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Abstract

Malaria, a major endemic tropical disease, is caused by the infection of blood cells by Plasmodium protozoa. Most patients

control their parasitemia by a not fully understood spleen-dependent mechanism. SDF-1a is a chemokine produced by stromal cells

such as reticular spleen cells. Nitric oxide (NO) has several immune functions, including killing of intracellular pathogens and its

function in malaria is debated. We have previously shown that SDF-1a production peaks during the ascending parasitemia in

Plasmodium chabaudi infection and its supplementation in lethal models could reduce the parasitemia. In the present study, we

analyzed SDF-1 production by spleen cells as related to NO metabolism in the P. chabaudi rodent malaria model using IFN-g;

TNFR and iNOS-knockout mice or iNOS-blocked, L-NAME- or aminoguanidine-treated mice. Parasitemia and production of

SDF-1a and SDF-1b were determined by RT-PCR. In vitro NO production by spleen adherent cells was also tested. The data

showed that parasitemia was less intense in both iNOS�/� or NO-inhibited mice than in controls, with increased and long-lasting

production of SDF-1a mRNA. In the absence of cytokines involved in the final regulation of NO production by effector cells, as is

the case for TNFR�/� and GKO mice, the infection progressed in an uncontrolled manner regardless of SDF-1a production,

suggesting that these cytokines must be involved in the control of parasitemia after the SDF-1a dependent process. The SDF-1b
isoform was constitutive in all experiments, with elevated levels only clearly seen in TNFR�/� mice. We conclude that SDF-1 is

involved in the promotion of parasitemia control in malaria, and excessive NO could affect its production.

# 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Malaria, a major public health problem in most

tropical countries, affects 300�/500 million people an-

nually, with 0.5�/2.7 million deaths attributed to the

disease, especially of children in sub-Saharan Africa [1].

The disease is caused by the growth of the Plasmodium

protozoon inside erythrocytes at a privileged intracel-

lular site with difficult access to host immune response

[2]. Most patients control the disease by destroying

erythrocytes in the spleen, but also by killing parasites

inside the erythrocyte. A rapid parasite clearance

depends on an intact spleen, as reported for rodent

malaria models [3]. This clearance is mediated both by

the specific immune response and by a microenviron-

mental relationship between effector cells, with a highly

efficient cell filtration network devoted to senescent

erythrocyte removal [4].

One of the most important cells involved in the

filtration network microenvironment is the reticular or

stromal cell, which is functionally complex and respon-

sible for the homing of effector cells [5]. The organiza-

tion or growth of this microenvironment is regulated by

several mediators, including cytokines and chemokines

[6], small proteins, that are a class of inflammatory
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mediators involved in the control of homing, accumula-

tion or mobilization of specific cells, and related to

several processes associated with microenvironmental

cell localization. They comprise two large classes, with
more than forty molecules described associated with

specific cell receptors [7]. Most of them belong to the

effector and later steps of the immune response, being

inducible by cytokines and produced by effector cells [8].

The second and smaller group is composed of chemo-

kines with housekeeping function, which are produced

mostly by non-inflammatory tissue cells and are devoted

to organ assembling [9].
The spleen reticular cell, the cell involved in the

assembling of the filtration network, produces a che-

mokine called stromal cell-derived factor 1 or SDF-1

[10]. This chemokine is a member of the CXCL12 or

a-chemokine subfamily and is the only known ligand for

the chemokine receptor CXCR4 [11]. SDF-1 and

CXCR4 are constitutively expressed in a large number

of tissues and also regulate embryonic development, so
that knockout of those genes causes fetal loss [12].

Knockout studies have revealed that these two proteins

are mandatory for various developmental processes,

including chemotaxis or homing of myeloid stem cells

from the fetal liver to the bone marrow environment.

SDF-1 has been shown to act as a potent chemoattrac-

tant for peripheral blood cells, monocytes, pre- and pro-

B cells, and CD34 human progenitors, and also blocks
apoptosis of stem cells [13]. This chemokine is expressed

as at least two isoforms, products of the same gene by

differential splicing, SDF-1a and SDF-1b. No studies

are available on their specific functions or on the

molecular mechanisms that mediate these functions [14].

In malaria, effector cells act against parasites inside

the erythrocyte in several ways, such as phagocytosis,

but also by delivering toxic products such as free
radicals and nitric oxide. Nitric oxide (NO) is a multi-

functional signaling molecule that has been shown to

regulate various cellular functions such as hemostasis

[15], apoptosis [16], inflammation [17], vascular tone [18]

and chemotaxis [19]. This free radical is produced from

L-arginine by at least three isoforms of the NO synthase

(NOS) enzyme: type I (neuronal NOS), type II (induci-

ble or iNOS), and type III (endothelial or eNOS),
located in diverse cytoplasmic compartments [20]. The

inducible isoform of NOS (iNOS) can be expressed in

murine splenic macrophages and promotes the death of

several intracellular pathogens [21]. Several groups have

reported a relation between protection against blood

stage malaria and NO levels in serum [22]. IFN-g
knockout mice (GKO) are more susceptible to P.

chabaudi infection and this susceptibility is related to
significantly lower serum NOx (NO2

� plus NO3
� levels

in IFN-g Ko mice as compared with controls [23]. It was

reported that TNF-a, IFN-g and IL-12 are required in

vivo to activate serum NO production during P.

chabaudi malaria and that the enhanced NO production

is related to protection [24]. Macrophages from

P. chabaudi -infected mice produce increased amounts

of NO in vitro, suggesting that this cell type is also the
source of NO in vivo [25]. It was also observed that

CD4� T cell clones of the Th1 type transferred

protection to CD4� T cell-depleted and thymectomized

recipient mice in P. chabaudi models, but treatment of

the recipients with NOS inhibitors abrogated this

protection [26]. Collectively, these findings indicate

that NO production is induced during blood stage

malaria in splenic macrophages by a pathway that
includes IL-12, TNF-a, and IFN-g, indicating a protec-

tive role for NO against blood stage malaria.

In contrast to these results, treatment with the iNOS

inhibitor aminoguanidine (AG) does not alter the time

course of P. chabaudi parasitemia despite the occurrence

of some deaths during ascending parasitemia [27].

Another independent group confirmed these data, with-

out any mortality and also showed that iNOS knockout
mice resolve P. chabaudi and P. berghei parasitemia

with the same efficiency as C57BL/6 controls, indicating

that NO is not required to kill blood stage parasites [28].

These conflicting data suggest that NO production in

malaria could have spectral effects according to the

amounts and site of the production of this radical. For a

parasite killing effect, the exact amount of NO must be

delivered at the appropriate location. If an excess of
microenvironmental NO induces loss of important and

discrete cell populations, the absence of these cells and

their products could suffice to induce severe disease by

impairment of the steps where they are needed.

We recently observed that the mRNA of SDF-a is

mostly produced during the early step of parasitemia

control in a non-lethal rodent malaria model and when

supplemented in a lethal model it induces a significant
reduction of parasite burden [29]. This interaction could

be ascribed to an anti-apoptotic effect of this chemo-

kine, inducing the survival of a discrete cell population

involved in the adequate immune response to malaria,

which could be affected by excessive NO production, as

is the case for the bone marrow dendritic cell suppres-

sion described both in human and rodent malarias [30].

In the present investigation we studied the effect of
NO on SDF-1 mRNA production in the spleen during

non-lethal P. chabaudi malaria in C57BL/6j mice by

analyzing these aspects in iNOS knockout mice and by

iNOS inhibition by L-NAME, and also in mice lacking

crucial cytokines involved in NO production.

2. Material and methods

Reagents and specific products: all solutions were

prepared with commercial reagents of at least pro-

analysis quality and with sterilized 18 MV miIliQ†
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water. When necessary, the specific origins of reagents

are listed in the text.

2.1. Animals and parasites

Male WT control C57BL/6j 5�/6-week-old mice were

provided by our colony (Centro de Bioterismo/FMUSP)

and GKO, TNFR�/� and iNOS�/� mice were pro-

vided by the colony of the Faculty of Medicine at

Ribeirão Preto/USP and maintained in sterilized cages

on absorbent bedding, with food and water ad libitum.

The animals were handled in accordance with the Guide

for the Care and Use of Laboratory Animals [31].
The CR strain of P. chabaudi chabaudi was a generous

from Dr. D. Walliker, University of Edinburgh, UK.

The parasite was stored as stabilates in liquid nitrogen

between experiments to avoid any selection of virulent

strains.

The malaria models were constructed using parasi-

tized red blood cells (PRBC) from an N2-preserved

stabilate injected into a mouse of the same background.
After amplification, 1�/106 parasitized red blood cells

were injected i.p. into individual mice to induce a regular

experimental infection [29]. Parasitemia was monitored

by microscopy in at least 1000 red blood cells of

Giemsa-stained tail blood films [32]. Individual mice

were deeply anesthetized and sacrificed at different time

points according to each type of experimental infection,

and the spleen was aseptically removed, weighed and
stored for subsequent processing.

When necessary, iNOS inhibition was performed by

i.p injection of 50 mg/kg/day NG-nitro-L-arginine methyl

ester (L-NAME, Sigma, St. Louis, MO) or 50 mg/kg

aminoguanidine (Sigma) 2 h before malaria infection,

followed by treatment maintenance with similar daily

injections.

2.2. Histology

Spleen fragments were fixed by immersion in at least

20 vol. 4% formaldehyde in 0.05 M NaPO4, pH 7.2, with

two changes over a period of 4 h and routinely processed

by paraffin embedding. Tissues sections (4 mm) were

stained with hematoxylin�/eosin and organ morphology

was analyzed and recorded using a plan achromatic
optics Leika microscope with a high-resolution digital

imaging camera (Pixera).

2.3. Spleen cell culture

Spleens from normal or infected C57BL/6j mice were

aseptically removed and dissociated with scissors and

needles, until a uniform cell suspension was obtained in
10 ml of RPMI 1640 medium without phenol red (Life

Technologies) supplemented with 10% heat-inactivated

fetal calf serum (WL Imunoquimica, Brazil), 0.2%

glutamine and 10 mg/ml gentamicin. The cells were

recovered by centrifugation at 1000 rpm for 10 mm

and erythrocytes were removed by adding 1 vol. of cold

0.17 M NH4CL, pH 7.4, with gentle shaking, followed
by filtration of the cell suspension through sterile gauze.

After recovery, cells were washed twice with phosphate

buffered saline (PBS), pH 7.2, by centrifugation, sus-

pended in the same media and counted. Cell viability

was determined by Trypan blue exclusion, and prepara-

tions showing less than 90% nucleated cell viability were

discarded. Adherent spleen cell cultures were established

by seeding 100 ml of a splenocyte suspension produced
as described above and suspended in complete medium

at a viable cell concentration of 5�/106 cells/ml on a 96-

well tissue culture plate. The plate was incubated at

37 8C in a moist 5% CO2 atmosphere for 1 h for cell

adherence. After manual shaking, the medium was

removed and the plate refilled with complete medium.

The process was repeated twice for complete non-

adherent cell removal.
Specific stimulation of adherent cells was performed

by adding purified Escherichia coil LPS (Sigma) to a

final concentration of 200 mg/ml in cell medium, with

non-stimulated wells as controls.

2.4. NO determination

NO production was detected in spleen adherent cells

obtained sequentially after malaria infection and pro-
duced as described above. The cells were allowed to

adhere for 1 h and incubated for 48 h in 5% CO2 in

complete medium with or without E. coil LPS. Super-

natants were collected and assayed for NO on the basis

of total nitrogen ions (NOx) determined with an ozone

chemiluminescence system after vanadium catalysis

(Sievers† nitric oxide analyzer) [33]. In addition, nitrite

concentration was calculated by the Griess reaction
using NaNO2 as a standard, without any catalytic or

enzymatic NO3�/NO2 conversion [34].

2.5. Nucleic acid extraction and purification

Chemokine mRNA expression was determined by

applying semi-quantitative RT-PCR to RNA obtained

from a pool of spleens from three animals at each
experimental time. The spleens were weighed and

immediately dissociated mechanically with fine tip

scissors in 4 vol. (w/v) of Trizol† for RNA extraction.

The cell suspension was mixed in a vortex mixer and

stored at �/70 8C for further processing. RNA extrac-

tion was performed by adding chloroform (0.2 vol.) to

the Trizol suspension, vortexing and centrifuging at

11 000 g/15 mm to recover the aqueous phase. The RNA
was precipitated by adding isopropyl alcohol (1:1), with

incubation for 15 min at �/20 8C. After centrifugation,

the RNA pellet was washed with one volume of 75%
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ethanol in water. The total amount of nucleic acid and

its purity were determined by spectrophotometry, and

low purity batches were re-extracted. The nucleic acid

concentration of the final preparation was determined

spectrophotometrically in water and each sample was

adjusted to a final concentration of 0.5 mg RNA/ml,

aliquoted and stored at �/70 8C until the time for use.

2.6. Reverse transcriptase and polymerase chain reaction

[RT-PCR) for the detection of chemokine mRNA

Complementary DNA (cDNA) was synthesized from

5 mm of total spleen RNA using oligo (dT) primers (0.5

mg/reaction) and reverse transcriptase (Super ScriptTM II

RT-Gibco, 200 U/reaction), in 50 mM Tris�/HCI, 75

mM KCl, 3 mM MgCl2 and 0.01 DTT, containing 1

mM of dNTPs in a final volume of 25 ml. The reaction

was incubated at 37 8C for 1 h and immediately used or

stored at �/70 8C. PCR was conducted in a program-

mable thermal cycler PTC-100 (MJ Research Inc.) using

5 ml of cDNA/reaction, 10 pmol of specific primers, with

Taq DNA polymerase (GibcoBRL, 1 U/reaction) in 20

mM Tris�/HCI, pH 8.4, 50 mM KCl, 1.5 mM MgCl2, 1

mM DTT and 0.2 mM dNTPs. The reaction was

conducted for 28 cycles (denaturation, 1 min, 94 8C;

annealing, 1 min, 54 8C; amplification, 2 min, 72 8C).

The primer sequences, elsewhere described [21], were:

SDF-1a (product size 348 bp): sense

CTCCAAACTGTGCCCTTCAG, antisense

AAAGCTCCATTGTGCACGGG, SDF-1b (product

size 368 bp): sense CCGGAATTCCTC-

CAAACTGTGCCCTTCAG, antisense

CCGGAATTCGCCTGTCACCAATGACGTTG; b-

actin [product size 349 bp): sense

TGGAATCCTGTCGCATCCATGAAAC, antisense

TAAAACGCAGCACAGTAACAGTCCG. The PCR

products were separated by usual 6% polyacrylamide gel

electrophoresis with silver staining [35], using consecu-

tive lanes for b-actin, SDF-1a and SDF-1b for each

experimental time and animal. Occasionally, specific

bands were quantified on dried gels using the ImageJ

free software (http://rsb.info.nih.gov/ij/). Values were

expressed as percent b-actin mRNA after background

subtraction, using the stained gel bands of b-actin RT-

PCR product in the same reaction as standard unit.

2.7. Statistical analysis

Data were analyzed statistically by ANOVA followed

by the Bonferroni test to determine subgroup differences

using the Graph Pad Prism 3.0 package, with the level of

significance set at p B/0.05.

3. Results

3.1. Spleen cell culture and NO production

We studied NO production by adherent spleen cells

from at least three P. chabaudi-infected mice per
experimental time. The NO and NOx produced by these

cells in culture medium 48 h after seeding with or

without LPS stimulation, as related to parasitemia

evolution, is presented in Fig. 1. The figure shows that

the highest NO production occurred before the para-

sitemia peaks, between 3 and 6 days after infection,

decaying thereafter to basal levels. This early production

by adherent cells presented a marked LPS-dependent
NO increase which was much lower after parasitemia

control. This pattern was observed when colorimetric

nitrite determination was performed in the same experi-

ment as an additional detection system.

3.2. Parasitemia and SDF-1a production in mice treated

with NO inhibitors

We infected several groups of C57BL/6j mice with 106

parasitized erythrocytes as described in Section 2.
Parasitemia was monitored in tail blood and groups of

animals were killed during the course of non-lethal

disease. Spleen removal, RNA purification and SDF-1a
and b mRNA determination followed, as illustrated in

Fig. 2A. In agreement with the data obtained for NO

determination, parasitemia reached 40% levels by the

8th and 9th day after infection, decaying thereafter and

practically disappearing on the 14th day.
SDF-1 mRNA production was different for each

isoform, being almost constant for SDF-1b, unrelated

to parasitemia, but with a clear SDF-1a mRNA

production occurring at early time points, i.e. 4 and 6

days after infections, with a new re-appearance only

during convalescence.

Fig. 1. Production of NO free radicals by splenic adherent cells during

P. chabaudi infection in C57BL/6j mice. Total NOx (nitrate and

nitrite) production in 48 h culture medium. Symbols: medium from

non-stimulated cells is represented by a solid line and squares, medium

from LPS-stimulated cells as a dashed line and solid triangles, as

compared to the parasitemia observed at spleen collection (circles).

Bars represent the S.E.M.
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Similar groups of mice were treated daily i.p. with 50

mg/kg L-NAME (185 mM), a full NOS inhibitor, or
aminoguanidine (367 mM), an iNOS selective inhibitor

at this concentration. The treatment was started 2 h

before malaria infection and was maintained throughout

the experiment, with non-infected treated animals being

used as controls. There was a clear reduction in

parasitemia in treated animals, with a smaller and

shorter peak (p B/0.05) compared to controls (Fig. 2A)

reaching a maximum by 8�/10 days, followed by
subsequent parasitemia control regardless of whether

L-NAME (Fig. 2B) or aminoguanidine (Fig. 2C) was

used as inhibitor. SDF-1 mRNA production in the

spleen of the three groups according to parasitemia

evolution and was practically abolished at most experi-

mental times in L-NAME-treated animals. This was

especially true for the b isoform, as compared to control

animals, whose SDF-1a mRNA expression presented a
clear increase at early times, disappearing during the

parasitemia peak but occurring again after parasite

clearance. In aminoguanidine-treated animals, SDF-1

mRNA expression of both isoforms was higher com-

pared to control and was maintained throughout the

infection.

3.3. Evolution of P. chabaudi infection in knockout mice

Similarly to the experimental model described above,

we infected and followed groups of mice with knockout

genes in terms of NO production or induction. Groups
of GKO, TNFR�/� and iNOS�/� mice were also

monitored for parasitemia, as illustrated in Fig. 3. GKO

mice presented severe infection with higher parasitemia

(p B/0.05) at early times and reached a higher para-

sitemia peak (80%). Despite the severity of their condi-

tion, none of these mice died, similar to the control at

this experimental time. TNFR�/� mice presented

parasitemia closely similar to that of wild type animals,
with similar peak levels on the 9th day of infection

followed by sustained progression of the infection,

without the decay and control observed in wild type

animals. The parasitemia of iNOS�/� mice was lower

and of short duration as observed in wild type infected

mice, and similar to that observed in L-NAME-treated

mice. The levels of parasitemia were lower, reaching
30% only at later experimental times.

3.4. Expression of SDF-1a mRNA in knockout mice

during P. chabaudi infection

Groups of knockout mice and their wild type controls

were infected as described above described and killed

according to disease progression, with spleen removal.

After RNA extraction, RT-PCR for SDF-1 mRNA was
performed and quantified as described in Section 2, and

the results are illustrated in Fig. 4, together with

descriptive band scans. WT animals presented SDF-1

production similar to that described above, with early

production of SDF-1a mRNA and sustained SDF-1b
production despite faint bands (Fig. 4A). iNOS�/�

mice presented more constant SDF-1a mRNA produc-

tion during infection, with higher production at the last
experimental time. SDF-1b presented the same pattern

as described for L-NAME treated animals, with disap-

pearance of this mRNA at the peak of infection,

followed by an upsurge at the last experimental time,

when parasitemia control began. TNFR�/� mice had

higher levels of SDF-1a mRNA before infection,

followed by a decay and an upsurge at the last

experimental time points. The expression of the SDF-1
b isoform was low in non-infected mice but increased

during infection. GKO mice presented a higher level of

SDF-1a and SDF-1b production before infection, as the

absence of IFN-g result in higher basal levels of SDF-1.

When basal levels were compared to those observed

during infection, SDF-1a levels decayed during the

parasitemia peak to upsurge thereafter, in agreement

with results obtained with other models. The production
of SDF-1 b mRNA was more stable and constant during

malaria in these GKO mice.

3.5. Spleen histology in mice with interference in NO

production

We analyzed the spleen morphology of mice infected

with P. chabaudi, whose NO production was affected by
NOS inhibitor treatment, and of genetically modified

iNOS mice. We examined both non-infected animals

and control non-infected genetically modified mice, with

same iNOS inhibitors treatment, as illustrated in Fig. 5.

The red pulp showed less intense phagocytosis and fewer

pigment-loaded macrophages in both models, which

also presented lower parasitemia compared to control.

In the white pulp there was an apparent packing of
lymphoid cells in follicles in L-NAME-treated animals

or iNOS�/� animals compared to controls, but without

a clear morphological distinction (data not shown).

Fig. 2. Evolution of malarial infection in C57BL/6j mice and in genetic

knockout mice. Wild type mice are represented by squares, iNOS�/�

by diamonds, GKO by circles and TNFR�/� by triangles. Errors bars

represent the S.E.M.
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3.6. Spleen histology of cytokine knockout mice

We performed the histological analysis of the spleen

from knockout animals, infected or not with P. cha-

baudi , collected at the peak of infection. The white pulp

showed irregular cellularity in GKO animals, with

monocytic cell infiltration, while TNFR�/� mice pre-

sented a compact non-activated cellular pattern. In the
red pulp, GKO animals presented lower phagocytosis

and pigmentation compared to control despite their

higher parasitemia, while TNFR�/� mice presented a

less evident reduction of phagocytic activity (Fig. 6).

4. Discussion

We demonstrated a clear inverse relationship between

iNOS-produced NO and SDF-1 mRNA production.

The sequential production of NO-related radicals by

spleen adherent cells was higher before and after intense

parasitemia, being normal or near normal during the
parasitemia peak. Although these data are similar to

previously reported results [36], this production was

quite low, as also observed in Leishmania -infected

macrophages [37]. The importance of this radical for

the spleen has been suggested by other authors by

mRNA iNOS detection [27] using the same model, but

without a clear direct relationship between NO produc-

tion and direct parasite killing. The increased NO
production detected here in adherent cells obtained

from the early low parasitemic stages of infection could

be ascribed to low specificity IL-12-dependent IFN-g

production by NK cells observed both in P. chabaudi

models at the same time points [38] but also in in vitro

Plasmodium -activated PBMC from non-infected hu-

mans [39]. This could explain the higher LPS activation

observed in our study at these time points, in contrast to

the low LPS activation observed during convalescence,

due to the production by specific cells which is less LPS

dependent The absence of a clear increase on NO

production by adherent cells in intense parasitemia

may represent indirect evidence that this radical is

probably not involved in direct parasite killing. The

killing of parasite-infected erythrocytes probably occurs

after phagocytosis by activated macrophages using more

classic radicals such as oxygen or halogen radicals [40],

since oxygen radical production was found to be most

important in parasitemia control in several malaria

models [41].

The present study confirms the role of IFN-g in the

protective immune response to blood-stage malaria, as

described elsewhere for human disease [42] and using

our malaria model [23]. Using GKO mice infected with

the CR strain of P. chabaudi , we observed high

parasitemia levels compared to wild-type mice. Despite

a similar effect in human disease [42], TNFR knockout

mice developed parasitemia similar to WT mice during

the ascending phase of the acute infection, suggesting a

secondary role of this chemokine in parasitemia control

during this step of infection, as described by others [36].

Interestingly, iNOS knockout mice presented lower

parasitemia as compared to WT, as also suggested by

others in similar malaria models [43]. This, however,

contrasted with other infections with intracellular

Fig. 3. SDF-1 expression in the spleen during P. chabaudi malaria in mice treated with NOS inhibitors, as detected by RT-PCR. (A) Control mice.

(B) L-NAME (185 mM) and (C) aminoguanidine (367 mM). The upper chart presents the evolution of parasitemia, with error bars representing the

S.E.M. The lower part presents digital images of specific mRNA products. (1) SDF-1a; (2) SDF-1b; (3) b-actin.
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pathogens such as Trypanosoma cruzi, when iNOS�/�

mice presented higher parasitemia and severe disease

[44]. As suggested by others [45], the explanation for this

finding is a regulatory effect of NO early during

infection, as also shown by us, with induction of

apoptosis of a specific group of cells. This compromises

the ability of the host to achieve a rapid immune

response, which was abolished in iNOS�/� mice, with

an earlier and effective control of parasitemia.

We had shown previously that SDF-1a is produced

during the early stages of parasitemia in this model, and

its supplementation in lethal models could induce a

better immune response to infection [29]. In the present

study we investigated the production of SDF-1 mRNA

by RT-PCR using models with inhibition of iNOS or

both eNOs and iNOS. Controls presented the typical

pattern of early production of the SDF-1a isoform of

this chemokine, while the b isoform was produced in a

constitutive manner. Parasitemia was lower both in mice

tread with L-NAME, a non-selective NOS inhibitor, and

in mice treated with aminoguanidine, an iNOS inhibitor

[46], with related spleen histology, but with diverse

effects on SDF-1 mRNA production. iNOS inhibition

clearly induced the mRNA of both isoforms in the

spleen at most of the experimental time points, while

complete NOS blockade appeared to affect the produc-

tion of both isoforms. Thus, iNOS-inducible NO

production appears to play a regulatory effect, blocking

the production of SDF-1a mRNA, while the complete

blockade of NO production could interfere with another

level of SDF-1 production, probably in endothelial cells,

affecting the production mostly of the b isoform of

Fig. 4. SDF-1 mRNA expression on the spleen during P. chabaudi malaria in knockout mice for enzymes or cytokines involved in NO production, as

detected by RTPCR. (A) WT; (B) iNOS�/�; (C) GKO; (D) TNFR�/�. Parasitemia is expressed as a dashed line with squares, quantified SDF-1a
mRNA as a solid line and triangles, and quantified SDF-1b mRNA as a dashed line with open circles. Error bars represent the S.E.M. for group

measures. The lower part of each chart shows representative digital images of specific mRNA products. (1) SDF-1a; (2) SDF-1b; (3) b-actin.
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SDF-1, but not affecting the early steps of the immune

response which could control the parasitemia, since we

found better control of parasitemia in both models

together with similar low intensity phagocytosis in red

pulp at the height of the infection. iNOS knockout

animals showed the same profile as that of aminogua-

nidine-treated animals, with higher SDF-1a mRNA

production, without affecting the b isoform. In GKO

and TNFR�/� mice, a similar effect with high SDF-1

mRNA production was found, but resulting in similar

or higher parasitemia. This chemokine was present at

higher levels in the spleens of non-infected GKO mice,

with lower but still high levels in non-infected

TNFR�/� mice. After infection, GKO mice presented

an increase of this mRNA in the spleen, without

parasitemia control. At histology, the spleen found to

contain large numbers of inactive monocytic cells in the

white pulp and low numbers of pigment- laden macro-

phages, as compared to controls, probably due to a

constant recruitment of cells, that was also found in

non-infected animals and described elsewhere [47].

These cells fail to became activated due to the absence

of IFN-g, without iNOS NO production and without

their regulatory effect, as proposed by others [48]. These

data support the idea that SDF-1 must be involved in

promoting homing of effector cells that, in the absence

of effective activation, become resident but inactive

cells, without parasite clearance.

Similar data were obtained with TNFR�/� mice,

without the same intensity, probably due to a less

important pro-inflammatory activity of this cytokine

in this malaria model, as suggested by others. An

interesting fact observed was the extremely high pre-

sence of the SDF-1b isoform mRNA in the spleen of

infected TNFR�/� mice, suggesting that some inhibi-

tory effect of this cytokine could affect the production of

this isoform in WT animals. This fact may be related to

blood forming cells since TNF has a diserythropoietic

effect related to malarial anemia, as described elsewhere

[49], indicating that this isoform is associated with

recruitment of blood forming cells.

Few studies were performed with SDF-1 and malaria,

but thus chemokine has been suggested to have an anti-

apoptotic effect [13] in bone marrow transplantation

and is frequently found in chemokine cocktails for stem-

cell rescue [50]. Here we suggested that in our rodent

malaria model the SDF-1-producing cells must be

down-regulated by NO produced by iNOS, depending

on IFN-g and TNF-a pro-inflammatory activation. NO

production by spleen adherent cells during early infec-

tion in fact favors the upsurge of parasitemia and not its

control. These data contrast with those obtained for

classic intracellular parasites [51] for which the produc-

Fig. 5. Histological pictures of spleen red pulp from mice with chemically or genetically abolished NO production during P. chabaudi malaria. The

figure shows representative digital fields of HE-stained red pulp areas observed with a 10�/ planachromatic objective. (A) WT non-infected mice; (B)

WT infected with P. chabaudi ; (C) L-NAME-treated mice infected with P. chabaudi ; (D) iNOS�/� infected with P. chabaudi ? Infected animals were

killed on the 9th day of infection, with L-NAME-treated or iNOS�/� mice presenting lower phagocytosis and less pigment (arrows in controls) in

both models, according to their lower parasitemia.
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tion of NO is considered microbicidal and essential for

disease control.

Despite their intracellular location, the erythrocytic

malaria parasites are not classic intracellular ones

because they always destroy the infected host cell within

a few days, while most of their counterparts are chronic

intracellular inhabitants that must maintains their host

cell living for their survival. Changes in host cell

metabolism by inflammatory or immune factors such

as IFN-g or NO are not expected in our model due to

the infected cell type, the erythrocyte, but also due to the

extremely rapid cell involvement and destruction. In

fact, the response of the host is fully devoted to the

killing of both the infected cell and the parasite, which

could be considered a unit of an extracellular parasite,

and this killing process must depend on the growth and

construction of effector microenvironments, with an

important participation of SDF-1. Our data indicate

that NO free radicals produced by iNOS could interfere

with this SDF-1 production and affect the early steps of

the adequate immune response in non-lethal P. chabaudi

rodent malaria.
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Fig. 6. Histological pictures of spleens from cytokine knockout mice infected with P. chabaudi and adequate controls. The figure shows

representative digital fields of HE stained white and red pulp areas observed with a 10�/ planachromatic objective. Infected animals were killed on

the 9th day of infection. White pulp shows irregular cellularity in GKO animals, with monocytic cell infiltration, while TNFR�/� mice present a

compact nonactivated cellular pattern. In the red pulp, GKO animals present lower phagocytosis and pigment as compared to controls despite their

higher parasitemia, while TNFR�/� mice present less evident reduction of phagocytic activity (arrows).

M.R. Garnica et al. / Immunology Letters 89 (2003) 133�/142 141



References

[1] P. Marens, L. Hall, Emerg. Infect. Dis. 6 (2000) 103�/109.

[2] S.A. Moore, E.G.E. Surgey, A.M. Cadwgan, Lancet Infect. Dis. 2

(2002) 737�/743.

[3] K. Chotivanich, R. Udomsangpetch, R. McGready, S. Proux, P.

Newton, S. Pukrittayakamee, S. Looareesuwan, N. White, J.

Infect. Dis. 185 (2002) 1538�/1541.

[4] A.B. Cruz Cubas, L. Rolland, F. Bricaire, M. Gentilini, L.

Monjour, Presse Med. 29 (2000) 1186�/1190.

[5] H.J. Alves, W. Weidanz, L. Weiss., Am. J. Trop. Med. Hyg. 55

(1996) 370�/378.

[6] F. Sallusto, B. Palermo, D. Lenig, M. Miettinen, S. Matikainen, I.

Julkunen, R. Forster, R. Burgstahler, M. Lipp, A. Lanzavecchia,

Eur. J. Immunol. 29 (1999) 1617�/1625.

[7] M. Baggiolini, J. Intern. Med. 250 (2001) 91�/104.

[8] A. Matsukawa, N.W. Lukacs, C.M. Hogaboam, S.W. Chensue,

S.L. Kunkel, Microsc. Res. Technol. 53 (2001) 298�/306.

[9] M. Baggiolini, Nature 392 (1998) 565�/568.

[10] S.A. Luther, A. Bidgol, D.C. Hargreaves, A. Schmidt, Y. Xu, J.

Paniyadi, M. Matioubian, J.G. Cyster, J. Immunol. 169 (2002)

424�/433.

[11] R.P. Cherla, R.K. Ganju, J. Immunol. 166 (2001) 3067�/3074.

[12] K.J. Simpson, N.C. Henderson, C.L. Bone-Larson, N.W. Lukacs,

C.M. Hogaboam, S.L. Kunkel, Clin. Sci. 104 (2003) 47�/63.

[13] J.J. Lataillade, D. Clay, P. Bourin, F. Herodin, C. Dupuy, C.

Jasmin, M.C. Bousse-Kerdiles, Blood 99 (2002) 1117�/1129.

[14] J.P. Levesque, J. Hendy, Y. Takamatsu, P.J. Simmons, L.J.

Bendall, J. Clin. Invest. 111 (2003) 187�/196.

[15] L.J. Ignarro, C. Napoli, J. Loscalzo, Circ. Res. 90 (2002) 21�/28.

[16] D. Terwel, L.J.M. Nieland, B. Schutte, C.P.M. Reutelingsperger,

F.C.S. Ramaekers, H.W.M. Steinbusch, Eur. J. Pharmacol. 400

(2000) 19�/33.

[17] P.R. Eynott, N. Paavolainen, D.A. Groneberg, A. Noble, M.

Salmon, P. Nath, S.-Y. Leung, K.F. Chung, J. Pharmacol. Exp.

Ther. 304 (2003) 22�/29.

[18] G.E. Mann, L.D. Yudilevich, L. Sobrevia, Physiol. Rev. 83 (2003)

183�/252.

[19] C.F. Benjamim, J.S. Silva, Z.B. Fortes, M.A. Oliveira, S.H.

Ferreira, F.Q. Cunha, Infect. Immun. 70 (2002) 3602�/3610.

[20] H. Jesko, M. Chalimoniuk, J.B. Strosznajder, Neurochem. Int. 42

(2003) 315�/322.

[21] R. Ogawa, R. Pacelli, M.G. Espey, K.M. Miranda, N. Friedman,

S.M. Kim, G. Cox, J.B. Mitchell, D.A. Wink, A. Russo, Free

Radic. Biol. Med. 30 (2001) 268�/276.

[22] P. Jacobs, D. Radzioch, M.M. Stevenson, Infect. Immun. 64

(1996) 44�/49.

[23] Z. Su, M.M. Stevenson, Infect. lmmun. 68 (2000) 4399�/4406.

[24] M.M. Stevenson, M.F. Tam, S.F. Wolt, A. Sher, J. Immunol. 155

(1995) 2545�/2556.

[25] A.W. Taylor-Robinson, E.C. Smith, Immunol. Lett. 67 (1999) 1�/

9.

[26] P. Jacobs, D. Radzioch, M.M. Stevenson, Infect. Immun. 64

(1996) 535�/541.

[27] P. Jacobs, D. Radzioch, M.M. Stevenson, J. Immunol. 155 (1995)

5306�/5313.

[28] N. Favre, B. Ryffel, W. Rudin, Parasitology 118 (1998) 139�/143.

[29] M.R. Garnica, J.T. Souto, J.S. Silva, H.F. Andrade, Jr, Immunol.

Lett. 83 (2002) 47�/53.

[30] C. Ocaña-Morgner, M.M. Mota, A. Rodriguez, J. Exp. Med. 197

(2003) 143�/151.

[31] D.J. Clark, Guide for the Care and Use of Laboratory Animals,

National Academy Press, Washington, DC, 1996.

[32] J.B. Miale, in: J.B. Miale (Ed.), Laboratory Medicine Hematol-

ogy, Mosby, St. Louis, MO, 1997, pp. 1003�/1006.

[33] M. Marzinzig, A.K. Nussler, J. Stadler, E. Marzinzig, W.

Barthlen, N.C. Nussler, H.G. Beger, S.M. Morris, Jr, U.B.

Bruckner, Nitric Oxide 1 (1997) 177�/189.

[34] G.M. Alves, M.A. Barao, L.N. Odo, G. Nascimento Gomes, C.

Md Mdo Franco, D. Nigro, S.R. Lucas, F.R. Laurindo, L.I.

Brandizzi, F. Zaladek Gil, Pediatr. Nephrol. 17 (2002) 856�/862.

[35] A. Talvani, C.S. Ribeiro, J.C. Aliberti, V. Michailowsky, P.V.

Santos, S.M. Murta, A.J. Romanha, I.C. Almeida, J. Farber, J.

Lannes-Vieira, J.S. Silva, R.T. Gazzinelli, Microbes Infect. 2

(2000) 851�/866.

[36] H. Sam, Z. Su, M.M. Stevenson, Infect. Immun. 67 (1999) 2660�/

2664.

[37] S. Bhattacharyya, S. Ghosh, B. Dasgupta, D. Mazumder, S. Roy,

S. Majumdar, J. Infect. Dis. 185 (2002) 1704�/1708.

[38] H. Sam, M.M. Stevenson, J. Immunol. 162 (1999) 1582�/1589.

[39] K. Artavanis-Tsakonas, E.M. Riley, J. Immunol. 169 (2002)

2956�/2963.

[40] A. Yadava, S. Kumar, J.A. Dvorak, G. Milon, L.H. Miller, Proc.

Natl. Acad. Sci. USA 93 (1996) 4595�/4599.

[41] L.A. Sanni, S. Fu, R.T. Dean, G. Bloomfield, R. Stocker, G.

Chaudhri, M.C. Dinauer, N.H. Hunt, J. Infect. Dis. 179 (1999)

217�/222.

[42] D. Dodoo, F.M. Omer, J. Todd, B.D. Akanmori, K.A. Koram,

E.M. Riley, J. Inf. Dis. 185 (2002) 971�/979.

[43] H.C. van der Heyde, B. Pepper, J. Batchelder, F. Cigel, W.P.

Weidanz, Exp. Parasitol. 85 (1997) 206�/213.

[44] G.A. Martins, L.Q. Vieira, F.Q. Cunha, J.S. Silva, Infect Immun.

67 (1999) 3864�/3871.

[45] P.K. Kim, R. Zamora, P. Petrosko, T.R. Billiar, Int. Immuno-

pharmacol. 1 (2001) 1421�/1441.

[46] C.F. Benjamim, J.S. Silva, Z.B. Fortes, M.A. Oliveira, S.H.

Ferreira, F.Q. Cunha, Infect. Immun. 70 (2002) 3602�/3610.

[47] D.K. Dalton, S. Pitts-Meek, S. Keshav, I.S. Figari, A. Bradley,

T.A. Stewart, Science 259 (1993) 1739�/1745.

[48] F. Wu, G. Cepinskas, J.X. Wilson, K. Tyml, Microcirculation 8

(2001) 415�/425.

[49] V. Nussenblatt, G. Mukasa, A. Metzger, G. Ndeezi, E. Garrett,

R.D. Semba, Clin. Diagn. Lab. Immunol. 8 (2001) 1164�/1170.

[50] H.E. Broxmeyer, S. Cooper, L. Kohli, G. Hangoc, Y. Lee, C.

Mantel, D.W. Clapp, C.H. Kim., J. Immunol. 170 (2003) 421�/

429.

[51] S.H. Oliveira, S.G. Fonseca, P.R. Romao, S.H. Ferreira, F.Q.

Cunha, Mem. Inst. Oswaldo Cruz 92 (1997) 233�/235.

M.R. Garnica et al. / Immunology Letters 89 (2003) 133�/142142


	Stromal cell-derived factor-1 production by spleen cells is affected by nitric oxide in protective immunity against blood-stage
	Introduction
	Material and methods
	Animals and parasites
	Histology
	Spleen cell culture
	NO determination
	Nucleic acid extraction and purification
	Reverse transcriptase and polymerase chain reaction [RT-PCR) for the detection of chemokine mRNA
	Statistical analysis

	Results
	Spleen cell culture and NO production
	Parasitemia and SDF-1alpha production in mice treated with NO inhibitors
	Evolution of P. chabaudi infection in knockout mice
	Expression of SDF-1alpha mRNA in knockout mice during P. chabaudi infection
	Spleen histology in mice with interference in NO production
	Spleen histology of cytokine knockout mice

	Discussion
	Acknowledgements
	References


