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Abstract Previous studies have demonstrated that zymo-

san, a cell wall component of the yeast Saccharomyces

cerevisiae, induces inflammation in experimental models.

However, few studies have evaluated the potential of

zymosan to induce sickness behavior, a central motiva-

tional state that allows an organism to cope with infection.

To determine whether zymosan administration results in

sickness behavior, mice were submitted to the forced

swim (FST) and open field (OFT) tests 2, 6, and 24 h

after treatment with zymosan (1, 10, or 100 mg/kg).

Additionally, to evaluate the possible relationship between

zymosan-induced sickness behavior and prostaglandin

synthesis, mice were pretreated with the cyclooxygenase

inhibitors indomethacin (10 mg/kg) and nimesulide

(5 mg/kg) and the glucocorticoid drug dexamethasone

(1 mg/kg). Zymosan induced time-dependent decreases in

locomotor activity in the OFT, and an increase in

immobility in the FST, and increased plasma levels of

corticosterone at 2 h. Pretreatment with indomethacin,

nimesulide, or dexamethasone blocked zymosan-induced

behavioral changes in both the FST and OFT at 2 h post

administration. These findings confirm previous observa-

tions that zymosan induces sickness behavior. Further-

more, our results provide new evidence that prostaglandin

synthesis is necessary for this effect, as anti-inflammatory

drugs that inhibit prostaglandin synthesis attenuated

zymosan-induced behavioral changes.
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Introduction

Physiological and behavioral changes induced by infection

and inflammation can be induced in experimental animals

by exposure to yeast particles such as zymosan, which

causes appetite suppression (anorexia), fever, and behav-

ioral changes including reduced motor and exploratory

activity and onset of a depressive-like state featuring

anhedonia, evidenced by reduced consumption of palat-

able and preferred foods [1–4]. These sickness behaviors

represent a motivational state that promotes the organism’s

recovery and survival by modifying its priorities in order to

cope with infectious agents [5, 6].

Sickness behaviors arise from a series of physiological

changes mediated by the immune and neuroendocrine

systems [2, 6, 7]. Infectious agents display characteristic

pathogen-associated molecular patterns that are recog-

nized by pattern recognition receptors expressed in cells

of the innate immune system, primarily macrophages and

dendritic cells. These cells initiate and propagate an

inflammatory response by stimulating the synthesis and

release of a variety of proinflammatory cytokines such as

interleukin-1 (IL-1), interleukin-6 (IL-6), and tumor

necrosis factor (TNF-a) [7–10]. These cytokines act as

autocrine, paracrine, and endocrine factors that regulate

cell proliferation, hormone secretion, hypothalamic–pitu-

itary–adrenal (HPA) axis activity, and behavioral changes
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[7, 11]. Circulating cytokines influence brain activity by

inducing the expression of cyclooxygenase (COX)-2 and

microsomal prostaglandin E synthase-1 in brain vascular

cells, which transduce inflammatory signals into a pros-

taglandin signaling cascade [12]. These interactions

between the immune and neuroendocrine systems are bi-

directional and crucial for the maintenance of homeostasis

[7].

The current literature indicates that cytokines and

prostaglandins are important mediators of sickness behav-

ior induced by lipopolysaccharides (LPS) [5, 13, 14];

similarly, cytokine upregulation has been shown to play a

role in the febrile response evoked by zymosan adminis-

tration [11]. However, neither the ability of zymosan to

induce sickness behavior nor the involvement of pros-

taglandins in this process is well understood. In this study,

mice were submitted to well-established behavioral tests to

evaluate depressive-like and exploratory behaviors fol-

lowing treatment with zymosan. We also measured plasma

corticosterone levels as an indicator of HPA axis activity

after zymosan exposure. Finally, to investigate the role of

prostaglandins in zymosan-evoked behavioral changes,

mice were treated with a selection of widely used anti-

inflammatory drugs, including the COX inhibitors indo-

methacin and nimesulide and the synthetic glucocorticoid

dexamethasone, prior to zymosan administration and

assessment of behavioral changes.

Materials and methods

Animals

Adult male Swiss mice (30–40 g) were obtained from the

Central Animal Facility of the Federal University of

Alfenas and housed under controlled light (12:12 h light–

dark cycle; lights on at 6:00 a.m.) and temperature condi-

tions (23 ± 1 �C) with access to water and food ad libitum.

Mice were habituated to the housing facility for at least

1 week before the experiments began.

Drugs

We assayed behavioral changes following systemic

administration of zymosan from Saccharomyces cere-

visiae yeast. A subset of mice were pretreated with

indomethacin (a non-specific COX inhibitor), nimesulide

(a highly selective COX-2 inhibitor), and dexamethasone

(a glucocorticoid). All drugs were purchased from Sigma-

Aldrich (St Louis, MO, USA). Zymosan was diluted in

0.9 % NaCl, and the other drugs were diluted in 0.1 M

Tris, pH 8.0.

Experimental procedures

Drug treatments

The animals were subjected to zymosan treatment at doses

of 1, 10, or 100 mg/kg (i.p.). The control group was treated

with vehicle (0.9 % NaCl 0.9 %; 10 ml/kg, i.p.; n = 8–10

per group). Behavioral assessments were performed after 2,

6, or 24 h. These experiments were filmed using a digital

video camera, recorded on DVD, and analyzed as descri-

bed below.

Alternatively, to evaluate the role of prostaglandins in

zymosan-induced behavioral changes, mice (n = 10 ani-

mals/group) were pretreated with indomethacin (10 mg/kg,

i.p.), nimesulide (5 mg/kg, i.p.), dexamethasone (1 mg/kg,

i.p.), or vehicle (0.1 M Tris; pH 8.0, i.p.) 30 min before

injections of zymosan (10 mg/kg, i.p.) or (0.9 % NaCl,

i.p.). Behavioral analyses were performed 2 h later. This

time point was chosen based on our results following

zymosan administration alone, as well as those of other

studies [5, 13, 15].

Behavioral analyses

Forced swim test The forced swim test (FST) was per-

formed according to the method developed by Porsolt and

colleagues [16]. Mice were placed in a vertical glass

cylinder (26 cm high, 12 cm in diameter) filled with water

(25 �C) to a depth of 16 cm. This depth was chosen in

order to force the animals to swim or float without their

hind limbs or tail touching the bottom of the cylinder. Each

mouse was placed inside the cylinder for 6 min, and the

time spent floating, defined as making only the smallest

movements necessary to keep the head above water, was

scored [13, 17].

Open field test Locomotor activity was quantified for

5 min in an open field consisting of a white plexiglass box

(60 9 60 cm) with its floor divided into 16 squares. Four

squares were defined as the center, and the 12 squares along

the walls were defined as the periphery. Each mouse was

gently placed in the exact center of the box, and line-crossing

activity was recorded when all 4 paws had entered another

square. Line crossings among the 4 central and 12 peripheral

squares were counted separately. The number of rearings

(vertical exploratory activity) was observed. [13, 17].

Measurement of plasma corticosterone levels

Two, 6, or 24 h after zymosan (1, 10, or 100 mg/kg) or vehicle

treatments (n = 8 animals/group), trunk blood was collected

from each mouse in chilled heparinized vials. Plasma corti-

costerone was measured by radioimmunoassay [17].
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Statistical analysis

Data were analyzed using GraphPad Prism version 6.0

software (GraphPad Software, Inc., La Jolla, CA, USA)

and are expressed as the mean ± standard error of the

mean (SEM). The results were analyzed by factorial

analysis of variance (ANOVA). Post hoc comparisons

using Student–Newman–Keuls tests were only performed

when the F-value was significant for effects and/or inter-

actions. The level of significance was set at 5 %; hence,

p values less than 0.05 were considered significant.

Results

Time course of zymosan-induced behavioral changes

Two hours after 10 and 100 mg/kg zymosan treatments, we

observed significant decreases in the numbers of periphery

line crossings (F3,31 = 6.38, p\ 0.05 and 0.01, respec-

tively), total line crossings (F3,31 = 3.94; p\ 0.05, 100 mg/

kg group), and rearing episodes (F3,31 = 11.48; p\ 0.01

and 0.001, respectively) during the open field test (OFT) in

these animals relative to saline-treated controls (Fig. 1a). Six

hours after treatment, however, we observed decreases in the

numbers of central (F3,35 = 3.38; p\ 0.05) and periphery

line crossings (F3,35 = 3.95; p\ 0.05), total line crossings

(F3,35 = 5.09; p\ 0.01), and rearing episodes

(F3,35 = 8.42; p\ 0.01) only in animals treated with

100 mg/kg of zymosan relative to vehicle-treated animals

(Fig. 1b). Twenty-four hours after treatment,we observed no

differences among the experimental groups (Fig. 1c).

In the FST, significant increases in floating time were

observed 2 h after 10 and 100 mg/kg zymosan treatments

compared to animals treated with saline (F3,34 = 7.32;

p\ 0.05 and 0.001, respectively; Fig. 2a). This effect

remained up to 6 h after treatment; we observed increases

in floating time in zymosan-treated animals at all doses

tested when compared to vehicle-treated controls

(F3,34 = 7.77; p\ 0.05; Fig. 2b). These results suggest

that the mice exhibited both a transient decrease in loco-

motor activity and a sustained increase in immobility in the

Fig. 1 Results of the open field

test obtained 2 (a), 6 (b), and
24 h (c) after the administration

of zymosan (1, 10, or 100 mg/

kg) or saline in mice. Columns

and error bars represent

mean ± standard error of the

mean (SEM). *p \ 0.05;

**p \ 0.01, and ***p\ 0.001

compared with the saline-

treated group
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FST following administration of zymosan (dose of 1 and

10 mg/kg). Twenty-four hours after treatment, there were

no significant differences between the animals treated with

saline and those treated with zymosan (F3,34 = 0.64;

p = 0.59; Fig. 2c).

Zymosan-induced effects on plasma corticosterone

levels

Plasma corticosterone concentrations were significantly

increased 2 h after administration of 10 or 100 mg/kg

doses of zymosan when compared to vehicle-treated con-

trols (F3,30 = 14.15; p\ 0.05; Fig. 3). At 6 and 24 h after

treatment, however, no significant differences among the

experimental groups were observed.

Role of prostaglandins in behavioral changes

induced by zymosan

Pretreatment of vehicle control-treated mice with indo-

methacin, nimesulide, or dexamethasone did not alter

locomotor activity measured by the OFT 2 h after treat-

ment (Fig. 4). Similar to our previous results (Fig. 1a),

zymosan (10 mg/kg) significantly decreased the number of

line crossings in the apparatus center and periphery, as well

as the total number of line crossings and the number of

rearing episodes. Nimesulide pretreatment reversed

zymosan-induced decreases in the numbers of central

(F3,36 = 4.66; p\ 0.05; Fig. 4a) and peripheral line

crossings (F3,36 = 8.61; p\ 0.05; Fig. 4b) and total line

crossings (F3,36 = 6.37; p\ 0.05; Fig. 4c). Similarly,

indomethacin and dexamethasone pretreatments reversed

the effects of zymosan on peripheral line crossings and

total number of line crossings (Fig. 4b, c).

In the FST, we did not observe any differences in

floating time 2 h after administration of vehicle, indo-

methacin, nimesulide, or dexamethasone in mice subse-

quently treated with saline (F3,37 = 0.18; p = 0.91;

Fig. 5). Similar to the results described above (Fig. 2a), we

observed a significant increase in floating time 2 h after

administration of zymosan (10 mg/kg). Pretreatment with

indomethacin, nimesulide, or dexamethasone attenuated

this effect (F3,37 = 4.14; p\ 0.05).

Discussion

The results of the present study confirm that zymosan

induces sickness behavior. Our results further suggest that

zymosan-induced behavioral changes may occur in a COX

pathway-dependent manner, as COX inhibitors attenuated

these effects.

The locomotor activity in mice decreases transiently 2 h

after zymosan injection and recovers at around 6 h after

injection. This short-term decrease in locomotor activity

after zymosan injections is called sickness behavior, and is

due to acute inflammation. Sickness is an adaptive response

Fig. 2 Results of the forced swim test obtained 2 (a), 6 (b), and 24 h (c) after the administration of zymosan (1, 10, or 100 mg/kg) or saline in

mice. Columns and error bars represent mean ± SEM. *p\ 0.05 and ***p\ 0.001 compared with the saline-treated group

Fig. 3 Corticosterone plasma concentrations were measured 2, 6, and

24 h after the administration of zymosan (1, 10, or 100 mg/kg) or

saline in mice. Columns and error bars represent mean ± SEM.

*p\ 0.05 compared with the saline-treated group
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to infectious pathogens [2]. Although sickness and

depression can share symptoms, the similarities are only

partial. Sickness rather than depression is fully reversible

once the pathogen has been eliminated [2, 18, 19]. The

systemic administration of zymosan causes time-dependent

behavioral alterations similar to behavioral response to

bacteria triggered by, for example, LPS [18, 19]. Sickness

behavior is evident approximately 2 h following zymosan

administration, while depressive-like behavior is observed

6 h after zymosan challenge.

It is known that the constancy of the internal parameters

of living organisms, such as blood volume and pressure,

and extracellular fluid electrolyte composition, are neces-

sary to the maintenance of life; the maintenance of this

constant state is called homeostasis [20, 21]. Both external

and internal agents may affect homeostasis by creating

stressful situations. In response to the allostatic load, or the

accumulating physiological responses to stress, internal

control systems are activated to restore equilibrium, even

in the presence of the offending agent [22]. This process is

defined as allostasis [23, 24]. The internal systems involved

in the maintenance of homeostasis against stressful situa-

tions, including infection, include the nervous, endocrine,

and immune systems. The communication between the

peripheral immune system and the nervous system is a

well-described phenomenon. However, the biological

mechanisms underlying the behavioral changes associated

with inflammation and infection are not yet fully under-

stood. The present study demonstrated that pretreatment

with the COX inhibitors indomethacin and nimesulide

reversed the zymosan-induced behavioral changes in both

the FST and OFT. Pretreatment with dexamethasone, a

steroidal drug that inhibits immune and inflammatory

responses, achieved similar effects. Dexamethasone indu-

ces the production of lipocortin (also known as annexin-1),

which inhibits phospholipase A2 and thereby prevents

arachidonic acid release [25, 26] and reduces prostaglandin

formation. Dexamethasone also inhibits the expression of

cytokines [27–29]. Thus, our results suggest that pros-

taglandin synthesis plays a critical role in the development

of sickness behavior following zymosan exposure.

In contrast to the behavioral response to bacteria trig-

gered by, for example, LPS, the sickness response to fungal

infection is not well understood. Previous studies have

demonstrated that sickness behavior induced by LPS is

mediated by prostaglandins [5]. Behavioral changes in the

Fig. 4 Effects of pretreatment

with indomethacin (10 mg/kg),

nimesulide (5 mg/kg),

dexamethasone (1 mg/kg), or

vehicle on locomotor behavior

measured by the open field test

2 h after administration of

zymosan (10 mg/kg) or saline.

Columns and error bars

represent mean ± SEM.

*p\ 0.05 compared with the

control group

(vehicle ? saline); #p\ 0.05

compared with the

vehicle ? zymosan-treated

group
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burrowing and open field tests following LPS treatment

have been shown to be related to prostaglandin E2 in the

brain; however, these effects were not reversed in animals

treated with dexamethasone, despite the suppression of

cytokines, COX expression, and prostaglandin E2 pro-

duction [5, 30, 31].

The endocrine system also plays an important role in

maintaining homeostasis in response to infection. Infec-

tious and inflammatory processes trigger the activation of

the HPA axis and sickness behavior [17, 30, 31]. Consis-

tent with this phenomenon, our results demonstrated that

corticosterone levels were significantly increased 2 h after

zymosan administration, indicating increased HPA axis

activity and an augmentation of the allostatic load. This

increase in corticosterone levels coincided with the most

significant differences in behavioral parameters.

Microorganism infection stimulates the host’s immune

system and triggers inflammation, with an initial release of

TNF-a and IL-1 [32]. These cytokines can reach the

hypothalamus in regions where the blood–brain barrier is

ineffective and bind to specific receptors [33], causing the

production of prostaglandins via the COX pathway [12]. A

previous study demonstrated that zymosan administration

induces TNF-a release [34]; however, zymosan particles

also trigger a series of signaling events that activate the Syk

and Src families of tyrosine kinases [10]. Both routes

converge to activate phospholipase Cc and, through the

generation of diacylglycerol, activate protein kinase C and

mitogen-activated protein kinase (MAPK) cascades.

Phosphorylation by MAPK and Ca2?-driven translocation

of cytosolic phospholipase A2 stimulates arachidonic acid

release from cell phospholipids, which is converted to

prostaglandins via COX enzymes. The activation of IjB
kinases via myeloid differentiation primary response gene

88 is another significant factor that may explain COX-2

induction by zymosan [10]. Overall, our findings support

the hypothesis that zymosan induced sickness behavior

involves the COX pathway, as COX inhibitors attenuated

the behavioral changes induced by zymosan.

The association between activation of the immune sys-

tem and mood disorders has been reported by several

studies; accumulating data suggest that inflammatory

responses play an important role in the pathophysiology of

depression. Furthermore, peripheral application of zymo-

san similar to LPS [35] serves as a model for major

depression.
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