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Abstract The role of nitric oxide (NO) in granuloma
pathology is largely unclear to date. We investigated the
role of NO in fibrotic granuloma development in the
musculature of mice infected with Toxocara canis from
1 day (dpi) to 8 weeks post-infection (wpi) using the NO
synthase (NOS) inhibitors, L-NIL (l-N6-1-iminoethyl lysine).
In infected mice, elevated serum NO concentrations were
seen at 1 dpi (204.1±0.2 μM) and 1 wpi (145.1±0.2 μM); it
declined drastically from 4 wpi onwards (57.0±0.1 μM). In
L-NIL-treated mice, the NO concentration was drastically
reduced from 15% during 1 wpi; thereafter, it was restored to
almost half that in infected mice. Inducible NOS expression
was enhanced in infected and L-NIL-treated mice at 4 wpi
but declined at 8 wpi as assessed by immunohistochemistry.
L-NIL treatment resulted in large, irregularly shaped granu-
lomas with suppressed collagen contents at 4 wpi but not at
8 wpi. The suppressed collagen contents might have been

related to decreased serum NO and Th2-type cytokine of
interleukin-4 but not Th1-type cytokine of interferon-γ
expression.

Introduction

A granulomatous inflammatory response is the hallmark of
a large number of human and animal diseases, including
schistosomiasis, tuberculosis, and toxocariasis (Kayes and
Oaks 1978; Stavitsky 2004; Lousada et al. 2006). Activated
cells within granulomas liberate their products, which
might impact dynamic characteristics to this kind of lesion,
and nitric oxide (NO) is one of the mediators secreted by
cells, which organize the granulomatous lesion (Kreuger
et al. 1998). In mammalian cells, NO is formed from
L-arginine by the enzyme, NO synthase (NOS, EC1.
14.13.39). The family of NOS isoforms falls into two
dominant categories: a constitutive low-output form [endo-
thelial NOS (eNOS) and neuronal NOS (nNOS)] and a
cytokine-inducible high-output form (iNOS). It has been
recognized that CDþ

4 Th1-associated cytokines and bacte-
rial products such as lipopolysaccharide can activate iNOS
to produce high levels of NO that may play critical roles in
host defense and pathological damage to host tissues
(James 1995). Many studies have analyzed the protective
role of NO in host defense against Th1-inducing protozoan
infections, e.g., Plasmodium falciparum, as well as Th2-
stimulating helminthic infections, e.g., Schistosoma japoni-
cum (James 1995).

Toxocara canis is an intestinal nematode of canines, and
its embryonated eggs are infectious to both final and
paratenic hosts including humans and rodents (Kayes
2006). Clinical human toxocariasis cases associated with
pyomyositis have been reported (Rayes et al. 2000). Several
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studies have indicated that T. canis larvae might elicit
varying degrees of granulomatous inflammation in internal
organs including the musculature of mice (Fan et al. 2003;
Kayes 2006). In addition, constant activation of the Th2-
type immune response in experimental toxocariasis might
drive these lesions to develop into fibrotic granulomas with
an extensive extracellular matrix, e.g., collagen accumula-
tion through modulation of fibrosis-related cytokines,
especially of transforming growth factor-β1 (TGF-β1) that
is harmfully destructive to these organs (Blobe et al. 2000;
Cuellar et al. 2001; Fan et al. 2003; Kayes 2006).

Nevertheless, somatic T. canis L2 antigens are reported
to be capable of stimulating the production of NO by rat
alveolar macrophages through upregulation of iNOS in
vitro (Espinoza et al. 2002a, b), and our previous study also
indicated that infiltrated leukocytes expressing iNOS likely
play an important role in the pathogenesis of granulomatous
hepatitis caused by T. canis in mice (Fan et al. 2004a, b).
However, the underlying mechanisms of how iNOS and/or
NO exert their protective or destructive effects, e.g., fibrotic
granuloma formation in tissue in vivo, remain unclear.

Our present studies indicated that iNOS inhibitions
influence musculature granuloma formation by suppression
of collagen expression as proposed due to decreased serum
NO and interleukin-4 (IL-4), but not interferon-γ (IFN-γ),
concentrations in mice infected with T. canis.

Materials and methods

Egg culture and the experiment protocol

Egg culture and the inoculation protocol were as described
in our previous study (Fan et al. 2003). Briefly, female
worms were dissected, and the anterior one third of the
uterus was stirred in 10 ml of a 1% sodium hypochlorite
solution and incubated for 5 min at room temperature;
thereafter, distilled water was added to bring the volume up
to 20 ml. The mixture was then filtered through two layers
of gauze to remove large tissue debris, and the resulting
material was centrifuged for 5 min at 2,000×g. The
supernatant was discarded, and the pellet was washed twice
with distilled water and once with 2% formalin. The eggs
were resuspended in 2% formalin and placed in a 250-ml
Erlenmeyer flask, to which additional 2% formalin was
added to bring the liquid level to approximately 1 cm deep.
The flask was covered with parafilm (American National
Can™, Greenwich, CT, USA) and incubated at room
temperature for 8~9 weeks with gentle weekly agitation;
thereafter, they were stored at 4°C until use. Eggs were
washed with water to remove the formalin before use.

Female ICR mice aged 6~8 weeks were obtained from
the Center for Experimental Animals, Academia Sinica,

Taipei, Taiwan. Mice were housed in the animal facility of
Taipei Medical University and maintained on commercial
pellet food and water ad libitum. Viability of the T. canis
embryonated eggs was assessed by the light stimulation
method before use (O’Lorcain 1995). Each mouse was
infected with about 250 T. canis embryonated eggs in
100 μl of water by oral intubation (Fan et al. 2003).

Infected mice were deeply anesthetized with ether and
killed by heart puncture at 1 day (dpi) and 1, 4, and 8 weeks
post-infection (wpi), respectively. On each date, three
infected mice and two age-matched uninfected mice were
killed for serum collection and muscle processing. Serum
was tested for either the presence of total nitrite derived
from NO or cytokines including IL-4 and IFN-γ. Muscle
tissue from each mouse was processed for the histological
study.

All animal experiments were carried out in accordance
with institutional Policies and Guidelines for the Care and
Use of Laboratory Animals of Taipei Medical University,
and all efforts were made to minimize animal suffering.

Treatment with NOS inhibitor

A selective iNOS inhibitor, l-N6-(1-iminoethyl)-lysine (L-
NIL; Sigma Chemical Co., St. Louis, MO, USA; Moore
et al. 1994) was used, and it was administered according to
the method described by Gabbai et al. (1997). Before
treatment, the effects of 30 and 50 μg/ml L-NIL on
inhibiting NO production at 1 dpi were pre-screened, and
50 μg/ml L-NIL was found to exhibit better effects at
decreasing NO concentrations (data not shown). Thus,
50 μg/ml L-NIL was used and mixed with acidified
drinking water, while normal tap water was provided to
the control groups of uninfected mice. Treatment com-
menced 1 day after the mice were inoculated with the eggs.
Water bottles were changed every other day until the end of
the experiment. The amount of drinking water consumed
was monitored during the course of the experiment. No
difference in water intake was found between the treated
and control groups of mice.

Serum nitrite determinations

After reducing the nitrate to nitrite with nitrate reductase,
nitrite concentrations were indirectly measured by a
quantitative colorimetric assay using the Griess reagent
system (Promega, Madison, WI, USA; Fan et al. 2004a, b).
This method had a sensitivity of up to 2.5 μM if low nitrite
is present. Briefly, 50 μl of freshly prepared Griess reagent
(1% sulfanilamide, 0.1% naphthylethylene diamide dihy-
drochloride, and 2.5% ortho-phosphoric acid) was added to
50-μl aliquots of serum and incubated at room temperature.
Duplicate tests were run on each test sample. After 10 min,
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the absorbance at 540 nm was determined in individual
wells with an automated spectrophotometer (Molecular
Devices, Vmax®, Sunnyvale, CA, USA). The nitrite con-
centration in samples was calculated with reference to a
sodium nitrite standard curve.

Immune responses assessed by ELISA

The serum cytokines investigated were IL-4 and IFN-γ.
Levels of production were determined by a sandwich
enzyme-linked immunosorbent assay (ELISA) using com-
mercially available reagents (R&D Systems, Minneapolis,
MN, USA). When the level exceeded the detection limit,
five- or tenfold dilutions were used. Cytokine levels in the
serum were assessed in duplicate and averaged according to
manufactory’s instructions.

Histopathological changes and collagen distribution

The musculature obtained from the neck of each mouse was
fixed separately in 10% neutral-buffered formalin for at
least 24 h and embedded in paraffin for pathological and
immunohistochemical studies. Several serial sections were
cut at a 5-μm thickness for each muscle tissue from each
mouse. Paraffin was removed by heating the sections for
1 h at 65°C. These sections were dewaxed by washing three
times for 5 min each in xylene, then rehydrated through
100, 95, and 80% ethanol for 5 min each, and finally rinsed
with distilled water. After staining with hematoxylin and
eosin (H&E), pathological changes were examined under a
light microscope. In addition, muscle sections were also
processed for Masson–Trichrome (M&T) staining to assess
the collagen distribution in the injured areas (Lopez et al.
2006).

Immunohistochemical detection of iNOS expression

Muscle sections were deparaffinized by incubation at 58°C
for 40 min, followed by immersion in xylene and then
rehydration through descending ethanol gradients before
further processing. The method for immunohistochemical
detection of iNOS was as described in our previous study
(Fan et al. 2004a, b). Briefly, endogenous peroxidase
activity was blocked with 3% hydrogen peroxide (Merck,
Taufkirchen, Germany). The tissue section slides were
submerged in 10 mM sodium citrate buffer at pH 6.0, and
heated in an 830-W microwave oven (Sunpentown, Ciba,
Japan) for at least 5 min to retrieve the antigens. To reduce
the background staining, an avidin/biotin blocking kit
(SP2001, Vector, Burlingame, CA, USA) was employed
to block endogenous avidin/biotin activity in the muscle
tissue. To eliminate nonspecific staining, Fc receptors were

blocked with diluted normal goat serum (X0907, Dako,
Carpinteria, CA, USA) for 30 min at room temperature in a
humid chamber. Sections were then incubated for at least
12 h at 4°C with a rabbit anti-mouse iNOS polyclonal
antibody (cat. no. 482728, EMD Biosciences, San Diego,
CA, USA) diluted (at 1:500) in phosphate-buffered saline;
thereafter, sections were washed with 0.05% Tween 20-
Tris–HCl buffer three times for 5 min each. A set of
immunohistochemical detection kits (K4003, Dako) was
employed to detect iNOS-expressing cells, by incubation
with the horseradish peroxidase-conjugated goat anti-rabbit
antibody for 40 min at room temperature. The presence of
peroxidase was detected with the chromogen 3,3-diamino-
benzidine (K3468, Dako), which resulted in a brown color.
Sections were counterstained with Gill’s hematoxylin
(H3401, Vector), dehydrated, and mounted with mounting
medium (H5000, Neomarkers, Fremont, CA, USA). To
confirm the validity of the staining results, a human tonsil
section was used as a positive control (Fan et al. 2004a, b).
To ascertain the specificity of the staining, positive control
sections were treated as described above, but with omission
of the primary antibody. In addition, human tonsil sections
using normal rabbit serum as the primary antibody serving
as negative controls were also included.

Quantification of iNOS-expressing cells, granuloma
diameter, and collagen contents by computerized image
analysis

Images for analysis were captured using a digital camera
(Nikon, Coolpix 5700, Tokyo, Japan). To determine the
granuloma diameter (mean of the longest length plus the
width), each specimen slide was assessed microscopically
under a low-power-field at 100× magnification by totally
counting 10~15 granulomas per experimental group of
infected (three mice/group) or L-NIL-treated mice (three
mice/group). The mean percentages (%) of immunoreac-
tive cells to anti-iNOS antibody or M&T-positive areas
on each specimen slide were assessed microscopically
under a high-power field (HPF) at 400× magnification by
totally counting 15~20 or 20~30 fields of areas contain-
ing infiltrate or collagen per experimental group of
infected mice (three mice/group), L-NIL-treated mice
(three mice/group), or control group of uninfected mice
(two mice/group) using an optical image analyzer (Image-
Pro Plus 5.1, Media Cybernetics, Silver Spring, MD,
USA). Values are expressed as the mean diameter of 10–
15 granulomas, or the mean percentage (%) of iNOS-
positive cells and M&T-positive areas calculated from
15~20 and 20~30 HPF areas ± the standard deviation of
the mean (SD) of 10~15 granulomas, respectively. To
confirm the results, most experiments were carried out at
least twice.
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Statistical analysis

Analysis of serum NO, cytokine concentrations, granuloma
size, M&T-positive areas, and iNOS-positive cells was
carried out with the Welch corrected unpaired t test or the
non-parametric Mann–Whitney test. In all cases, P<0.05
was considered statistically significant. Statistical analysis
was done using the software GraphPad Instant version 3.01
(GraphPad Software, San Diego, CA, USA).

Results

Reduced serum nitrite levels in L-NIL-treated groups
of infected mice

The total serum NO level in infected mice quickly reached
a peak of 204.1±0.2 μM at 1 dpi, which was almost seven
times that of the control group of uninfected mice (29.5±
0.1 μM; P<0.001). Thereafter, it gradually declined from
145.1±0.2 μM at 1 wpi to 38.4±0.1 μM at 8 wpi; however,
it remained high at two to six times that of the control
group of uninfected mice from 1 to 8 wpi (Fig. 1). In L-
NIL-treated mice, the serum NO concentration (32.8±
0.1 μM) drastically dropped to about 15.0% of the NO
level in infected mice during 1 wpi; thereafter, it slightly
increased to 40.5 and 53.6% of the NO level in infected
mice at 4 wpi (23.1±0.3 μM) and 8 wpi (20.6±0.0 μM),
respectively (Fig. 1). Nonetheless, the NO levels in L-NIL-
treated mice remained higher than that of uninfected aged-
matched control mice at 1 dpi, 1, and 8 wpi, respectively
(P<0.001; Fig. 1).

L-NIL treatments alter the morphology of T. canis
larvae-induced lesions

Lesions induced by T. canis larvae in the musculature of
mice were characterized by varying sizes of intact granu-
loma with inflammatory cells including polymorphonuclear
(PMN) leukocytes, epithelioid cells, and multinucleated
giant cells at both 4 and 8 wpi (Figs. 2 and 3a). When the
animals were treated with L-NIL, the architecture of the
granulomatous lesions seemed to become more irregular
and looser with necrotic debris than that seen in infected
mice at 4 or 8 wpi (Figs. 2 and 3b). Moreover, a significant
increase in the diameter of T. canis-induced granuloma in
the musculature of L-NIL-treated mice was seen at both 4
and 8 wpi (Figs. 2, 3a and b, and 4a).

At 4 and 8 wpi, it was evident that the granuloma size in
infected mice treated with L-NIL (466.8±65.6 or 428.7±
54.6 μm; P<0.001) was larger than that in the infected
group of mice (305.9±37.0 or 234.7±45.2 μm; Fig. 4a).
Nevertheless, the granuloma size slightly decreased with
time as observed from 4 to 8 wpi in both experimental
groups of mice in the trial (Fig. 4a).

Decreased collagen deposition in granulomas influenced
by NOS inhibition

In general, the pattern of collagen distribution was nearly
identical among these three experimental groups of mice in
the trial. Most of the collagen deposition was present in the
outer rim of granulomas by 4 wpi (Fig. 2c,d). The staining
intensity became more prominent and was predominantly
deposited amid the granulomas as observed at 8 wpi in
these three experimental groups of mice (Fig. 3c,d).

Fig. 1 Chronological changes
in concentrations of serum
nitrite calculated from Toxocara
canis-infected mice (INF; n=3)
and T. canis-infected mice
treated with L-NIL (L-NIL-Trd;
n=3), and uninfected control
mice (Uninfected ctrl; n=2)
from day (D) 1 to week (W)
8 post-infection
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Between both experimental groups as assessed at 4 wpi,
a significant difference in collagen contents in granulomas
was observed in L-NIL-treated mice (3.2±1.0%, P<0.05)
compared to that in infected mice (5.7±1.9%; Fig. 4b). At
8 wpi, no significant difference in collagen contents
between these two groups was found (P>0.05; Fig. 4b).
Nevertheless, collagen significantly increased by 1.6- to3.4-
fold as observed from 4 to 8 wpi in both experimental
groups (Fig. 4b). No collagen deposition was found in the
musculature of any uninfected age-control mice (data not
shown).

Reduced iNOS expression in L-NIL-treated groups
of infected mice

Localization of iNOS reactivity revealed that most of the
infiltrating PMN leukocytes whether in the middle or at the

rim of granulomas were positive for iNOS in both exper-
imental groups of mice, whereas fainter intensity of iNOS
staining in L-NIL-treated mice than that in infected mice
was found at 4 and 8 wpi (Figs. 2 and 3e,f). Interestingly,
strong iNOS-like molecule expression was also detected on
the surface or body of larvae trapped in granulomas in both
experimental groups of mice (Figs. 2 and 3e,f). The normal
musculature was always negative for iNOS as seen in the
infected mice, L-NIL-treated mice, and uninfected mice.
Furthermore, negative controls showed no iNOS signal
(data not shown).

Overall the highest iNOS expression was observed at
4 wpi, which then had declined by 8 wpi in both
experimental groups of mice (Fig. 4c). The percentage of
iNOS-positive inflammatory cells at 4 wpi in infected mice
(31.2±3.7%) was higher than that in L-NIL-treated mice
(18.6±5.4%) (Fig. 4c). At 8 wpi, no statistical difference

Fig. 2 Representative pathological changes, collagen distribution, and
inducible nitric oxide synthase (iNOS) expressions in the musculature
from mice infected with Toxocara canis with or without treatment
with L-NIL at 4 weeks post-infection assessed by hematoxylin–eosin
(H&E), Masson–Trichrome (M&T), and immunohistochemical (IHC)
staining. H&E staining: Developing granuloma with intensive inflam-
matory infiltration in T. canis-infected mice (a), T. canis-infected mice
treated with L-NIL (b). The arrowhead indicates a larval section.
M&T staining: Abundant collagen deposition in granuloma in T.
canis-infected mice (c), whereas suppressed collagen deposition was

seen in T. canis-infected mice treated with L-NIL (d). The arrow
indicates collagen, and the arrowhead indicates a larval section. IHC
staining: Inflammatory cells with intensive iNOS expression in
granuloma in T. canis-infected mice (e), whereas weak iNOS
expression was seen in T. canis-infected mice treated with L-NIL (f).
The arrow indicates iNOS-expressing infiltrated cells, and the
arrowhead indicates a larval section. The inserts are higher magnifi-
cations of iNOS-expressing infiltrated cells and iNOS-like molecule
detected in larvae in e and f, respectively. All bars=50 μm
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was evident between infected mice (18.4±1.8%) and L-
NIL-treated mice (16.5±4.4%; P>0.05; Fig. 4c).

Inhibition of iNOS did not materially affect the Th2 bias
of the immune response to T. canis infection

A Th2-type response is commonly associated with IL-4,
while IFN-γ is associated with a Th1-type one (Ansel et al.
2006). Overall, a significantly higher IL-4 concentration
was found in infected mice and L-NIL-treated mice than in
uninfected control mice in the trial; nevertheless, infected
mice (132.68±6.73 and 185.72±19.97 pg/ml; n=3)
exhibited a higher IL-4 concentration than that of L-NIL-
treated mice (104.24±1.75 and 119.92±27.27 pg/ml; n=3)
as seen at 1 and 4 wpi, respectively (P < 0.05; Fig. 4d).
However, similarly high IL-4 concentrations were found
between these two experimental groups of mice at 8 wpi

(Fig. 4d). Regarding IFN-γ, no significant difference was
found between infected (n=3) and L-NIL-treated mice (n=
3) from 1 dpi to 8 wpi; in addition, no significant difference
in IFN-γ concentration was found between any of these
two experimental groups of mice and uninfected control
mice (15.26±1.06 pg/ml; n=8) in the trial (Fig. 4e).

Discussion

Previous studies indicated that iNOS is clearly involved in a
variety of inflammatory processes elicited by various
microbial pathogens including parasites (James 1995;
Kreuger et al. 1998; Stavitsky 2004; Lousada et al. 2006).
Although several studies have indicated that iNOS exerts
deleterious effects on the liver, brain, and lungs of T. canis-
infected rodents (Fan et al. 2004a, b; Gargili et al. 2004)

Fig. 3 Representative pathological changes, collagen distribution, and
inducible nitric oxide synthase (iNOS) expressions in the musculature
of mice infected with Toxocara canis with or without treatment with
L-NIL at 8 weeks post-infection assessed by hematoxylin–eosin
(H&E), Masson-Trichrome (M&T), and immunohistochemical (IHC)
staining. H&E staining: Developed granuloma with trapped larvae in
T. canis-infected mice (a) and T. canis-infected mice treated with L-
NIL (b). The arrowhead indicates a larval section. M&T staining:
Apparent collagen deposition in granuloma in T. canis-infected mice

(c) and T. canis-infected mice treated with L-NIL (d). The arrow
indicates collagen, and the arrowhead indicates a larval section. IHC
staining: Inflammatory cells with moderate iNOS expression in
granuloma in T. canis-infected mice (e), whereas weak iNOS
expression was seen in T. canis-infected mice treated with L-NIL (f).
The arrow indicates iNOS-expressing infiltrating cells, and the
arrowhead indicates a larval section with iNOS-like expression. All
bars=50 μm
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and inhibition of iNOS expression might diminish such
damage caused by this enzyme (Espinoza et al. 2002a, b;
Gargili et al. 2004; Demirci et al. 2006), there have been no
studies of iNOS/NO’s involvement in fibrotic granuloma

formation in myositis elicited by T. canis in mice. In the
present study, we investigated the role of iNOS/NO in
granuloma formation in the musculature of T. canis-infected
mice using the NOS inhibitors, L-NIL.

Fig. 4 Mean diameter (a) calculated from 10~15 granulomas at 100×
magnification from nine slide specimens of Toxocara canis-infected
mice (Infected; n=3) and T. canis-infected mice treated with L-NIL
(L-NIL-Trd; n=3) at 4 and 8 weeks (W) post-infection, respectively.
The mean percentage of collagen distribution (b) calculated from
20~30 HPFs of 10~15 granulomas at 400× magnification from nine
slide specimens of Toxocara canis-infected mice (Infected; n=3) and
T. canis-infected mice treated with L-NIL (L-NIL-Trd; n=3) at 4 and
8 weeks post-infection, respectively. The mean percentage of iNOS

expression (c) calculated from 15~20 HPFs of 10~15 granulomas at
400x magnification from 9 slide specimens of Toxocara canis-infected
mice (Infected; n=3) and T. canis-infected mice treated with L-NIL
(L-NIL-Trd; n=3) at 4 and 8 weeks post-infection, respectively. The
IL-4 (d) and IFN-γ (e) concentrations ± standard deviation (SD)
calculated from pooled serum of Toxocara canis-infected mice
(Infected; n=3), T. canis-infected mice treated with L-NIL (L-NIL-
Trd; n=3), and uninfected control mice (n=8) from day 1 to week 8
post-infection
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In the present study, vigorous serum NO production was
detected at the beginning of infection at 1 dpi, which then
declined drastically from 4 wpi onwards. This finding is
basically similar to the kinetics of NO production reported
in our previous study (Fan et al. 2004a, b) and studies on S.
japonicum by Hirata et al. (2001). This result seems to
explain why the rapid increase in NO production in the
early infection is associated with an early inflammatory
response against T. canis larval invasion; however, this free
radical seemed likely to be useless in killing this parasite.
Espinoza et al. (2002a, b) indicated that nitric oxide donors
exerted no cytotoxic effect on the in vitro viability of T.
canis larvae. The present study showed that L-NIL
exhibited potent inhibitory effects on NO synthesis during
T. canis infection. As iNOS, but not eNOS or nNOS, exerts
potent effects on massive NO production during tissue
damage/repair (Schwentker et al. 2002), it might be
explained by L-NIL directly inactivating iNOS activity
through altering heme residues at the active site thus
leading to loss of the ability to catalyze the NOS substrate,
L-arginine, to form large amounts of NO (Bryk and Wolff
1998).

In the present study, we investigated iNOS expressions
in musculature granulomas at 4 and 8 wpi because no
granulomatous lesions were found in musculature tissues in
any of these two experimental groups of mice at 1 dpi or
1 wpi. When iNOS expression was detected by immuno-
histochemistry, the most vigorous iNOS expression was
found in infected mice at 4 wpi when the granulomas were
under-developed; 4 weeks later, it was markedly decreased
when the granulomas had matured. However, very faint
iNOS expression was found in infected mice treated with L-
NIL at 4 wpi, which confirms that this chemical was
effective in inhibiting iNOS expression. This result was
also similar to those of studies of S. japonicum egg-induced
granuloma formation in mouse liver treated by L-NIL
(Hirata et al. 2001).

Interestingly, T. canis larvae per se seemed to have an
iNOS-like molecule in their hypodermis and muscle, and
this molecule did not seem to be influenced by L-NIL
treatment as observed in Figs. 2 and 3f; this finding was
also seen in larvae trapped in hepatic granulomas in our
previous study (Fan et al. 2004a, b) and one by Demirci
et al. (2006). Although it remains unclear why this iNOS-
like molecule occurs in the hypodermis and muscle of
T. canis larvae, it was proposed that this iNOS-like mole-
cule might facilitate larval migration or adaptation in
host tissues (Espinoza et al. 2002a, b; Demirci et al.
2006) because regardless of whether NO is released from
either host cells or the parasite itself, it triggers blood
vessel dilation (Torreilles 2001). Laboratory toxocariasis
models have described how T. canis larvae are character-
ized by migration through the bloodstream until they reach

their final niche inside the host, and this bloodstream
migration is clearly facilitated by blood-vessel dilatation
(Espinoza et al. 2002a, b). However, the assumption that
larval NO might also be effective in larval migration
requires further investigation (Demirci et al. 2006). Never-
theless, cross-reactivity between mammalian and nematode
enzymes or a non-specific binding effect might also be
possible.

The effect of NOS inhibition with suppressed collagen
deposition was observed during granuloma formation with
L-NIL treatments at 4 wpi. Many studies have indicated
that iNOS and NO play a certain role in wound healing,
which requires increased collagen synthesis and deposition
through NO-mediated activation of various cytokines
especially of TGF-β1 (Roberts and Sporn 1996; Cuellar
et al. 2001; Schwentker et al. 2002). In both animal studies
and in vitro, the link between NO and collagen deposition
has been well described. In most studies, treatment with NO
donors (Muscara et al. 2000), dietary L-arginine (Shi et al.
2000), or iNOS overexpression via gene therapy (Thornton
et al. 1998) increased the collagen content of experimental
wounds. Similarly, NOS inhibition was found to decrease
collagen and granulation tissue formation in experimental
burn and cutaneous wounds (Akcay et al. 2000). However,
inflammatory cells expressing TGF-β1 provide indirect
evidence that they play a certain role in collagen synthesis
of fibrotic granuloma formation in the trial because
inflammatory cells with apparent TGF-β1 expression
infiltrating in granulomas in the submucosa of the small
intestine were detected in T. canis-infected mice as
described in our previous study (Fan et al. 2004a, b).
Moreover, the suppression of collagen synthesis caused by
iNOS inhibitor treatment at 4 wpi seemed to be a transitory
phenomenon because collagen contents in inhibitor-treated
mice were restored to levels nearly even with those in
infected mice at 8 wpi. This might be explained by the Th2
response playing a certain role in promoting increased
collagen synthesis in granuloma formation as proposed by
modulation of arginase activity in metabolizing L-arginine,
as significant IL-4 responses were still evident at 8 wpi in
L-NIL-treated mice. It was indicated that arginase activity,
which is highly regulated by Th2 immune response, is
capable of metabolizing L-arginine to promote collagen
production (Hesse et al. 2001).

The effect of NOS inhibition on granulomas appeared to
vary with the eliciting agents and experimental conditions. A
significant increase in size was also shown in S. japonicum
egg implantation in the liver after L-NIL treatments (Hirata
et al. 2001) and in PPD-induced pulmonary granuloma
formation (Hogaboam et al. 1998). However, regulation by
the Th2 immune response appeared to be involved in the
present findings, which suggests a complex granuloma
regulatory process.
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