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Salivary Gland Lysates from the Sand Fly Lutzomyia
longipalpis Enhance Leishmania Infectivity

RicHARD G. Trrus* AND Josi M. C. RIBEIRO

Leishmaniasis is a parasitic disease transmitted by phlebotomine sand flies. The role of
sand fly saliva in transmission of the disease was investigated by injecting mice with
Leishmania major parasites in the presence of homogenized salivary glands from
Lutzomyia longipalpis. This procedure resulted in cutaneous lesions of Leishmania
major that were routinely five to ten times as large and contained as much as 5000
times as many parasites as controls. With inocula consisting of low numbers of
Leishmania major, parasites were detected at the site of injection only when the
inoculum also contained salivary gland material. This enhancing effect of sand fly
salivary glands on cutaneous leishmaniasis occurred with as little as 10 percent of the
contents of one salivary gland of one fly. Material obtained from other bloodsucking

arthropods could not mediate the phenomenon.

ROTOZOAN PARASITES OF THE GE-
P nus Leishmania are transmitted
through the bite of infected phlebot-
omine sand flies. The sand fly can transmit
several different species of Leishmania, caus-
ing different forms of the disease in the
infected mammalian host. Cutaneous forms
are characterized by the development of
lesions at sites in the skin where the infected
sand fly has probed for a blood meal (1). In
a manner analogous to other bloodsucking
arthropods, sand flies salivate into the skin
of the host in the course of obtaining a
blood meal. The saliva of arthropods in
general (2), and sand flies in particular (3),
has several potent pharmacological activi-
ties, including apyrase activity and factors
that inhibit platelet aggregation and induce
erythema. We therefore investigated the
possibility that these activities, or others not
yet described, in the salivary glands of the
sand fly might affect transmission of Leish-
mania.
We worked with the sand fly Lutzomyia
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longipalpis, a known vector for visceral
leishmaniasis in South America and the only
sand fly for which pharmacological data are
available for its salivary secretion (3). The
parasite we used was Leishmania major, the
causative agent of cutaneous leishmaniasis in
the Old World and a parasite for which
there is an established murine model of
infection. Promastigotes of Le. major were
mixed with lysates of the salivary glands of
Lu. longipalpis. An inoculum consisting of

Fig. 1. Enhancement of the infec- TA
tivity of Le. major by lysates of the 1.5
salivary glands of Lu. longipalpis.
Groups of five (A) CBA/T6 or (B)
BALB/c mice (Jackson Laboratory)
were injected subcutancously in
one hind footpad with cither 10°
Le. major promastigotes in 20 .l of
0.1% bovine serum albumin, pH

Lesion size (mm)

10° parasites and 0.5 of one salivary gland
was injected into the footpads of either CBA
mice [animals genetically resistant to infec-
tion with Le. major (4)] or into BALB/c
mice [animals genetically susceptible to the
disease (4)]. Lesions on mice that received a
mixture of Le. major promastigotes and ly-
sates from the sand fly salivary gland were
substantially more severe than lesions on
control animals both in CBA and in BALB/c
mice (Fig. 1).

We then examined the effect that lysates
of the salivary glands of Lu. longipalpis
would have on the course of lesions induced
in mice injected with decreasing numbers of
Le. major promastigotes. To this end, CBA
mice were injected in the footpad with
inocula consisting of 10*, 103, 102, or 10!
Le. major promastigotes admixed with the
lysate of 0.5 of one salivary gland. We found
(Fig. 2) that the effect on the course of
cutaneous leishmaniasis was especially pro-
nounced when the infecting inoculum con-
tained low numbers of parasites. Lesions on
mice receiving 10? or 10' Le. major promas-
tigotes mixed with salivary gland lysates
were often five to ten times as large as
lesions on control mice receiving parasites
alone.

7.0 (BSA) (Sigma) in phosphate- 0
buffered saline (PBS) (M) or 10° 0
promastigotes in 20 pl of BSA/PBS
containing 0.5 of one gland of Lx.

T T T + 0 T T T T T
10 20 30 0 10 20 30

Day of infection

longipalpis (Q). Leishmania major promastigotes (LV 39) were maintained as described (7); parasites
from stationary phase (6) cultures were used in all the experiments. Lutzomyin longipalpis were reared by
the procedure of Modi and Tesh (8). Salivary glands from mated, non—blood-fed, 5- to 7-day-old adult
female sand flies were dissected, placed in 0.1% BSA in water (pH 7.0), and frozen to achieve complete
disruption (3). The glands were stored at —70°C until use, at which time they were brought to
isotonicity by the addition of 10X PBS. We determined lesion size by measuring, with a vernier caliper,
the thickness of the infected footpad compared to the thickness of the contralateral uninfected footpad.

The values given are means + SEM.
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Next we determined whether the increase
in lesion size induced by lysates of the
salivary gland of Lu. longipalpis was accom-
panied by a parallel increase in the number
of parasites present in the lesion. This was
important because lesion development in
cutaneous leishmaniasis is characterized by a
heavy mononuclear cell infiltrate, and thus
an increase in lesion size might represent
only an increase in the cell infiltrate and not
an increase in parasite numbers. Limiting
dilution analysis (5) to determine the num-
ber of viable parasites present in the lesions
was performed on footpads from the groups
of mice depicted in Fig. 2. The numbers of
parasites in lesions induced with Le. major
promastigotes and salivary gland lysates
were profoundly elevated, and the greatest
enhancement of parasite numbers occurred
in mice injected with low numbers of Le.

magjor promastigotes mixed with salivary
gland lysates. When 107 parasites mixed
with salivary gland material were injected,
parasite numbers in the lesions were as
much as 5000 times the numbers in con-
trols; when 10! parasites were injected, the
presence of salivary gland lysate in the in-
fecting inoculum determined whether or not
parasites could be detected in the lesions
(Table 1).

We also examined the possibility that the
infectivity of Le. major would be enhanced
by the salivary glands of bloodsucking ar-
thropods that transmit other parasites. Sali-
vary glands from mosquitoes (Aedes aggypti),
triatomine bugs (Rhodnius prolixus), and
ticks (Ixodes dammini) were prepared in the
same fashion as sand fly salivary glands, and
the four preparations were injected into
CBA mice. None of the other glands added

Fig. 2. Enhancement of the infec- 1.5 4 A 1B
tivity of Le. major by lysates of the
salivary glands of Lu. longipalpis.
Groups of five CBA/Ca mice (Jack- 10+
son Laboratory) were injected with :
(A) 10', (B) 10%, (C) 10 or (D)
10* Le. major promastigotes in the
presence (OJ) or absence (M) of 0.5 1
lysate of Lu. longipalpis salivary
glands. For methods used, see Fig. £
1. The values given are means g
+ . S 0O o 4
= SEM 8 o 20 40 0 20 40
c 1 - -
g '*1C D
3
1.01
0.5 A
0 e T
0 20 40 0 20 40

Day of infection

Table 1. The number of Le. major in lesions of mice injected with a mixture of parasites and salivary
gland contents (0.5 of one gland). The number of viable parasites in lesions of CBA/Ca mice (legend to
Fig. 2) were counted by means of a limiting dilution assay (5). Dilutions of infected footpad
homogenates were placed in the wells of the microtiter plates that contained blood agar slants. The
plates were incubated for 10 days at 26°C, and the wells containing viable parasites were identified with
an inverted microscope. Estimation of the frequency of Le. major present in lesions was determined by
minimum x? analysis applied to a Poisson distribution. Duplicate animals were assayed to generate each
value in the table. Duplicate assays agreed within +52.7%.

Number of Le. major per footpad (X107

Treatment Day 12 Day 33
of infection of infection

10 Le. major None detected None detected
10! Le. magjor plus gland 0.02 0.3
10? Le. major None detected 0.06
10? Le. magor plus gland 0.1 334.8
103 Le. major 0.6 0.07
103 Le. major plus gland 19.5 43.1
10* Le. major 46.0 17.5
10* Le. major plus gland 2094.3 4312
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at equivalent protein concentrations had any
effect in the system (Fig. 3). This result
suggested that the enhancing effect of the
salivary glands of Lu. longipalpss on cutane-
ous leishmaniasis was an attribute unique to
the sand fly.

The mechanism by which the salivary
gland constituents from the sand fly exacer-
bate cutaneous leishmaniasis is unknown.
However, the potency of the effect is quite
striking, and in four independent experi-
ments the salivary gland lysates exacerbated
the disease to an equivalent extent. As little

1.5~

Lesion size (mm)

0 10 20 30 40

Day of infection
Fig. 3. The effect of salivary glands from other
bloodsucking arthropods on the course of cutane-
ous leishmaniasis. Groups of five CBA/Ca mice
were injected with 10° Le. major promastigotes in
the presence of lysates of the salivary glands from
Lau. longipalpis (R); Aedes aggypti, mosquito (A);
Rbodnius prolixus, triatomine bug (®@); Ixodes
dammini, tick (O); or no salivary gland material
(A). Lutzomyia longipalpis salivary glands were
prepared as described in Fig. 1. Aedes aegypti
glands [5 ug of protein per pair of glands (9)]
were prepared from female mosquitoes in a simi-
lar fashion (10), placed in 0.1% BSA in water, and
stored at —70°C until use. Rhodnius prolixus
glands were removed from adult bugs under
saline, placed without medium in tubes, and
stored at —70°C until use (10). Ixodes dammini
salivary glands were obtained from adult female
ticks fed on rabbit ears for 4 days. The salivary
glands were dissected out under saline, placed
without medium in tubes, freeze-dried, and
stored at —70°C until use. When used, both the
R. prolixus and I. dammini salivary glands were
suspended in water, disrupted in a glass Ten
Broeck tissue homogenizer, centrifuged at
10,0007 for 2 minutes and adjusted to isotonicity
with 10X PBS and a final concentration of 0.1%
BSA. Protein concentrations were assayed (Bio-
Rad) before addition of BSA for each salivary
gland preparation, and 250 ng (the protein con-
tent of 0.5 of one sand fly salivary gland) of each
material were injected. For other methods, see
legend to Fig. 1. Values represent the mean
+ SEM.
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as 0.1 of one gland [approximately 50 ng of
protein (3)] consistently exacerbated the
course of cutaneous leishmaniasis to a de-
gree equivalent to that obtained with 0.5 of
one gland. Amounts less than 0.1 of one
salivary gland had less effect in the system,
but infection was enhanced later in the
course of the disease. Sacks and Perkins (6)
reported that developmental stages of Ledsh-
mania occur in the sand fly and result in the
generation of highly infective parasites.
Thus, vectorial capacity of a given phlebot-
omine species should be a reflection of the

ability of the fly to generate infective forms
of Leishmania and subsequently to enhance
transmission of the parasite by means of the
contents of the salivary gland.
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Neural Model of Adaptive Hand-Eye
Coordination for Single Postures

MicHAEL KUPERSTEIN

A neural network model has been developed that achieves adaptive visual-motor
coordination of a multijoint arm, without a teacher. The model learns to position an
arm so that it reaches a cylinder arbitrarily positioned in space. The model uses a new
neural architecture and a new algorithm for modifying neural-connection strengths.
Computer simulations show that the model performs with an average position error of
4% of the arm’s length and with an average orientation error of 4°. The model is
designed to be generalized for coordinating any number of topographic sensory inputs

with limbs of any number of joints.

HE HUMAN BRAIN DEVELOPS ACCU-

rate sensorimotor coordination de-

spite many unforeseen changes in the
dimensions of the body, strength of the
muscles, and placements of the sensory or-
gans. This is accomplished for the most part
without a teacher. How is this done? I
present some new hypotheses and computer
simulations of distributive neural represen-
tations and computations that suggest how
at least one type of adaptive sensorimotor
coordination might be developed and main-
tained. The hypotheses rely on the self-
consistency between sensory and motor sig-
nals to achieve unsupervised learning. They
also rely on the topography of units in a
network. (Topography is the ordered con-
tiguous representation of inputs or outputs
across a surface with possible overlap of
neighboring representations.) Topographic
mappings have been found in most sensory
and motor brain structures (I), and their
computational properties are just beginning
to be studied (2).

This study combines the constraints of
self-consistency and topography toward the
problem of adaptively coordinating a multi-
joint arm to reach a cylinder arbitrarily
positioned in space, as viewed by two eyes.
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The first hypothesis is that representations
of postures emerge out of the correlation
between posture sensation and target sensa-
tion. Such a correlation allows sensation and
manipulation to become self-consistent. The
self-consistency hypothesis is an extension of
results from developmental studies in coor-
dination behavior. Studies in the kitten (3)
show that visually guided behavior devel-
ops only when changes in visual stimulation
are systematically related to self-produced
movement. The hypothesis is also consistent
with the motor theory of speech perception
).

The second hypothesis explores one of the
ways a correlation between sensation and
manipulation can be developed, called the
circular reaction, which is an extension of
one of Piaget’s developmental stages (5).
This reaction comes in two phases (Fig. 1).
Self-produced motor signals are first gener-
ated to explore a large range of arm pos-
tures. During each posture, with object in
hand, topographic sensory information
about the object is projected to a target map
through modifiable gating factors, called
weights, which produce computed motor
signals. Differences between the actual (self-
produced) motor signals generated for each
posture and the computed motor signals are
used to change the weights so that these

differences are minimized. These weight
changes, for all possible motor postures,
constitute the sensorimotor correlation and
allow the system to become self-consistent.
This is not simply feedback error correction.
The weight changes must be structured in a
way to allow global consistency for similar
targets in all possible positions.

The second phase of the circular reaction
takes effect after the correlation has been
developed. In this phase, the self-consistency
developed in the first phase is used to grasp
objects found free in space. Sensory infor-
mation about the object projects to a target
map through the correlated weights and
thereby evokes the appropriate motor sig-
nals to grasp that object.

The neural model of the circular reaction
was implemented by means of discrete arith-
metic and difference equations operating on
matrices of numbers. The mechanical system
that the model controls was rendered on a
graphics workstation (Fig. 2).

Arm-muscle signals a,, activate antago-
nistic muscle pairs (p = 1,2) in five degrees
of freedom (g =1,..., 5) for the upper
and lower limbs: shoulder roll (g =1),

we,., Visual
e, signals

e
Input i Weight | — | Target
maps maps | 4| map | signals
g .

ba

Random

activity

generator

Fig. 1. The circular reaction. Self-produced motor
signals that manipulate an object target are corre-
lated with target sensation signals. The sequence
for training is a, b, ¢, d, (e+f), g. Correlated
learning is done in step g. After the correlation is
achieved, target sensation signals alone can evoke
the associated motor signals to accurately manipu-
late the target. The sequence for performance is c,
d, e, b.
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