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Abstract 

Background: The pathogenesis of neurological symp-

toms, the most common extraintestinal complication of 

childhood shigellosis, is unclear.  To elucidate the mecha-

nisms involved, we developed an animal model and dem-

onstrated that TNFα
1
 and IL-1β

2
 play a role. 

Objectives: To determine whether TNFα and IL-1β 

genes are expressed in the brain following peripheral ad-

ministration of Shigella dysenteriae 60R. 

Methods: Expression of mRNA for TNFα and IL-1β 

was examined in the brain structures (hypothalamus and 

hippocampus) and peripheral organs by reverse transcrip-

tase polymerase chain reaction, at different time points 

after intraperitoneal injection of S. dysenteriae sonicate. 

Results: In our animal model of Shigella-related sei-

zures, TNFα and IL-1β mRNA were induced in the brain, 

spleen and liver already 1 hour after injection of S. 

dysenteriae sonicate.  The expression of TNFα and IL-1β 

mRNA in spleen, hippocampus and hypothalamus de-

creased after 6 h and increased again at 18 h post-

injection. 

Conclusions: Local production of TNFα and IL-1β in 

the brain may be involved in the enhanced seizure 

response of mice after administration of S. dysenteriae.  It 

is possible that intracerebral production of TNFα and IL-

1β plays a role in neurological disturbances of human 

shigellosis. 

IMAJ 2000;2:86–90 

Neurological disturbances are the most common ex-

traintestinal manifestations of shigellosis in children [1,2]. 

Of these, convulsions are best documented and appear in 

12 to 45% of hospitalized children [2,3]. Other symptoms 

                                                           
TNFα = tumor necrosis factor alpha 

IL-1β = interleukin 1 beta 

include severe headaches, confusion and hallucinations, 

which are often referred to as encephalopathy [1,3,4]. Al-

though usually self-limited, neurological symptoms can be 

fulminant, leading rapidly to unconsciousness and death [5]. 

The pathogenesis of the Shigella-associated neurologi-

cal symptoms is unclear.  Shiga toxin, the main toxic 

product of Shigella dysenteriae, has been implicated in neu-

rotoxicity since its administration to animals caused pa-

ralysis and death [6]. However, most Shigella strains cur-

rently associated with seizures do not produce Shiga toxin 

[7,8].  The role of other cytotoxins is unclear, as is the 

importance of other bacterial virulence traits [8–10]. 

Elucidation of the mechanisms involved in the neuro-

logical manifestations of shigellosis has been hampered by 

the lack of an animal model that reproduces the neurologi-

cal manifestations of human infections.  We recently de-

veloped such a model in mice [11].  It is based on Shigella-

induced increased sensitivity of mice to the proconvulsant 

pentylenetetrazole, which induces seizures by its antago-

nistic activity at the γ-aminobutyric acid (GABA) recep-

tor/benzodiazepine/chloride ion channel complex. Modula-

tion of the severity and rate of PTZ-induced seizures by 

Shigella components and host mediators was used as a 

measure of their involvement in the neurological processes. 

Employing this model we recently demonstrated that 

TNFα and IL-1β play a major role in the sensitization of 

the mice to PTZ-induced seizure after administration of S. 

dysenteriae 60R [12]. Plasma TNFα and IL-1β increased in 

Shigella-treated mice while pretreatment with antibodies 

to murine TNFα or IL-1β prior to Shigella administration 

abolished the increased seizures response [12]. 

To further investigate the mechanisms by which TNFα 

and IL-1β enhanced the susceptibility of mice to PTZ-

induced seizures after administration of S. dysenteriae, we 

                                                           
PTZ = pentylenetetrazole 
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undertook the present study to determine whether in our 

model these cytokines are also induced locally in the 

brain.  To this end, we examined the expression of mRNA 

for TNFα and IL-1β by the reverse transcriptase poly-

merase chain reaction in the hypothalamus and hippocam-

pus as well as in the non-neuronal organs, liver and 

spleen, at different time points after intraperitoneal injec-

tion of S. dysenteriae sonicate. 

Methods  

ICR outbred male mice, 25–28 days old and weighing 18–

25 g, were maintained under standard conditions. 

Preparation of bacterial sonicate 

Strain 60R of S. dysenteriae serotype 1 was grown in syn-

case broth for 48 hours with shaking, lysed by sonication 

and filter-sterilized as described [11].  The bacterial soni-

cate was analyzed for protein content, cytotoxic activity 

and lethality in mice [11]. Intraperitoneal injection was 

performed in a dosage of 4 lethal dose 50. 

Determination of lipopolysaccharide 

concentration in S. dysenteriae sonicate 

LPS concentration was measured by the Limulus amoebo-

cyte lysate assay method [13].  We thank Eliezer Solomon 

of Qualified Control Lab. Biotechnology General (Q.C. 

B.T.G) Scientific Park, Nes Ziona, Israel, for performing 

the assay. 

Isolation of mice total tissue RNA 

After decapitation, the brain, spleen and liver were rapidly 

removed. For localization within the brain tissue, the 

hypothalamus and hippocampus were dissected and im-

mediately frozen in liquid nitrogen. For each experiment 

we used five hypothalami and five hippocampi taken from 

mice that were treated identically, allowing sufficient ex-

traction of total tissue RNA. Tissues were kept at –70°C 

until RNA isolation. After tissue homogenization, total 

cellular RNA was extracted with a solution of guanidine 

isothiocyanate and phenol (Trizol Gibco BRL Life Tech-

nologies, Grand Island NY, USA) based on the methods 

described [14]. Total tissue RNA concentration was 

measured by spectrophotometric adsorbence (260/280 

nm) and its quality was verified by demonstration of mice 

ribosomal RNA on agarose gel electrophoresis with 

ethidium bromide. 

Analysis of tissue mRNA by RT-PCR 

We used 2.5 µg of purified total RNA as a substrate for 

single-stranded cDNA synthesis, with M-MLV reverse 

transcriptase (200 U) oligo d (T) primers (0.6 µg) and 

dNTPmix (1 mM), all purchased from Promega (Madison, 

WI, USA).  The reaction was performed at 42°C for 50 

minutes, followed by 5 minutes at 94°C. An aliquot of 6 µl 

cDMA mix was used to amplify cDNA encoding TNFα and 

IL-1β and β-actin. The PCR primers used are shown in 

                                                           
LPS = lipopolysaccharide 

Table 1. The incubation solution contained: Taq poly-

merase buffer, MgCl2 (2 mM), dNTP (200 µM), Taq poly-

merase (1.25 U) (all purchased from Promega, Madison, 

WI, USA), and the sense and anti-sense specific primers 

(0.2 µM of each one), in a final volume of 25 µl.  The mix-

ture was overlaid with mineral oil and the PCR was run 

for 30 cycles (unless otherwise specified). Each cycle con-

sisted of denaturation for 1 min at 94°C, annealing at 60°C 

for 1 min, extension at 72°C for 1 min, and final extension 

for 7 min, and storage at 4°C, in DNA thermal cycler 

(Perkin Elmer Cetus, USA).  A separate single reaction 

was performed for each gene. An aliquot of 7 µl of the 

PCR product was electrophoresed in a 2% agarose gel 

containing ethidium bromide, and photographed. 

Results 

Detection of TNFα and IL-1β mRNA in differ-

ent organs 

Intraperitoneal injection of S. dysenteriae serotype 1 strain 

60R sonicate markedly increased TNFα mRNA in the 

liver and spleen, and to a lesser extent in the whole brain, 

1 h after the injection. Representative results are shown 

in Figure 1a. IL-1β mRNA was also markedly increased in 

liver and spleen of mice 1 h after Shigella administration. 

However, we could not clearly demonstrate an induction 

of mRNA for IL-1β in the whole brain [Figure 1b].  Saline-

treated mice were used as controls. In these mice no 

expression of TNFα and IL-1β mRNA was detected (data 

not shown). 

TNFα and IL-1β expression in discrete brain 

structures 

For a more thorough study of TNFα and IL-1β production 

in discrete brain regions relevant to seizure activity, we 

examined the induction of mRNA for these cytokines in 

the hypothalamus and hippocampus. An expression of 

mRNA for TNFα and IL-1β was observed in both struc-

tures 1 h after i.p. injection of S. dysenteriae sonicate. As 

shown in Figures 2 and 3, the expression of TNFα and IL-

1β was more extensive in the hippocampus than in the 

hypothalamus. 

Table 1. Oligonucleotides primers for PCR used in the study. 

Cytokine Sense primer Antisense 

primer 

Size of the 

product 

TNFα 5’-TCTCATCAGTTCTATGGCCCC * 212 

IL-1β 5’-TTGACGGACCCCAAAAGATG ** 204 

β-Actin 5’-GACTACCTCATGAAGATCCTGACC *** 423 

The size of the PCR product obtained by amplification of cDNA (mRNA) is given: 

* GGG AGTAGACAAGGTACAAC-3’ 

** AGAAGGTGCTCATGTCCTCA-3’ 

*** TGATCTTCATGGTGCTTAGGAGCC-3’ 
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Kinetics of TNFα and IL-1β induction in 

discrete brain structures and spleen 

The expression of mRNA for TNFα and IL-1β was exam-

ined at 1, 6 and 18 h after a systemic injection of S. 

dysenteriae sonicate. To obtain the best comparison of 

mRNA expression at different time points, we compared 

the expression of TNFα in the hippocampus 1 and 18 h 

after injection as amplified by different number of cycles. 

As shown in Figure 4, the most pronounced difference 

was obtained with 30 PCR cycles and this was therefore 

used in all further experiments. In the hippocampus and 

hypothalamus the expression of both TNFα and IL-1β 

exhibited a similar pattern. After an early induction, al-

ready 1 h after injection there was a decrease in mRNA 

expression of TNFα and IL-1β at 6 h. This expression 

increased again at 18 h post-injection, exceeding the level 

at 1 h.  As in the brain structures, a similar pattern of 

mRNA induction for TNFα and IL-1β was observed also in 

the spleen. There was a reduction in the expression of 

both cytokines at 6 h after S dysenteriae sonicate injection 

and a second increase in mRNA level at 18 h post-

injection. The results are demonstrated in Figure 2 (for 

TNFα) and Figure 3 (for IL-1β). 

Discussion 

In a previous study we demonstrated that TNFα and IL-

1β are involved in the processes that lead to the enhanced 

susceptibility of mice to PTZ after administration of S. 

Figure 1. Photograph of representative results of RT-PCR products from

spleen, brain and liver of mice amplified 1h after i.p. injection of S.

dysenteriae sonicate, after electrophoresis on 2% agarose gel and staining

with ethidium bromide. 

[A]. TNFα. The first column shows the amplification in the liver, the sec-

ond in the brain and the third in the spleen.  A 100 base pair DNA ladder

is shown on the left. 

[B]. IL-1β.  The first column corresponds to the amplification in the liver,

the second to the spleen and the third to the brain. A 100 base pair DNA

ladder is shown on the left. 

Figure 2. RT-PCR for TNFα of RNA from hippocampus, hypothalamus

and spleen of mice amplified 1 h, 6 h, and 18 h after i.p. injection of S.

dysenteriae sonicate.  Photograph of products electrophoresed on 2%

agarose gel and stained with ethidium bromide. 

Figure 3. RT-PCR for IL-1β of RNA from hippocampus, hypothalamus and

spleen of mice amplified 1 h, 6 h, and 18 h after i.p. injection of S.

dysenteriae sonicate.  Products were electrophoresed on 2% agarose gel

and stained with ethidium bromide. 
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dysenteriae sonicate [12]. In the present study we showed 

that mRNA for both TNFα and IL-1β is also induced 

locally in the hippocampus and hypothalamus after intrap-

eritoneal injection of S. dysenteriae sonicate. Although cy-

tokines can stimulate the central nervous system from the 

periphery through the afferent nerves [15], it is most 

probable that the local production of TNFα and IL-1β con-

tributes to the pathological processes inside the brain. 

Pro-inflammatory cytokines have been implicated in 

the pathogenesis of shigellosis in peripheral organs. The 

production of TNFα and IL-1β was demonstrated in the 

human colon, and their increased secretion was correlated 

with the extent of the inflammatory reaction and the 

severity of tissue damage in the colon [16]. Induction of 

TNFα mRNA was also observed in mice after injection of 

Shiga toxin [18]. It has been postulated that in hemolytic 

uremic syndrome, a complication that often occurs after 

infection with S. dysenteriae or with certain Escherichia 

coli strains which produce-Shiga like toxins, the locally 

produced TNFα acts in concert with Shiga toxin to exert 

the renal damage. 

It is unclear whether the induction of TNFα and IL-1β 

in our model is evoked in response to LPS, to Shiga toxin, 

or perhaps to both. An increase in TNFα and IL-1β 

expression in the brain after systemic injection of LPS has 

been reported in several studies [17,19,20].  However, in 

all of those studies, except one [17], the dose of LPS used 

was 1–6.5 mg/kg, which was much higher than in our 

study. The amount of LPS in the sonicate of S. dysenteriae 

injected, as assessed by the LAL method, was 0.5–5 

µg/mouse (20–200 µg/kg). Moreover, Satta et al. [20] 

reported that a low dose of LPS (250 µg/kg) increased IL-

                                                           
LAL = limulus amoebocyte lysate assay 

1β mRNA only 8 h after intraperitoneal injection, in con-

trast to the rapid response that we observed in our study. 

The changes in the expression of TNFα mRNA with 

time, which was found in our study, are in agreement with 

the results of Breder et al. [21] who showed an expression 

of TNFα in various regions of the brain 1.5 h after i.p. 

injection of LPS (50 µg/mouse), a decrease at 6 h, an 

increase at 9 h, and peak expression at 18 h.  Interest-

ingly, the kinetics of mRNA for IL-1β within the brain 

resembles that of TNFα. To the best of our knowledge, 

this is the first study to demonstrate a second elevation in 

IL-1β mRNA 18 h after injection. 

In conclusion, induction of mRNA for TNFα. and IL-1β 

in the hippocampus and hypothalamus implies that in situ 

production of these cytokines is involved in the enhanced 

seizures response of mice after administration of S. 

dysenteriae sonicate. It is possible that intracerebral induc-

tion of TNFα and IL-1β is also involved in the emergence 

of the neurological disturbances in human shigellosis.   

References 

1. Avital A, Maayan C, Goitein KJ. Incidence of convulsions and encepha-
lopathy in childhood Shigella infections.  Clin Pediatr 1982;21:645–8. 

2. Ashkenazi S, Dinari G, Zevulunov A, Nitzan M. Convulsions in child-
hood shigellosis. Clinical and laboratory features in 153 children.  Am J 
Dis Child 1987;141:208–10. 

3. Khan WA, Dhar U, Salam MA, Griffiths JK, Rand W, Bennish ML. 
Central nervous system manifestations of childhood shigellosis: preva-
lence, risk factors and outcome.  Pediatrics 1999;103:E18. 

4. Ashkenazi S, Bellah G, Clearly TG. Hallucinations as an initial manifesta-
tion of childhood shigellosis.  J Pediatr 1989;114:95–6. 

5. Goren A, Freier S, Passwell JH. Lethal toxic encephalopathy due to 
childhood shigellosis in a developed country.  Pediatrics 1992;89:1189–93. 

6. Howard JG. Observations on the intoxication produced in mice and 
rabbits by the neurotoxin of Shigella shia.  Br J Exp Pathol 1955;36:439–46. 

7. Ashkenazi S, May-Zahav M, Dinari G, Gabbay U, Zilberberg R, Samra 
Z. Recent trends in the epidemiology of Shigella species in Israel.  Clin 
Infect Dis 1993;17:897–9. 

8. Ashkenazi S, Cleary KR, Pickering LK, Murray BE, Clearly TG. The 
association of Shiga toxin and other cytotoxins with the neurologic mani-
festations of shigellosis.  J Infect Dis 1990;61:961–5. 

9. O’Brien AD, Tesh VL, Donohue-Rolfe A, Jackson MP, Olsnes S, Sand-
vig K, Lindberg AA, Keusch GT. Shiga toxin: biochemistry, genetics, 
mode of action and role in the pathogenesis. Curr Top Microbiol Immunol 
1992;180:67–94. 

10. Richardson SE, Rotman TA, Jay V, Smith CR, Becker LE, Petric M, 
Oivieri NF, Karmali MA. Experimental verocytotoxemia in rabbits.  Infect 
Immun 1992.60:4154–67. 

11. Yuhas Y, Weizman A, Dinari G, Ashkenazi S. An animal model to study 
the neurotoxicity of bacterial toxins and its application to demonstrate 
that Shigatoxin and lipopolysaccharide cooperate in inducing neurologic 
disorders. J Infect Dis. 1995;171:1244–9. 

12. Yuhas Y, Shulman L, Weizman A, Kaminsky E, Anichkin A, Ashkenazi 

S. Involvement of tumor necrosis factor-α and interleukin–1β in 
enhancement of pentylenetetrazole-induced seizures caused by Shigella 
dysenteriae.  Infect Immun  1999;67:1455–60. 

13. Yuhas Y, Kaminsky E, Mor M, Ashkenazi S.  Induction of nitric oxide 
production in mouse macrophages by Shiga toxin.  J Med Microbiol 
1996;45:97–102. 

14. Chomezynski P, Sacchi N.  Single step method of RNA isolation by acid 
guanidium thiocyanate–phenol-chloroform extraction.  Anal Biochem 
1987;162:156–9. 

15. Watkins LT, Maier SF, Goehler LE. Immune activation: the role of 
pro-inflammatory cytokines in inflammations, illness responses and 
pathological pain states.  Pain 1995;6:289–302. 

 

Figure 4. Comparison of RT-PCR products for TNFα in the hippocampus,

1 and 18 h after i.p. injection of S. dysenteriae sonicate amplified by differ-

ent number of cycles. A 100 base pair DNA ladder is shown on the left.

Photograph of products electrophoresed on 2% agarose gel containing

ethidium bromide. 



Experimental 

90 Y. Nofech-Mozes et al. IMAJ • Vol 2 • February 2000 

16. Raqib R, Wretlind B, Andersson J, Lindberg AA. Cytokine secretion in 
acute shigellosis is correlated to disease activity and directed more to 
stool than to plasma.  J Infect Dis 1995;171:376–84. 

17. Laye S, Parnet P, Goujon E, Dantzer R. Peripheral administration of 
lipopolysaccharide induces the expression of cytokine transcripts in the 
brain and pituitary of mice.  Molec Brain Res 1994;27:157–62. 

18. Harel Y, Silva M, Giroi B, Weinberg A, Cleary TB, Beutler B. A reporter 
transgene indicates renal-specific induction of tumor necrosis factor 
(TNF) by Shiga-like toxin.  Possible involvement of the TNF in hemo-
lytic uremic syndrome.  J Clin Invest 1993;92:2110–16. 

19. Gatti S, Bartfai T. Induction of tumor necrosis factor-α mRNA in the 
brain after peripheral endotoxin treatment: comparison with interleukin-1 
family and interleukin-6.  Brain Res 1993;624:291–4. 

20. Satta MA, Jacobs RA, Kaltsas GA, Grossman AB.  Endotoxin induces 

interleukin-1β and nitric oxide synthase mRNA in rat hypothalamus and 
pituitary.  Neuroendocrinology 1998;67:109–16. 

21. Breder CD, Hazuka C, Ghayur T, Klug C, Huginin M, Yasuda K, Teng 

M, Saper CB.  Regional induction of tumor necrosis factor α expression 
in the mouse brain after systemic lipopolysaccharide administration. Proc 
Natl Acad Sci USA 1994;91:11393–7. 

Correspondence: Dr. S. Ashkenazi, Dept. of Pediatrics A, Schnei-

der Children’s Medical Center of Israel, 14 Kaplan St., Petah Tiqva 

49202, Israel. Tel: (972-3) 925 3680; Fax: (972-3) 925 3056; email: 

ashai@post.tau.ac.il. 

 

 

 

 

 

 

 

 

 

 

 

 

 

DNA repair experts 

High levels of ultraviolet and ionizing radiation can cause 

extensive DNA damage and chromosomal breakage that 

can prove lethal to an organism. White et al. determined 

the genome sequence of Deinococcus radiodurans, the 

most radiation-resistant bacterium known. The sequence 

analysis suggests that several factors contribute to radia-

tion resistance: a large number of DNA repair genes, many 

of which are redundant; polyploidy, which can allow ho-

mologous recombination of double-strand DNA breaks; 

and the presence of a system that exports damaged nu-

cleotides from the cell. The bacteria's natural resistance 

to radiation may prove useful in the bioremediation of 

contaminated radiation and toxic sites. 

Science 1999;286:1571 

 

One can never consent to creep when one feels an im-

pulse to soar. 

Helen Keller


