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1. Intro duc tion

Lipo poly sac cha ride (LPS), the small est immune sys tem acti vat-

ing com po nent of gram neg a tive cell bac te rial wall, is com monly 

used to model bac te rial infec tion in both ani mals and humans. LPS 

admin is tra tion, upon first expo sure, engages the innate immune 

sys tem lead ing to the devel op ment of the acute phase response 

(APR; Ber czi et al., 2000; Heu mann and Roger, 2002). The APR 

occurs as a result of immune acti va tion, con sist ing pri mar ily of the 

periph e ral release of pro-inflam ma tory cyto kines by cir cu lat ing 

mac ro phages and mono cytes. In this fash ion, periph e ral LPS expo-

sure results in cyto kine release that is dis trib uted both through-

out the periph ery and in the cen tral ner vous sys tem (Sa gar, 1994; 

Lin thorst et al., 1997; Dant zer et al., 1998a; Szel e nyi, 2001; Ri vest, 

2003). Spe cifi  cally, release of the cyto kines inter leu kin–1b (IL-1b), 

inter leu kin-6 (IL-6) and tumor necro sis fac tor-a (TNF–a) result 

in mod i fied phys i o log i cal and neu ral func tion (Kent et al., 1992; 

Roth et al., 1994; Wil der, 1995; Dant zer et al., 1998a,b; Ber czi et 

al., 2000; Harden et al., 2006). The hypo tha lamic-pitu i tary-adre nal 

axis is also acti vated upon periph e ral expo sure to LPS and con trib-

utes to the devel op ment of the APR (Fric chi one and Stef ano, 1994; 

Tor py and Chrou sos, 1996; Takem ura et al., 1997; Ber czi, 1998b; 

Bei shu i zen and Thi js, 2003; John son et al., 2003). The APR has also 

been observed to exert region spe cific mod u la tions of sev eral neu-

ro trans mit ter sys tems includ ing sero to ner gic, nor ad ren er gic, and 

to a lesser degree dopa mi ner gic sys tems (Dunn, 1992; Dunn et al., 

1999; La co sta et al., 1999).

Fol low ing LPS expo sure a spe cific range of behav ioral changes 

gen er ally referred to as “sick ness behav iors” man i fests. These sick-

ness behav iors pri mar ily include, but are not lim ited to: hyper al-

ge sia (increased sen si tiv ity to pain), anhe do nia (lack of plea sure), 

decreased loco mo tor activ ity and explo ra tion, reduced food and 

water intake and increased time spent asleep (e.g. Blu the et al., 

1992; Kent et al., 1992; Ma ier et al., 1993; Pla ta-Sal a man and  

Borko ski, 1993; Yirmiya et al., 1994; Frank lin et al., 2003; Cross-Mel lor  

et al., 2004; Am bro sin i et al., 2005; Gayk ema et al., 2008). Other 

char ac ter is tic responses to LPS include a strong pyro genic response 

(fever) and a substantial decrease in body weight (e.g. Hart, 1988; 

Blu the et al., 1992; Ko zak et al., 1994; Roth et al., 1994; Ber czi, 

1998a; Toll ner et al., 2000; Harden et al., 2006). After the first expo-

sure to LPS ani mals develop an adap tive immune response and the 

activ ity of the innate immune sys tem is dimin ished. As a result 

of this, upon sec ond ary LPS expo sure, tol er ance devel ops and a 

decrease in both phys i o log i cal and behav ioral mea sures of sick ness 
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are often observed (Roth et al., 1994; Almeida et al., 1999; Enge land 

et al., 2001; West and Heagy, 2002; Frank lin et al., 2003).

A con sis tent find ing fol low ing LPS expo sure is the substantial 

reduc tion of loco mo tor activ ity (Hart, 1988; Ko zak et al., 1994; 

La co sta et al., 1999; Enge land et al., 2001; Frank lin et al., 2003; 

Dunn and Swierg iel, 2005; Har vey et al., 2006). This raises the pos-

si bil ity of a more generalized motor inhi bi tion or motor defi  cit fol-

low ing LPS admin is tra tion. It may then be expected that decreased 

per for mance on a vari ety of non-vol un tary, motor responses or 

reflexes such as the acous tic star tle response may also be evi dent. 

The acous tic star tle response, a sen so ri mo tor reflex, engages a 

defen sive motor response to an intense burst of audi tory stim u la-

tion (usu ally white noise at about 100–120 dB). The result ing reflex 

is a non-vol un tary con trac tion of the skel e tal mus cles such that 

the sub ject will appear to jump (Hoff man and Ison, 1980). It has 

been thor oughly doc u mented that the primary sen so ri mo tor inter-

face involved in the gen er a tion of the acous tic star tle response is 

the cau dal pon tine retic u lar nucleus (PnC), a struc ture con tain ing 

giant neu rons which receive input from multiple senses and pro-

ject to motor areas of the spinal cord (Koch, 1999).

Mam ma lian star tle responses exhibit sig nifi  cant plas tic ity, in 

terms of pre pulse inhi bi tion (PPI), latency facil i ta tion, habit u a tion 

and fear poten ti a tion (Braff et al., 2001; Swerd low et al., 2001). PPI 

is a neu ral phe nom e non pro duc ing a rel a tive decrease in the mag-

ni tude of the star tle response when the star tle event is pre ceded 

50–200 ms by a non-star tle elic it ing pre pulse stim u lus (Braff et al., 

1999; Koch, 1999). PPI is a com monly used mea sure to op er a tion-

al ize “sen sory gat ing”, a pro cess that allows the ani mal to allo cate 

atten tional resources to more salient stim uli in the envi ron ment 

(Braff et al., 2001). PPI defi  cits are com mon in patients suffering 

from psy cho sis and cog ni tive frag men ta tion (e.g. schizo phre nia 

and Alz hei mer’s dis ease). Nor mal PPI per for mance requires ade-

quate sen sory detec tion, sen sory pro cess ing and atten tional capac-

ity (Koch, 1999). Because of this clin i cal rel e vance, PPI mea sures 

have received con sid er able study in the recent lit er a ture.

Most stud ies on LPS have focused on phys i o log i cal responses, 

behav ioral responses such as feed ing and vol un tary move ment, or 

mem ory defi  cits. Aside from a few stud ies (For tier et al., 2007; Jus-

zc zak et al., 2008), the acute effects of LPS on non-vol un tary motor 

tasks such as the star tle response have received lim ited atten tion. 

Some exper i men tal par a digms have used pre na tal LPS expo sure to 

model schizo phre nia and have shown subsequent sen so ri mo tor 

gat ing defi  cits (For tier et al., 2004, 2007; Ro mer o et al., 2006), but 

this reflects neu ro de vel op men tal abnor mal i ties rather than acute 

LPS effects. LPS admin is tra tion has been observed to decrease loco-

mo tor activ ity, but it is unclear whether the impaired motor per-

for mance gen er al izes to spe cific reflexes of sur vival value. Thus, it 

is desir able to exam ine the effects of acute immune acti va tion on 

non-vol un tary reflexes (such as the acous tic star tle response) in 

order to fully char ac ter ize the range of behav iors that LPS can mod-

ify. This will help in our under stand ing of motor based mea sures of 

sick ness behav iors and the con tri bu tion of motor/phys i cal defi  cits 

ver sus sen sory/atten tional influ ences.

Two stud ies recently exam ined the acute of effects of LPS on 

the acous tic star tle response and PPI in rodents and con cluded that 

nei ther the star tle response nor PPI was influ enced by LPS admin-

is tra tion (For tier et al., 2007; Jus zc zak et al., 2008). The pattern of 

results obtained by For tier et al. (2007) revealed a non-sig nifi  cant 

trend towards decreas ing star tle response fol low ing LPS admin is-

tra tion in adult rats. Jus zc zak et al. (2008) used a rel a tively low 

dose of LPS to elicit sick ness in mice (1 lg/mouse or approx i mately 

28 lg/kg) and this treat ment failed to pro duce any sig nifi  cant 

effect on the acous tic star tle response despite evi dent reduc tions 

on open-field, vol un tary, loco mo tor behav ior.

The pres ent study is the first to exam ine the dose–response rela-

tion ship for the acute effects of LPS admin is tra tion on acous tic star-

tle response and PPI in young adult rats, as well as the influ ences of 

behav ioral tol er ance to LPS. Body weight change was quan ti fied in 

order to con firm dose effec tive ness in elic it ing sick ness. The results 

sug gest adult admin is tra tion of LPS affects the star tle response in a 

dose-depen dent man ner, but that PPI is largely unaf fected.

2. Meth ods

2.1. Ani mals

Forty-one naïve young adult male Long-Evans rats (Charles 

River, Que bec) weigh ing between 272 and 301 g at the start of the 

exper i ment were used as sub jects. The rats were housed in pairs 

in a col ony room main tained at 21 ± 1 °C under a 12-h/12-h light/

dark cycle with lights on at 07:00 h. Rat chow (Pro lab rat chow) 

and water were avail able ad libi tum, except dur ing test ses sions. 

All behav ioral exper i ments and body weight mea sure ments were 

car ried out between 09:00 and 15:00 h (light phase of the light/

dark cycle). All pro ce dures and exper i men ta tion were car ried out 

accord ing to guide lines set out by the Cana dian Coun cil on Ani mal 

Care (CCAC).

2.2. Drugs

All treat ments were admin is tered intra per i to ne ally (i.p.) at a vol-

ume of 1.0 ml/kg body weight. Lipo poly sac cha ride (LPS from Esch e-

richia coli 0111:B4, L-2630; Sigma, St. Louis, MO) was dis solved in 

pyro gen-free 0.9% NaCl to con cen tra tions of 200 lg/kg, 100 lg/kg, 

or 50 lg/kg. Con trol treat ment was an injec tion of 0.9% iso tonic, 

pyro gen-free saline vehi cle.

2.3. Appa ra tus

All acous tic star tle response and PPI test ing was con ducted in 2 

sep a rate star tle devices (SRLAB, San Diego Instru ments, San Diego, 

CA). Each device con sisted of a cylin dri cal, clear acrylic rat enclo-

sure (10.2 cm outside diam e ter) mounted on an acrylic plat form. 

The plat form sat on a pie zo elec tric accel er om e ter which trans-

duced the force of ani mal move ment. This was placed inside a well 

ven ti lated, sound atten u at ing box con tain ing a mounted fluo res-

cent light and a speaker (on the roof, approx i mately 11 cm from the 

top of the ani mal enclo sure) which emit ted the back ground, pre-

pulse and star tle noise stim uli. Begin ning at star tle stim u lus onset, 

data were recorded and stored by a com puter attached to the accel-

er om e ter. The ani mal’s aver age star tle ampli tude in response to 

bursts of white noise was recorded and ana lyzed.

2.4. Pro ce dure

2.4.1. Habit u a tion

Rats were han dled and weighed for three con sec u tive days 

prior to test ing. Two days prior to test ing, rats were injected with 

saline vehi cle 60–75 min before being placed in a star tle box for a 

5 min accli ma tion period (con tin u ous back ground noise at 70 dB). 

Upon com ple tion of the accli ma tion period, the rats were returned 

to their cages. Enclo sures were then cleaned with soapy water and 

rinsed thor oughly.

2.4.2. Test days

Acous tic star tle response and PPI were assessed on 2 test days 

72 h apart (Test Day 1 and Test Day 2). This allowed for the deter-

mi na tion of tol er ance and ensured there was min i mal resid ual LPS 

in the sys tem on Test Day 2. On test days, all rats were weighed 

at around 09:00 h before admin is tra tion of 200, 100, 50 lg/kg LPS 

(n = 9 for each dose) or saline (n = 14). Ani mals were weighed again 

24 h later for cal cu la tion of percent change in body weight.
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