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Salivary gland extract 
from the deer tick, Ixodes 
scapularis, facilitates neuroinvasion 
by Powassan virus in BALB/c mice
Rodrigo I. Santos1, Meghan E. Hermance2, Erin S. Reynolds3,4,5 & 
Saravanan Thangamani3,4,5*

Powassan virus (POWV) is a neuroinvasive flavivirus transmitted to mammals by the bite of ixodid 
ticks. In this study, we sought to investigate the impact of tick salivary gland extract (SGE) on POWV 
neuroinvasion. BALB/c mice were footpad inoculated with either a high dose or a low dose of POWV, 
with and without Ixodes scapularis salivary gland extract. Brain and spinal cord were extracted 
daily, and immunohistochemical techniques were used for temporal tracking of POWV antigen. The 
temporal pattern of POWV staining showed a caudal to rostral spread of POWV in the brains of mice 
from both high dose infection groups. For the high dose infection groups, the presence of tick SGE 
did not influence the spread of POWV in the brain. Mice infected with the low dose of virus alone did 
not present POWV staining in the brain; however, in the presence of SGE, low dose infected mice 
presented scattered foci of POWV-infected cells throughout the brain. This study shows that tick SGE 
facilitates POWV neuroinvasion when mice are infected with the lower dose of POWV. We also found 
two patterns of central nervous system invasion that were directly influenced by the dose of POWV 
administered.

Since 1958, when Powassan virus (POWV) was first isolated from the brain of a young boy who died of encepha-
litis in Powassan,  Ontario1, we have known that this flavivirus is capable of causing a severe neuroinvasive disease 
in humans. The most common clinical presentations of disease caused by POWV are encephalitis, meningoen-
cephalitis, and aseptic meningitis. The incubation period ranges from 1 to 5 weeks; however, most patients are 
unable to pinpoint the exact date of their  exposure2. Lethargy, headache, sore throat, and disorientation often 
occur in the  prodrome3. The encephalitic phase typically involves vomiting, prolonged fever, respiratory distress, 
loss of coordination, difficulty speaking, and seizures, ultimately resulting in a case fatality rate of approximately 
10% and long-lasting neurological sequelae in 50% of  survivors2,4. In several early POWV case studies, the neuro-
logical sequelae documented in individuals who survived POWV infection include hemiplegia, muscle wasting, 
recurrent severe headaches, and memory  problems3,5–9. In more recent case series, encephalopathy is a commonly 
reported clinical syndrome typically used to describe overall brain dysfunction and altered mental  status10,11.

Detailed pathological examination of postmortem tissues has been documented for several fatal cases, dem-
onstrating that human cases of POWV encephalitis are typically characterized by perivascular and parenchymal 
infiltration of lymphocytes and monocytes, with occasional necrosis and neuronal  loss1,2,12,13. Furthermore, 
the presence of POWV antigen is marked in neurons, suggesting that POWV has a strong  neurotropism1,12,13. 
Additional information on the pathogenesis of POWV has been obtained through animal models. In rhesus 
macaques POWV displayed a marked neurotropism, with neurons and glial cells frequently being  infected14. 
When  104 PFU of POWV was intraperitoneally injected into 3–5-week-old BALB/c mice, the onset of clinical 
disease was between 5 to 6 days post-infection (dpi), with an average survival length of eight days and 100% 
 mortality15. Similar observations were made for 6-week-old BALB/c mice infected by tick  feeding16. In these 
mouse studies, signs of febrile illness (ruffled fur, malaise, and hunched posture) preceded the encephalitic phase 
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of disease, which involved ataxia, hind limb paralysis, occasional convulsions, and  death15,16. Histopathology 
of the brain sections from mice that succumbed to POWV infection demonstrated meningoencephalitis with 
focal mononuclear infiltrates and perivascular cuffing. Necrosis and POWV antigen were widely distributed 
throughout the cerebra of POWV-infected mice; however, the immunoreactive neurons were morphologically 
normal and were more prevalent than the inflammatory and necrotic  lesions15.

POWV is a member of the Tick-borne encephalitis virus (TBEV) serogroup, and all viruses in this group 
are vectored by Ixodes species ticks. For an ixodid tick to successfully attach to a host and complete its lengthy 
feeding process, it must overcome the host’s immune and hemostatic defenses. Tick saliva contains an array 
of bioactive molecules that are vital to overcome the coagulation, hemostasis, wound healing, and innate and 
adaptive immune responses of the  host17–23. In a process known as saliva-assisted transmission (SAT), the com-
plex bioactive molecules present in tick saliva create a favorable environment for pathogen transmission and 
 proliferation24. Experimental evidence of SAT is demonstrated when inoculation of the pathogen plus tick saliva 
into a host results in enhanced pathogen transmission and infection, compared to the levels of infection when 
the pathogen alone is  inoculated25. Direct experimental evidence of SAT has been demonstrated for several tick-
borne pathogens, including TBEV, which is closely related to  POWV24,26,27. Although many reports support the 
concept of SAT for flavivirus  pathogenesis24,28–31, other studies have shown no effect on viral pathogenesis due 
to arthropod  saliva32–34. The reason behind these discrepancies are uncertain.

Our laboratory developed mouse models for POWV pathogenesis that resemble the course of disease for 
human cases of  POWV31,35. These mouse models deliver virus via footpad inoculation, which penetrates through 
the dermis and reaches the subcutaneous layer of the skin. Thus, our models mimic the anatomical location of 
tick feeding while simultaneously allowing us to control the quantity of virus and tick saliva delivered to the host. 
In our first POWV neuropathological characterization, which was conducted with 4-week-old male C57BL/6 
mice, we observed meningoencephalitis with perivascular mononuclear infiltration and microglial activation in 
the brain. A poliomyelitis-like syndrome with a high level of POWV antigen was detected at the ventral horn of 
the spinal cord, with motor neurons as major targets for POWV  infection35. These findings from our C57BL/6 
mouse model are similar to the histopathological descriptions observed in humans.

Our previous study showed that when Ixodes scapularis salivary gland extract (SGE) was co-inoculated 
with  103 PFU of POWV, the tick SGE facilitates infection and influences disease outcome of 6-week-old female 
BALB/c  mice31. This phenomenon was associated with enhanced POWV transmission and dissemination and 
decreased survival times for BALB/c mice infected with a lower dose  (103 PFU) of POWV plus tick  SGE31. To 
investigate this phenomenon further, we undertook a temporal examination of the brain and spinal cord sections 
using histological techniques.

In the present study, we used the brain and spinal cord samples harvested from the BALB/c mice reported in 
our previous  publication31; however, this study focuses on the histopathologic manifestations of POWV infec-
tion in the presence or absence of tick SGE. Here, our data clearly demonstrates that tick SGE facilitates POWV 
neuroinvasion when mice are infected with the lower dose of POWV. A caudal to rostral spread of POWV 
staining was detected in the brains of mice infected with the higher dose of POWV, regardless of the presence of 
SGE, while mice infected with the lower dose of POWV plus tick SGE displayed a scattered pattern of POWV 
staining throughout the brain.

Methods
Ethical statement. Animal experiments described in this study were conducted in accordance with an 
animal use protocol approved by the University of Texas Medical Branch (UTMB) Institutional Animal Care and 
Use Committee (IACUC; #0907054B),and ARRIVE guidelines.

Samples. Tissue samples harvested from the mice reported in our earlier publication were used in this 
 study31. Briefly, 5-week-old, female BALB/c mice were purchased from The Jackson Laboratory (Bar Harbor, 
ME), and were allowed to adapt to the local environment before being used in experiments, at which point the 
mice were approximately 6 weeks old.

Pathogen-free unfed I. scapularis adult females were used to generate SGE for our studies. All adult female I. 
scapularis were obtained from Oklahoma State University (OSU). The OSU colony of I. scapularis ticks is regularly 
tested for Borrelia burgdorferi and Anaplasma phagocytophilum, and all ticks used in our studies screened nega-
tive for these pathogens. Ticks were dissected using vannas spring scissors to cut the tick open and fine forceps 
to remove the salivary glands. A drop of sterile PBS was added to each tick when the dorsal flap was cut open. 
Each pair of tick salivary glands was immediately transferred to a new drop of sterile PBS on a glass slide. Salivary 
glands were rinsed in this second drop of PBS, and all non-salivary gland tissue debris was removed from the 
glands. The salivary glands were homogenized in a 1.5 mL microcentrifuge tube with a motorized pellet pestle, 
and the SGE was quantified using the microBCA protein assay kit (ThermoFisher Scientific).

Stock of POWV (LB strain), which was previously passaged 7 times in suckling mice brains, was passaged 
three times in Vero cells and the cell supernatant was harvested for use in the present studies. Each BALB/c 
mouse was infected under isoflurane anesthesia in the left hind footpad with 25 μL total of either (a)  106 PFU of 
POWV plus 30 μg of SGE; (b)  106 PFU of POWV alone; (c)  103 PFU of POWV plus 30 μg of SGE; (d)  103 PFU 
of POWV alone. The “2 SGE” notation in the figures represents SGE from two unfed adult I. scapularis females, 
which is equal to 30 μg31. Additionally, “lower dose” of POWV refers to mice infected with  103 PFU of POWV, 
while the “higher dose” refers to mice infected with  106 PFU of POWV. Mice from each treatment group were 
euthanized either at the following time points (n = 5 mice): 4, 5, 6, and 7 days post-infection (dpi), or as soon as 
the mice became moribund. At these time points, one brain hemisphere and a cervical vertebra were collected 
from every sacrificed mouse and formalin-fixed for 48 h.
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Immunohistochemistry. After 48 h of formalin fixation, the vertebrae were decalcified by treatment with 
8% formic acid for 6 h. The brain and vertebrae tissues were dehydrated, embedded in paraffin, and sectioned 
(5 µm thickness) for histological studies. Slides were deparaffinized in xylenes and rehydrated in decreasing con-
centrations of ethanol. For visual referencing of brain areas, we used the Allen Institute’s open-access atlas of the 
mouse  brain36. Representative histological images were organized according to regions/structures.

POWV detection with the mouse-on-mouse reaction. The tissues were subjected to antigen retrieval 
with a citrate buffer target retrieval solution (Dako) for 20 min with microwave heating. Upon returning to room 
temperature, the slides were treated for endogenous peroxidase with a 30 min incubation in 6%  H2O2. Mouse 
immune ascitic fluids (MIAF) were prepared against POWV (provided by Dr. Robert Tesh, UTMB). The Mouse-
on-Mouse (MOM) kit (Vector Laboratories Inc.) was used to reduce the endogenous mouse IgG staining that 
can occur when mouse primary antibodies are used on mouse  tissue37,38. Slides were incubated with the MOM 
kit blocking reagent for one hour at room temperature. The sections were washed, and then MIAF anti-POWV 
was diluted 1:300 in MOM kit diluent and incubated for 30 min at room temperature. MOM biotinylated anti-
mouse IgG reagent was used as a secondary antibody and incubated at room temperature for 60 min. Detection 
of the biotinylated secondary antibody was performed with a streptavidin-peroxidase polymer (Sigma-Aldrich) 
followed by staining with the NovaRED HRP substrate kit (Vector Laboratories Inc.). Slides were counterstained 
with Harris hematoxylin and coverslips were mounted using Permount (ThermoFisher Scientific). Brain and 
vertebrae sections from uninfected mice were used as negative controls to verify the specificity of the MIAF 
anti-POWV primary antibody. Secondary antibody only (no primary antibody) controls were used to confirm 
that the MOM biotinylated anti-mouse IgG reagent did not bind non-specifically to cellular  components35,39.

Immunohistochemistry for CD11b detection. CD11b is a general marker present in all myeloid cell 
 lineages40. For CD11b staining, selected slides were subjected to alkaline antigen retrieval with 10  mM Tris 
solution and 0.05% Tween 20 (pH 10) for 15 min with microwave  heating41. Endogenous peroxidase quenching 
was executed as described in the previous section. Slides were blocked for 60 min in 5% goat serum followed 
by incubation with rabbit anti-CD11b (Abcam) diluted 1:100 and incubated for 1 h at 37 °C. The secondary 
antibody was a biotinylated goat anti-rabbit immunoglobulin (Dako) diluted 1:500 and incubated for 30 min at 
room  temperature42. The biotin reaction, staining, and counterstaining were executed as described in the previ-
ous section. All serum and antibodies were diluted in PBS with 1% BSA and 0.1% Triton X-100, pH 7.4.

Results
Immmunohistochemical analysis detected POWV in the brains of mice in both higher dose treatment groups 
between 4 to 5 dpi, with the medulla and pons being the first regions to display POWV antigen. As 5 dpi pro-
gressed to 6 dpi, a caudal to rostral pattern of infection was observed (Fig. 1; Supplementary Table S1). The 
POWV-infected areas of the brain advanced from the brainstem, to adjacent brain regions, and ultimately to 
more superficial regions such as the cortex (Fig. 2a,b). As the encephalitis progressed and mice in both high dose 
groups became moribund at 6 dpi, focal POWV antigen was detected in brain regions distal to the brainstem 
(Fig. 1). Regardless of the presence or absence of SGE, all mice infected with high dose succumbed before 6 dpi. 
Overall, there was no difference in the pattern of brain infection when mice were infected with the high dose of 
POWV plus SGE, or with the high dose of POWV alone.

On the other hand, at lower doses of POWV, the presence of SGE appears to facilitate POWV neuroinvasion. 
POWV viral antigen was not detected in any histological section of the brain for the group of mice infected with 
the lower dose of POWV without SGE, and all mice survived to the time of study completion (11 dpi) (Figs. 1, 
2c); however, when SGE was administered with the lower dose of POWV, diffuse areas of POWV infection were 
detected between 6 to 7 dpi, and all mice succumbed by 8 dpi (Fig. 1; Supplementary Table S2). The medulla, 
pons, cerebellum, midbrain, thalamus, hypothalamus, and cortex all displayed viral antigen at 6 and 7 dpi when 
mice were infected with the lower dose of POWV plus SGE (Figs. 1, 2d,f). These results suggest that at low doses 
of POWV, SGE plays a central role in facilitating POWV infection of the brain.

POWV antigen was detected in both the hippocampus and cerebellum of subjects that presented with diffuse 
brain infection (Fig. 2e,f). Mice that were infected with a higher dose of POWV, in the presence and absence 
of SGE, as well as mice infected with the low dose of POWV plus SGE, all displayed similar patterns of POWV 
infection in the hippocampus and cerebellum. When POWV antigen was detected in the cerebellum, the Purkinje 
cells were the most commonly infected cerebellar cell type (Fig. 2f).

Spinal cord infection was consistently present in all groups of mice that displayed POWV antigen in the brain 
with the exception of one animal infected with low dose in the presence of SGE (Supplementary Table S2, 6 dpi 
with SGE). In both the presence and absence of SGE, POWV antigen was diffusely distributed throughout the 
spinal cords of mice infected with the high dose of POWV (Fig. 3a–d). A similar pattern of widespread infection 
throughout the spinal cord also occurred in the majority of mice infected with the lower dose of POWV plus 
SGE (Fig. 3g,h). Typical neurologic signs of infection including weak grip, ataxia, loss of balance, and hind limb 
paralysis followed by total paralysis, were directly correlated to the groups of mice that displayed POWV antigen 
in both the brain and spinal cord. For these mice, the presence of viral antigen in the spinal cord was widespread, 
with significant involvement of motor neurons. Neuropil vacuolation was detected in moribund subjects that 
were infected with the low dose of POWV plus SGE (Fig. 3g,h). With the exception of one mouse, POWV antigen 
was not detected in the spinal cord sections of mice infected with the low dose of POWV in the absence of SGE 
(Fig. 3e,f). The one mouse in the lower dose treatment group that displayed viral antigen presented two POWV-
positive cells in the spinal cord (Supplementary Fig. S1; Supplementary Table S2).
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By combining the immunohistochemistry data for POWV detection in the brain and the spinal cord, the 
early stages of POWV infection in the central nervous system (CNS) can be compared across the four treatment 
groups. These comparisons will help to generate a timeline of POWV neuroinvasion. Supplementary Tables S1 
and S2 and Figs. 1, 2, and 3 depict the different patterns of early CNS infection among the treatment groups of 
mice. Mice infected with the higher dose of POWV, in the absence of SGE, typically displayed well-defined foci of 
POWV antigen in the spinal cord during early CNS infection (Fig. 3a,b), and the medulla and pons were the only 
regions of the brain where viral antigen was detected at this early stage of CNS infection (Fig. 1; Supplementary 
Table S1). In the group of mice infected with the higher dose of POWV plus SGE, features were similar to the 
early stages of CNS infection in the no-SGE higher dose group, where well-defined foci of POWV-positive cells 
appear in the spinal cord and in caudal regions of the brain (Figs. 1, 3c,d). The earliest immunohistochemical 
detection of POWV antigen in the CNS occurred at 4 dpi for both of these higher dose treatment groups of mice. 
At the lower dose of infection in the absence of SGE, no POWV antigen was detected in sections of the spinal cord 
or brain (Figs. 1, 2c, 3e,f), with the exception of one mouse where POWV antigens were detected in the spinal 
cord (Supplementary Fig. S1; Supplementary Table S2). For mice infected with the lower dose of POWV plus 
SGE the earliest immunohistochemical detection of viral antigen in the CNS occurred at 6 dpi. This neuroinva-
sion timeframe was delayed by two days when compared to the mice infected with the higher dose of POWV.

For mice in all four treatment groups, infiltration of mononuclear cells to the meninges occurred before 
POWV antigen was detected in the CNS. CD11b is a common marker present in myeloid lineage  cells40; there-
fore, it was used in this study to detect inflammatory cell infiltrates in the meninges. The majority of mice in this 
study presented with CD11b-positive cells in the meninges as early as 3 dpi. As POWV infection of the CNS 
progressed, moribund mice displayed widespread meningitis throughout the brain, including in the apical menin-
ges (Fig. 4a,b). In the low dose treatment groups, both with and without SGE, CD11b-positive cells were more 
abundant in the basal meninges than the apical meninges (Fig. 4c–e). At the early stages of CNS involvement, 
this pattern of basilar meningitis was also detected in mice from both high dose treatment groups. Although 
viral antigen was not detected in the brain sections of mice infected with the low dose of POWV in the absence 
of SGE, mice in this treatment group displayed a mild meningitis (Fig. 4c).

Discussion
In the present study, we demonstrated that tick SGE generated from unfed female I. scapularis potentiates 
POWV neuroinvasiveness when POWV is administered at a lower dose  (103 PFU). We included the  103 PFU 
dose in this study as it is representative of the flavivirus titer expected per tick based on previous studies. Unfed 

Figure 1.  Schematic of POWV infection in the brains of BALB/c mice. Each column represents one treatment 
group. Lower dose of POWV refers to mice infected with  103 PFU of POWV, and higher dose refers to mice 
infected with  106 PFU of POWV. SGE indicated that 30 μg of Ixodes scapularis salivary gland extract was mixed 
to the virus before inoculum. Circles indicate POWV-infected regions of the brain. Red circle = highly infected 
region. Yellow circle = lowly infected region. The number inside each circle represents the number of mice with 
detectable POWV in a specific region of the brain. “X” represents time points at which all mice succumbed 
to disease. MY medulla, P pons, MB midbrain, CBX cerebellum, TH thalamus, HY hypothalamus, HPF 
hippocampal formation, CTX cortex, MOB main olfactory bulb.
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female I. scapularis ticks were used to generate SGE for this study because POWV can be transmitted as early as 
15 min after initiation of tick  feeding16,43. SGE derived from partially fed or fully fed ticks would not accurately 
represent this early timeline of tick-borne flavivirus transmission. On the other hand, we used  106 PFU to better 
understand the effect of tick SGE under an extreme condition.

POWV viral antigen was not detected in any brain section for the group of mice infected with the lower 
dose of POWV in the absence of SGE. Unexpectedly, we also found two neuroinvasion patterns depending on 
the viral dose administered. When a lower dose of POWV plus SGE was administered, the presence of POWV 
antigen in the brain occurred abruptly at 6 or 7 dpi, with scattered foci of infected cells throughout the brain, 
suggesting that a hematogenous route of neuroinvasion may occur for the mice infected with the low dose of 
POWV plus SGE. For the higher dose  (106 PFU) inoculum, animals presented a caudal to rostral pattern of 
brain infection, regardless of the presence or absence of SGE. Caudal to rostral dissemination of POWV in the 
brain is suggestive of the neuronal route of CNS invasion; however, this hypothesis was drawn based on only the 
immunohistochemical assays conducted in the present study. Further experiments with more sensitive techniques 
are necessary to determine whether the hypothesis is supported.

Our previous study showed that there was no difference in disease outcome or virus dissemination when 
mice were infected with the higher dose of POWV plus SGE, or with the higher dose of POWV alone. All mice 
in the higher dose treatment groups displayed total paralysis and ultimately succumbed to disease at 6 dpi. There 
were no significant differences between brain viral loads for mice in the group that received the higher dose of 
POWV versus the mice that received the higher dose plus  SGE31. Thus, we hypothesized that when a higher dose 
of POWV is administered in the presence of SGE, any potential effect that SGE has on POWV dissemination 

Figure 2.  Immunohistochemistry for POWV detection in the brain. (a)  106 PFU POWV, brain cortex. (b)  106 
PFU POWV + 2 SGE, brain cortex. (c)  103 PFU POWV, brain cortex. (d)  103 PFU POWV + 2 SGE, brain cortex. 
(e)  106 PFU POWV + 2 SGE, hippocampus. (F)  103 PFU POWV + 2 SGE, cerebellum. (a–e) Scale bars represent 
40 µm. (f) Scale bars represent 20 µm. Arrows point to Purkinje cells.
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and course of disease is saturated by the high virus titer. For mice inoculated with the lower dose of POWV in 
the presence of tick SGE, we observed enhanced POWV transmission and dissemination, accelerated disease 
progression, and decreased survival times compared to mice inoculated with the virus alone. All mice infected 
with the lower dose of POWV plus SGE succumbed to disease between 7 and 8 dpi; however, the mice infected 
with the lower dose of POWV in the absence of SGE failed to display clinical signs of infection and all survived 
to the study termination (11 dpi)31. The current study addresses the temporal histopathological aspects of the 
POWV infection executed in the previous publication.

Arthropod saliva can enhance transmission of pathogens. The mechanisms that drive this enhancement are 
not clear, but it is speculated that it is related to the immune modulation at the feeding site of the  vector44. The 
first observation of saliva potentiation of pathogen transmission was with Leishmania. Leishmania major lesions 

Figure 3.  Immunohistochemistry for POWV detection in the spinal cord. (a,b)  106 PFU POWV. (c,d)  106 PFU 
POWV + 2 SGE. (e,f)  103 PFU POWV. (g,h)  103 PFU POWV + 2 SGE. Scale bars represent either 200 µm or 
20 µm. Black arrows indicate neuropil vacuolization.
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increase in size and number when the parasites are inoculated in the presence of Lutzomia species  SGE45. Later, 
many publications on arthropod-borne pathogens demonstrated saliva-dependent infection enhancement, or 
SAT. For example, Cache Valley virus had higher infectivity when uninfected mosquitoes had fed before infection 
of the virus by  needle46. Hajnicka et al. demonstrated that Dermacentor reticulatus SGE promotes Vesicular Sto-
matitis virus replication by suppressing the effect of Interferon type  I47. Additional evidence for SAT was found in 
La Crosse virus and Orientia tsutsugamushi  studies48,49. Within the Flaviviridae family there are some conflicting 
data about SAT importance for viral pathogenesis. Mice previously subjected to Aedes aegypti probing and then 
infected with Dengue virus presented higher viremia than mice not fed on by  mosquitoes50. Furthermore, West 
Nile virus infections via mosquito feeding had higher blood and tissue titers and faster neuroinvasion than WNV 
infections via needle  inoculation28,51. Yet, some reports have shown no difference comparing animals infected in 
the presence or absence of the vector arthropod  saliva32–34,52.

To date, the mechanism(s) by which neurotropic tick-borne flaviviruses invade the CNS is not  clear53. Evi-
dence of lymph node infection six hours after subcutaneous inoculation of TBEV, and the subsequent primary 
viremia, caused many researchers to believe that viruses in the TBEV serogroup invade the CNS via the hema-
togenous  route54,55. On the other hand, studies showing virus infection of the olfactory bulb have suggested 
that retrograde neuronal  invasion56 is a mode of CNS invasion for members of TBEV  complex57,58, Saint Louis 
Encephalitis  virus59,  WNV59, Venezuelan Equine Encephalitis  virus60, and Murray Valley Encephalitis  virus61. 
The present study is unique because it is the first to show a dose-dependency for the pattern of neuroinvasive-
ness in the Flaviviridae family.

Figure 4.  Immunohistochemistry for CD11b detection in the brain. (a)  106 PFU POWV, apical meninges. (b) 
 106 PFU POWV + 2 SGE, apical meninges. (c)  103 PFU POWV, basal meninges. (d)  103 PFU POWV + 2 SGE, 
basal meninges. (e) Uninfected control, apical meninges. Scale bars represent 20 µm.
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Conclusions
This study adds important knowledge on flavivirus neuropathogenesis. We used immunohistochemical tech-
niques for temporal tracking of POWV antigen throughout the CNS. These experiments show that at low doses 
of POWV, the presence of I. scapularis SGE facilitates POWV neuroinvasion. We found two patterns of CNS 
invasion that were directly influenced by the dose of virus administered. The first pattern observed is consistent 
with neuronal spread of the virus and was present in mice infected with the higher dose  (106 PFU) of POWV. 
These mice displayed a gradual caudal to rostral spread of POWV in the brain, which was not facilitated by the 
presence of tick SGE. The second pattern of CNS invasion was consistent with hematogenous spread of the virus, 
and the presence of tick SGE facilitated this pattern of CNS invasion for mice infected with the lower dose  (103 
PFU) of POWV. For this pattern, POWV antigen appeared abruptly, with scattered foci of infected cells through-
out the brain. Our data suggests that POWV might have the ability to reach the brain by either the neuronal or 
hematogenous route. The neuronal route would require high levels of virus, while the hematogenous route could 
occur at virus titers similar to what is observed in the natural infection by ticks. We cannot rule out the possibility 
for dose-dependent neuroinvasiveness for other flaviviruses. This could elucidate some of the conflicting data 
about SAT and neuroinvasiveness present in the Flaviviridae literature.

Received: 19 July 2021; Accepted: 28 September 2021

References
 1. McLean, D. M. & Donohue, W. L. Powassan virus: Isolation of virus from a fatal case of encephalitis. Can. Med. Assoc. J. 80, 708–711 

(1959).
 2. Ebel, G. D. Update on Powassan virus: Emergence of a North American tick-borne flavivirus. Annu. Rev. Entomol. 55, 95–110. 

https:// doi. org/ 10. 1146/ annur ev- ento- 112408- 085446 (2010).
 3. Smith, R. et al. Powassan virus infection. A report of three human cases of encephalitis. Am. J. Dis. Child. 127, 691–693 (1974).
 4. Yu, Q. et al. A fatal case of Powassan virus encephalitis. J. Neuropathol. Exp. Neurol. 79, 1239–1243. https:// doi. org/ 10. 1093/ jnen/ 

nlaa0 94 (2020).
 5. Rossier, E., Harrison, R. J. & Lemieux, B. A case of Powassan virus encephalitis. Can. Med. Assoc. J. 110, 1173–1174 (1974).
 6. Wilson, M. S., Wherrett, B. A. & Mahdy, M. S. Powassan virus meningoencephalitis: A case report. Can. Med. Assoc. J. 121, 320–323 

(1979).
 7. Jackson, A. C. Leg weakness associated with Powassan virus infection—Ontario. Can. Dis. Wkly. Rep. 15, 123–124 (1989).
 8. Goldfield, M., Austin, S. M., Black, H. C., Taylor, B. F. & Altman, R. A non-fatal human case of Powassan virus encephalitis. Am. 

J. Trop. Med. Hyg. 22, 78–81 (1973).
 9. Fitch, W. M. & Artsob, H. Powassan encephalitis in new brunswick. Can. Fam. Physician 36, 1289–1290 (1990).
 10. Hinten, S. R. et al. Increased recognition of Powassan encephalitis in the United States, 1999–2005. Vector Borne Zoonotic Dis. 8, 

733–740. https:// doi. org/ 10. 1089/ vbz. 2008. 0022 (2008).
 11. Piantadosi, A. et al. Emerging cases of Powassan virus encephalitis in New England: Clinical presentation, imaging, and review 

of the literature. Clin. Infect. Dis. 62, 707–713. https:// doi. org/ 10. 1093/ cid/ civ10 05 (2016).
 12. Gholam, B. I., Puksa, S. & Provias, J. P. Powassan encephalitis: A case report with neuropathology and literature review. CMAJ 

161, 1419–1422 (1999).
 13. Tavakoli, N. P. et al. Fatal case of deer tick virus encephalitis. N. Engl. J. Med. 360, 2099–2107. https:// doi. org/ 10. 1056/ NEJMo 

a0806 326 (2009).
 14. Frolova, M. P., Isachkova, L. M., Shestopalova, N. M. & Pogodina, V. V. Experimental encephalitis in monkeys caused by the 

Powassan virus. Neurosci. Behav. Physiol. 15, 62–69 (1985).
 15. Holbrook, M. R. et al. An animal model for the tickborne flavivirus–Omsk hemorrhagic fever virus. J. Infect. Dis. 191, 100–108. 

https:// doi. org/ 10. 1086/ 426397 (2005).
 16. Ebel, G. D. & Kramer, L. D. Short report: Duration of tick attachment required for transmission of powassan virus by deer ticks. 

Am. J. Trop. Med. Hyg. 71, 268–271 (2004).
 17. Brossard, M. & Wikel, S. K. Tick immunobiology. Parasitology 129(Suppl), S161-176 (2004).
 18. Wikel, S. Ticks and tick-borne pathogens at the cutaneous interface: Host defenses, tick countermeasures, and a suitable environ-

ment for pathogen establishment. Front. Microbiol. 4, 337. https:// doi. org/ 10. 3389/ fmicb. 2013. 00337 (2013).
 19. Schoeler, G. B. & Wikel, S. K. Modulation of host immunity by haematophagous arthropods. Ann. Trop. Med. Parasitol. 95, 755–771. 

https:// doi. org/ 10. 1080/ 00034 98012 011118 (2001).
 20. Ribeiro, J. M. et al. An annotated catalog of salivary gland transcripts from Ixodes scapularis ticks. Insect Biochem. Mol. Biol. 36, 

111–129. https:// doi. org/ 10. 1016/j. ibmb. 2005. 11. 005 (2006).
 21. Kazimirova, M. & Stibraniova, I. Tick salivary compounds: Their role in modulation of host defences and pathogen transmission. 

Front. Cell. Infect. Microbiol. 3, 43. https:// doi. org/ 10. 3389/ fcimb. 2013. 00043 (2013).
 22. Wikel, S. K. Tick–host–pathogen systems immunobiology: An interactive trio. Front. Biosci. 23, 265–283. https:// doi. org/ 10. 2741/ 

4590 (2018).
 23. Wikel, S. Immunobiology of tick–host–pathogen interactions. Parasite Immunol. 43, e12818. https:// doi. org/ 10. 1111/ pim. 12818 

(2021).
 24. Labuda, M., Jones, L. D., Williams, T. & Nuttall, P. A. Enhancement of tick-borne encephalitis virus transmission by tick salivary 

gland extracts. Med. Vet. Entomol. 7, 193–196 (1993).
 25. Nuttall, P. A. & Labuda, M. Tick–host interactions: Saliva-activated transmission. Parasitology 129(Suppl), S177-189 (2004).
 26. Jones, L. D., Hodgson, E., Williams, T., Higgs, S. & Nuttall, P. A. Saliva activated transmission (SAT) of Thogoto virus: Relationship 

with vector potential of different haematophagous arthropods. Med. Vet. Entomol. 6, 261–265 (1992).
 27. Jones, L. D., Matthewson, M. & Nuttall, P. A. Saliva-activated transmission (SAT) of Thogoto virus: Dynamics of SAT factor activity 

in the salivary glands of Rhipicephalus appendiculatus, Amblyomma variegatum, and Boophilus microplus ticks. Exp. Appl. Acarol. 
13, 241–248 (1992).

 28. Schneider, B. S. et al. Potentiation of West Nile encephalitis by mosquito feeding. Viral Immunol. 19, 74–82. https:// doi. org/ 10. 
1089/ vim. 2006. 19. 74 (2006).

 29. Moser, L. A., Lim, P. Y., Styer, L. M., Kramer, L. D. & Bernard, K. A. Parameters of mosquito-enhanced west Nile virus infection. 
J. Virol. 90, 292–299. https:// doi. org/ 10. 1128/ JVI. 02280- 15 (2016).

 30. Styer, L. M., Bernard, K. A. & Kramer, L. D. Enhanced early West Nile virus infection in young chickens infected by mosquito bite: 
Effect of viral dose. Am. J. Trop. Med. Hyg. 75, 337–345 (2006).

https://doi.org/10.1146/annurev-ento-112408-085446
https://doi.org/10.1093/jnen/nlaa094
https://doi.org/10.1093/jnen/nlaa094
https://doi.org/10.1089/vbz.2008.0022
https://doi.org/10.1093/cid/civ1005
https://doi.org/10.1056/NEJMoa0806326
https://doi.org/10.1056/NEJMoa0806326
https://doi.org/10.1086/426397
https://doi.org/10.3389/fmicb.2013.00337
https://doi.org/10.1080/0003498012011118
https://doi.org/10.1016/j.ibmb.2005.11.005
https://doi.org/10.3389/fcimb.2013.00043
https://doi.org/10.2741/4590
https://doi.org/10.2741/4590
https://doi.org/10.1111/pim.12818
https://doi.org/10.1089/vim.2006.19.74
https://doi.org/10.1089/vim.2006.19.74
https://doi.org/10.1128/JVI.02280-15


9

Vol.:(0123456789)

Scientific Reports |        (2021) 11:20873  | https://doi.org/10.1038/s41598-021-00021-2

www.nature.com/scientificreports/

 31. Hermance, M. E. & Thangamani, S. Tick saliva enhances Powassan virus transmission to the host, influencing its dissemination 
and the course of disease. J. Virol. 89, 7852–7860. https:// doi. org/ 10. 1128/ JVI. 01056- 15 (2015).

 32. Langevin, S. A., Bunning, M., Davis, B. & Komar, N. Experimental infection of chickens as candidate sentinels for West Nile virus. 
Emerg. Infect. Dis. 7, 726–729. https:// doi. org/ 10. 3201/ eid07 04. 010422 (2001).

 33. Reisen, W. K., Chiles, R. E., Kramer, L. D., Martinez, V. M. & Eldridge, B. F. Method of infection does not alter response of chicks 
and house finches to western equine encephalomyelitis and St. Louis encephalitis viruses. J. Med. Entomol. 37, 250–258 (2000).

 34. Sbrana, E. et al. Oral transmission of West Nile virus in a hamster model. Am. J. Trop. Med. Hyg. 72, 325–329 (2005).
 35. Santos, R. I., Hermance, M. E., Gelman, B. B. & Thangamani, S. Spinal cord ventral horns and lymphoid organ involvement in 

Powassan virus infection in a mouse model. Viruses https:// doi. org/ 10. 3390/ v8080 220 (2016).
 36. Science, A. I. F. B. Allen Institute for Brain Research. https:// atlas. brain- map. org/ (2021).
 37. Fung, K. M., Messing, A., Lee, V. M. & Trojanowski, J. Q. A novel modification of the avidin–biotin complex method for immu-

nohistochemical studies of transgenic mice with murine monoclonal antibodies. J. Histochem. Cytochem. 40, 1319–1328 (1992).
 38. Hierck, B. P., Iperen, L. V., Gittenberger-De Groot, A. C. & Poelmann, R. E. Modified indirect immunodetection allows study of 

murine tissue with mouse monoclonal antibodies. J. Histochem. Cytochem. 42, 1499–1502 (1994).
 39. Santos, R. I. et al. Spread of Oropouche virus into the central nervous system in mouse. Viruses 6, 3827–3836. https:// doi. org/ 10. 

3390/ v6103 827 (2014).
 40. Springer, T., Galfre, G., Secher, D. S. & Milstein, C. Monoclonal xenogeneic antibodies to murine cell surface antigens: Identifica-

tion of novel leukocyte differentiation antigens. Eur. J. Immunol. 8, 539–551. https:// doi. org/ 10. 1002/ eji. 18300 80802 (1978).
 41. Taylor, C. R. et al. Comparative study of antigen retrieval heating methods: Microwave, microwave and pressure cooker, autoclave, 

and steamer. Biotech. Histochem. 71, 263–270 (1996).
 42. Santos, R. I. et al. Experimental infection of suckling mice by subcutaneous inoculation with Oropouche virus. Virus Res. 170, 

25–33. https:// doi. org/ 10. 1016/j. virus res. 2012. 07. 006 (2012).
 43. Slovak, M. et al. Survival dynamics of tick-borne encephalitis virus in Ixodes ricinus ticks. Ticks Tick Borne Dis. 5, 962–969. https:// 

doi. org/ 10. 1016/j. ttbdis. 2014. 07. 019 (2014).
 44. Schneider, B. S. & Higgs, S. The enhancement of arbovirus transmission and disease by mosquito saliva is associated with modu-

lation of the host immune response. Trans. R. Soc. Trop. Med. Hyg. 102, 400–408. https:// doi. org/ 10. 1016/j. trstmh. 2008. 01. 024 
(2008).

 45. Titus, R. G. & Ribeiro, J. M. Salivary gland lysates from the sand fly Lutzomyia longipalpis enhance Leishmania infectivity. Science 
239, 1306–1308 (1988).

 46. Edwards, J. F., Higgs, S. & Beaty, B. J. Mosquito feeding-induced enhancement of Cache Valley Virus (Bunyaviridae) infection in 
mice. J. Med. Entomol. 35, 261–265 (1998).

 47. Hajnicka, V. et al. Inhibition of the antiviral action of interferon by tick salivary gland extract. Parasite Immunol. 22, 201–206 
(2000).

 48. Osorio, J. E., Godsey, M. S., Defoliart, G. R. & La Yuill, T. M. Crosse viremias in white-tailed deer and chipmunks exposed by 
injection or mosquito bite. Am. J. Trop. Med. Hyg. 54, 338–342 (1996).

 49. Frances, S. P., Watcharapichat, P., Phulsuksombati, D. & Tanskul, P. Transmission of Orientia tsutsugamushi, the aetiological agent 
for scrub typhus, to co-feeding mites. Parasitology 120(Pt 6), 601–607 (2000).

 50. McCracken, M. K., Christofferson, R. C., Chisenhall, D. M. & Mores, C. N. Analysis of early dengue virus infection in mice as 
modulated by Aedes aegypti probing. J. Virol. 88, 1881–1889. https:// doi. org/ 10. 1128/ JVI. 01218- 13 (2014).

 51. Styer, L. M. et al. Mosquito saliva causes enhancement of West Nile virus infection in mice. J. Virol. 85, 1517–1527. https:// doi. 
org/ 10. 1128/ JVI. 01112- 10 (2011).

 52. Smith, D. R. et al. Venezuelan equine encephalitis virus transmission and effect on pathogenesis. Emerg. Infect. Dis. 12, 1190–1196. 
https:// doi. org/ 10. 3201/ eid12 08. 050841 (2006).

 53. Maximova, O. A. & Pletnev, A. G. Flaviviruses and the central nervous system: Revisiting neuropathological concepts. Annu. Rev. 
Virol. 5, 255–272. https:// doi. org/ 10. 1146/ annur ev- virol ogy- 092917- 043439 (2018).

 54. Ruzek, D., Dobler, G. & Donoso Mantke, O. Tick-borne encephalitis: Pathogenesis and clinical implications. Travel Med. Infect. 
Dis. 8, 223–232. https:// doi. org/ 10. 1016/j. tmaid. 2010. 06. 004 (2010).

 55. Malkova, D. The significance of the skin and the regional lymph nodes in the penetration and multiplication of tickborne encepha-
litis virus after subcutaneous infection of mice. Acta Virol. 12, 222–228 (1968).

 56. McMinn, P. C. The molecular basis of virulence of the encephalitogenic flaviviruses. J. Gen. Virol. 78(Pt 11), 2711–2722 (1997).
 57. Zlotnik, I. & Grant, D. P. Further observations on subacute sclerosing encephalitis in adult hamsters: The effects of intranasal 

infections with Langat virus, measles virus and SSPE-measles virus. Br. J. Exp. Pathol. 57, 49–66 (1976).
 58. Kurhade, C. et al. Type I Interferon response in olfactory bulb, the site of tick-borne flavivirus accumulation, is primarily regulated 

by IPS-1. J. Neuroinflamm. 13, 22. https:// doi. org/ 10. 1186/ s12974- 016- 0487-9 (2016).
 59. Monath, T. P., Cropp, C. B. & Harrison, A. K. Mode of entry of a neurotropic arbovirus into the central nervous system. Reinves-

tigation of an old controversy. Lab. Investig. 48, 399–410 (1983).
 60. Charles, P. C., Walters, E., Margolis, F. & Johnston, R. E. Mechanism of neuroinvasion of Venezuelan equine encephalitis virus in 

the mouse. Virology 208, 662–671. https:// doi. org/ 10. 1006/ viro. 1995. 1197 (1995).
 61. McMinn, P. C., Dalgarno, L. & Weir, R. C. A comparison of the spread of Murray Valley encephalitis viruses of high or low neu-

roinvasiveness in the tissues of Swiss mice after peripheral inoculation. Virology 220, 414–423. https:// doi. org/ 10. 1006/ viro. 1996. 
0329 (1996).

Acknowledgements
We thank Dr. Robert Tesh (The World Reference Center for Emerging Viruses and Arboviruses) for generously 
providing the mouse immune ascitic fluids (MIAF) and the stock of POWV LB strain. We are also grateful to 
the staff from the University of Texas Medical Branch’s Research Histopathology Core for their support in the 
processing of samples.

Author contributions
Conceived and designed the experiments: S.T., M.E.H., R.I.S. E.S.R. Contributed reagents/materials: S.T. Per-
formed the experiments and analyzed data: R.I.S., E.S.R., M.E.H., S.T. Wrote the manuscript: R.I.S., M.E.H., S.T.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 021- 00021-2.

https://doi.org/10.1128/JVI.01056-15
https://doi.org/10.3201/eid0704.010422
https://doi.org/10.3390/v8080220
https://atlas.brain-map.org/
https://doi.org/10.3390/v6103827
https://doi.org/10.3390/v6103827
https://doi.org/10.1002/eji.1830080802
https://doi.org/10.1016/j.virusres.2012.07.006
https://doi.org/10.1016/j.ttbdis.2014.07.019
https://doi.org/10.1016/j.ttbdis.2014.07.019
https://doi.org/10.1016/j.trstmh.2008.01.024
https://doi.org/10.1128/JVI.01218-13
https://doi.org/10.1128/JVI.01112-10
https://doi.org/10.1128/JVI.01112-10
https://doi.org/10.3201/eid1208.050841
https://doi.org/10.1146/annurev-virology-092917-043439
https://doi.org/10.1016/j.tmaid.2010.06.004
https://doi.org/10.1186/s12974-016-0487-9
https://doi.org/10.1006/viro.1995.1197
https://doi.org/10.1006/viro.1996.0329
https://doi.org/10.1006/viro.1996.0329
https://doi.org/10.1038/s41598-021-00021-2
https://doi.org/10.1038/s41598-021-00021-2


10

Vol:.(1234567890)

Scientific Reports |        (2021) 11:20873  | https://doi.org/10.1038/s41598-021-00021-2

www.nature.com/scientificreports/

Correspondence and requests for materials should be addressed to S.T.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2021

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Salivary gland extract from the deer tick, Ixodes scapularis, facilitates neuroinvasion by Powassan virus in BALBc mice
	Methods
	Ethical statement. 
	Samples. 
	Immunohistochemistry. 
	POWV detection with the mouse-on-mouse reaction. 
	Immunohistochemistry for CD11b detection. 

	Results
	Discussion
	Conclusions
	References
	Acknowledgements


