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occupancy and colonization rates, which may be
explained by light, humidity, and temperature
conditions (Table 1 and Fig. 4F). In contrast to
colonizations, extinctions were characterized by
a much higher range of spatial autocorrelation
(Fig. 4C), suggesting the importance of large-
scale (unmeasured) environmental variation in
weather, such as snow cover, for this phase.
Last, our study confirms that host resistance

increases as host population density increases,
with direct effects on epidemiological dynamics.
In contrast to predictions from metapopulation
theory (12), isolated host populations were more
frequently infected by the pathogen than host
populations in dense networks (SH, Table 1).
Moreover, pathogen colonization rate decreased
and extinction rate increased as a function of
host population connectivity (Table 1). This trend
was particularly pronounced for the extinction
probability of the pathogen in recently colo-
nized host populations (Fig. 5A). Our experimental
challenge of 22 P. lanceolata populations with
the pathogen confirmed that resistance was sig-
nificantly higher in the highly connected than in
the isolated host populations (Fig. 5B). Plantago
populations rapidly evolve resistance against the
powdery mildew (25), and potentially higher gene
flow into well-connected host populations may re-
sult in increased evolutionary potential and hence
may reduce the probability of pathogen establish-
ment and persistence. In addition to putatively
higher rates of gene flow between P. lanceolata
populations in high-density networks, an alterna-
tive, although notmutually exclusive, hypothesis is
that areas supporting high-density host networks
mayalso representhigh-productivity environments
for the host. In high-quality environments, hosts
may beable to investmore towarddisease resistance
than hosts growing in areas that are nutritionally
limited (28), resulting in resistance aggregating in
high-connectivity areas of the landscape. The study
of how spatial connectivity affects host-pathogen
coevolution has been predominantly theoretical
(16, 17), but, as shown in our work, variation in
disease resistance among host populationsmay act
as a powerful barrier against disease establishment
in natural systems (24, 29) and may stabilize co-
evolutionary dynamics (30).
Our study provides direct evidence of spatial

structure having a profound effect on the ecology
and evolution of disease dynamics in natural pop-
ulations. Although comparable long-term and spa-
tially explicit ecological and evolutionary data are
lacking, we suggest that metapopulation structure
and spatial heterogeneity at larger geographic
scales may similarly drive antagonistic and mu-
tualistic species interactions and their coevolution-
ary trajectories in a range of species interactions
(31). Many factors explaining spatiotemporal var-
iation in disease incidence across the metapop-
ulation also explained within host population
variation in disease abundance (Table 1), suggest-
ing that incidence data at the metapopulation
scale may be sufficient for understanding disease
dynamics at finer spatial scales. With the majority
of epidemiological studies targeted toward under-
standing the growth phase of epidemics, we argue

that more research should be directed toward un-
derstanding the drivers behind disease persistence
at low endemic levels and the between-epidemic
phase. Spatial and environmental heterogeneity,
combined with the evolution of increased host re-
sistance in high density host networks, are likely
to be important components that prevent runaway
dynamics of infection in nature. These insights
may provide a natural blueprint for managing
emerging diseases, as well as managing outbreaks
that threaten sustainable agriculture and human
health.
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COMPARATIVE BEHAVIOR

Anxiety-like behavior in crayfish is
controlled by serotonin
Pascal Fossat,1,2 Julien Bacqué-Cazenave,1,2 Philippe De Deurwaerdère,1,3

Jean-Paul Delbecque,1,2* Daniel Cattaert1,2*†

Anxiety, a behavioral consequence of stress, has been characterized in humans and some
vertebrates, but not invertebrates. Here, we demonstrate that after exposure to stress,
crayfish sustainably avoided the aversive illuminated arms of an aquatic plus-maze. This
behavior was correlated with an increase in brain serotonin and was abolished by the injection
of the benzodiazepine anxiolytic chlordiazepoxide. Serotonin injection into unstressed crayfish
induced avoidance; again, this effect was reversed by injection with chlordiazepoxide. Our
results demonstrate that crayfish exhibit a form of anxiety similar to that described in
vertebrates, suggesting the conservation of several underlying mechanisms during evolution.
Analyses of this ancestral behavior in a simple model reveal a new route to understanding
anxiety and may alter our conceptions of the emotional status of invertebrates.

S
ources of stress or danger (called stressors)
provoke fear, a basic emotion, and gener-
ate immediate responses, such as escape,
freezing, or aggression. Stress can also lead
to anxiety, a more complex state that is

considered a secondary emotion because it oc-
curs when the stressor is absent or not clearly
identified (1–3). In humans and rodents, anxiety
is experienced as an anticipatory fear that fa-
cilitates coping with unexpected situations and
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is revealed by a long-lasting behavioral adapta-
tion intended to minimize threats, even in a
different context and without the stressor (1–3).
After the discovery of anxiolytics that act either
on the serotonergic pathway or on the benzodi-
azepine site of g-aminobutyric acid (GABA) re-
ceptors, anxiety has been intensively studied in
humans and rodents (4, 5). However, most an-
imals are capable of perceiving danger and
exhibit varying degrees of behavioral adapta-
tion to stress (1). Studies on zebrafish (6) have
extended the concept of anxiety to all verte-
brates. However, although studies have de-
scribed fear response after aversive conditioning
in Aplysia or pessimistic bias after stress in bees
(7, 8), the characteristics of anxiety have not been
fully observed in a single invertebrate model. In
this study, we demonstrate that stressed crayfish
(Procambarus clarkii) express context-independent
anxiety-like behavior that can be promoted by
5HT and abolished by a benzodiazepine.
Crayfish naturally explore new environments

but generally display a preference for dark places

(9). To measure possible variations in light aver-
sion, we designed an aquatic dark/light plus-
shaped maze (D/L+maze) that was divided into
two shaded (“dark”) arms, two exposed (“light”)
arms and a starting (“middle”) zone (Fig. 1, A
and B, and movie S1). During a 10-min testing
period, 10 variables were measured to charac-
terize the distance walked and the number/
duration of visits in the compartments (table
S1). Unstressed crayfish generally explored the
entire maze (Fig. 1C). Dark preference was con-
firmed by a higher time spent in dark zones (P <
0.05) (Fig. 1D), a shorter latency of the first entry
(P < 0.05) (Fig. 1E, left), and a greater number of
entries (P < 0.001) (Fig. 1E, right) into dark
arms. Crayfish often ceased locomotion before
entering a light arm and frequently retreated
(movie S2), a behavior quantified by calculating
the retreat ratio (RR) (table S1).
We stressed other crayfish (Fig. 2A) by expo-

sure to repetitive electrical fields that triggered
tail-flips (rapid backwardmovements), whichwere
considered aversive responses (10, 11). Stress in-
duced a significant increase in blood glucose, which
is a stress biomarker (fig. S1). Behavioral conse-
quences were analyzed in the D/L+maze, where
in contrast to unstressed crayfish, the stressed
animals rarely explored or rapidly abandoned the
light arms (P < 0.001, Mann-Whitney) (Fig. 2, B
and C; table S2; and movie S3). In addition, the
number of entries, mean duration per visit, laten-

cy to first entry into a light arm, and RR were
significantly altered (P < 0.001, Mann-Whitney)
(table S2). These changes were not due to a con-
ditioned reflex but, in agreement with the anxiety
criteria, were displayed in the absence of the
stressor and in a new context.
Increasing stress duration up to 30 min de-

creased the time spent in the light arms, but
longer exposure had no additional effect (Fig.
2D). The othermeasured variables also remained
stable after 30 min of stress (fig. S2). Enhanced
light avoidance persisted for at least 30 min and
regularly returned to normal levels within 90min
(Fig. 2E and fig. S3). Therefore, the stress-induced
behavioral adaptation of crayfishwas sustainable,
which is another criterion of anxiety.
Stress generally involves rapid mobilization of

neuroendocrine centers that are considered ho-
mologous to the hypothalamo-pituitary axis of
vertebrates (12). In crustaceans, such a center
(X-organ/sinus gland) secretes hyperglycemic/
steroidostatic hormones (CHH/MIH) under the
control of serotonin (13–15). In crayfish, endog-
enous 5HT concentrations measured by means
of high-performance liquid chromatography
(HPLC) (16)were significantly elevated in thebrains
of stressed animals (P < 0.01, Mann-Whitney)
(Fig. 2F) but not in their ventral cords (thoracic
and abdominal ganglia), possibly because of
the lower number of 5HT cells in cords than
in brains (17, 18). To examine the functional

1Department of Life Science and Health, Université de Bordeaux,
33 076 Bordeaux Cedex, France. 2Centre National de la
Recherche Scientifique (CNRS), UMR 5287, Institut des
Neurosciences Cognitives et Intégratives d’Aquitaine, Avenue
des Facultés, F-33405 Talence Cedex, France. 3CNRS, UMR
5293, Institut des Maladies Neurodégénératives, Rue Léo
Saignat, F-33076 Bordeaux, France.
*These authors contributed equally to this work. †Corresponding
author. E-mail: daniel.cattaert@u-bordeaux.fr
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importance of these elevated 5HT levels, un-
stressed crayfish were injected with 5HT. As in
other crustaceans (15), this bioamine was able
to penetrate into the nervous structures of cray-
fish (supplementary materials, drug treatments)
and induced a rapid increase in blood glucose
(fig. S4). When transferred to the D/L+maze, in
addition to reduced locomotion (P < 0.05) (table
S2) the 5HT-injected crayfish displayed greater
light avoidance as compared with that of saline-
injected unstressed animals (P < 0.05, regarding
percent of time in light arms, mean number of
entries, latency to first entry in a light arm, and
RR) (Fig. 2, G and H), similar to electrically

stressed animals (P > 0.05 for all variables; com-
pare with Fig. 2, B and C). In contrast, a mixture
of mianserin and methysergide, two broad-
spectrum serotonin antagonists (14, 19, 20), pre-
vented avoidance behavior when administered
before electric field exposure [P > 0.05, com-
pare with unstressed+saline for all variables
(table S2)].
Wenext examinedwhether awell-characterized

anxiolytic drug could abolish the behavioral
changes induced by electric fields or 5HT in-
jections. Chlordiazepoxide (CDZ), a potent ben-
zodiazepine (5), prevented changes in exploratory
behavior in animals previously submitted to ei-

ther electric fields (Fig. 3A, comparewith Fig. 2B;
andmovie S4) or 5HT injection (Fig. 3B, compare
with Fig. 2G) and restored the time spent in the
light arms (P < 0.05, Dunn’s test, compared with
stressed+saline or unstressed+5HT) (Fig. 3, C and
D), the latency to the first entry into a light arm,
and RR [P < 0.05, Dunn’s test, compared with
stressed+saline or unstressed+5HT (table S2)].
This effect of CDZ was dose-dependent (fig. S5)
and specific to avoidance behavior because it did
not prevent the increase in glucose levels (fig. S6).
When administered to unstressed crayfish, CDZ
had no significant effect on time spent in light
arms or on locomotion performance (table S2).
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arms. (C) Frequency distribution histograms of the percent time spent in
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after 30 min and P versus unstressed < 0.01, after 2 hours of stress, Dunn’s
test). (E) Time course of behavioral changes (as measured by time spent in
light arms) after exposure to a 30-min stressful experience. Crayfish

recovered “normal” behavior after 90 min (U = unstressed; P versus
unstressed > 0.05, Dunn’s test).The number of animals (n) is in parentheses in
(D) and (E). (F) Serotonin concentrations (in picograms per milligrams of fresh
weight) measured by means of HPLC in the brain and ventral cord of
unstressed and stressed crayfish. Brain concentrations of 5HT were signifi-
cantly higher in stressed than in unstressed animals. (G) After injection of
5 mg/g 5HT into the hemolymph, the crayfish route was similar to that of
stressed crayfish. (H) The frequency distribution histograms of percent
time in light arms for saline- and 5HT-injected crayfish were similar to
those for (C) unstressed and stressed crayfish, respectively.
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Fig. 3. Injection of benzodiazepine suppresses
stress- and 5HT-induced light avoidance. (A
and B) Typical crayfish routes either (A) after 30
min of stress followed by CDZ injection or (B) after
5HT and CDZ injection. In these examples, the
crayfish entered all arms, similar to unstressed
animals. (C) Frequency distribution histograms of
percent time in the light arms for stressed
crayfish injected with either saline (black bars)
or CDZ (white bars). (D) Frequency distribution
histograms of percent time in the light arms for
the 5HT-injected crayfish (black bars) and the
crayfish injected with 5HT and CDZ (white bars).
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To compare all experimental groups, we per-
formedprincipal component analysis (PCA) based
on the seven uncorrelated variables (table S1,
asterisk). The PCA enabled the representation of
the variables (Fig. 4A) and experimental groups
(Fig. 4B) on two orthogonal axes (supplementary
materials, PCA). The first component (Fig. 4, x
axis) can be interpreted as the anxiety level. Three
groups (the stressed, stressed injected with saline,
and 5HT-injected unstressed animals) exhibited
substantially greater levels of anxiety (Fig. 4B1,
positive x values of barycenters) and were sig-
nificantly different from the other groups (Fig.
4B1, a/b groups, and table S2, a/b groups in PCA
column). The stressed groups injected with either
CDZ or 5HT antagonists were not significantly
different from the unstressed group (and the
other “a” groups). The groups injected with either
5HT or 5HT and CDZ had negative y values
and were therefore separated from the other
groups in the second component,mainly because
of the inhibitory effects of 5HT on crustacean lo-
comotion (21). Thus, 5HT had a CDZ-sensitive
anxiogenic effect that was distinct from its
inhibitory (and CDZ-independent) effect on
locomotion.
The first conclusion of this study is that the

stress-induced avoidance behavior in crayfish
exhibits striking homologies with vertebrate
anxiety. In the elevated plus-maze, a paradigm
similar to the D/L+maze, the behavior of rodents
after exposure to electric shocks (22) resembles
that of crayfish—a context-independent and dura-
ble avoidance behavior. Similar to the risk as-
sessment behavior described in rodents (23), the
stressed crayfish also stopped before entering the
aversive arms and frequently decided not to en-
ter. Furthermore, as in rodents, crayfish anxiety-
like behavior was sensitive to systemically applied
CDZ, a potent benzodiazepine anxiolytic that
modulates vertebrate GABA type A receptors (5).
In crustaceans as in other animals, GABA is a fun-
damental inhibitory neurotransmitter (24) whose
receptors are also sensitive to benzodiazepines

(25). Our results suggest that GABA is involved in
the regulation of crayfish anxiety-like behavior.
The second conclusion of this study concerns

the role played by 5HT. Serotonin, already in-
volved in the control of stress response and
arousal in crustaceans, triggers the rapid secre-
tion of CHH and the mobilization of carbohy-
drate reserves (14, 15). Moreover, 5HT is frequently
involved in the control of aggression (26), in which
CHH also participates (27), implying a link be-
tween stress response and aggression. Beside the
metabolic aspect of stress response, the present
study shows that 5HT can also induce anxiety-
like behavior in crayfish, interacting with GABA
signaling (fig. S7, schematicdiagram). Invertebrates,
the relationships between 5HT and anxiety ap-
pear to be more complex; a classic hypothesis
considering that 5HT-promoted anxiety has been
contradicted bymany studies (4). In this context,
the crayfish represents a new model that might
provide insights into themechanisms underlying
anxiety that have been conserved during evolu-
tion. Our results also emphasize the ability of an
invertebrate to exhibit a state that is similar to a
mammalian emotion but which likely arose early
during the evolution of metazoans.
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