOPLE

THE PARASITE

Monday, March 17, 14



IN RATS Toxo Increases Activity in Brain Regions of Sexual Attraction after Cat Urine 
Exposure in Male Rats

Monday, March 17, 14



IN RATS Toxo Increases Activity in Brain Regions of Sexual Attraction after Cat Urine 
Exposure in Male Rats

Monday, March 17, 14



IN MICE

IN RATS

IN PEOPLE

THE PARASITE

Monday, March 17, 14



How to Make a Toxo Disease Model in the Mouse

2. Pretend we know nothing about Toxo;

3. Screen drugs against phenotype (anti-psychotics, SSRIs);

4. Infer from drugs that interact with behavior a plausible mechanism of 
action for Toxo; 

5. Join the ranks of other disease models

1. Establish a reproducible phenotype; 

101
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2. Pretend we know nothing about Toxo other than the 
behavioral phenotype

4. Infer from drugs that interact with behavior a plausible mechanism of 
action for Toxo 

5. Join the ranks of other disease models

1. Establish a reproducible phenotype; 

101

3. Screen drugs against phenotype (anti-psychotics, SSRIs);

How to Make a Toxo Disease Model in the Mouse
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IN MICE High Variability in Toxo Mouse Models
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IN MICE High Variability in Toxo Mouse Models

Not one consistent, established, reproducible behavior
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cat urine

mink urine

60 min

IN MICE

cat urine

rabbit urine
home cage

15 min

Different Arenas, Mice, Toxo Strain, Measures, etc
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          (Why cat urine as opposed to cat?)

‘direct‘                                           

cat is here cat was here

fear, freezing anxiety, exploration, some freezing

cat cat urine 
(www.bobcatpee.com)

no Toxo effect Toxo effect

101

‘indirect’
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neurons, by region, in entire 
brain

2n
d 

ex
po

su
re

 %
 fr

ee
zi

ng

0.0 0.2 0.4 0.6 0.8 1.0
0

20

40

60

80

100

1st exposure cat area occupancy 

uninfected / saline
uninfected / HAL

Toxoplasma / saline
Toxoplasma / HAL

B

p=.03
r2=.24

I

II

III IV

correlate location of Toxoplasma -
infected neurons to behavioral 
measures

infect i.p. 400 
Toxo tachyzoites

Unin
fec

ted

Unin
fec

ted

**
*p=.0008

p=.01

p=.005
r2=.20

*

%
 to

ta
l t

im
e 

sp
en

t f
re

ez
in

g

%
 to

ta
l t

im
e 

sp
en

t f
re

ez
in

g

ca
t a

re
a 

oc
cu

pa
nc

y 

average distance from cat in % of arena

To
xo
pla
sm
a

To
xo
pla
sm
a

A B C

uninfected
Toxoplasma

0

20

40

60

80

100

0.0

0.2

0.4

0.6

0.8

1.0

40 50 60 70 80
0

10

20

30

40

50

analyze behavior

IN MICE Goal: 1. Are there reproducible changes in mouse behavior from Toxo?  
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(Vyas et al. 2007 PNAS)

Finds Toxo

THE PARASITE Tracking Toxo: Modify Toxo Itself to Bioluminesce
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THE PARASITE A Genetically Modified Parasite Lets us Track Toxo to Single Neurons
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(Koshy et al. 2010 Nature Methods)(Vyas et al. 2007 PNAS)

Finds Toxo Finds what Toxo infects

THE PARASITE A Genetically Modified Parasite Lets us Track Toxo to Single Neurons
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Infection Details

cat urine

rabbit urine

15 min

IN MICE

rabbit

cat

Behavior Details

DISTANCE

FREEZING

= total distance traveled in cm;  

= % of total time spent immobile;  more freezing --> more afraid

= time spent in                 cat quadrant  

(cat quadrant + rabbit quadrant)

increased movement in Toxo mice

CAT OCCUPANCY

increased movement in Toxo mice
increased movement in Toxo mice

Goal: 1. Are there reproducible changes in mouse behavior from Toxo?  
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cat urine

DISTANCE FREEZING CAT OCCUPANCY
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rabbit

cat
more time spentuninfected

Toxoplasma 
less time spent

IN MICE

more time spentuninfected
Toxoplasma 

less time spent

Infected mice spend more time closer to cat urine; high individual variability
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rabbit

cat
more time spentuninfected

Toxoplasma 
less time spent

IN MICE

more time spentuninfected
Toxoplasma 

less time spent

most afraid half least afraid half

Infected mice spend more time closer to cat urine; high individual variability
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more time spentless time spent

IN MICE Infected mice spend more time closer to cat urine; high individual variability
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more time spentless time spent

IN MICE

88% of the top half of least afraid mice are Toxoplasma-infected

if random, this number would be approximately 50%

Infected mice spend more time closer to cat urine; high individual variability
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IN MICE

* p<.05, ** p<.01; Mann-Whitney U

Infected mice spend more time closer to cat urine; high individual variability
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IN MICE
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Goal: 1. Are there reproducible changes in mouse behavior from Toxo?  
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How to Make a Toxo Disease Model 

2. Pretend we know nothing about Toxo other than the 
behavioral phenotype

4. Infer from drugs that interact with behavior a plausible mechanism of 
action for Toxo 

5. Join the ranks of other disease models

1. Establish a reproducible phenotype; 

101

3. Screen drugs against phenotype (anti-psychotics, SSRIs);
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Blocking dopamine (via Haloperidol) Increases Freezing in Mice
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(Koshy 2009 Nature 
Methods)(Vyas 2007 PNAS)

Finds Toxo Finds what Toxo
       infects

THE PARASITE Reminder: Genetically Modified Parasite Makes Toxo Trackable
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IN MICE Total number of Toxoplasma-infected Neurons Do Not Correlate with any Behaviors.
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IN MICE

Toxoplasma / saline
Toxoplasma / HAL

Toxoplasma-infected neurons, hypothalamus
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Toxo in the Hypothalamus Buffers Against Blocking of Dopamine
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Toxoplasma-infected neurons, hypothalamus
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(House et al 2011 PLoS One)

Toxo in the Hypothalamus Buffers Against Blocking of Dopamine
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IN MICE

Toxoplasma / saline
Toxoplasma / HAL

p=.008
r2=.38

Toxoplasma-infected neurons, corpus striatum
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Toxo in the Striatum Buffers Against Blocking of Dopamine
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“The most prominent dopaminergic cell group resides in the ventral part of midbrain, which 
contains approximately 90% of the total number of brain dopaminergic cells.” (Anderson 2004)

“Considerable differences exist in the numbers of midbrain dopaminergic cell bodies in various 
mammals ranging from about [25,000 in the mouse], 45,000 in the rat, 165,000 in the macaca 
monkey, to 590,000 in human beings” (Anderson 2004)

101 Dopamine is released into the Striatum 
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 The Striatum Has the Highest Density of Dopamine Receptors in the Brain

1. Striatum is part of the basal ganglia, a 
group of nuclei that function as single unit 
for output of voluntary motor control

2. Striatum has highest density of 
dopamine (D1, D2) receptors in the brain

3. HAL reduces dopamine transmission by 
blocking the D2 receptor in the striatum, 
leading to increased freezing. 

101
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IN MICE  The Striatum Has the Highest Density of Dopamine Receptors in the Brain
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IN MICE

Toxo neurons

 The Striatum Has the Highest Density of Dopamine Receptors in the Brain
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IN MICE

Toxo neurons

Dopamine D2 
receptors

 The Striatum Has the Highest Density of Dopamine Receptors in the Brain
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Toxoplasma / saline
Toxoplasma / HAL

p=.008
r2=.38

Toxoplasma-infected neurons, corpus striatum
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IN MICE

Finding:

Potential Model:

Are Toxo and HAL Interacting at the Striatum?

Toxo infection in striatum predicts response to dopamine blocking drug.

I.   Toxo increases dopamine during course of infection;
II.  Drug comes in, tries to block dopamine;
III. Drug has reduced effect because of interaction with Toxo.  
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Toxoplasma increases Dopamine levels (~15%) in the 
brains of infected mice (Stibbs 1985)

Dopamine antagonist (& antipsychotic) Haloperidol 
reverses Toxoplasma behavior in rats (Webster 2006)

Toxoplasma has a gene for making Tyrosine 
Hydroxylase (Gaskell 2009)

Dopamine

L-Dopa

Tyrosine

TYROSINE
HYDROXYLASE

Toxoplasma cysts are full of dopamine (Prandovszky 2011)

DOPA 
DECARBOXYLASE

THE PARASITE Mechanism: Can Toxo increase dopamine levels?

Toxoplasma infection in the striatum protects against 
Haloperidol-induced changes in mouse behavior (House et al, in prep) 
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Okay, having Toxo in the striatum protects against 
dopamine blocking, but what about those animals that 
didn’t get the drug? What does Toxo in the striatum do 
to them?
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IN MICE Toxoplasma in the Striatum Also Predicts Loss-of-aversion to Cat Urine

Toxoplasma / saline

p=.004
r2=.41

Toxoplasma-infected neurons, corpus striatum
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SUMMARY
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IN PEOPLE
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Toxo is the Third Highest non-genetic Risk Factor for Schizophrenia

having an schizophrenic
father  (RR 7.20; 95% CI 5.10–10.16)
sibling (RR 6.99; 95% CI 5.38–9.08)

being the offspring of immigrants from selected countries (RR 4.5; 95% CI 1.5–13.1)
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IN PEOPLE

being  born  in an urban area   (RR 2.24; 95% CI 1.92–2.61)

being raised in an urban area   (RR 2.75; 95% CI 2.31–3.28)
having antibodies for Toxoplasma gondii (OR 2.73; 95% CI 2.10–3.60)

cannabis use (OR 2.10–2.93; 95% CI 1.08–6.13)
having minor physical anomalies (OR 2.23; 95% CI 1.42–3.58)
having a father 55 or older (OR 2.21–5.92; 95% CI 1.46-17.02)

traumatic brain injury (OR 1.65; 95% CI 1.17–2.32)
sex abuse in childhood (OR 1.46; 95% CI 0.84–2.52)
having a father 45 or older (OR 1.21–1.66; 95% CI 1.09–2.01)

mother (RR 9.31; 95% CI 7.24–11.96)
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Meta-analysis of link to Schizophrenia

6058 patients 
8715 controls
(OR 2.73; 95% CI 2.10–3.60)

IN PEOPLE
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SUMMARY

Toxoplasma makes mice move more, freeze less, and spend more time exploring 
cat urine. But not all infected mice show these changes—some mice show no 
change at all. Plausibly, the variation in behavior has something to do with which 
neurons in the mouse brain are infected. Using a genetically engineered 
Toxoplasma parasite, we were able to detect all neurons infected with Toxoplasma. 
Toxoplasma infection is sparse throughout the brain and infection burden ranges 
from a few hundred to four thousand neurons in the mouse brain. After analyzing 
the entire brain and counting the number and location of all infected neurons, two 
brain regions, the hypothalamus and striatum, were correlated with variations in 
behavior. Mice given the dopamine blocking drug Haloperidol were buffered against 
the effects of the drug proportional to the amount of infection they had in the 
striatum. Toxoplasma infection in the striatum also correlated with loss-of-aversion 
to cat urine in mice not given Haloperidol.            

in a paragraph
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FUTURE DIRECTIONS

vs.

Genetically engineered Cre-secreting parasite can be used with any Cre-dependent mouse.
e.g. Cre-dependent apoptosis: Could kill all Toxo-infected neurons.
e.g. Cre-dependent optogenetics: Could turn on or off only Toxo-infected neurons.

What percentage of neurons does Toxo 
alter vs. infect?

Does Toxo preferentially infect a certain 
neuronal subtype?

Does Toxo exhibit preference for some 
brain regions over others?

What does Toxo do to neurons it infects? 
Does it kill them? Alter their signaling?

Is Toxo altering dopamine receptor density 
in the striatum? In all regions it infects?
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