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Abstract
Ticks are blood feeding ectoparasites that transmit a wide range of pathogens. The lone star tick,
Amblyomma americanum, is one of the most widely distributed ticks in the Midwest and Eastern United
States. Lone star ticks, like most three-host ixodid ticks, can survive in harsh environments for extended
periods without consuming a blood meal. Physiological mechanisms that allow them to survive during
hot and dry season include thermal tolerance and water homeostasis. Large quantity of dermal �uid
secretions induced by mechanical stimulation of tick legs has been described in metastriate ticks
including Amblyomma. We hypothesize that a function of tick dermal secretion is similar to the sweating
in large homeothermal animals. In this study, we found that a contact with a heat probe at 45oC can
trigger dermal secretion. We demonstrated that dermal secretion plays a role in evaporative cooling when
ticks are exposed to high temperature. We observed that direct contact to a heat probe for 5 seconds at ~ 
52oC caused an exhaustive dermal secretion with ~ 4% loss of body weight and resulted in the lethality in
24-hour, indicating that the secretion is associated with signi�cant costs of water loss. We identi�ed type
II dermal glands having paired two cells forming large glandular structures. The secretion is triggered by
an injection of serotonin and the serotonin-mediated secretion was suppressed by a pretreatment of
Ouabain, a Na/K-ATPase blocker, implying that the secretion is controlled by serotonin and the
downstream Na/K-ATPase.

Introduction
Ticks are blood feeding arthropods and the number one cause of vector-borne illness in the United States
1,2. The Family Ixodidae, hard tick containing the major vector species, is mainly divided into two groups;
Metastriata group including Amblyomma, Rhipicephalus, and Dermacentor, and Prostriata group
including Ixodes. 2-4. The lone star tick, Amblyomma americanum, is a hard tick that belongs to the
Metastriata group, which is widely distributed in the Midwest region of the United States 5. This tick
vectors pathogens, including Fransicella tularensis, Ehrlichia chaffeensis, and E. ewingii. Each are
causative agents of Ehrlichiosis and a number of viruses 6-8. This tick can also cause southern tick
associated rash illness (STARI) and red meat allergy, which is caused by a speci�c glycan (alpha-gal or
galactose-a-1,3-galactose) present in their salivary glands 9,10.

Multi-host hard ticks spend a relatively small part of their lifetime on the host for feeding. Over 90% of
their lifetime is spent off-host, mostly in vegetated ground. Tick survival and success largely depends on
their ability to maintain water balance during off-host periods in high temperature and low relative
humidity (RH) 11,12. Water absorption physiology in hard tick during the off-host periods has been
reviewed previously 13-15. Ticks capture water molecules in environmental vapor by using a hygroscopic
saliva 16 that is rich in chloride, potassium, and sodium 11,17. Water absorption then takes place through
the type I salivary gland acini 18. In addition, active drinking directly from water drops has also been
observed 13,18,19. The physiology for obtaining water is to recuperate from the natural imminent water
losses that occur through evaporation and excretion 3,20-22.
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Ticks have thick sclerotized cuticle covered with wax 13 preventing evaporative water loss. However, an
important route of water loss through the integument may be secretion through dermal glands which
accounts for 2.3–2.5% of the body weight  in the case of R. sanguineus 23 and 4% in A. americanum (in
this study). In metastriate ticks, the dermal secretion occurs through a large number of a subset of dermal
glands opened to dorsal and ventral surface, which has been demonstrated to be triggered through
mechanical stimulation 3,24. It has been proposed that the primary function of this secretion is to defend
against predators and pathogens as it contains squalene and other unknown toxic compounds 25-27.
Other reports also show that the gland secretion contains compounds with pheromonal activity for
aggregation, such as: o-nitrophenol and methy-salicylate in the fed male A. variegatum 28 and in A.
haebreum 29. In addition, it has been also reported that dermal excretion through mechanical stimulation
provides heat tolerance in R. sanguineus 30, opening possibilities of multiple functions of the dermal
secretion, although the analytical studies for different types of secretion is yet lacking. We hypothesize
that the tick dermal secretion, large volume of �uid containing small portion of the active compounds,
functions for evaporative cooling like the case of sweating in large animals.

In this study, we propose that dermal secretion allows ticks to cope with a sudden exposure to hot
temperature by using evaporative cooling of the body. We show here heat-probe induced dermal
secretions and rapid evaporative cooling, supporting the hypothesis. The dermal secretion physiology is
further investigated by identifying the molecular components, serotonin and Na/K-ATPase, involved in the
control of the dermal secretion.

Results
Tick dermal secretion is induced by a contact to the heat probe

The dermal secretion observed for the dorsal side was induced by a dorsal contact of the thermal probe
(Fig. 1 and supplementary Video S1) at 35 °C in 12.5% individuals, and 100% individuals responded at 45
oC (Fig. 2a) in A. americanum. When the treatments were made by sequential increases in the probe
temperature on the same individual, where rapid acclimation to prior exposure to the heat probe could
occur, the temperature required for induction of dermal secretion was 42 oC in A. americanum, Other tick
species also showed secretion responses with moderate levels of shifts in the sensitivities: R. sanguineus
(45 °C) and D. variabilis (50 °C) where total percent response was 90 and 65% respectively (Fig. 2b). No
dermal secretion was observed in Ixodes scapularis.

When A. americanum secretion was induced by the heat-probe at 55-58 °C for up to 5 seconds, the
exhaustive dermal secretion resulted in signi�cant loss of the weight, 4.1 % loss from the average 6.1 mg
to 5.8 mg (n=40). These group of the ticks were all dead in a day kept in 95% RH after the treatment. The
temperature in an edge of a typical tick habitat in Kansas in a sunny summer day with 33 oC ambient
temperature was found to be in a range of ~55-65 °C on the surface of soil and ~37-50 °C on the surface
of grasses (Fig. 2c).
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In an investigation of the effect of dermal secretion on evaporative cooling, the temperature change
monitored on the dorsal surface showed signi�cantly higher cooling rate in the ticks with dermal
secretions than in those without secretion (Fig. 3a). When the cooling rate was regressed with an
exponential decay formula, the slopes of decay were signi�cantly different; -1.7 compared to that of no
secretion -1.2 (Fig. 3b). The evaporative cooling in the ticks with the secretion resulted in 1.2 degrees
cooler at the 10 second after the contact with heat probe (Fig. 3a).

Dermal secretion is induced by serotonin and inhibited by Ouabain

            In injection of different biogenic amines, neuropeptides and secondary signaling molecules, we
found that a biogenic amine serotonin triggered an immediate dermal secretion at 1mM (Table 1). This
response was observed in 75% of A. americanum (Fig. 4 and supplementary Video S2). In other
Metastriata ticks, we observed that 75% individuals responded in R. sanguineous, 50% in D. variabilis,
whereas no response was observed in a Prostriata Ixodes scapularis (Fig. 4a). Dose-response of
serotonin showed that the dose required for the secretion is higher than 100 mM in 10 nL injection and
reached to the maximum response to a plateau at 1 mM with 75% responders, which was also found in
an increased concentration to 10 mM (Fig. 4b).

We expanded the study to investigate the downstream machinery for �uid transport. A pre-treatment of
Ouabain, a Na/K-ATPase inhibitor, by an injection of 10 nL 100 mM at the -30 min. of the serotonin
injection, blocked the secretion response to the serotonin injection. Ouabain signi�cantly lower the
response to serotonin than that in control (water injection) (p=0.0134 in a Chi-square test) (Fig. 4c).

An interesting observation worth to be mentioned in this set of experiment was bilateral asymmetric
responses (Supplementary Table S1).  In one batch of ticks, when ticks were injected on the left side,
majority of the ticks responded with the secretion on the right side and vice versa. However, in another
batch of ticks, the secretion responses were observed on the same side of injections; right side injections
resulted in the right side response and vice versa. (Table S1).

Dermal secretion and type II dermal glands were visible with the aid of blue �uorescent light

            After the induction of dermal secretion by a heat-probe to the legs, we found that the drops of
dermal secretions, ~ 2nL from each dermal pore, which were dried immediately on the surface of the
integument, had blue �uorescence under CFP �lter (Fig. 5a-d) in a �uorescence stereoscope. Dissections
and visualization of the dermal glands were performed after we blocked the secretory response by an
injection of local anesthetic Procaine hydrochloride to naïve ticks at 10 minutes prior dissection (n=13) to
preserve the intact gland structure during the dissection procedure, which induces the secretion and
collapses the gland. The Procaine injected individuals were tested by a heat-probe before dissection to
ensure lack of secretion as the anesthetic response. Only the individuals with a negative secretory
response (9/13) were used for dissection and visualization for the internal structure. The glands under
the �uorescent light with CFP �lter set showed blue �uorescent glandular structures in both dermal and
ventral layers (Fig. 5e-g). The blue �uorescent glands were rich in the festoon region, while a number of



Page 5/21

the glands were also observed in the region surrounding the base of coxa and also in the regions near the
clusters of dorso-ventral muscles.

            Confocal images of dorsal and ventral integuments showed the same patterns of localization for
the type II gland structures as were observed in the CFP �lter set; the type II glands mainly in the tick
festoons and also in the area surrounding the coxal regions and near the dorso-ventral muscles, while the
glands lost the intactness of the round shapes during the sample processing. A pair of large nuclei
associated with balloon-like thin membrane structure was observed on the internal surface of epidermal
cell layer. All the staining reagents that we employed, Na/K-ATPase, cell membrane (CellMaskTM), beta-
tubulin, and HRP (neural marker in insects), helped the visualization of the type II dermal glands. The anti-
HRP antibody and CellMaskTM showed the robust membrane staining (Fig. 6a-f). Anti-beta-tubulin
antibodies stained subcellular part of the glands, but with high variability among different glands (Fig.
6b-f). The entire membrane for small number of glands were stained for beta-tubulin (Fig. 6c, e, and f),
but mostly having only small spots on the membrane (Fig. 6b), whereas all type I glands were positive for
the beta-tubulin (Fig. 6d). Often, we observed clustered subcellular region of basal part of the glands that
was positive for β-tubulin (Fig. 6e and f). Anti-HRP stained the clusters of the cells in the type I glands
(Fig. 6d and f) and the membrane of type II glands. Anti-Na/K-ATPase antibody stained small spots on
the membrane of type II glands (Fig. 6h and j).

In microtome sections of the dermal layers, two types of dermal glands were obviously categorized:
narrow duct with a cluster of small cells for type I (Fig. 7a-c) and the large dermal glands connected to
the wide dermal pores for type II (Fig. 7d-f). The location and the shape of the type II glands are well
correlated with the structures observed in �uorescence stereoscope and confocal images. Each wide
dermal pore is mostly connected to a paired two glandular structures, which was shown in the confocal
microscopy with two large nuclei

Discussion
            We demonstrated that tick dermal secretion is triggered by contact with a high temperature
substrate in this study. Evaporation of the dermal secretion signi�cantly helped the rapid cooling of the
body. These data support that a function of tick dermal secretion is to provide the evaporative cooling of
the body in hot environments, which can be up to 65 °C shown in a typical tick habitat in a summer day in
Kansas (Fig. 2c).

            Evaporative cooling in small invertebrate is an unexpected observation; while,
endothermic/homeothermic large animals are well known for dermal secretion, sweating, for evaporative
cooling in thermoregulation through apocrine and eccrine glands 31. Small arthropods, having high
surface to volume ratio, are vulnerable to evaporative loss of water. The integument covered with a wax
layer in arthropods is e�ciently preventing evaporative loss of water. The cost of dermal secretion is
shown by the death of the individual having exhaustive dermal secretion by a contact of 55–58 °C heat
probe for 5 seconds. Excessive loss of �uid (4.1 % of body weight) is likely leading to death although the
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accurate cause of the death in this case needs to be further investigated. Despite of the costs of water
loss, tick dermal secretion is likely important for tick survival with the tight control of the secretion. 
Indeed, previous studies have shown that the ticks with dermal secretion can survive better when they are
exposed to high temperature. This �nding was reported in R. sanguineus where dermal secretion provided
heat tolerance after ticks were mechanically stimulated through leg pinching 30. In this study, the tick
survival after 1 hr. heat shock in naïve ticks was 27% at 52°C and 18% at 54°C, whereas ticks that
experienced dermal secretion by pinching the legs were much more tolerable in the same condition, i.e.,
93% survival at 52°C and 89% at 54°C. The authors suggest that heat tolerance may be the result of
internal changes in the dermal glands that occur after secretion. The physiology behind this tolerance
needs to be investigated further.

The secretion is proposed to contain defensive compounds against predators and pathogens. Such toxic
compounds, like antimicrobials and squalene, can be externalized through pore openings on the cuticle
surface 25,26 and may act as allomones against predatory ants like the case of squalene 23. An earlier
study identi�ed o-nitrophenol and methyl salicylate in the type II glands of fed male ticks of A.
variegatum and A. hebraeum, which are thought to have aggregation pheromonal activities 28,29. In this
study, we add an additional function of the dermal secretion for thermoregulation by evaporative cooling.

Two types of dermal glands and pores have been described in R. sanguineus 32, namely type I and type II.
Type I glands are also known as small gland 33 and type II are known as large wax gland or type A gland
33-35. Dermal secretion has been reported to occur presumably through type II dermal glands connected to
sensilla sagittiformia types of pore, which are exclusive to metastriate ticks 36 and absent in prostriate
ticks 34,37, although previous reports have not been able to directly link this type of secretion with the
speci�c type II glands. A number of our observations support that the type II gland we described is the
gland for the dermal secretion, i.e., the number, size, and location of the glands are equivalent to the
external pore that produces secretions. The blue �uorescence we observed in the secretion is also
localized to the type II glands.

Gland morphology consisted of paired two cells each having thin membrane forming a balloon-like sac,
which is similar to the previous description for R. sanguineus 28. Immunohistochemistry of the type II
glands suggests the absence of neuronal projections connecting the dermal gland, based on the lack of
axon-like projections in HRP-immunoreactivity. Interestingly, the HRP immunoreactivity, which presumes
staining neuronal associated glycans in arthropods, also appears to be present in subcellular structures
of the gland itself. Noticeably, however, the anatomically categorized dermal gland type II appear to be
having subcategories based on the blue �uorescence of the contents and immunoreactivities in the
dermal gland sac for Na/K-ATPase. The dermal secretion often contained non-�uorescent oily product
externally (Fig. 5d), and the type II glands in the internal structure often was not �uorescent in the CFP
�lter set. Na/K-ATPase and beta-tubulin immunoreactivities were also vary for different type II glands
(Fig. 6b, c, h, and j). It is not clear whether the variation is caused by the intrinsic, environmental,
developmental variations at this time.
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While the multifunctional dermal secretion is a novel biological innovation, it costs a large amount of
water loss as is shown by the lethality caused by exhaustive secretion. Therefore, the dermal secretion is
likely a process tightly controlled by neural/hormonal mechanisms. In ticks, the water homeostasis is a
tightly controlled physiology. The excretions occurring through the saliva and hindgut are controlled by
neural and hormonal controllers 21,38. An immediate response of dermal secretion upon the injection of
serotonin (sub-second) favors serotonin as a direct hormonal/neural factor for activating the dermal
glands. Blocking the serotonin-mediated dermal secretion by Ouabain suggests that the main
downstream transporter is Na/K-ATPase in the dermal glands. This is supported by our IHC results
showing granular spots of Na/K-ATPase staining in both type I and type II glands (Fig. 6h and j), So far,
the roles of Na/K-ATPase in ticks have been described for the secretory activities in the salivary gland
type 2 and 3 acini and resorptive activity in the salivary gland type I. A previous study for RNAi of Na/K-
ATPase in a feeding stage tick found that the phenotype was associated with incomplete feeding and
limited cuticle expansion during feeding 39. An involvement of Na/K-ATPase in the dermal secretion
suggests another function of Na/K-ATPase in different physiological processes.

            In conclusion, tick dermal secretion provides evaporative cooling when the ticks encounter the
contact with hot substrates in microhabitats. This could be a factor contributing to their extended survival
rates and habitat expansions to geographical areas with hot temperature. There are two main molecular
controllers of the dermal secretion pathway: serotonin and Na/K-ATPase. The dermal secretion involved
in osmoregulatory physiology and thermoregulation may offer a vulnerable tick physiology that can be
targeted in development of tick control measures. Current study brought in an interesting aspect of this
exocrine gland that is responsible for the massive amount of dermal secretion in a short time.

Materials And Methods
Ticks

            Unfed 2 to 3-month old female adult A. americanum, D. variabilis, R. sanguineus, and I. scapularis
were obtained from the Oklahoma State University tick rearing facility. They were kept at room
temperature and >95% RH until used for experiments. Ticks were kept at 28 °C and >90% RH prior to
experiments.

Induction of dermal secretion by heat probe

            Ticks were immobilized on a �at surface with double-sided sticky tape (3M Scotch permanent
mounting tape, MN, USA). The dorsal surface of the tick was exposed to heat by a direct contact with a
heat probe made of 28-gauge nichrome 80 wire for 1–5 sec., depending on the experiments speci�ed.
The temperature of the wire was controlled by a current controller (Stoelting Co, IL, USA) and the
temperature was monitored by a thermal camera (SeekTermal, CompactXR).

In order to measure the threshold temperature for secretion response in A. americanum, we treated the
ticks with different temperatures for 1 sec. with the temperature increasing from 30 to 70 oC by 5 oC
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interval. Eight ticks were tested at each temperature to avoid acclimation or sensitization of ticks to prior
exposure to the heat probe. Another modi�ed method was used for measuring the heat sensitivity in the
test including other Metastriata ticks (A. americanum, R. sanguineus and D. variabilis). In this test,
individual ticks were exposed to the probe repeatedly with sequential increments of the probe
temperature. In each trial the probe temperature was sequentially increased by ~3 to 4 °C (n=10 for R.
sanguineus, n=12 for A. americanum, and n=12 for D. variabilis).  If the dermal secretion was not
observed before 5 seconds of contact at the given temperature, the probe was detached from the tick and
the next higher temperature was set for another contact that was followed by ~ 1 min. interval. A control
group was treated with the probe at room temperature (RT) to ensure the response was not due to
mechanical simulation by contact from the probe. During this operation, the thermal image was recorded
and analyzed by SeekThermal application software (V2.1.9.1) and the image processing software
(V2.6.1.12).

            To assess the impact of dermal secretion on the body cooling rate, a set of 5 ticks per group were
used; a group with no sweat and with sweat. Both were treated with the probe at the temperature between
40-42 °C. Ticks reported as; no sweat means they did not exhibit the secretion after 5 seconds of the heat
probe contact. Thermal images were analyzed as 20 frames per second using ImageJ 1.53a 40. The
cooling rate was assessed by the average pixel values of 3 different regions of interest (ROI) surrounding
the probe contact point on the tick surface. The average pixel value of the ROI was used for accurate
estimation of temperature. The rate of lowering the temperature from 40 °C in each tick were �tted to an
ExpDec1 curve (OriginPro 2020b, Fig 3b) and values obtained for each rate of decay, A1/t1, were used in a
Student’s T-test for the analysis (Fig 3b). ExpDec1 regression provided the �ts with R values in the range
of 0.97 to 0.99. The regression and the data analyses were conducted in OriginPro 2020b (9.7.5.184).

            To assess the amount of weight loss after exhaustive dermal secretion, the ticks kept in high RH
(>95%) for one day were weighted before and after the contact with heat probe at 55–58°C for 5 sec. The
ticks after the treatments were placed on the high RH for recovery and monitored for survivorship.

Pharmacology of dermal secretion

            To identify the neural or hormonal components involved in dermal excretion, we injected a series
of biogenic amines, neuropeptides, and secondary signaling messengers. The chemicals used for
biogenic amines were: Octopamine ((±)-Octopamine hydrochloride, Sigma, Cas#00250), Norepinephrine
((±)-Norepinephrine (+)-bitartrate salt, Sigma, Cas#3414-63-9), Dopamine (Dopamine hydrochloride,
Sigma, Cas#H8502), Serotonin (5-hydroxytriptamine hydrochloride, Sigma Cas#H9523), for
neuropeptides were: SIFamide (AYRKPPFNGSIFamide, 41,42), MIP-1 (Mioinhibitory peptide-1,
ASDWNRLSGMWamide, 41,42), Proctolin (RYLPT, ELV-1 (Elevenin, LDCRKYPFYYRCRGISA, 43), for
secondary signaling messengers were: Dibutyryl cAMP (Dibutyryl adenosine 3',5'-cyclic monophosphate
sodium salt, Santa Cruz Biotechnology, Cas# 16980-89-5), Forskolin (Sigma, Cas # F3917), Dibutyryl
cGMP (Santa Cruz Biotechnology, Cas# 51116-00-8) SNAP (N-(acetyloxy)-3-nitrosothiovaline, Cayman
chemicals Cas#67776-06-1).
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            The compounds dissolved in water were injected through the base of the second coxal segment
from lateral side using a Nanoject III nano-injector (Drummond Scienti�c Company, PA, USA) (Table 1). All
injections were made for 10 nL unless it is speci�ed. The strong secretion inducer, serotonin, was further
tested for obtaining the full dose-responses.

            We tested the role of Na+/K+-ATPase in the dermal secretion by a pretreatment of the tick with
Oubaian, a Na+/K+-ATPase inhibitor. Ticks were injected with 10 nl of 100 µM Oubaian 30 min before
injection of serotonin (10 nl of 1mM). In rare cases (3 out of 20), the ticks that showed dermal secretion
in Ouabain injection were excluded in data analysis because they were considered as the response to
mechanical stimulation by insertion of the needle, which also occurred in water control.

Localization of dermal secretion and the anatomy

            Naïve A.mericanum females were used to visualize the structure of the dermal gland on the dorsal
and ventral dermal integuments. Immobilized ticks were placed on a double-sided sticky tape and treated
by a heat contact to the legs. Dorsal dermal secretion was observed under �uorescent light with CFP �lter
set (excitation BP436/7, dichromatic mirror 455, and emission �lter 470LP). The majority of dermal
secretions displayed �uorescence drops with the CFP �lter set.  For internal view of the dermal glands,
naïve ticks were injected with a local anesthetic, 20 µl of 740 mM of Procaine hydrochloride (Sigma-
Aldrich, St. Louis, MO, USA), to prevent the dermal secretion triggered in the processes of dissection,
which empties the gland contents. Ten minutes after procaine injection, the dorsal integument of ticks
was removed with a surgical scalpel to visualize the internal glands.  External and internal images were
captured using a camera (DFC400) attached to a stereo microscope (M205FA; Leica, Heerbrugg,
Switzerland) with the CFP �lter set.

            For confocal imaging of the glands, cellular structures, and molecular components, dorsally
opened tissues were washed with PBST �xed in 4% paraformaldehyde for 3 hours. The tissues were then
incubated with 5% normal goat serum (Jackson ImmunoResearch), containing the target antibodies
overnight at room temperature. Immunohistochemistry (IHC) was performed using beta-tubulin mouse
antibody (GenScript, Piscataway, NJ, USA) at a �nal concentration of 0.5 mg/ml, mouse monoclonal
antibody (a5) raised against chicken Na/K-ATPase (Developmental Study Hybridoma Bank, University of
Iowa) at 4.4 µg/ml. To localize Na/K-ATPase, we used a procedure already established by our laboratory
44. Following primary antibody incubation, tissues were washed with PBST and subsequently incubated
overnight at room temperature with the secondary antibody, goat-anti-mouse IgG antibody conjugated
with Alexa Fluor 488 (Molecular Probes, Eugene, OR, USA). In addition, goat polyclonal antibody against
horseradish peroxidase (HRP) conjugated with Cyanine Cy™3 (8 µg/ml, Jackson Immunoresearch, West
Grove, PA. USA), containing 5% NGS, was used. The HRP-antibody has been used for characterization of
the tissues having neural properties in insect 45, due to its immunoreactivity against an N-linked
oligosaccharide epitope expressed on neuronal glycoproteins in insects 46. After the secondary antibody
incubations, tissues were washed with PBST, incubated in 300nM 4′,6′-diamino-2-phenylindole (DAPI,
Sigma) or 2.5 µg/ml Hoechst 33342 (Invitrogen, Carlsbad, CA, US) and 40 fold dilution of Phalloidin
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conjugated with Alexa Fluor™ 555 (used for actin staining), (Molecular Probes, Eugene, OR, USA) or 5
µg/ml  CellMaskTM (Invitrogen, Carlsbad, CA, US) for 10 minutes, washed for 30 minutes and then
mounted in glycerol. Images were captured with a confocal microscope (Zeiss LSM 700).

            In microtome sections to visualize the cuticle integument and epidermal layers, ticks were cut into
2–3 pieces directly alive or after snap-freezing using liquid Nitrogen. Ticks were �xed for 3 hours at room
temperature in non-alcoholic Bouin’s �xative and washed with PBS containing 0.5% Triton X-100 (PBST).
Samples were dehydrated with series of increasing ethanol solution (50 to 95%) and an additional cuticle
plasticization step was conducted by placing samples in n-Butanol (3 hours incubation at room
temperature with rotation). Following dehydration, samples were placed in 100% chloroform for overnight
at 60 °C and transferred to para�n for up to 96 hrs. Tissue sections were made by using a Leica
microtome at 8 to 10 µm thickness and placed on a slide with 0.5% gelatin. Samples were dried in an
incubator at 40 °C overnight. Depara�nization was conducted using xylene, tissues were rehydrated with
decreasing series of ethanol solutions (95 to 50%) and washed with PBST.

            For visualization of dermal layers under bright �eld, staining with methylene blue (10 seconds)
was conducted, using solution II from the Hema 3TM staining kit (ProtocolTM, Fisher Scienti�c, Waltham,
MA, USA). Slides were visualized using a Nikon Eclipse E800 compound microscope.
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Tables
Table 1. Compounds injected into ticks for dermal secretion responses. Further details of the compound
information are in the materials and methods.

Compound Concentration N Response %

Biogenic amines      

       Octopamine 10 mM 10 0%

       Norepinephrine 10 mM 10 0%

       Dopamine 10 mM 10 10%

       Serotonin 1 mM 20 75%

Neuropeptides      

       SIFamide 10 mM 10 0%

       MIP-1 1 mM 10 0%

       Proctolin 10 mM 5 0%

       ELV-1 10 mM 10 10%

Secondary signaling messengers      

       Dibutyryl cAMP 10 mM 5 0%

       Forskolin 10 mM 10 10%

       Dibutyryl cGMP 10 mM 20 10%

       SNAP 5 mM 10 20%

Figures
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Figure 1

Dermal secretion upon heat probe contact. Time 0 represents the moment the heated probe contacted the
legs of the ticks. Top images show the full dorsal view of the tick over the course of 4 seconds after
touching the dorsum with the heated probe. Lower images show the magni�cation of the insertion in the
time 0 for each time point. Real time secretory response can be observed in supplementary Video S1.

Figure 2

Dermal secretion in response to heat probe contact. a) The response by percentage for dermal secretion
at different temperature in female Amblyomma americanum (n=8 ticks/temperature). b) Dermal secretion
responses to a heat probe contact tested in a same tick with sequentially increased temperature of the
heat probe. c) Thermal image with regular bright �eld image for a typical tick habitat showing the
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temperature range of 38 to 65oC. The image was captured in a sunny summer day with 33 oC ambient
temperature.

Figure 3

Cooling rate with and without dermal secretion after the contact with heat probe. a) Cooling rate
measured for 10 seconds after contact with heat probe in Amblyomma americanum. The blue line
represents the ticks with dermal secretion and the red line is for the ticks without secretion (n=5
ticks/treatment). Shadowed area represents the SEM for each curve. b) The regression formula and lines
for the rate of decay that was used for the statistics by Student’s t-test. Box plots show the median, 1st
and 3rd quartile for the box and 95 and 5% for the error bars.
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Figure 4

Dermal secretion induced by serotonin injection. a) The dermal secretion responses by percentage after
serotonin injection (10 nl of 1 mM serotonin) in Metastriata ticks, Amblyomma americanum,
Rhipicephalus sanguineus, Dermacentor variabilis, and Ixodes scapularis. Supplementary Video S2
shows the real time response upon serotonin injection. b) Dose-response to serotonin injection in A.
americanum (10 nl injections). c) Effect of ouabain pre-treatment on the serotonin-mediated dermal
secretion. Ouabain pre-treatment was made with an injection of 10 nl of 100 µM at 30 minutes before the
serotonin treatment. Water injections were used for the control. The statistics were Chi-square test.

Figure 5
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Localization of dermal secretion and putative type II gland. a) Dorsal view of Amblyomma americanum
female after dermal secretion stimulated by heat exposure on the legs. The white square in A and C
highlights a subset of secretion spots magni�ed in B and D. b) Magni�ed view of the white box in A,
where white arrowheads point the dermal secretions dried on the top of the pores leaving �uorescent
residue and the empty arrow heads point to secretions which are not showing blue �uorescence. c) Image
A under CFP �lter set. d) Magni�ed view of the white box in C, where white arrowheads the dried drops of
secretion with �uorescent residue and the empty arrow heads point to secretions with no blue
�uorescence. e) Internal view of dorsal integument with CFP �lter set and f) Internal view of ventral
integument. White arrowheads point to the putative dermal glands type II. g) Magni�ed view of the inset
shown in F where white arrow heads point to a cluster of type II glands located on the ticks festoons.
Scale bar shown at 100 µm.
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Figure 6

Confocal images of the dermal layer showing type II and type I glands. a) Ventral layer of unfed tick. The
white triangles points to the clusters of round shapes are for the dorso-ventral muscle (M). The inset
containing red (anti-HRP) is a festoon showing typical type II glands magni�ed in B. b) Inset of A showing
the type II dermal glands indicated by white arrowheads. c) A confocal image with a Z-stack for 9 layers
of a total of 27.54 µm. The white arrowheads point to type II dermal glands, empty arrowhead points the
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type II gland stained for β-tubulin. d) Lower layers of the region shown in C, a Z-stack for 12 layers of a
total of 36.72 µm. This image shows both type I type II glands. The front and back views were made by
different degrees of transparency in the Z-stack algorism. e) A paired type II gland with the nuclei staining
in each. The image is the Z-stack of 14 layers of total 37.38 µm. f) The backside view of E made by
different degrees of transparency in the Z-stack. Note that β-tubulin immunoreactivity is clustered in the
basal region of the gland. Type I glands are marked with the arrowheads. g) Type II glands in the
central/anus region of the ventral dermal layer, where white square shows type II glands and white
triangle the dorso-ventral muscles (M). h) Inset of G showing the type II dermal glands. Note spotted
granular green staining of Na/K-ATPase. i) Type II glands in the lateral/coxa region of the ventral dermal
integument, where white arrowheads are for type II glands and white triangle the dorso-ventral muscles
(M). j) Inset of I showing the type II dermal glands with white arrowheads and spotted granular staining
of Na/K-ATPase. White triangle is for the dorso-ventral muscles (M). a-d: Blue; nuclei staining with
Hoeschst, Green; β-tubulin staining and Red; Horseradish Peroxidase staining (CyTM3). e and f: nuclei
staining with Hoeschst, Green; β-tubulin and Red; plasma membrane stained with CellMaskTM. g-j: nuclei
staining with Hoeschst, Green; Na/K-ATPase and Red; Phalloidin used for actin staining. All scale bars
shown represent 50 µm.

Figure 7

Dermal gland type I and II associated with the ducts on cuticle layer. Magenta circles (a, b, and c) show
the pore associated with the dermal gland type I, blue circles (D, E, and F) show wide pores associated
with the dermal gland type II. a) Unfed tick integument showing type I dermal glands of an unfed female
tick. b and c) Close-up image of type I glands characterized by thin pore and small cell clusters. d–f) Type
II glands shown in different locations of alloscutum of unfed ticks. A part of glandular structures are
connected to the wide ducts on the cuticular layer. Scale bar is for 100 µm.
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