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Abstract

Dermal species of Leishmania have a relatively broad temperature range for optimal growth in vitro, with
temperature differences accompanied by a form change. This suggests that when the host is living in moderate
temperatures (22°C), infection may proceed at temperatures lower than those that occur in tropical regions
(32°C), and a different clinical expression of the disease due to a different parasitic form may result. The aim of
this study was to investigate the effect of environmental temperature on the clinical expression of the disease.
BALB/C mice infected with Leishmania mexicana were housed at 32°+2°C or 22°+1°C, and assessed for
the development of inflammation and the presence of parasites in organs using PCR and immunohistology. The
clinical expression of leishmaniasis at 32°C included inflammation at the site of inoculation with swelling of the
nose and tail, whereas at 22°C, up to 50% of the infected mice developed dry exfoliative dermatitis with alopecia
on the dorsum. In both cases, parasite colonization was confirmed in the skin, with parasites at more external
locations at 22°C. Parasite visceralization was confirmed in all internal organs and glands in both cases based on
PCR and immunohistology. In conclusion, the clinical expression of diffuse leishmaniasis by Leishmania mexicana
in laboratory mice is modified by temperature, from nodular inflammation at 32°C, to dry exfoliative dermatitis

and alopecia at 22°C, with parasite visceralization in both cases.
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Introduction

LEISHMANIA IS A DIMORPHIC PARASITE, alternating be-
tween promastigotes, the flagellated form seen in the
blood-feeding insect vector where temperatures vary around
22°C, and amastigotes, the non-flagellated form observed on
the skin where the temperature is approximately 32°C for
dermal species, or 37°C in the liver or spleen for visceral
species (Akiyama and Taylor 1970; Wonde and Honigberg
1971; Berman and Neva 1981). Few human pathogenic mi-
croorganisms undergo thermodimorphic changes, although
fungi, such as Histoplasma capsulatum (Maresca et al. 1981),
Cryptococcus neoformans (Vallim et al. 2005), Paracoccidioides
brasiliensis (Goldman et al. 2003), and Candida albicans (Roo-
ney and Klein 2002), have been known to do so. Dimorphism
is defined as an environmentally controlled reversible inter-

conversion of morphology. Chemical and environmental pa-
rameters that are known to cause dimorphism include
temperature, pH, glucose levels, nitrogen source, carbon di-
oxide levels, transition metals, chelating agents, and inoculum
size or initial cell density (Nickerson et al. 2006).
Dimorphism confers virulence to fungi, as is documented
for C. albicans (Young 2006), P. brasiliensis, H. capsulatum, and
Blastomyces dermatitidis, which are not virulent when unable to
transform into yeast (Rooney and Klein 2002). For Leishmania,
virulence is also partly associated with parasite transforma-
tion, as impairing the ability to transform into an amastigote
due to a flagellum biogenesis defect results in attenuated
virulence in an animal model. This phenotype is associated
with increased temperature sensitivity of the parasite, as is the
case when there is a lack of lysosomal cysteine proteases
(Williams et al. 2006), a component of endosome-lysosome
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function; ATG4, a component of the autophagosome assem-
bly pathway (Besteiro et al. 2006); or adaptor protein-1 com-
plex (Vince et al. 2008). Flagellum biogenesis is a critical
feature for shape presentation in Leishmania, and is tempera-
ture-dependent (Vince et al. 2008). It requires f-tubulin gene
transcription (Shapira et al. 1988; Kidane et al. 1989), and
synthesis (Fong et al. 1981). However, flagellum biogenesis
failure has little effect on parasite growth in vitro (Vince et al.
2008).

Thus, there is evidence that temperature, through regu-
lating flagellum biogenesis, affects parasite form, motility,
and infectivity in Leishmania; nevertheless, there is little in-
formation about how ambient temperature affects the clini-
cal expression of dermal leishmaniasis, during which the
parasite has the opportunity to be affected by the ambient
temperature due to the proximity of the skin to the envi-
ronmental air. Information on how ambient temperature
affects leishmaniasis is focused on the ability of Leishmania to
survive inside a vector, which confers an advantage to the
parasite during global warming (Sutherst 2004), when
changes in climate may expand the geographic range and
abundance of both vectors and reservoir hosts (Greer et al.
2008). However, the alternative of climatic change toward a
lower temperature, as is the case for an infected host moving
from a tropical area to an area with cooler ambient temper-
ature, is poorly studied. There are a large number of trav-
elers from industrialized countries who visit endemic areas
and enjoy doing outdoor activities in those areas, putting
them at considerable risk of contracting cutaneous leish-
maniasis. Most physicians in industrialized countries have
little experience with cutaneous leishmaniasis in returning
travelers. This often leads to delayed diagnosis and inap-
propriate management. Evidence-based data on travelers
are limited to a few studies, anecdotal reports, and investi-
gations among military personnel deployed in endemic ar-
eas (Blum et al. 2004). Moreover, the appearance of the
lesions is quite variable, as this presentation depends on the
species of parasite involved, and on the genetic and immu-
nological background of the host; however, the effect of cold
ambient temperature has been ignored to date. A mouse
model of diffuse leishmaniasis has been developed to ad-
dress the question of how a cold ambient temperature can
influence the clinical presentation of leishmaniasis. Notably,
the experiments were performed in the most severe disease
model available (Barral et al. 1983; Hill et al. 1983; Roberts
etal. 1989) in order to maximize the expression of the lesions
and favor observation.

Materials and Methods
Parasites

Leishmania  mexicana  MNYC/BZ/62/M379 was sub-
cultured axenically at room temperature by passaging every 7
days in Dulbecco’s modified Eagle’s medium (DMEM) con-
taining L-glutamine and glucose (4500 mg/L), without so-
dium bicarbonate (Gibco, Grand Island, NY), supplemented
with 10% fetal calf serum (Gibco). This medium provides
good support for the growth of promastigotes at 22°C, and
allows parasite transformation to amastigotes at 32°C.
Amastigotes were used for inoculation, with an infectivity
rate of 100% in BALB/c mice for 1x10° parasites loaded in
10 uL of phosphate-buffered saline (PBS).
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Mouse model of diffuse leishmaniasis

Four-week-old male BALB/c mice were purchased from a
certified animal care facility (Bioterio México, México City,
Meéxico). The maintenance and care of animals was conducted
in compliance with international guidelines for the use of
laboratory animals. Experiments in the tropical environmen-
tal conditions at 32°£2°C were performed in the facilities of
Universidad de Tabasco. Ambient temperature in Tabasco
may reach 38-40°C from April to May, after which standard
air conditioning equipment was used to keep the ambient
temperature of the experimental animals close to 32°C. Ex-
periments in mild weather conditions at 22°+1°C were per-
formed in the facilities of Instituto Nacional de Perinatologia
in México City, where the ambient temperature was con-
trolled throughout the year. Batches of approximately 12 mice
(4 weeks old) were inoculated subcutaneously in the right
hind footpad with 10 uL of a preparation containing 1x10°
amastigote-like forms in mid log-phase; the infection rate for
this dose was always 100%. The amount of parasite required
to reach diffuse leishmaniasis (DL) was chosen after testing
doses of 1x10° (n=6/6, males), 1x10° (n=6/6, males), and
1x10° (n=6/6, males) parasites, and we found that 1x 10°
parasites did not cause lesions, 1x10% caused localized le-
sions, and 1x 10° caused DL. The mice were examined twice a
week for signs of leishmaniasis, and progression of the disease
was monitored by measuring the thickness of the footpad
using a caliper. Diffuse leishmaniasis was diagnosed when
the mice presented with nodules on the tail and snout, with
parasite recovery in cultures from the tail nodules, snouts, and
footpads. The animals were sacrificed no later than 10 months
post-infection. The mice were euthanized by asphyxiation in a
CO, chamber. Animal care and maintenance followed the
recommendations of the International Animal Care and Use
Committee. Tissue sections of the site of parasite injection, the
contralateral footpad, and any other tissue seen to be com-
promised during autopsy were immediately immersed in
buffered formalin, and retained for immunohistopathological
analysis. For PCR, the tissue was immersed in PBS and frozen
immediately at —70°C until studied.

Parasite culture from lesions

Aspirated fluids from lesions were deposited into 15-mL
tubes containing modified Novy-MacNeal-Nicolle (NNN)
medium (Difco, Detroit, MI) with 15% defibrinated rabbit
blood, incubated at room temperature, and reviewed every
second day over 2 weeks.

Immunohistology of tissues from infected mice

Sections from selected organs were stained with hematox-
ylin and eosin (H&E), Giemsa, or immunohistological label-
ing of formalin-fixed tissues following standard protocols.
Briefly, after paraffin removal, the sections (5 um thick) were
rehydrated in PBS for 30 min at room temperature. Then the
sections were preincubated with 5% bovine serum albumin
for 60 min, and then incubated overnight at 4°C in a humid-
ified chamber with a 1:500 dilution of patient serum from a
55-year-old man who had suffered from DL for 16 years
(Galindo-Sevilla et al. 2007). It was determined by Western
blot analysis of promastigote or amastigote lysates that the
serum of this patient had an antibody titer greater than
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FIG.1. Cutaneous changes in an animal model of Leishmania mexicana induced by ambient temperature. Lesions observed 6
months after infection of BALB/C mice with 1x10° parasites inoculated into the right footpad. (A and C) In the tropical
climate, the expression revealed typical footpad inflammation. (B and D) In the mild climate, up to 50% of infected animals
exhibited hair loss on the dorsum with minimal footpad inflammation.

1:10,000. Serum from a young man with no history of living in
or visiting endemic areas of leishmaniasis was used as control.
The sections were washed three times with PBS and incubated
with a 1:50 dilution of FITC-conjugated anti-human antibody
(Bio-Rad Laboratories, Hercules, CA). Unbound antibody
was removed by three gentle washes with PBS for 5 min each.
Double-stranded nucleic acid was stained with 5 uL. of 50 ug/
mL propidium iodide (Invitrogen, Camarillo, CA) for 5min at
room temperature, washed, and then counterstained with
0.3% Erichrome Black T (Sigma-Aldrich, St. Louis, MO) to
eliminate possible autofluorescence (Hangai et al. 1998), and
the excess fluid was removed by shaking. The slides were then
carefully wiped, prepared for microscopy with mounting
buffer, and examined microscopically.

Tissue detection of Leishmania by PCR

Sections of organs from infected or uninfected mice (con-
trols), stored separately at —70°C, were disrupted by using
MagNA Lyser green 1.4-mm ceramic beads (MagNA Lyser;
Roche Diagnostics, Mannheim, Germany) for 30sec at
6500 rpm, followed by DNA purification of the pellet using the
illustra™ blood genomicPrep Mini Spin Kit (GE Healthcare,
Hertsfordshire, U.K.) according to the manufacturer’s instruc-
tions. DNA was amplified using primers JW11 and JW12 for
the Leishmania genus (Nicolas et al. 2000) in a standard PCR
reaction mix: 50 mM MgCl,, 1 U Taq polymerase, 1 ng primers,
dNTPs, buffer, and 1ng DNA. Amplification was performed
with an initial denaturation step for 4 min at 94°C, 40 cycles of
denaturation for 1 min at 94°C, annealing for 30 sec at 58°C, and

elongation for 30 sec at 72°C, and a final extension for 10 min at
72°C. The products of PCR were analyzed by agarose gel
electrophoresis. Negative controls in which the DNA was re-
placed with 2 uL. of water or DNA extracted from tissues of a
non-infected animal were included in each run.

TABLE 1. TEMPERATURE INFLUENCE
ON THE TYPE OF LESION DEVELOPMENT

Fisher’s  RR (95%
Temperature Typical Atypical —exact  confidence
(°C) lesion®  lesion®  test (p)  interval)
Exp 1 32 20/20  0/20  0.000 3.3 (1.7-6.5)
22 6/20 14/20
Exp 2 32 22/22  0/22  0.000 2.1 (1.3-3.4)
22 9/19 10/19
Exp 3 32 19/19  0/19  0.006 1.5 (1.1-2.0)
22 14/21  7/21
Exp 4 32 20/20  0/20  0.001 1.9 (1.2-2.9)
22 9/17  8/17
Exp 5 32 18/18  0/18  0.000 2.4 (1.2-4.7)
22 5/12  7/12
Total 32 99/99  0/99  0.000 2.1 (1.7-2.6)
22 43/89  46/89

“Typical lesion: localized nodules of granulation tissue at the
inoculation site.

PAtypical lesion: generalized dermatosis in the dorsum and
posterior extremities.

Parasite culture, and parasite detection by PCR, histology, or
immunohistology were prepared in 1-2 mice from each experiment.
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Results
Murine leishmaniasis at 32°C or 22°C

Using a model of high parasitism to emphasize changes
that might be otherwise undetectable, at least five batches
with 20 mice each were infected for each condition. The pre-
sentation of leishmaniasis required 4-6 months to develop
and was not resolved in any case. Infected mice housed at a
temperature of 32°+2°C developed typical localized nodules
of granulation tissue at the inoculation site, with an increase in
the thickness of the infected footpads 4 weeks after infection.
The lesion size progressed rapidly to ulceration; after week 20
multiple secondary disseminated acral lesions were posi-
tioned contralaterally on the back or front footpads, the eye-
lids, the nostrils, and the ears, with further nodules in the tail.
The lesions were at sites without hair, and fur was always fine,
without visible lesions (Fig. 1A and 1C). The histologic pattern
of infection was consistent during the 5 years of experimen-
tation and was similar to the previously-described patterns
(Barral et al. 1983), with parasitized macrophages spreading
in the subcutaneous tissue and muscle. The lesions became
dominated by large vacuolated and heavily parasitized
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FIG. 2. Smear from skin on the dorsum of a mouse after 8
months of Leishmania infection. Indirect immunofluorescence
stain prepared with the serum from a mouse with diffuse
leishmaniasis shows a corneocyte. Parasites are denoted with
an asterisk (magnification 1000x).

FIG. 3. Histological analysis of the skin of Leishmania mexicana-infected mice in a mild climate. Hair changes from control
mice (A and C) compared to infected mice (B and D; A and B, transverse plane; C and D, longitudinal plane; hematoxylin
and eosin stain, magnification 1000 x ).
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macrophages, with focal areas of necrosis. Only occasionally
were lymphocytes present.

Conversely, when experimental infection was carried out at
a milder temperature of 22°+£1°C, the presentation of the
disease was unusual. Unexpectedly, up to 50% of the infected
mice presented severe skin damage, although footpad and tail
lesions also appeared at a later point in the disease. Mice
preferentially presented generalized dermatosis (a total of 46/
89 in five experiments; Table 1), mainly in the dorsum and
posterior extremities, characterized by fur changes involving
diffuse alopecia, dry exfoliative dermatitis, and brittle hair
and crust (Fig. 1B and 1D).

Parasites were recovered in culture from footpad lesions or
tail nodules, but could not be recovered from organs or skin,
probably because parasite density was lower in those sites,
and the antibiotic-antimycotic added to minimize microor-
ganism contamination from the environment did not allow
them to grow.

Parasites embedded within scales of the hair cortex rather
than internalized in macrophages were observed in skin smears
stained with immunofluorescence using serum from a patient
with diffuse leishmaniasis as the primary antibody (Fig. 2).

Histology revealed a thin epidermis with some acanthotic
foci with corneal plugs. Small exocytic foci were seen. The

i J 3 48
Il- ' ;. T 3
" y - i
.. 7 B2 f b
-} 4 \ 7 ’*/ ‘-

j ‘:L{_) -r- r —‘,h /

855

superficial and intermediate dermis showed moderate in-
flammatory infiltrates with perianexial predominance, con-
sisting of lymphocytes, monocytes, scanty eosinophils, and
sporadic giant multinucleate cells with nuclear rings. Hair
follicles were fragmented with abnormal architecture; there
was also loss of follicle sheaths, and the hair follicle cells
showed degenerative changes in their nuclei. Blood vessels
were congested and expanded; collagen fibers were disorga-
nized, fragmented, and separated (Fig. 3). Abundant mast
cells around the hair follicles were stained dark purple with
Giemsa stain (Fig. 4) or green-yellow when stained with
normal or DL patient serum and FITC-labeled anti-human
antibodies (Fig. 5); the green-yellow color seen in Figure 5
probably originated from free FITC in the FITC-labeled sec-
ond antibody. Some parasites could be seen close to mast cells
(Fig. 5D), but only when skin from infected mice was stained
with infected human serum, and these parasites were not
observed when normal skin (Fig. 5A), or control secondary
antibody in skin from infected mice (Fig. 5B) was used. Hairs
acquired a green-yellow color in the control preparations of
normal skin stained with DL patient serum (Fig. 5A), and
in the skin from an infected mouse stained with secondary
antibody as a control (Fig. 5B), as was described above for
mast cells.

FIG. 4. Giemsa stain of the skin from an infected mouse (A, 40x; B, 100x; C, 400x; D, 1000 x ). Mast cells are purple.
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FIG. 5.

Internal organs were analyzed using PCR and im-
munohistology. Atboth temperatures, parasitism was detected
in the spleen and liver. Furthermore, parasites were present in
almost every gland and organ analyzed with PCR amplifica-
tion (Fig. 6), and histology (Fig. 7). Intense PCR bands were
amplified from footpad lesions, skin, blood, kidneys, colon,
esophagus, trachea, mesenteric nodules, pancreas, thyroid, and
salivary gland samples. The one exception was the brain.
Histology of all organs at both temperatures demonstrated low
chronic inflammatory infiltration, with the presence of mast
cells (Fig. 7) and parasites.

Discussion

When the M379 strain of L. mexicana is exposed to 25°C, it is
able to transform from intracellular amastigotes to its pro-
mastigote form (Martinez-Rojano et al. 2008), and thereby

Indirect immunofluorescence stain of the same serum as in Figure 2 from a patient with diffuse leishmaniasis. (A)
Normal skin from a non-infected mouse. (B) Infected skin stained only with secondary FITC-labeled anti-human antibody.
Arrow indicates a mast cell. (C and D) Skin from a Leishmania mexicana-infected mouse. Arrows indicate mast cells close to
hair follicles, and the asterisks indicate parasites (perifollicular cuts, 1000 x).

acquires the motility necessary to leave the macrophage and
multiply. Transformation of dermal Leishmania parasites re-
quires only temperature control, while visceral Leishmania
proceeds under temperature- and pH-control (Zilberstein and
Shapira 1994). This means there is no impairment of in vivo
parasite transformation if the temperature favors it, an event
that may happen on the surface of the skin of a host when
subjected to temperatures other than tropical levels when
traveling to cold places.

Different dermal expression of leishmaniasis was seen be-
tween the two temperatures. While at 32°C the lesions were
typical, like those expressed by hosts in the tropics, with in-
flammation at the inoculation site and the characteristic in-
tracellular amastigotes seen after scraping lesions, which were
mainly non-ulcerated. Parasitic infection of the other foot, tail,
or nose was suspected by inflammation or granuloma for-
mation and confirmed by parasite isolation by culture and/or



1 2-3-4-5-6-7-8-9-10111213

R ~ . - P

2652 —

120

50

FIG. 6. PCR to assess parasite load in internal organs of infected mice in a mild climate. Amplicons were resolved in 2.0%
agarose gels. Even numbers correspond to infected mice harboring the M379 strain after 6 months of evolution. Odd numbers
correspond to healthy mice of the same age (1, molecular weight; 2, positive control M379 axenic culture; 3, tissue culture
negative control; 4 and 5, footpad; 6 and 7, liver; 8 and 9, spleen; 10 and 11, pancreas; 12 and 13, kidney). The experiments
were performed in triplicate. More than 10 infected mice were analyzed with similar results.
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FIG. 7. Histological analysis of organs from mice infected with Leishmania mexicana in a mild climate. Indirect immuno-
fluorescence staining as in Figure 2 (A, salivary gland 1000 x; B, pancreas 400 ; C, pancreas 1000 x; D, liver 400 x ). Mice after
8 months of Leishmania infection. Arrows indicate mast cells, and asterisks show parasites.

PCR. Fur was fine without any hair loss or dermatitis. In
contrast, in cold and dry conditions, even when inflammation
at the inoculation site was seen, a dry exfoliative squamous
dermatitis with hair loss until alopecia was noted, starting at
the inguen and spreading mainly to the back of the mice until
it reached the face. This type of dermatitis has been reported
for dogs (Binhazim et al. 1992; Brachelente et al. 2005; Melo
et al. 2008; Travi et al. 2009), and felines (Solano-Gallego et al.
2007) infected with L. infantum. In humans, this may be similar
to the post-kala-azar dermal leishmaniasis caused by L. in-
fantum (Zijlstra et al. 1995) or L. donovani after treatment (Das
et al. 2009). Occasionally in dermal species, dermatitis is as-
sociated with L. amazonensis (Barral et al. 1991), but it is un-
usual to seek dermal Leishmania parasites as a cause of dry
exfoliative dermatitis with alopecia. The dermatitis could be
explained by a change in parasite morphology that enables
parasites to transform into the flagellated promastigote form,
which is capable of leaving the intracellular milieu of the
macrophage and reaching the stratum corneum of the skin.
The presence of abundant cells morphologically compati-
ble with mast cells in the skin, trachea, and several glands, is
of particular interest because mast cell activities, including

degranulation, could contribute to the infection-associated
inflammatory events that help control the disease (Maurer
et al. 2006), or could contribute to contact hypersensitivity
(Gonzalo et al. 2007); these possibilities provide an explana-
tion for the broad inflammatory response to the infection re-
ported in dogs.

Promastigote forms on the skin surface could preclude the
detection of Leishmania because this parasite form is not ex-
pected by physicians or laboratory workers, and is not easily
detected because it is embedded in squamous epithelium.
In fact, doubt has recently emerged as to whether the amasti-
gote is the only form of Leishmania present in cutaneous leish-
maniasis (Daboul 2008), as was seen during a review of slides
prepared from cutaneous lesions, where in 22/42 cases pro-
mastigote forms were observed, which is consistent with our
findings. In fact, parasite forms are not easily distinguished
because they are often incorporated into scales or bound to hair,
where immunofluorescence is important to visualize them.

PCR from skin biopsies could help in the identification of
Leishmania in dry squamous dermatitis if universal primers or
a selection of several primers covering several species are
used. The amount of parasite in the sample could be an
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important factor in achieving the required sensitivity of the
technique. In this study, low parasite load was not a problem
due to the use of a model of severe infection. For the model
presented here, low inocula did not cause lesion development;
a localized lesion developed after medium inocula, and dif-
fuse leishmaniasis was a consequence of high inocula. The
results are consistent with the experimental quantification of
L. major delivered into mouse ears by individual flies, with the
mice developing large lesions with high-dose inocula and
only minor pathology at low doses (Kimblin et al. 2008).
Moreover, the parasite load influences disease presentation
(Doherty and Coffman 1996, Menon and Bretscher 1998; Lira
et al. 2000; Aguilar Torrentera et al. 2002; Lang et al. 2003;
Kimblin et al. 2008). The model we chose, with high inocula,
revealed that parasites are not restricted to lesions, which is
consistent with several studies (Saravia et al. 1990; de Rossell
et al. 1992; Mendonga et al. 2004).

Dermal species of Leishmania exhibit parasitism of some
organs, such as the spleen and liver, in animal models of in-
fection (Nicolas et al. 2000; Aguilar Torrentera et al. 2002).
Here parasites were confirmed in the spleen and liver as well
as in almost all tested organs, including the pancreas, adrenal
glands, thyroid, salivary glands, thymus, kidneys, blood,
stomach, intestines, and lymphoid nodules, such as the sple-
nic nodule. In fact, the only exception was the brain. The
distribution of Leishmania in several organs has been docu-
mented for visceral Leishmania acquired naturally by dogs,
giving rise to the following pathogenic conditions: colitis
(Adamama-Moraitou et al. 2007), nephropathy (Costa et al.
2003), liver fibrosis (Melo et al. 2008), genital lesions (Diniz
et al. 2005), and transplacental transmission of parasites
(Pangrazio et al. 2009). This indicates a broad spectrum for
this disease, which may be true for dermal species as well.

We conclude that a temperature of 22° +1°C is an important
regulator of pathogenic expression of leishmaniasis in a ro-
dent model, and may favor an atypical presentation of leish-
maniasis, characterized by dry exfoliative dermatitis with
alopecia.
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