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Abstract

Chikungunya virus (CHIKV) is an alphavirus transmitted by Aedes albopictus and Aedes aegypti mosquitoes in
tropical areas of Africa, Asia, and the islands of the Indian Ocean. In 2007 and 2009, CHIKV was transmitted
outside these tropical areas and caused geographically localized infections in people in Italy and France. To
temporally and spatially characterize CHIKV infection of Ae. albopictus midguts, a comparison of viral distri-
bution in mosquitoes infected per os or by enema was conducted. Ae. albopictus infected with CHIKV LR 5 green
fluorescent protein (GFP) at a titer 10%% tissue culture infective dosesy (TCIDsp)/mL, were collected and ana-
lyzed for virus dissemination by visualizing GFP expression and titration up to 14 days post inoculation (dpi).
Additionally, midguts were dissected from the mosquitoes and imaged by fluorescence microscopy for com-
parison of midgut infection patterns between orally- and enema-infected mosquitoes. When virus was delivered
via enema, the anterior midgut appeared more readily infected by 3dpi, with increased GFP presentation
observed in this same location of the midgut at 7 and 14 dpi when compared to orally-infected mosquitoes. This
work demonstrates that enema delivery of virus is a viable technique for use of mosquito infection. Enema
injection of mosquitoes may be an alternative to intrathoracic inoculation because the enema delivery more
closely models natural infection and neither compromises midgut integrity nor involves a wound that can
induce immune responses. Furthermore, unlike intrathoracic delivery, the enema does not bypass midgut
barriers to infect tissues artificially in the hemocoel of the mosquito.
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Introduction and exists in a human-to-mosquito transmission cycle, with

no other amplifying host needed. Recently, an increase in

CHIKUNGUNYA virus (CHIKV) is an arthropod-borne virus
of the genus Alphavirus and family Togaviridae. The first
isolates of CHIKV were identified in 1952 on the Makonde
Plateau in the Southern Province of Tanganyika in what is
now the east African state of Tanzania (Robinson 1955).
Clinical distinction of chikungunya fever symptoms from
dengue fever is the severity of joint pain/arthritis experienced
during CHIKYV infection, with instances of persistent arthritis
lasting months to years in some patients (Robinson 1955, Tesh
1982). CHIKYV has maintained an endemic presence in central
and south Africa and in southeast Asia from the 1960s to the
present (Powers and Logue 2007). CHIKV typically was as-
sociated with Aedes aegypti mosquitoes in the urban setting

chikungunya fever epidemics has been documented, and a
single point mutation in the viral genome has been identified
that increases the capacity of the virus to infect Aedes albopictus
mosquitoes (Tsetsarkin et al. 2006). Of greater consequence
are the incidence of transmission and subsequent distribution
of CHIKV to nonendemic regions by travelers to epidemic
regions or individuals who live in epidemic areas. One of the
first, and most notable, range expansions took place in 2007
when an individual from India developed chikungunya fever
while visiting Italy and most probably infected local mos-
quitoes, resulting in an outbreak that eventually infected 205
individuals in Italy (Rezza et al. 2007, Seyler et al. 2008).
Spread to nonendemic regions also occurred in France, with 2
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infected individuals causing great concern that globally dis-
tributed Aedes mosquitoes may successfully vector CHIKV to
new regions (Gould et al. 2010).

The basic model for mosquito infection by CHIKV in
nature, and in the laboratory setting, follows a per os infec-
tion model where the vector imbibes an infectious blood
meal, filling the midgut from posterior to anterior (Clements
1992, Guptavanij and Venard 1965), followed by infection of
midgut epithelial cells by virus in the blood meal and dis-
semination of virus throughout tissues of the mosquito until
the salivary glands become infected and the vector is capable
of transmission (Romoser et al. 2004). This is the accepted
model for viral infection of the mosquito and subsequent
transmission to its next host; however, the specific mecha-
nisms and key aspects of how individual virus particles
overcome hypothetical innate infection barriers to infect and
disseminate in the mosquito remains to be elucidated
(Hardy 1988). Specifically, it is unknown whether or not a
specific population or subpopulation of mesenteronal epi-
thelial cells is more susceptible to early infection of CHIKV
by means of increased virus-specific receptors and/or by
anatomical orientation and subsequent proximal exposure to
the infectious blood meal as it enters the lumen of the
midgut. Understanding these infection processes and corre-
lating the preferential location of infection in the mosquito
midgut will increase our understanding of viral dissemina-
tion rates to the salivary glands. Additionally, determining
the proximity of midgut infection with reference to the sal-
ivary glands may further explain the varied rates of virus
transmission observed in mosquitoes.

As discussed by Higgs (2004a), some published observa-
tions have reported that infections of the mosquito midgut
following the natural per os infection route are initiated in the
posterior midgut (Doi et al. 1967, Doi 1970, Kuberski 1979)
and then progress anteriorly prior to dissemination. It is un-
clear if this reported pattern is due to the presence of a sub-
population of susceptible cells in the posterior midgut or if it is
due to some aspect (physical/physiological) of the blood en-
tering the midgut. Given that over time the infections that are
initiated in just a few cells (Weaver et al. 1988, Girard et al.
2004, Smith et al. 2008) can be seen to spread throughout the
midgut, itis clear that most cells can be infected. However, it is
unclear why even with high-titer blood meals so few cells are
initially infected. One possible explanation is that cell sus-
ceptibility to infection may increase over time, perhaps as a
result of blood meal digestion, which is associated with many
physiological and hormonal changes in the mosquito, such
as ovarian development. However, because the enema-
inoculum did not contain blood, this question was not
answered in this study.

This paper focuses on the infection processes associated
with the initial route of virus infection of the midgut. Delivery
of the virus by enema mimics some aspects of blood feeding,
including midgut distention, but provides an opportunity to
examine the effect of viral distribution because delivery is via
the hindgut rather than the foregut. Because the rectal injec-
tion of material into the midgut is in the opposite direction of
imbued blood meals that have been demonstrated to fill the
midgut from posterior to anterior by Guptavanij and Venard
(1965), we believe this model affords the observation of a
similar mode of midgut fill, but in reverse order, filling the
anterior midgut first followed by the posterior midgut. This
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alternate direction of alphavirus-infected medium movement
into the midgut should ultimately have no impact on the
observed infection pattern in mosquito midguts if the current
hypothesis of a preferentially susceptible population of mid-
gut cells exists in the posterior midgut (Weaver et al. 1988,
Smith et al. 2008). However, if an alternative pattern of early
viral CHIKYV infection is observed, with infected cells being
clustered in foci forward of the posterior midgut, this might
reflect either a lack of specific CHIKV susceptible cells in the
posterior midgut, or be an artifact related to the rectal delivery
route. Therefore, we explored the question of whether or not
enema delivery of fluorescent protein-expressing virus re-
sults in a similar or different distribution of infected cells
compared to per os-infected mosquitoes.

The rectal administration of blood by enema, although
seldom used, has been successfully used to circumvent the
mosquito innate physiological barriers and/or host-seeking
behaviors, thereby providing a unique opportunity to observe
vector response to toxins or parasites (Briegel 1975, Briegel
and Lea 1975). Previous applications of this technique were
less successful at examining viral infection of arbovirus vec-
tors (both ticks and mosquitoes) as opposed to the standard
per os infection or the more invasive technique of intrathoracic
(IT) injection that typically fails to infect luminal epithelial
cells of the midgut (Putnam and Scott 1995, Turell et al. 1997).
However, we have successfully delivered CHIKV to Ae. al-
bopictus La Réunion (LR) strain mosquitoes in a manner that
closely resembles the natural patterns of mosquito infection
while also providing commensurate levels of virus titer. With
the use of a green fluorescent protein (GFP)-expressing
CHIKYV infectious clone (originally derived from the RNA of
CHIKV LR2006 OPY1 strain maintained by the World Re-
ference Center for Arboviruses at the University of Texas
Medical Branch, Galveston, TX), infected cells in the midgut of
the mosquitoes were readily identified soon after infection
in both orally-infected and enema-infected mosquitoes. In
these experiments, there was no overt detriment to sur-
vivability observed in the mosquitoes upon rectal enema
administration.

Materials and Methods
CHIKV LR 5 GFP enema and blood meal

A full-length, double subgenomic CHIKV LR strain infec-
tious clone with a GFP gene inserted 5’ to the structural genes
(CHIKV LR 5 GFP) was created and previously described
(Tsetsarkin et al. 2006). The infectious clone was linearized
with NotI and in vitro transcribed using an mMessage mMa-
chine kit (Ambion, Austin, TX). It was then electroporated
into BHK-21 cells and seeded into a 75-cm? flask with mini-
mum essential medium-o (MEMu) supplemented with 10%
fetal bovine serum (FBS), 1% penicillin-streptomycin, 1%
L-glutamine, and 1% MEM vitamins (Invitrogen, Carlsbad,
CA) at 37°C with 5% CO, as previously described (Higgs et al.
1997). Two days postelectroporation, infectious medium was
aliquoted and stored at —80°C until used for experiments.
Virus stock was titrated at 10°%° tissue culture infectious
dose50 (TCID50)/mL

Aedes albopictus LR mosquitoes were reared in an Ar-
thropod Containment Level 2 insectary at 27°C with a relative
humidity of 80% with a 16-h light:8-h dark photoperiod as
previously described (Higgs 2004b, 2004c). At 7-10 days



CHIKUNGUNYA VIRUS INFECTION OF Aedes BY ENEMA

FIG. 1. Ae. albopictus mosquito receiving an enema in-
oculation. The mosquito was cold anesthetized prior to being
restrained in a concave modeler’s clay platform and secured
by a separate, smaller band of modeler’s clay.

posteclosion, separate groups of female mosquitoes were in-
fected with CHIKV LR 5" GFP either by infectious blood meal
or by enema administration. Infectious blood meals consisting
of a 1:1 mixture of virus stock and defibrinated sheep blood
(DSB) (Colorado Serum Company, Boulder, CO) was fed to
female mosquitoes for 1h using a Hemotek feeding system
(Discovery Workshops, Accrington, United Kingdom) cov-
ered by mouse skins and warmed to 37°C. After feeding,
engorged females were sorted and maintained with 10% su-
crose ad libitum in an environmental chamber at the previ-
ously described conditions. For enema administration, a 1:1
mixture of virus stock and MEMu (as previously described)
was injected at volumes of 2-3 L. under a stereomicroscope to
confirm the delivery of inoculum was into the midgut. Cali-
brated Microcaps® (100 uL) (Drummond Scientific Company,
Broomall, PA) were pulled to needle tips in a PC-10 Puller
(Narishige, Tokyo, Japan) at a temperature of 73.6°C. Cold
anesthetized mosquitoes were secured in grooved platforms
constructed from malleable craft putty and secured by a small
transverse band of putty for administration (Fig. 1). Final ti-
ters for both the enema solution and infectious blood meal
were comparable at 10%%° TCIDsy/mL and 10%°% TCIDso/mL,
respectively. Uninfected mosquitoes that were fed only DSB
or administered enemas consisting of MEMu only were used
as controls to monitor if manipulation had deleterious effects,
for example, increased mortality rates compared with un-
manipulated mosquitoes. Both per os— and enema-initiated
infections were performed in duplicate using the same virus
stock with equivalent titers of enema solution and blood meal
administered both times as confirmed by TCIDs, assay. All
infectious virus work was carried out in an Arthropod Con-
tainment Level 3 insectary.

Ex vivo fluorescence microscopy of midguts

Cohorts from orally-infected/uninfected and enema-in-
fected /uninfected mosquito treatment groups were collected
at 3, 7, and 14 days postinfection (dpi) for fluorescence im-
aging of dissected midguts. At each time point, mosquitoes
were placed at —20°C up to 90 sec before transfer to a solution
of 70% ethanol for 30 sec for surface decontamination. Mos-
quitoes were then transferred to Dulbecco’s phosphate-
buffered saline (DPBS) (Mediatech, Inc., Manassas, VA).
Midguts were dissected from the abdomen by making a small
incision in the anterior ventral abdomen, then displacing the
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abdomen from the thorax by pulling on the posterior abdo-
men. Separation in this manner offered complete extraction of
the midgut, including the Malpighian tubules, allowing for
orientation of the posterior and anterior midgut. Upon dis-
section, midguts were immediately transferred to 12-well
plates covered in aluminum foil containing chilled BD Cytofix
(BD Biosciences, San Jose, CA) and then placed at 4°C for 24 h.
Midguts were immersed in SlowFade® Gold Antifade reagent
(Invitrogen) on microscope slides, coverslips were applied,
and slides were placed in a slide box until imaging. Care was
taken to keep mounted midguts in the dark. Digital epi-
fluorescent images were captured with a Nikon Eclipse Ti
Perfect Focus system inverted microscope with NIS-Elements
software.

Mosaquito titrations

Leibovitz L-15 medium was used for titrations and was
supplemented with 10% tryptose phosphate broth, 10% FBS,
1% penicillin-streptomycin, 1% L-glutamine, 1% MEM, vita-
mins, and 250 ug/mL amphotericin B (Invitrogen). Aedes
albopictus LR were collected at 0, 3, 7, and 14 dpi and imme-
diately placed at —80°C until titration. Upon thawing, indi-
vidual mosquitoes were homogenized in microcentrifuge
tubes containing a 4.5-mm steel ball bearing and L-15 medium
with a TissueLyser II platform (Qiagen, Valencia, CA) for
4 min at 26 Hz. Ten-fold serial dilutions were prepared from
whole-body homogenates and titrated on Vero cell culture
with L-15 medium and incubated at 37°C with no CO, as
described previously (Higgs et al. 1997, McGee et al. 2009).
Titrations were also performed on blood meals and enema
inocula collected immediately postinfection. End point titers
were determined at 7 dpi based on GFP detection and cyto-
pathic effect using an Olympus IX-70 epifluorescence micro-
scope. Differences in whole-body titration between fed and
enema manipulated mosquitoes were analyzed using an un-
paired t-test in Graphpad Prism v5.

Results

Comparative infection rates of per os—exposed
and enema-administered CHIKV in Ae. albopictus

One question addressed by this research was the effect of
enema administration on infection rates of CHIKV in Ae.
albopictus mosquitoes and whether or not those rates were
comparable to a per os—infected mosquito. Infection rates be-
tween per os— and enema-infected mosquitoes were deter-
mined by titration of mosquitoes collected at 0, 3, 7, and
14 dpi. Infected and uninfected mosquitoes were collected at
the same time points for statistical analysis excluding those
mosquitoes that fell below the limit of detection (101
TCIDso/mL) (Table 1). Compared to negative control non-
manipulated cohorts, the orally-infected and enema-infected
mosquitoes displayed no increased morbidity for the duration
of these experiments (data not shown). The average infectious
titers for CHIKV enema-infected mosquitoes collected 0, 3, 7,
and 14 dpi were 10°*, 10°7°, 10>"°, and 10! TCIDs,/mL,
respectively. The corresponding titers for CHIKV-fed mos-
quitoes were 10%%° 10%1° 1052, and 10*3! Logio TCIDsp/mL,
respectively. For the time periods sampled, there were no
statistical differences (p <0.05) in the infection rates and viral
titers of the enema administered and per os—fed mosquitoes
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TaBLE 1. INFECTION RATES AND AVERAGE TITER OF AEDES
ALsorIctus (LR) MOSQUITOES INFECTED PER 0S
AND BY ENEMA wiTH CHIKV-LRIC

Day  Infection Rate  Average titer
Infection p.i. Infected/total (%) (TCIDso/mL) +SD
Per 0s CHIKV® 0 15/15 (100) 10> 4.04
3 16/16 (100) 10610 6.67
7 14/15 (93) 10°12 5.39
14 15/15 (100) 10*31 4.48
Enema® 0 13/17 (76) 10°4 5.41
14/15 (93) 10>7° 5.23
7 11/13 (85) 10> 4.90
14 11/11 (100) 10%12 491

“Titer of CHIKV-LR blood meal fed to Ae. albopictus: 10°
TCIDsp/mL.

Titer of CHIKV-LR enema administered to Ae. albopictus: 10%%°
TCIDs5o/mL.

LR, La Réunion; CHIKV, chikungunya virus; p.i., postinfection;
TCIDs, tissue culture infectious dosesp; SD, standard deviation.

using an unpaired Student t-test (Table 1 and Fig. 2). In a
manner previously described for this infectious clone by
Tsetsarkin et al. (2006), both fed and enema-infected mos-
quitoes experienced an elevation in CHIKYV titer at 3 dpi, in-
dicative of viral replication (Fig. 3). Subsequent mosquito titer
levels slightly decreased after 3 dpi, as previously reported
(Tsetsarkin et al. 2006). Although mosquitoes administered
CHIKYV infectious enemas displayed a slower decline in viral
titer at 14dpi when compared to mosquitoes infected by
CHIKYV blood meal, this was not statistically significant.

Ex vivo imaging of Ae. albopictus LR midguts
infected with CHIKV

To determine if enema administration alters the course of
infection within the midgut of the mosquito compared with
per os infections, fluorescent imaging of dissected midguts
was performed. The use of GFP-expressing infectious clones
has greatly enhanced the capability to visualize the infection
processes of CHIKV as it spreads through the midgut of the
mosquito into the hemocoel and then the salivary glands of
the mosquito during the extrinsic incubation period (Tset-
sarkin et al. 2006). Although a greater amount of infection was
observed in the orally-infected mosquitoes based upon the
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FIG. 2. Whole body titrations of Ae. albopictus (LR) mos-
quitoes post-infection with CHIKV-LR GFP infectious clone.
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FIG. 3. Epifluorescent images of female Ae. albopictus
mosquito midguts infected with CHIKV-LR-5-GFP. Blue
fluorescence is DAPI stain. Midguts in panels A and B are
negative controls having only been fed with DSB or in-
oculated with an MEMu enema respectively. Panels C, E and
G were dissected from mosquitoes that were fed blood meals
with CHIKV LR 5" GFP at a titer of 6.52 log;y TCID5o/mL at
3, 7, and 14 dpi. Panels D, F and H were dissected from
mosquitoes that were injected with enemas with CHIKV LR
5 GFP at a titer of 6.95 logo TCIDsyp/mL at 3, 7, and 14 dpi.
Midguts are oriented with the anterior to the left of each
image. (Scale=500uM).

amount of GFP expression present in the midguts of these
mosquitoes, differences in the dispersion and loci of infection
in the midgut between the two infection techniques were
observed. At 3dpi and 7 dpi, it was observed that enema-
infected mosquitoes demonstrated a greater dispersion of
GFP-expressing CHIKV across the entirety of the midgut
from the posterior midgut to the intussuscepted gut as op-
posed to the more isolated foci of per os—infected mosquitoes
where the posterior midgut did not appear to become in-
fected (Fig. 3). This can perhaps be attributed to the opposing
direction of infectious material and the exerted force on the
luminal side of the midgut during enema infection. Ad-
ditionally, the rate of fill of the midgut is quite different be-
tween imbuement and enema inoculation and there were no
blood cells in the enema inoculum to potentially obscure
virus—epithelial cell interaction.

These factors may influence overall dispersion of CHIKV in
the midgut, but should have no significant bearing on dis-
cerning whether or not a posterior population of midgut cells
is preferentially susceptible to CHIKV infection. Furthermore,
at 14 dpi, the dispersion pattern became less distinguishable
between the two infection techniques (Fig. 3G, H), suggesting
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FIG. 4. Epifluorescent images of CHIKV-LR-5"-GFP enema injected midguts at 7 dpi (A and B) and 14 dpi (C and D). Panel
E was dissected from a CHIKV-LR-5-GFP fed mosquito at 14 dpi for comparison. The day seven and day 14 midguts reveal
concentrated foci of GFP expression in the anterior midgut indicating a concentration of CHIKV infection. Similar
observations can be seen, to a lesser extent, in the anterior midguts of infectious fed mosquitoes (E). Panel F is MEMo enema
inoculated mosquito. Blue fluorescence is DAPI stain. (Scale=500uM).

that while the enema process introduced a greater initial
dispersion of CHIKV particles to the midgut, CHIKV-fed
mosquitoes were just as likely to present with similar dis-
persion patterns as the infection process progressed. Inter-
estingly, 14 dpi enema-infected mosquitoes had foci of GFP
expression with greater intensity as compared to per os-

infected mosquitoes in mesenteronal epithelial cells located in
the anterior portion of the midgut (Fig. 4A-D).

Although similar areas were also observed in anterior
midguts of CHIKV-fed mosquitoes 14dpi, the observed
presence of these foci was less substantial in GFP expression
(Fig. 4E). With the inherent differences associated with the

FIG. 5. Epifluorescent images of CHIKV-LR-5-GFP fed (A) and enema injected (B) mosquitoes at 14 and 7 dpi, respectively.
GFP dissemination into the rectum/anus of the midguts dissected from orally infected mosquitoes was not observed at time
points prior to 14 dpi. Midguts dissected from enema injected mosquitoes exhibited trace amounts of GFP expression as early
as 3 dpi with confluent distribution throughout the lower digestive tract by 7 dpi. Blue fluorescence is DAPI stain.

(Scale=500uM).



108

mechanical administration of CHIKV enemas, it is possible that
the opposing movement of virus particles through the midgut
lumen might induce elevated deposits of virus particles in
subpopulations of epithelial cells. In both CHIKV-fed and en-
ema-infected mosquitoes, there was GFP-expressing CHIKV in
the anterior midgut with a diminished amount of CHIKV-GFP
progressing up to the foregut/midgut junction. While this was
true for both enema and fed methods, CHIKV-GFP expression
was more clearly pronounced in the enema-infected mosqui-
toes. These data clearly indicate that initial CHIKV infection of
the distended midgut, whether per os or by enema injection, is
not restricted to cells of the posterior midgut of the A. albopictus
mosquito and that the cells of the anterior midgut are equally
susceptible, confirming observations previously suggested by
Tsetsarkin et al. (2006). Additionally, these observations suggest
that the physical impact of the imbibed infectious blood meal to
the posterior midgut does not appear to promote increased
infection of the posterior midgut because significant increase of
GFP expression in the epithelial cells of this area were not ob-
served (Fig. 3C, E, G).

Imaging of enema-infected midguts demonstrated accurate
delivery of virus injections through the anus of the mosquito
with clear progression of infection proceeding along the
hindgut and into the midgut at 7 dpi (Fig. 5B). Infection of the
lower digestive tract of the CHIKV-fed mosquitoes presented
with similar patterns, but again, this was not observed until
later in the course of the per os nfection technique at 14 dpi
(Fig. 5A).

Discussion

The delivery of viruses by IT inoculation into mosquitoes is
a commonly used technique but bypasses the midgut infec-
tion processes, potentially demonstrating viral dissemination
that would otherwise not occur. Although this technique
produces infected mosquitoes, one must be cautious when
extrapolating between infections produced by IT and natural
per os infections (Higgs et al. 1993). Enema delivery of viruses
to their vectors has been reported (Putnam and Scott 1995,
Turell et al. 1997), but is technically challenging and labor
intensive. As with IT inoculation, it does not fully mimic per os
infection; however, as used for this comparative study, the
technique offers the ability to investigate some aspects of per
os infection, because midgut cells are targeted. Putnam and
Scott (1995) and Turell et al. (1997) reported that infections
developed following the administration of agents by enema
were significantly different when compared to vectors that
were infected by blood meal. Both studies found average vi-
rus titers in enema-infected vectors were significantly higher
when compared to per os—infected groups. Additionally, they
found infection rates in the enema-infected groups to be ele-
vated when compared to per os—infected vectors or more
comparable to those receiving IT injection.

These observations suggested that enemas offered a poor
method for analyzing viruses in their vectors; however, con-
trary to their conclusions, our results demonstrate that the
technique has merit. Although Turell et al. (1997) used pres-
surized air for the delivery of their enema inoculums, our
study used a syringe to apply moderate pressure for inoculum
administration to avoid damaging the soft tissues of the
mosquito’s posterior alimentary canal. Our average mosquito
titers between CHIKV-fed and enema-injected at specific time
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points was not significantly different (Table 1). Furthermore,
while this technique has been examined in a limited capacity
for arbovirus/vector interaction, numerous other enema ap-
plications have been successfully employed for physiology,
toxicology, and parasitology studies (Klowden 1981, Klow-
den et al. 1983, Romoser et al. 1987, Higgs et al. 1993, Takken
et al. 1998). These studies, as well as our own, demonstrate
that delivery of agents/compounds directly to the mosquito
midgut provides a practical, and perhaps more realistic, al-
ternative to IT injection.

Using enemas allows delivery of precise viral inocula di-
rectly to the midgut epithelial cells. Further enhancements of
the technique, for example by using blood as the delivery
medium, would provide the opportunity to demonstrate
natural mosquito physiological responses including forma-
tion of the peritrophic matrix (PM) and induction of oogene-
sis, responses not stimulated by IT injection. Stimulation of
PM is significant in that the presence of a PM may influence
the mosquito’s susceptibility to infection by some parasites,
although it does not influence viral infection (Kato et al. 2008).
IT inoculation also may induce immune responses in arthro-
pods because it involves cuticle penetration and these re-
sponses may influence infection dynamics. Administration of
the enemas in these studies was optimized to deliver passive
injections at a low enough pressure and volume (2—4 uL) to
minimize overdistension of the midgut or induce sheering
damage. These volumes were within the ranges utilized by
Briegel and Lea (1975) and did not rupture the midgut due to
overexpansion. Passive injection of virus simply means that
inoculating needles were only placed at the tip of the mos-
quito anus with minimal insertion to avoid physical damage.
This technique demonstrated progressive dispersion of virus
(by GFP expression) along the lower digestive tract.

Although Putnam and Scott (1995) included red blood cells
in their inoculums, this inoculum was not used in these
studies. The composition of the enema solution can influence
the actual administration of mosquito enemas both during
injection and afterward. Although previously published re-
ports on enemas used medium with blood dilutions, we
found this technique obstructive to the successful adminis-
tration of enemas. At dilutions containing 30% DSB, we found
an increased incidence of digestive tract abrasion with our
technique. This observation was easily made with the ap-
pearance of red-tinged medium intermixing with the mos-
quito’s hemocoel upon inoculation. Furthermore, we
observed a significant elevation in mortality (<80%) in pop-
ulations receiving these solutions (data not shown). The
consequence of using enema solutions without blood com-
ponents includes reduced protease activity (von Dungern and
Briegel 2001) and aberrant vitellogenesis that is almost ex-
clusively dependent upon blood meal digestion.

These physiological changes were not considered signifi-
cant factors for these experiments because CHIKV is not
transmitted vertically and this was not an objective of the
study. Additionally, there is no indication that the adminis-
tration of a blood-free enema solution, as long as it is osmot-
ically correct, will have any ill effect on PM formation. Both
Berner et al. (1983) and Briegel and Lea (1975) observed a
diminished PM formation in mosquitoes correspondent to the
total concentration of protein in the administered enema.
Granted, the MEMuo-based solutions administered by enema
contained only a minimal volume of protein derived from the
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10% FBS content, but no ill affect was observed, and by 7 dpi
digestion/absorption of all contents of the midgut was
observed.

CHIKV clearly infects the posterior midgut of the in-
fected mosquito, whether by feeding or enema inoculation
(Fig. 5). Both CHIKV-fed and enema-infected mosquitoes
revealed profuse infections in the posterior midgut at
14 dpi. For the enema-infected group, this indicated that the
inoculation process successfully infected cells of the diges-
tive tract from the anus to the anterior midgut and that the
exposure did not damage these tissues with the force as-
sociated with this technique. This result and the failed ob-
servation of infected tissues outside of the digestive tract
also corroborates that the infection process was initiated
from the luminal side of the midgut. Although no differ-
ences in the cellular content of the anterior and posterior
midgut have been reported, it has been postulated that
infection with the alphaviruses Eastern equine encephalitis
virus (EEEV) and Venezuelan equine encephalitis virus
(VEEV) is initiated in the posterior midgut and proceeds in
an anterior direction (Weaver et al. 1988, Smith et al. 2008).
However, in contrast to the work done with EEEV and
VEEV, we found that enema delivery identifies populations
of anterior midgut epithelial cells that appear highly sus-
ceptible to CHIKV infection (Fig. 4). The brilliant foci ob-
served at 14 dpi in the enema-infected mosquitoes imply an
early and sustainable CHIKV infection in the mesenteronal
epithelial cells.

These observations correlate with previous studies, sug-
gesting that virus dissemination can occur in the anterior mid-
gut and tracheal cells of vectors competent to specific viruses
(Romoser et al. 1987, Romoser et al. 2004). These results in no
way imply a uniformity of distribution of cells susceptible to all
Alphaviruses, rather that CHIKV can successfully and non-
specifically infect the entirety of the midgut, facilitating poten-
tially rapid dissemination with little deference to an innate
midgut infection barrier. Last, due to the opposing movement
of infectious solution across the midgut expected with enema
inoculation, it is not surprising that a higher concentration of
virus particles deposited on the anterior midgut resulting in the
observed increase of GFP expression. However, these obser-
vations do not implicate the anterior midgut as the sole location
that CHIKV escapes the mosquito midgut.

Conclusion

This report is the first to describe enema delivery of a virus
to Ae. albopictus mosquitoes. The identification of whether or
not a population of midgut mesenteronal epithelial cells in
the anterior or posterior sections of the midgut is more sus-
ceptible to CHIKV infection has been an unanswered ques-
tion. We clearly provide evidence that demonstrates the
presence of a subpopulation of cells in the anterior midgut
that are prone to CHIKYV infection, but that the infection is
certainly not limited to that region of the midgut. The pro-
vided images demonstrate a cohesive infection process in
which minimal intrusion and little to no damage was done to
the intestinal tract of the mosquito. Future studies employing
the administration of enemas to mosquitoes will take the
measure of vector survivability postinoculation at time
points greater than 14 dpi as well as the transmission po-
tential of the enema-infected vector(s) by saliva collection
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and analysis. Additionally, it would be interesting to study
the effect that this technique has on PM development and
whether or not an artificial protein solution might elicit au-
thentic PM development to more accurately mimic the nat-
ural infection process.

This technique has clearly been shown to have numerous
applications in the manipulation of arbovirus vectors, such as
ticks and mosquitoes, and offers a clear advantage to intra-
thoracic injection where the injected material bypasses the
midgut and directly infects secondary target tissues in the
hemocoel. Furthermore, IT injection damages the semirigid
thorax and the attached flight muscles affecting the resting
tension of these flight muscles, ultimately interfering with the
initiation of flight and wing beat (Roeder 1951). Injection of
materials by enema injection has not been demonstrated to
cause this in mosquitoes. The techniques described here
would be well-suited to investigate other infection processes
of other viruses to include the potential replication of either
virus or vaccine strains that do not typically infect mosquitoes
when administered orally. Additionally, enema delivery of
pathogens such as Plasmodium spp. may also be used to fur-
ther evaluate and characterize the interaction between the
parasite and the midgut cells in the context of the vectors
innate physiologic response.
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