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Abstract

Paul MacLean was instrumental in establishing the brain regions that mediate the expression of social behaviors in vertebrates. Pathogens

can exploit these central mechanisms to alter host social behaviors, including aggressive, reproductive, and parental behaviors. Although

some behavioral changes after infection are mediated by the host (e.g., sickness behaviors), other behavioral modifications are mediated by

the pathogen to facilitate transmission. The goal of this review is to provide examples of parasite-mediated changes in social behavior and to

illustrate that parasites affect host behavior by infecting neurons, causing central nervous system (CNS) inflammation, and altering

neurotransmitter and hormonal communication. Secondarily, a comparative approach will be used to demonstrate that the effects of parasites

on social behavior are retained across several classes of vertebrates possibly because parasites affect the phylogenetically primitive structures

of the limbic system and related neurochemical systems.

D 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Within the central nervous system (CNS), the hypothal-

amus and limbic system have been most closely implicated

as mediators of social behaviors, such as aggressive,

reproductive, and parental behaviors. The limbic system,

including the hippocampus, cingulate cortex, fornix, olfac-

tory bulb, mammillary body, and amygdala, is phylogenet-

ically primitive and as such modulates behaviors that are

present in terrestrial vertebrates from lizards and birds to

mammals [1]. Papez [2] was the first to suggest that the

neural circuitry connecting the limbic system, hypothala-

mus, and cerebral cortex forms the anatomical basis of

emotion. During this time, Klüver and Bucy [3] demon-

strated that damage to the limbic system and cerebral cortex

causes pronounced changes in aggression and sexual be-

havior in primates. Paul MacLean expanded the Papez

circuit of emotion to include the hypothalamus, septal area,

nucleus accumbens (NAcc), and amygdala and demonstrat-

ed that the phylogeny of these brain structures could be

used to predict the expression of social behaviors in

vertebrates.

The hypothalamus, in particular, integrates endocrine and

autonomic responses to stimuli and therefore plays a central

role in coordinating the neuroanatomical and chemical

correlates of social behavior. Several neurotransmitters and

hormones, including dopamine (DA), norepinephrine (NE),

serotonin (5-HT), opioids, g-aminobutyric acid (GABA),

glutamate, vasopressin, oxytocin, glucocorticoids, sex ste-

roids, and nitric oxide, are involved in the expression of

social behaviors [4]. These chemicals synchronize physio-

logical and behavioral responses and influence the proba-

bility that social behaviors will be exhibited in response to

the appropriate stimuli.

Parasites, broadly defined to include microparasites (e.g.,

viruses and bacteria) and macroparasites (e.g., protozoan,

helminth, and arthropod parasites), can exploit the proximate

mechanisms that modulate social behaviors in vertebrates to

increase the likelihood of transmission. Parasites can modify

the expression of social behaviors by infecting cells (e.g.,

neurons, endothelial cells, and glial cells) and inducing

apoptosis within the CNS, causing inflammatory immune

responses in the CNS, and altering the chemical signals that

underlie the expression of behavior (see Table 1). Because
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Table 1

Examples of infection-induced changes in social behaviors and the mechanisms that mediate these effects in vertebrates

Host Pathogen Behavioral effects Proximate mechanismsa References

Viruses

Rats (R. norvegicus) BDV " Aggression Loss of DA neurons in VTA,

# DA receptor binding in NAcc,

" DA metabolism in cortex,

infection of neurons in limbic

cortical areas, vomeronasal organ,

and olfactory bulb

[5–7]

Tree shrew (Tupaia glis) BDV " Aggression, " physical contact,

" sexual behavior

Infection of neurons in frontal

cortex

[5,8]

Mice (Mus musculus) Herpes simplex virus " Aggression " Synthesis of 5-HT and DA,

" HVA and 5-HIAA concentration

[9]

Several primate species SIVb " Aggression and wounding No infection of neurons,

CNS inflammation, infection of

glia in basal ganglia, thalamus

and midbrain, # DA activity,

" somatostatin mRNA in frontal

cortex, apoptosis

[10–12]

Cats (F. catus) FIVb " Wounding No infection of neurons, CNS

inflammation, infection of glial

cells and macrophages in

midbrain and thalamus

[13,14]

Several mammalian species Rabies virus " Aggression Infection of neurons in limbic

cortical areas, # 5-HT and opioid

receptor binding, # 5-HT release,

# GABA uptake in cortical neurons,

apoptosis

[15–19]

Rats Seoul virus " Wounding, " aggression,

# subordination

No infection of neurons [20,21]

Mice Tick-borne encephalitis virus " Aggression, " sexual interest " Testosterone, infects CNS [22]

Protozoa

Mice E. vermiformis # Sexual interest " Opioid activity [23]

Western fence lizard

(Sceloporus occidentalis)

Plasmodium mexicanum # Aggression, # social displays,

# dominance, # territoriality

# Testosterone, " corticosterone,

# glucose

[24–26]

Sage grouse

(Centrocercus urophasianus)

Plasmodium pediocetii # Lek attendance, # mating

behavior

NE [27]

Great tit (Parus major) Plasmodium spp. " Paternal behavior NE [28]

Mice/rats T. gondii " Aggression, " dominance,

" social exploration, # defensive

behavior

Infection of neurons, glial,

and endothelial cells in limbic

areas, frontal cortex, and basal

ganglia, # NE, " DA and HVA

concentrations in brain

[29–32]

but see

Ref. [33]

American kestrel

(Falco sparverius)

Trichinella pseudospiralis # Aggression, # parental care NE [34,35]

Mice T. spiralis # Dominance, " subordination,

# mating behavior, # social

investigation

No infection of CNS [36–39]

Mice Trypanosoma cruzi # Social rank CNS inflammation [40,41]

Red-spotted newt

(Notophthalmus viridescens)

Trypanosoma diemyctyli # Reproduction NE [42]

Pied flycatcher

(Ficedula hypoleuca)

Trypanosoma spp. " Late arrival date to breeding sites,

# mating opportunities

NE [43]

Sedge warbler

(Acrocephalus schoenobaenus)

Protozoan spp. (Haemoproteus

spp., Plasmodium spp., and

Trypanosoma spp.)

# Song repertoire, # paternal

behavior

NE [44]

Helminth

Red jungle fowl (Gallus gallus) Ascaridia galli # Social rank, # mating success NE [45,46]

European minnows

(Phoxinus phoxinus)

Diplostomum phoxini " Tubercles, " competitive ability Infects brain [47]

White-tail deer

(Odocoileus virginianus)

Fascioloides magna # Body size, # antler points,

# social rank

NE [48]

Guppies (Poecilia reticulata) Gyrodactylus turnbulli # Courtship behavior NE [49]
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social behaviors facilitate interactions between conspecifics,

these behaviors can increase the transmission of parasites

from infected to susceptible individuals. The primary goal of

this review is to illustrate that pathogen-mediated changes in

social behavior are caused by pathogens altering the neuro-

anatomy and chemistry that underlie the expression of social

behaviors in vertebrates. To better understand the relation-

ship between infection and host social behavior, both the

proximate mechanisms and the adaptive function of these

relationships will be considered.

2. Parasite-mediated changes in social behavior:

manipulation or side effect?

During host–parasite coevolution, host populations have

evolved adaptations to evade infection and pathogens have

evolved counteradaptations to overcome host defense mech-

anisms. In many cases, these counteradaptations involve

direct manipulation of host behavior to increase contact

between infected and susceptible individuals [67,68]. There

are several examples of changes in host social behavior

following infection that are mediated by pathogens (see

Table 1). If pathogens are transmitted through social contact,

then natural selection should favor those that affect the

physiological mechanisms mediating the expression of

social behaviors. Presumably, pathogen-mediated changes

in social behavior serve to increase transmission and hence

reproduction of the pathogen [67–69].

The outcome of pathogen-mediated changes in behavior

may depend on the life cycle of the pathogen. If a pathogen

has a direct life cycle (i.e., there is no intermediate host,

only a definitive host population), then survival and repro-

duction may be increased through social contact among

conspecifics. Viruses that have direct life cycles, such as

Borna disease virus (BDV), rabies virus, and hantaviruses,

typically cause increased aggression and physical contact in

host populations (see Table 1) [5–21]. Conversely, if a

pathogen has an indirect life cycle (i.e., undergoes devel-

opment in one host population and moves to another host

population to complete the life cycle), then survival and

reproduction may be increased primarily through predation

[68,70]. To increase the probability of predation, pathogens

can affect social behaviors in the intermediate host. For

example, rodents infected with Toxoplasma gondii exhibit

increased exploratory behavior and aggression, which may

make them more conspicuous to and less fearful of the

definitive host, the cat (Felis catus) [29,32,33]. Other

pathogens, such as Eimeria vermiformis and Trichinella

spiralis, can have either direct or indirect life cycles and

can reduce social interactions among conspecifics [23,36–

39]. Because social grouping is an effective defense against

Host Pathogen Behavioral effects Proximate mechanismsa References

Helminth

Mice Heligmosomoides polygyrus # Aggression, " subordination,

# conspecific odor discrimination

# Opioid-mediated analgesia [50,51]

Rats H. diminuta # Latency to retrieve pups NE [52]

Sticklebacks

(Gasterosteus aculeatus)

Pomphorhynchus laevis # Paternal behavior NE [53]

Spadefoot toad

(Scaphiopus couchii)

Pseudodiplorchis americanus # Mate preference NE [54]

Sticklebacks Schistocephalus solidus # Competitive ability NE [55]

Mice S. mansoni # Mating behavior " b-endorphin, # testosterone,

# estradiol

[56,57]

Mice (males only) T. crassiceps # Mating behavior " Estradiol, # testosterone [58,59]

Rats T. taeniaeformis # Mating behavior, # fertility # Testosterone [60]

Upland bullies

(Gobiomorphus breviceps)

Telogaaster opisthorchis # Mate preference NE [61]

Mice T. canis # Aggression, " defensive behaviors,

# social investigation

" Larvae in brain [62,63]

Arthropods

Sleepy lizard (T. rugosa) A. limbatum and A.

hydrosauri

" Mating success, " likelihood to

form monogamous pairs

NE [64]

Great tit Ceratophyllus gallinae " Nestling begging,

" nestling competition,

" paternal behavior

NE [65]

House sparrows

(Hirundo rustica)

Ornithonyssus bursa # Song and mating success " Anemia [66]

Social behaviors include only behaviors exhibited by infected individuals toward conspecifics; therefore, predator–prey relations are not included.

NE= not examined; 5-HIAA=hydroxyindoleacetic acid.
a Proximate mechanisms include only chemical and neuroanatomical mechanisms.
b For immunodeficiency viruses, there is a correlation between aggression and likelihood of being infected. Whether this association is caused by parasite-

mediated changes in behavior has not been determined.

Table 1 (continued )
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predation, reduced social interactions also may increase the

risk of predation [71].

Pathogens often alter physiology and behavior without

causing mortality in host populations. Whether pathogens

induce mortality in their hosts can depend on the life cycle

of the pathogen [68]. In most cases, however, if infection

causes mortality in the host (i.e., the pathogen is highly

virulent), then survival and reproduction is hindered for the

pathogen as well as for the host [69]. Anderson and May

[69] present a model of host–parasite coevolution that

illustrates that parasite virulence, parasite transmissibility,

and host survival following infection must be balanced for

successful parasite reproduction to ensue. Whereas highly

virulent pathogens can kill a host, less virulent pathogens

have low transmissibility because host immune responses

suppress parasite replication. Natural selection should

favor parasites that evolve to have intermediate levels of

virulence.

For example, myxoma virus was introduced in Australia

in the 1950s to control rabbit populations and the initial

strain of virus was highly virulent, killed many rabbits, and

ultimately reduced transmissibility of the virus [69]. Over

the years, less virulent strains of myxoma virus coevolved

with increased resistance against infection in the rabbits

[72]. When viral strains were subdivided based on viru-

lence, reproduction rates were highest for strains of myxoma

virus that produced intermediate levels of virulence (i.e., the

virus was virulent enough to evade host immune responses

and to be transmitted to new hosts but not so virulent that it

killed the host before transmission could occur) [72].

Intermediate levels of virulence evolved because host resis-

tance is a selection pressure for increased virulence in the

pathogen [69]. Thus, the effects of parasites on host pop-

ulations may result in more subtle changes in host physiol-

ogy and behavior that increase the probability of social

contact and parasite transmission.

Additional studies illustrate that the virulence of a

pathogen can depend on the behavioral route of transmis-

sion. For example, among cats, feline leukemia virus

(FeLV) is more virulent than feline immunodeficiency virus

(FIV) [13]. FeLV is transmitted in both saliva and blood and

transmission can occur through many social behaviors

including sexual contact, biting, grooming, and food sharing

[73]. In contrast, FIV is transmitted in saliva through bite

wounds. Consequently, although similar rates of FeLV

infection are reported for male and female cats, male cats

are more likely to be infected with FIV than females [13].

Thus, the relationship among virulence, transmission, and

host behavior can be pathogen specific and can determine

who, within a population, is most likely to be infected with a

pathogen.

Not all behavioral modifications following infection are

mediated by pathogens [67]. If the behavioral changes

following infection are beneficial to the survival and repro-

duction of the host, then the behavioral modifications may

be host mediated as opposed to pathogen mediated. Infected

animals often exhibit a repertoire of adaptive behavioral

responses that aid in recovery and survival following

infection. These behaviors have been collectively termed

‘‘sickness behaviors’’ and include reduced interest in social,

parental, and sexual interactions [71]. Sickness behaviors

may appear maladaptive because they limit social contact

and can potentially reduce opportunities for reproductive

success. Animals that can successfully overcome infection

by engaging in sickness behaviors, however, may achieve

higher lifetime reproductive success than individuals that do

not engage in these restorative behaviors. Natural selection

should favor individuals that engage in these recuperative

behaviors.

Other host-mediated social behavioral responses to in-

fection involve the use of parasite infection to avoid contact

with infected individuals. Behavioral responses of suscepti-

ble (i.e., uninfected) individuals toward infected individuals

and subsequent effects on mate selection have received

considerable attention [70,74–78]. Also, whether certain

individuals within a population are physiologically predis-

posed to engage in social behaviors like aggression that

increase exposure or even susceptibility to a pathogen has

been considered elsewhere (reviewed in Refs. [79,80]).

Hypotheses regarding pathogen- and host-mediated

changes in behavior imply that behavioral changes are

adaptive for the survival and reproduction of the pathogen

or host, respectively. Alternatively, because infection causes

pathology in the host, behavioral changes following infec-

tion may be a side effect of the pathology associated with

infection and have no adaptive function [63,67,68]. If the

pathological state of the host increases the reproductive

success of the parasite, host, or both, then it will not be

selected against [67–69].

Taken together, these data illustrate alternative hypothe-

ses for why host behavior changes after infection. The life

cycle of the pathogen, pathogen virulence, transmissibility,

and host immunity interact to influence the effects that

pathogens have on host behavior. Whether behavioral

changes following infection are adaptive to the host, the

parasite, or both or are a side effect of infection depends on

the host–parasite system. Several studies, however, demon-

strate that parasites can cause pronounced changes in host

social behavior to increase transmission. As illustrated in

Table 1, pathogens alter host behavior via effects on the

CNS and neurochemical systems.

3. Proximate mechanisms of parasite-mediated changes

in social behavior

The mechanisms that pathogens use to alter the behavior

of vertebrate hosts vary. Several pathogens, including

viruses, such as BDV and rabies, and macroparasites, such

as T. gondii and Toxocara canis, can infect neurons in the

CNS to cause changes in the brain regions that mediate the

expression of social behaviors [5,29,63,68,81,82]. In addi-
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tion to infecting cells within the CNS, pathogens can alter

the social behavior of vertebrate hosts by inducing immune

responses and inflammation of the CNS and altering neu-

rochemical communication (reviewed in Ref. [81]).

Among mammals, rabies virus infects and kills neurons

in brain regions (e.g., hippocampus, hypothalamus, and

amygdala) that modulate host behaviors, including aggres-

sion, and causes reductions in 5-HT and GABA neurotrans-

mission [15–19]. Decreased 5-HT neural communication

has been linked to elevated aggression in rodents [83].

Presumably, by exploiting the 5-HT system and causing

increased levels of aggression, salivary transmission of

rabies between infected animals and other individuals within

a population may be increased [81,82,84]. BDV infects

neurons in limbic and cortical areas of the brain, including

the hippocampus, hypothalamus, olfactory bulb, septum,

amygdala, thalamus, basal ganglia, and frontal cortex [5].

Also, dopaminergic neurons in the ventral tegmental area

(VTA) and DA receptors in the NAcc are reduced by BDV

infection [7]. Infection of neurons within the limbic system

and changes in the DA pathway may explain the increased

aggressive and sexual behaviors that are characteristic of

animals infected with BDV [5–8].

Macroparasites, such as T. gondii, infect neurons, glial

cells, and endothelial cells throughout the CNS [30]. T.

gondii also alters several neurochemical pathways in the

brain. Concentrations of NE are reduced whereas concen-

trations of DA and its metabolite, homovanillic acid (HVA),

are increased in infected mice [31]. These neurochemical

changes as well as the formation of cysts in the brain may

underlie the elevated aggressive and exploratory behaviors

reported in rodents infected with T. gondii [29–33].

Macroparasites can alter the social behavior of vertebrate

hosts by altering neurochemical communication (reviewed

in Ref. [81]). Neurochemical changes associated with in-

fection appear to underlie reduced pain sensitivity following

infection [70]. Rodents infected with the protozoan parasite

E. vermiformis, the nematode Nippostrongylus brasiliensis,

or the trematode Schistosoma mansoni exhibit increased

opioid-mediated analgesic responses (i.e., reduced sensitiv-

ity to pain) (reviewed in Ref. [70]). During the early phase

of E. vermiformis infection, infection of males increases

analgesia and reduces preference for odors from estrous

females [23]. Conversely, during the infective phase of

infection, analgesia is reduced and responsiveness to estrous

odors is increased in male mice [23]. Male responsiveness to

the odors of estrous females can be reversed by administra-

tion of opioid receptor antagonists, suggesting that endog-

enous opioids mediate the effects of infection on responses

to sexual cues [23]. Changes in opioid-mediated analgesia

are hypothesized to increase social interactions between

infected and uninfected conspecifics [70].

Viruses also can alter behavior through mechanisms

other than infection of neurons. For example, although

infection of primates, including mandrills (Mandrillus

sphinx) and rhesus macaques (Macaca mulatto), with simian

immunodeficiency virus (SIV) and cats with FIV does not

cause neuronal infection, behavioral modifications, includ-

ing changes in cognition and aggression, are observed

[11,13,81]. Viral infection causes inflammation (i.e., induc-

tion of cytokine and chemokine responses), apoptosis of

microglia, and changes in neurotransmitter (e.g., somato-

statin) synthesis in the brain that are associated with virus-

induced pathology [10,12,14]. Although behavioral changes

following infection may be a pathological side effect of

infection, because virus transmission is enhanced by in-

creased aggression, the effects of infection on behavior still

benefit the reproduction of the parasite.

In common with rabies, SIV, and FIV, hantaviruses are

directly transmitted and are hypothesized to be propagated

through bite wounds [20,85–87]. Intraspecific transmission

of hantaviruses appears to occur through contact with saliva

during aggressive encounters [20]. In natural populations of

Norway rats (Rattus norvegicus), adult males are more

likely to have severe wounds and be infected with hantavi-

ruses than either females or juvenile males [20]. Male rats

with more severe wounds also are more likely to shed virus

in saliva than males with less severe wounds (E.R. Hinson et

al., unpublished data). Whether engaging in aggressive

behavior increases exposure to hantaviruses (i.e., host-me-

diated hypothesis) or whether infection increases the pro-

pensity to engage in aggression (i.e., parasite-mediated

hypothesis) remains unclear.

Laboratory studies of male Norway rats infected with

Seoul virus (i.e., the naturally occurring hantavirus of

Norway rats) reveal that during the persistent phase of

infection (i.e., 30 days after inoculation with Seoul virus)

males spend more time engaged in aggression, during

resident– intruder tests, than either uninfected males or

males tested during the acute phase of infection (i.e., 15

days after inoculation) (Fig. 1) [21]. Males that engage in

aggression for a longer duration of time have more virus

present in lung, kidney, and testis than males that engage in

less aggression [21]. Virus is not present in the brains of

infected males. Thus, the changes in host aggressive behav-

ior may be a by-product of elevated virus replication in

peripheral target tissues. The effects of hantaviruses on

neurotransmitters as well as on cytokines in the CNS require

additional investigation.

Parasites can have pronounced effects on peripheral

tissues that can in turn alter chemical signals sent from

peripheral organs to the CNS. For example, the tapeworms

Taenia crassiceps and Taenia taeniaeformis inhibit the

expression of reproductive behavior in male mice through

effects on testosterone, as opposed to through direct effects

on the brain areas that mediate behavior. Female mice are

more susceptible to infection with T. crassiceps and T.

taeniaeformis than males because estradiol enhances para-

site reproduction [58–60]. Infection of male rodents with T.

crassiceps or T. taeniaeformis reduces both serum and

testicular testosterone concentrations, increases estradiol

concentrations, and inhibits mating behavior (Fig. 2) [58–
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60]. Reduced mating behavior in infected male rodents can

be restored to normal levels by exposure to exogenous

testosterone, suggesting that suppressed testosterone, and

not pathology caused by infection, underlies the reduced

sexual behavior [59]. Because testosterone concentrations in

testicular tissue are reduced, infection may alter Leydig cell

production of testosterone, responsiveness of Leydig cells to

gonadotropins, or feedback mechanisms within the hypo-

thalamic–pituitary–gonadal axis. These parasites do not

infect the CNS; therefore, the behavioral changes following

infection are due to the effects of the parasites on peripheral

tissues and hormones. Because tapeworm reproduction is

enhanced in a female-typic hormonal milieu, the endocri-

nological and behavioral changes in male rodents following

infection are beneficial for parasite reproduction [69].

Although much of MacLean’s [1] research focuses on the

role of the limbic system and cerebral cortex in parental

behavior, the effects of parasites on the expression of

parental behavior have been less well studied than the

effects of parasites on aggressive and reproductive behav-

iors (see Table 1). To ascertain the effects of maternal

infection on offspring, studies typically focus on congenital

infection of the fetus and transmission of maternal immunity

to offspring. Presumably, the effects of infection on mater-

nal behavior may vary depending on whether there is

horizontal (i.e., transmission from infected to susceptible

individuals), vertical (i.e., transmission from mother to

offspring), or both modes of transmission within a host–

parasite system.

During tests of maternal behavior, female rats infected

with the tapeworm Hymenolepis diminuta retrieve pups

faster than uninfected females, suggesting that infection

may increase parental investment in current offspring [52].

The effects of infection on parental behavior may vary

depending on whether the host species exhibit biparental

or uniparental care. Female prairie voles (Microtus

ochrogaster) injected with lipopolysaccharide from Escher-

ichia coli and male lizards (Tiliqua rugosa) infested with

ticks (Aponomma hydrosauri and Amblyomma limbatum)

Fig. 1. Mean ± S.E.M. duration of aggressive behavior exhibited by resident male laboratory rats (A) and mean ± S.E.M. latency for the resident male to begin

attacking the intruder male (B) during a 20 min resident– intruder aggression test. Resident males were tested for behavior 0, 15, or 30 days after inoculation with

Seoul virus (i.e., the naturally occurring hantavirus in Norway rats). Male rats tested during the persistent phase of infection (i.e., 30 days after inoculation) spend

more time engaged in aggression than uninfected males or males tested during the acute phase of infection (i.e., 15 days after inoculation). *P < .05 [21].

Fig. 2. Mean ± S.D. latency for male mice to begin mounting (A),

intromitting (B), and ejaculating (C) with a stimulus female during a 30 min

mating behavior test. Male mice were either uninfected (control) or infected

with T. crassiceps (parasitized) 15 weeks prior to behavioral testing.

Infected male mice take longer to mount, intromit, and ejaculate with the

stimulus female than uninfected males. *P < .05 [59].
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are more likely to form monogamous pairs than uninfected

conspecifics, suggesting that infection may increase the

need for biparental care [64,88]. The precise mechanisms

mediating the effects of infection on parental behavior

remain elusive but may involve neuropeptides, including

vasopressin and oxytocin, that modulate the expression of

parental behaviors in vertebrates [89].

4. Conclusions and future directions

Taken together, these data illustrate that social behaviors

in vertebrates change following infection. The data pre-

sented in this review provide several examples of parasites

exploiting the proximate mechanisms that mediate the

expression of social behaviors to increase transmission.

Pathogens can affect behavior not only by infecting cells

(e.g., neurons, glial cells, and endothelial cells) within the

CNS but also by causing apoptosis, inducing inflamma-

tion, and altering neurotransmitter and hormonal commu-

nications. The role of cellular apoptosis in behavioral

changes following infection requires further investigation.

Viruses, including rabies virus and BDV, can cause apo-

ptosis of neurons, which may underlie the elevated ag-

gressive and sexual behavior observed in animals infected

with these viruses [17]. Whether infection-induced apopto-

sis is mediated by the pathogen or by the host to eliminate

infected cells requires further investigation. The role of

cytokines in mediating changes in social behaviors follow-

ing infection has been most well studied with regard to

sickness behaviors. Whether parasites exploit cytokine-

mediated processes to alter behavior has not been reported.

Although the proximate mechanisms that pathogens use to

alter host behavior are well characterized in mammals, the

effects of pathogens on the CNS and neurochemical

systems in other vertebrate species require additional

investigation. Presumably, the effects of parasites on social

behavior are retained across several classes of vertebrates

because parasites affect the phylogenetically primitive

structures of the limbic system and related neurochemical

systems.

Like parasites manipulating their hosts, neuroscientists

have exploited the fact that parasites can infect and replicate

in neurons. Neurotropic viruses, including rabies and herpes

simplex viruses, have been used as transneuronal tract

tracers to uncover the connections of several neuroanatom-

ical pathways [90,91]. Utilization of these neurotropic

viruses for answering questions about the proximate mech-

anisms mediating behavior may provide further insights into

the biology of social behavior.

Future studies must continue to explore the adaptive

function of host–parasite interactions. Although the exam-

ples provided (see Table 1) illustrate that parasites can

induce changes in the expression of social behaviors to

increase transmission, other behavioral modifications fol-

lowing infection may be mediated by the host or be a by-

product of host–parasite relations. Consideration of the

route of transmission, pathogen life cycle, and pathogen

virulence will be important to fully understand why para-

sites manipulate social behaviors in host populations. Ad-

ditionally, the behavioral outcome of infection may depend

on several host factors including the sex, age, and immune

status of the individual.

Finally, we often assume that if a parasite infects the

CNS, then it is the infected brain areas that cause subsequent

changes in behavior. Alternatively, changes in social behav-

iors following infection may be caused by neurochemical

changes (as illustrated in Table 1) or by changes in the

neural functioning of unaffected brain areas. Studies of

parasite-mediated selection should utilize what MacLean

and others have uncovered about the role of the CNS,

particularly the limbic system and related structures, in

social behavior and should use this information to formulate

hypotheses about how parasites affect the expression of

social behavior in vertebrates.
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