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Abstract

The present study was conducted to elucidate the neuronal pathways between peripheral olfactory and taste sensilla
and the synganglion in an Ixodidae tick species. The tarsus of the front legs (olfactory nerves) and the fourth palpal
segment (gustatory nerves) of unfed Amblyomma americanum males and females were excised. A neuronal tracer, dextran
tetramethylrhodamine, was used for filling of the sensory neurons. The synganglion preparations were examined using
a confocal microscope. Neuronal arborizations from the Haller’s organ were confined to the olfactory lobes and the first
pedal ganglion. The estimated number of olfactory glomeruli ranged from 16 to 22 per olfactory lobe in the females.
The number of glomeruli was not counted in males because they were densely packed. Sensory neurons associated with
sensilla at the distal end of the palpal organ projected into the palpal ganglion in the synganglion through the palpal
nerve. Gustatory sensory neurons associated with palpal sensilla projected into a commissure with several bulges, which
are confined in the palpal ganglion. The findings of distinct projection patterns of sensory neurons associated with the
Haller’s organ and palpal organ in the lone star tick from this study advanced our knowledge on mechanisms of sensory
information processing in ticks.
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Resumo

O presente estudo foi conduzido para elucidar a trajetdria neuronal, entre as sensilas periféricas olfativas e gustativas
e o singinglio, em uma espécie de carrapato Ixodidae. O tarso da primeira pata (nervos olfativos) e o quarto segmento
palpal (nervos gustativos) de machos e fémeas nio alimentados de Amblyomma americanum foram excisados. Um tracador
neuronal, dextran tetrametilrodamina, foi usado para preenchimento dos neur6nios sensoriais. Os singanglios foram
examinados através de microscopia confocal. Arborizagoes neuronais do 6rgio de Haller foram confinadas nos lobos
olfativos e primeiro ginglio pedal. O niimero estimado de glomérulos olfativos variou de 16 a 22 por lobo olfativo nas
fémeas. Em machos, o nimero de glomérulos nio foi contado, pois eles estavam densamente compactados. Os neurdnios
sensoriais associados com as sensilas, na por¢io distal do érgao palpal, projetaram-se no no ganglio palpal do singinglio
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através do nervo palpal. Neur6nios sensoriais gustativos associados com a sensila palpal projetaram-se numa comissura

onde havia vérios bulbos. Os resultados obtidos neste estudo de padrées de projecao distintos de neurdnios sensoriais

associados com os 6rgaos de Haller e palpal no carrapato A. americanum avangam nosso conhecimento sobre os mecanismos

de processamento da informagao sensorial em carrapatos.

Palavras-chave: Sensilas quimicas, projecio neuronal, singanglio, Amblyomma americanum.

Introduction

Global climate change is increasing the complexity of the problem
with ticks and tick-borne diseases (PEREZ DE LEON etal., 2012;
DANTAS-TORRES, 2015; MOYER, 2015). Research efforts that
emphasize the development of more effective repellents, attractants,
and novel host-targeted and pheromone assisted acaricides are
proposed to find sustainable tick control solutions in the United
States (BEARD & STRICKMAN, 2014; ESA, 2015). Ticks
use sensory biosystems to detect environmental chemical cues
(GUERIN et al., 2000; SONENSHINE & ROE, 2014), and
these forms of communication play a dominant role in regulating
behavioral adaptations of ticks to the environment, as well as
mediating mating and host localization (SONENSHINE et al.,
1986; SONENSHINE, 2000).

Tick olfactory receptors reside mainly in the Haller’s organ
that is located on the dorsal surface of tarsus I of both forelegs and
these receptors detect volatile molecules (HAGGART & DAVIS,
1980; STEULLET & GUERIN, 1992; STEULLET & GNERIN,
1994a, b; LEONOVICH, 2004; SOARES & BORGES, 2012).
Taste receptors are present in the distal segment of the palps and
chelicerae, and the tip of tarsus I on the legs. These taste receptors
detect non-volatile compounds (WALADDE & RICE, 1977;
WALADDE, 1982; WALADDE & RICE, 1982; TAYLOR etal.,
1991; GRENACHER et al., 2001; SOARES et al., 2013;
FERREIRA etal., 2015). Ticks integrate the sensory information
received by olfactory and taste receptors and transmit these to the
synganglion, which is the tick’s central nervous system.

The general anatomical structures of the central nervous system
have been described for several tick species (OBENCHAIN &
OLIVER, 1976; MARZOUK et al., 1987; EL SHOURA, 1986;
PRULLAGE et al., 1992; ROMA et al., 2012; SONENSHINE
& ROE, 2014). In Argas persicus, the sensory projections of taste
sensilla, located in the distal segment of the palp, extend to the
subesophageal and palpal glanglia (SRIDHARAN et al., 1998).
Studies to characterize the anatomy of the neural system assist
in defining how sensory information is processed at the tick
synganglion, and this could be used to develop new tick control
technologies. However, only limited studies have been done
on the anatomical basis of how olfactory and taste information
generated by peripheral receptors is integrated in the tick’s central
nervous system.

Determining the organization of olfactory and gustatory
centers in the synganglion is required for understanding how
chemosensory information is encoded by ticks. In insects, functional
studies using optical imaging methods showed that odors are
encoded as specific space-time patterns of glomerular activation,
often with multiple glomeruli responding to a particular chemical

component (JOERGES etal., 1997; MEIJERINK et al., 2003).

Particularly with medically important insects, three-dimensional
maps of glomeruli within the antennal lobes were established using
various models (IGNELL et al., 2005; GHANINIA et al., 2007;
BARROZO et al., 2009).

The lone star tick, Amblyomma americanum, has a wide host
range and is a vector of bacterial and viral pathogens that impact
human and animal health (CHILDS & PADDOCK, 2003;
GODDARD & VARELA-STOKES, 2009). Hummel et al.
(2007) reported serotoninergic neuronal processes surrounding
the glomeruli in the olfactory lobes of the lone star tick backfilled
from a cut in the first leg at the Haller’s organ. Here, we describe
the neuronal projections from the Haller’s organ and palp sensilla
to the synganglion of the lone star tick.

Methods

Ticks

Unfed adult female and male lone star ticks were obtained
from an 7 vitro colony at the USDA, ARS, Knipling-Bushland
US Livestock Insects Research Laboratory in Kerrville, Texas.
All unfed adult ticks were maintained in an aquarium held at
27 + 2 °C, 14:10 light: dark cycle and sustained at 85% relative
humidity using a saturated salt solution.

Anterograde filling of the olfactory and taste recepror

neurons with neuronal tracer

Ticks were immobilized on double-sided sticky tape and their
legs fixed with sticky tape strips. To access leg nerves that contain
neuronal processes associated with olfactory receptors, ticks were
fixed dorsally and tarsus I was excised through a cut using a scalpel
immediately posterior to the Haller’s organ. Ticks were fixed
ventrally to excise the 4th palpal segment and access the nerves
that contain neurons associated with taste receptors on the palps.
Excised samples were placed in a cavity made in a block of wax
(Heraeus Kulzer, Armonk, NY, USA), and treated with a drop
of deionized water for 30s. The water was removed by wicking
away the water using an absorbent tissue and replaced with a drop
of 1% dextran tetramethylrhodamine (TMR 3000 MW; Vector
Laboratories, Inc. CA, USA) in deionized water. Subsequently,
the end of the tarsus I or palp that was excised was covered with
Vaseline to prevent evaporation. The preparation was then placed
in a Petri dish containing a damp tissue and maintained at 4°C
for 48 hours to allow diffusion of the TMR through the nerves
to the synganglion.

Preparations of the tick nervous system were dissected in saline
(PBS 20X). The synganglion stained with TMR was then fixed in
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4% paraformaldehyde in normal saline at 4 °C for 12 hours. After
fixation, each preparation was washed six times, for an hour each
time, in saline and triton X-100 on a shaker in the dark. It was then
dehydrated in alcohol series (40%, 60%, 80% and 100% - twice)
for 15 min under stirring and in the dark. The preparation was
mounted and clarified in Vectashield medium (Vectashield®) for
30 min and then visualized using an Olympus BX60 fluorescence
microscope (Olympus America Incorporated, Center Valley, PA)
to confirm filling from the peripheral neurons to the synganglion.

Microscopy

A general view of the olfactory and palpal projections was
obtained using a Zeiss 710 confocal laser scanning microscope
(CLSM) system (Carl Zeiss, Thornwood, NY) equipped with an
Argon laser 488 and a 561 nm Diode laser with a pinhole aperture
of 51 nm, using C-Apochromat 10x/0.45 and 63x/1.4 oil immersion
Plan Apochromate objectives. To enumerate the glomeruli,
the synganglion preparations were analyzed using a Zeiss 710
CLSM system (Carl Zeiss, Thornwood, NY) equipped with an
Helium-Neon laser with a pinhole aperture of 37 pm. Projection
sites in the synganglion were scanned using a Plan-Apochromat
20x/0.8x objective. Z-Stakcs were obtained at 1.0 pm intervals
from ventral to dorsal side of the synganglion.

The imaging analysis software, Zeiss Zen 2012 Black (Thornwood,
NY) was used to analyze the images and produce three-dimensional
(3D) images which were converted to maximum intensity projections
to generate the 2D images. Glomeruli in each olfactory lobe were
enumerated by tracing the edges of each glomerulus in successive
optical sessions using the “Reconstruct” software (htep://synapses.
cIm.utexas.edu/tools/reconstruct/reconstruct.stm).

Results

Fourteen of 20 synganglia, five from females and nine from
males, were successfully backfilled with TMR from the excision
site near the Haller’s organ. Only four of nine males and three
females in 13 were projected retrogradely from the palps stained
with TMR.

Neuronal projections originating from olfactory sensilla
associated with the Haller’s organ were confined primarily to the
olfactory lobe and the first pedal ganglia (Figures 1, 2A). Olfactory
sensory neurons were traced to the synganglion via the left and
right pedal nerve, reaching the olfactory lobe and branching out
to innervate individual glomeruli (Figures 3, 4).

The five best olfactory lobes from females were used to
identify distinct glomeruli in each preparation, which enabled
the enumeration of these glomeruli. The number of glomeruli
was estimated at between 16 and 22 per olfactory lobe. The size
or volume of the glomeruli was not determined.

Five male synganglion preparations were analyzed by the CLSM
system. The glomeruli in the olfactory lobes were densely packed
(Figures 4). Thus it was difficult to visualize individual glomeruli.
Although it was not possible to separate glomeruli and accurately
count or identify them, they appeared to be similar in size to the
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female olfactory lobes. Macroglomeruli were not observed in the
synganglion of either male or female ticks.

Figures 1 and 2B show the backfill of neurons associated
with taste receptor(s) located at the distal segment of the palps.
The central projections from the olfactory neurons associated with
the Haller’s organ and taste neurons from the distal segment of the
palps do not overlap in the synganglion as shown in Figure 2C,
which is a merged image of Figures 2A and 2B. Therefore, it
appears that palpal nerves projected only to the palpal ganglion
and did not extend to the olfactory lobe. Two palpal projections
were observed (Figure 2B, Figure 5) in all synganglion preparation
examined. The superior projection extended to a commissure with
several clusters of irregular bulges, indicating terminal structures
of the sensory neurons.

Discussion

This study confirms that A. americanum olfactory sensilla project
into olfactory lobes that, according to Prullage et al. (1992) are
paired structures containing numerous and dense clusters that reside
beneath the ventral surface of the ventral neuropile pedal ganglia I
and commissures connecting the pedals ganglia I and II. Further,
the current work describes sensory neurons of the taste sensilla
associated with the palpal organ of A. americanum that project
into the palpal ganglion and do not extend to the olfactory lobes.

In Insecta, olfactory receptor neurons from the antennae and
in some cases from the mouthparts, convey chemical information

Figure 1. Drawing of adult tick highlighting: - palpal organ (PO)
where neuronal projections were observed to reach the palpal ganglion
(PaG); and Haller’s organ (HO) where neuronal projections extending
to pedal I ganglion (PeG) were observed to reach the olfactory Lobe
(OL) in the synganglion. Drawing by Eliane Quintais.
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Figure 2. Confocal laser scanning microscopy (CLSM) of synganglion in adult males of Amblyomma americanum that were backfilled with
fluorescent neuronal tracer, Dextran tetramethylrhodamine. (A) Olfactory neuron projection from the Haller’s organ confined to the olfactory
lobes and the first pedal ganglion. (B) Taste neuron projection from palpal organ which projected into the palpal ganglion in the synganglion
through the palpal nerve. (C) Merging of A and B to show relative positions of those two type of sensory projections showing distinct projection
patterns of sensory neurons associated with the Haller’s organ and palpal organ. Motor neuron — MN, Olfactory Lobe — OL, Pedal Nerve —
PN, Taste Neurons — TN. Bar = 50 pm.

into the primary olfactory centre of the insect brain, the antennal
lobe (ANTON & HOMBERG, 1999), producing internal
representations of the odours’ signals detected at the peripheral
level. As observed in the present study and in another Acari species
(Phytoseiulus persimilis), olfactory afferents from Haller’s organ
project into an orthologous region in the central nervous system

called the olfactory lobe (VAN WIJK et al., 20006). This observation
suggests that the organization of the olfactory system is conserved
in different arthropod lineages.

The number of glomeruli counted in females of A. americanum
was estimated at between 16 to 21, which is similar to the number
(14 -21) observed in a mite species, Phytoseiulus persimilis (VAN
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Figure 3. Different CLSM sections of the right and left olfactory
lobes in the synganglion of a female Amblyomma americanum stained
with Dextran tetramethylrhodamine. Bar = 50 um.

WIJK et al., 2006). However, this number was lower than that
observed in species of parasitic insects such as Rbodnius prolixus,
28 (BARROZO et al., 2009), Aedes aegypti, 50 (IGNELL et al.,
2005), and Anapheles gambiae, 60 (GHANINIA et al., 2007), and it
was much lower than that observed in bees, 160 and ants, 215-460
(GALIZIA et al., 1999; SMID et al., 2003; NISHIKAWA et al.,
2008; ZUBE et al., 2008). The number of glomeruli is generally
considered to be correlated with the number of olfactory receptor
neurons, which in turn determines the complexity of odors an
arthropod can discriminate. Thus, it appears that arthropod
species utilizing a greater variety of chemical signals have a larger
number of glomeruli (GALIZIA etal., 1999; KLEINEIDAM etal.,
2005). What we found in this study suggests that ticks detect a
smaller repertoire of chemical signals than that of social insects
and other hematophagous insects. The number of glomeruli in

Figure 4. Different CLSM sections of the right and left olfactory

lobes in the synganglion of a male Amblyomma americanum stained

with tetramethylrhodamine. Bar = 50 pm. Note that glomeruli from
males are more packed than in females.

synganglion preparations of male A. americanum was diflicult to
determine because of the intensity of neuronal staining. Similar
limitations have also been observed in Drosophila melanogaster
(STOCKER et al., 1990; LAISSUE et al., 1999) and bees, Apis
mellifera (GALIZIA etal., 1999). It is possible that the use of other
neuronal staining techniques could yield better results.

Josek (2015) used scanning electron microscopy to study
the morphology of the Haller’s organ in three species of ticks,



222 Borges, L.M.E et al.

Figure 5. 2D maximum intensity projection of sensory neurons

associated with palpal organ in the synganglion of a male Amblyomma
americanum showing several bulges. Motor neuron — MN, Taste

Neurons — TN. Bar = 20 pm.

including A. americanum, and observed morphological differences
in the Haller’s organ between male and female ticks. Even
though we were unable to count the number of glomeruli in
male preparations, we observed that male glomeruli were more
compressed than those of females. Again, this difference might be
a reflection of a true difference in the organization of periphery
sensory receptors (JOSEK, 2015), or it can simply be an artifact
of the staining technique. Although we cannot say whether the
number and organization of glomeruli are sexually dimorphic
in A. americanum, it is clear that males do not exhibit increased
glomeruli. Macroglumeruli have been described in the olfactory
lobes of moths, cockroaches, and bees (ANTON & HOMBERG,
1999) and are believed to play a role in receiving information from
olfactory receptor neurons that detect sex pheromones from distance.
Ticks, including A. americanum, use sex pheromones to attract
mates from short distances (BERGER, 1972). This may explain
the lack of macroglomeruli in tick olfactory lobes. The absence of
increased glomeruli was also observed in A. aegypri (IGNELL etal.,
2005) and R. prolixus (BARROZO et al., 2009).

Nymphs and adults of A. variegatum, a related three-host
tick, have 19 olfactory sensilla encompassing between 68 and
94 putative olfactory receptors per tarsus (HESS & VLIMANT,
1982). Assuming that the number of olfactory receptors in
A. americanum is similar to that observed in A. variegatum, and
considering we counted 16 to 21 glomeruli, it can be hypothesized
that each glomerulus is innervated by approximately four afferent
neurons. This number is considerably lower than that observed in
insects (ANTON & HOMBERG, 1999; IGNELL et al., 2005),
but higher than that observed in the predatory mite P persimilis
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in which the number of sensory receptor neurons is the same as
the number of glomeruli (VAN WIJK et al., 2000).

While maintaining the basic principles of cellular organization,
different insect groups show large differences in the morphology
of the antennal lobe. The antennal lobes contain two major classes
of neurons: multiglomerulus neurons whose processes invade
several glomeruli, or uniglomerulus neurons that invade a single
glomerulus (HANSSON & ANTON, 2000), as we observed
here for the ixodid tick.

Palpal backfill preparations of A. americanum resulted in two
neuronal projection tracks to the synganglion. One of the two
tracks may be the projection of taste neurons and the other the
motor neurons. In Argas persicus, Sridharan et al. (1998) backfilled
palpal sensilla with cobalt-dye. Just as in A. americanum, they found
that a projection is extended in a commissure to the contralateral
side in the anteriormost region of the suboesophageal ganglion.
Together, these data suggest that Argasidae and Ixodidae ticks
share a similar neuronal organization and neural mechanisms
for perceiving and processing sensory information. Restriction
of neuronal projections from A. americanum palps to the palpal
ganglion, and not to the olfactory lobes, was also observed in the
predatory mite P persimilis (VAN WIJK et al., 2006). The IV
palpal segment in ticks houses the palpal organ, and data from
the current study indicate that the organ likely does not have an
olfactory function. Further, A. americanum nymphs have 10 sensilla,
nine of which contain two mechanoreceptor dendrites plus several
(4 to 12) chemosensory receptors dendrites (FOELIX & WANG,
1972). In contrast, maxillary palp neurons in mosquitoes project
to the antennal lobe, and there are odorant receptors present in
this organ (ANTON & ROSPARS, 2004; IGNELL et al., 2005).

Results from the current study on central projection of
olfactory and taste neurons in the synganglion contribute to our
understanding of central processing of olfactory and gustatory
information by ticks. We are currently assessing alternative neuron
labeling techniques to develop a 3D reconstruction of glomeruli
in tick olfactory lobes in the tick central nervous system. We are
also evaluating backfills from single sensory sensilla to visualize
the projection pattern of individual sensory receptor neurons.
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