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Abstract: It has become difficult in recent years to conduct the direct feeding of mosqguitoes on animals because of
ethical considerations related to animal experimentation. Thus, the artificial feeding of mosquitoes on blood meals
is an important technique in studies on the oral infection of mosquitoes to agents. Since Rutledge et al. (1964) de-
vised the artificial membrane-feeding technique, severa artificial membrane-feeding methods have been devel oped
to increase the feeding rates of mosqguitoes on blood meals. The purpose of the present study isto develop asimple
and convenient device for the artificial feeding of mosquitoes. We designed a device using Kimwipe®, a coverglass,
thelid of aplastic dish and a50 ml Erlenmeyer flask. The efficacy was assessed by the infection rate of mosquitoes
to Brugia pahangi microfilariae (MF) derived from the peritoneal cavity of Mongolian jirds. Immediately after the
feeding of mosquitoes on MF by the new device, the MF infection rate of mosqguitoes was 50 - 81%. On day 14
post-feeding, 51 - 94% of mosquitoes harbored third-stage infective larvae. The components needed to construct
the device for artificial feeding of mosquitoes are generally available in laboratories. Furthermore, no elaborate
modification of materialsis necessary in making the feeding device. Therefore, this simple and convenient artificial
feeding device promises to be applicable for experimental infection of mosquitoes not only with B. pahangi MF

but also with other agents such as maariaand viruses.

INTRODUCTION

Mosquitoes are an important vector for the mainte-
nance and production of parasites that are infective for ver-
tebrate hosts. Mosqguitoes reared in the laboratory require
feeding on blood meals, but ethical considerations related to
animal experimentation often preclude direct feeding of
mosquitoes on animals. Thus, the artificial feeding of mos-
quitoes on blood meals is an important technique in studies
on the ora infection of mosquitoes to agents. Since Rut-
ledge et al. devised the artificial membrane-feeding tech-
nique [1], severd artificial membrane-feeding methods have
been developed [2 - 5]. To increase the feeding rate of mos-
quitoes on blood meals, severa types of membrane have
been implemented [1, 2, 6, 7], including parafilm®, which is
widely used as an inexpensive and easily obtainable mate-
rial [8 - 12]. However, warming tends to result in increased
permesbility and fragility of the parafilm® stretched over
the feeding apparatus and to subsequent leakage of blood or

medium in the feeding apparatus.

Microfilariae (MF) from the peritoneal cavity of Mon-
golian jirds infected with Brugia pahangi intraperitoneally
provide a rich and convenient resource for experimental
studies [13]. Chuang et al. reported that cavity-borne MF
[14], ingested to mosquitoes by an artificial feeding appara-
tus, developed to third-stage infective larvae (L3). Subse-
quently, Schrater et al. confirmed that the MF ingested by
mosquitoes developed to L3 [15], athough the rate of
cavity-borne MF penetrating the midgut walls of mosqui-
toes was lower than that of blood-borne MF. In addition, be-
cause the artificial feeding methods used by Chuang et al.
and Schrater et al. were neither easy nor convenient [14,
15], cavity-borne MF have not been used routinely in labo-
ratories to produce L3. To utilize the cavity-borne MF for
mass production of L3 and to maintain the B. pahangi life-
cycle, it is essential to develop an efficient artificial feeding
method.
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The objective of the present study is to develop asim-
ple device for the artificial feeding of mosquitoes. The feed-
ing efficacy of mosguitoes using the new device was as-

sessed by determining the infection rates of mosquitoes to B.

pahangi MF collected from the peritoneal cavity of Mongo-
lian jirds and the infection rates of mosqguitoes with L3.

MATERIALSAND METHODS

Chemicals and medium

RPMI-1640 medium and fetal bovine serum (FBS)
were purchased from Sigma Chemical Co., (St. Louis, Mis-
souri, USA) and Gibco-BRL Life Technologies, (Grand Is-
land, New York, USA), respectively. Glucose and disodium
adenosine 5-triphosphate (ATP) were obtained from Wako
Pure Chemical Industries, Ltd., (Osaka, Japan). The artifi-
cial blood meal (ABM) used for mosquito feeding experi-
ments was RPMI-1640 medium (pH: 7.4) supplemented
with 2 mM ATP, 2% glucose and 10% FBS. All the other
chemicals used were of reagent grade.

Parasite strain
Thefilaria parasite B. pahangi had been maintained in

Pipette

Mongolian jirds (Meriones unguiculatus) and Aedes aegypti
(Liverpool strain) mosquitoes in the Institute of Tropical
Medicine, Nagasaki University. Jirds were infected with
200 B. pahangi L3 by the intraperitonea route. Three
months later, the jirds were anesthetized with intraperito-
neal injections of sodium pentobarbital (50 mg/kg). MF
were collected by rinsing the peritoneal cavity with 5 ml of
RPMI-1640 medium. The rising was centrifuged at 1,000
rpm for 7 min. The precipitated MF were used for the ex-
periments dealing with the artificial feeding of mosquitoes.

Mosquitoes

Ae. aegypti mosquitoes (Liverpool strain) maintained
in the Ingtitute of Tropical Medicine, Nagasaki University
were used throughout this study. Adult mosquitoes were
reared in cages (20 x 20 x 30 cm) covered with a screen
mesh (39 mesh/10 mm, polyester fibers) at ambient tem-
perature (26 1°C) with 85+ 10% relative humidity, and
fed on fine solid sugar and water separately. Female adult
mosquitoes aged 7 - 8 days were starved 24 h prior to the
artificial feeding experiments.

Thermometer

'55 °C Hot water

50 ml Erlenmeyer flask

Lid of a plastic dish (37x7 mm)

Coverglas= | Z4%24 mmi
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Fig. 1. Schematic diagram of the device for artificial feeding of mosquitoes using two pieces of
Kimwipe®, a coverglass, the lid of a plastic dish and a 50 ml Erlenmeyer flask. The proce-

dureisasfollows:

1. Place two pieces of Kimwipe® (18 x18 mm) on top of a mosquito cage (39 mesh/10 mm).
2. Apply 300 pl, and an additional 200 - 500 pl of the artificial blood meal (ABM) containing microfilariae (MF) to

the Kimwipe® with a pipette.

3. Cover the wet Kimwipe"™ with a coverglass (24 x 24 mm).

4. Cover the surface of the coverglass with the lid of aplastic dish (37 x 7 mm).
5. Warm the surface of the lid of a plastic dish with 55T hot water in a 50 ml Erlenmeyer flask.



Ingestion of Brugia pahangi microfilariae
by Aedes aegypti mosquitoes through the
Kimwipe®-coverglass feeding device

A schematic diagram of the feeding device and proce-
dure is presented in Fig. 1. First of al, two pieces of Kim-
wipe” (Nippon Paper Crecia, Tokyo, Japan) paper cut to 18
x 18 mm were piled on the screen mesh of a mosquito rear-
ing cage. Three hundred ul of the ABM containing MF (MF
density: around 1,000 per 10 ul) was absorbed into the
Kimwipe" papers, and a coverglass (24 x 24 mm, Matsu-
nami, Tokyo, Japan) was attached to the wet papers. The
coverglass was covered with the lid of a plastic dish (Sumi-
lon Dish, Sumitomo Bakelite Co., Tokyo, Japan; 37 mm in
diameter), onto the inner surface of which one human
breath was expelled. The outer surface of the plastic dish
was warmed with 55C hot water in a 50 ml Erlenmeyer
flask. Mosqguitoes were immediately attracted to the wet
Kimwipe" papers from the inside of the mosquito rearing
cage. During the feeding of mosquitoes for 2 - 3 h, an addi-
tional 200 - 500 pl of the ABM containing MF was applied
to the Kimwipe® paper. After the feeding period, regardless
of whether they had fed on the ABM or not, the mosquitoes
were maintained with fine solid sugar and water separately
a 26+ 1C for 14 days. Seven batches of 35 - 110 female
mosquitoes were used for the artificia feeding trials.

The infectivity of Brugia pahangi microfilariae to
Aedes aegypti mosquitoes and the devel opment of the
ingested microfilariae to third- stage infective larvae
Immediately after the feeding of mosguitoes on the
ABM containing MF, around 10 mosguitoes were randomly
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sampled in each trial. Then, each sample was individually
dissected in 50 pl of RPMI-1640 medium on a dide glass
under a stereomicroscope to count the number of MF in-
gested by mosquitoes.

On day 14 post-feeding, al surviving mosquitoes in
each trial were individually dissected in 200 yl of RPMI-
1640 medium in the well of a 24-well plate (Sumilon, Su-
mitomo Bakelite Co., Tokyo, Japan) at room temperature.
Then, the L3 were counted under a stereomicroscope.

The infection rate of mosguitoes with MF or L3 was
expressed as a percentage of the number of mosquitoes in-
fected with MF or L3 divided by the number of examined
mosquitoes. The mean number of MF ingested or L3 har-
bored by mosquitoes was calculated as the number of MF
or L3 in mosquitoes was divided by the number of exam-
ined mosquitoes.

RESULTS

Immediately after mosguitoes were exposed to MF us-
ing the Kimwipe" - coverglass feeding device for 2 - 3 h, 10
- 12 mosquitoes were randomly selected from each trial
group. The mosquitoes were individually dissected in 50 pl
of RPMI-1640 medium on dide glasses to count the B. pa-
hangi MF ingested by each mosquito. The MF infection
rate of the mosquitoesis shown in Table 1. In the 7 repeated
trias, 50 - 82% of mosquitoes ingested MF. The mean num-
ber of MF ingested by a mosquito ranged from 12 to 198.
During the 14-day period after the artificial feeding, 24 -

Table 1. Therate and intensity of infection of Aedes aegypti mosguitoes with Brugia pahangi microfilariae (MF) or third-stage in-
fective larvae (L 3) after the artificial feeding of mosguitoes using the developed device.

Mosquitoes examined immediately

Mosquitoes examined on day 14

Number of  MF density after feeding Mortality of post - feeding
Trial mosquitoes per 10 ul of  Infectionrateof  Mean number of mosquito for Infection rate of Mean number of
inacage ABM"® mosquitoeswith  MFingested by 14 days (%)+ mosquitoeswith L3 L3 harbored by
MF (%)"" mosquitot (9%)"" mosquitot
1 92 970 7/10 (70.0) 11.8+ 4.7 25/82 (30.5) 29/57 (50.9) 2.8+ 0.8
2 98 1,070 6/10 (60.0) 24.1+ 19.7 31/88 (35.5) 33/57 (57.9) 2.7+ 0.6
3 105 724 8/10 (80.0) 22,0+ 7.2 30/95 (31.6) 54/65 (83.1) 54+ 0.7
4 66 1,036 6/12 (50.0) 27.6+ 11.4 20/54 (37.0) 28/34 (82.4) 2.8t 05
5 35 883 5/10 (50.0) 475+ 21.7 9/25 (36.0) 15/16 (93.8) 2.5t 05
6 110 996 9/11 (81.8) 198.3+ 59.3 64/99 (64.6) 33/35 (94.4) 9.1t 1.3
7 48 1,072 6/10 (60.0) 54.8+ 20.8 9/38 (23.7) 27/29 (93.1) 3.4t 0.6

" Tota volume of ABM used for each feeding trial was 500 - 800 pul. ABM: RPMI-1640 medium supplemented by 2 mM ATP, 2% glucose and 10% FBS.
““The number of mosquitoes ingesting MF and harboring L3 are divided by the number of randomly sampled and all surviving mosquitoes, respectively.
T Total number of MF ingested and L3 harbored by mosquitoes are divided by the total number of examined mosquitoes. Data are expressed as mean  +

standard error.

F The number of dead mosquitoesis divided by the number of mosquitoes remaining in a cage after being examined for MF ingestion.
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65% of mosquitoes died. The infection rate and infection
intensity of mosquitoes with L3 are shown in Table 1. On
day 14 post-feeding, all surviving mosquitoes were dis-
sected in 200 pl of RPMI-1640 medium to observe the exis-
tence of L3. The percentage of mosquitoes harboring L3
was 51 - 94. The mean number of L3 harbored by mosqui-
toeswas 3 - 9.

DISCUSSION

The artificia-membrane feeding method using a
Rutledge-type feeder and parafilm® is a popular method for
the artificia feeding of mosquitoes [1]. However, warming
the feeding apparatus to around 37<C increases the perme-
ability of the parafilm® attached to the apparatus and leads
to subsequent leakage of blood or medium in the apparatus.
By contrast, there was no leakage of ABM in the newly de-
veloped feeding system, although some evaporation and ex-
tension of the ABM was observed after 1 h feeding. The
minimum volume of ABM used in the new feeding device
was 500 pl, which was less than that (2.5 ml) in the
Rutledge-type feeding system for one feeding trial [7].

Chuang et al. reveded that ingested MF developed to
L3 in mosguitoes when the mosguitoes fed on only phos-
phate buffered saline (PBS) containing MF [14]. Since then,
PBS has not been used as an ABM for artificial infection of
mosquitoes to MF. Generally, fresh or defibrinated blood
has been used as blood meals for the artificial feeding of
mosquitoes on MF [16, 17]. In the present study, RPMI-
1640 medium containing 2 mM ATP, 2% glucose and 10%
FBS was used asthe ABM in order to simplify and facilitate
the artificial feeding method for the infection of mosquitoes
with MF. FBS and glucose were added as nutrition for MF,
and ATP was added as a phagostimulant to promote mos-
quito feeding [8]. As shown in Table 1, 50 - 82% of mos-
quitoes ingested MF in the ABM. The feeding response of
Ae. aegypti mosguitoes on the ABM was higher than that
(32%) in the blood-parafilm® feeding system reported by
Failloux et al. [8]. The feeding rate of mosquitoes in the
present study was similar to that (32 - 75%) of Ae. aegypti
on blood through membranes of animal-derived skins [7].
The feeding efficacy of mosquitoes in the present method
was higher than or similar to that of the membrane-feeding
systems. Despite the similar density of MF used in each
trial, the mean number of MF ingested by mosquitoes mark-
edly varied, ranging from 12 to 198. In addition, 55C hot
water was used as an attractant (Fig 1). Mosquitoes were
more attracted to 55 than to 37C hot water.

In the present study, 65% of mosquitoes died in trial 6

during the 14-day period post-feeding, while 24 - 37% of
mosquitoes died in the other trials (Table 1). The mean
number of MF ingested by mosquitoes was 198 in trial 6
and 12 - 55 in the other trials. The high mortality rate of
mosquitoes in trial 6 might be due to the higher number of
MF ingested by the mosquitoes. This finding is consistent
with the observation that mortality increased in mosquitoes
heavily infected with MF [18 - 21].

The mean number of MF ingested by mosquitoes was
12 - 198, whereas the mean number of L3 recovered from
mosquitoes after 14 days’ artificial feeding was 3 - 9. Less
than one fourth (5 - 25%) of the cavity-borne MF ingested
by mosquitoes is estimated to develop to L3. On the other
hand, Schrater et al. reported that 13 - 33% of the cavity-
borne MF penetrated the midgut wall of mosquitoes [15].
The development rates in the present study were similar to
or less than those observed in the study of Schrater et al.
[15]. The lower development rates might be due to the lack
of nutrientsin the ABM used for feeding.

Finally, the infectivity of L3 produced by the new arti-
ficial methods was assessed. Three jirds were inoculated in-
traperitoneally with 200 L3 produced by the present artifi-
cial feeding system. Three months later, the adult worms
and emerging MF were observed in al three jirds. This re-
sult suggests that the L3 produced by the new feeding
method can be utilized to maintain the life-cycle of B. pa-
hangi in laboratories.

In the present study, pieces of Kimwipe®, a coverglass,
the lid of a plastic dish and a 50 ml Erlenmeyer flask (Fig.
1) were used to construct the simple device for artificia
feeding of mosquitoes. These components are generaly
available in laboratories. Furthermore, no elaborate modifi-
cation of materials is necessary for the feeding device.
Therefore, this simple and convenient artificial feeding de-
vice promises to be applicable for experimental infection of
mosquitoes not only with MF but also with other agents
such as malaria and viruses.

ACKNOWLEDGEMENTS

We would like to express our sincere thanks to Dr. No-
boru Minagawa, Department of Entomology, Institute of
Tropica Medicine, Nagasaki University for his useful sug-
gestions and advice about the development of an artificia
mosquito feeding device. We would also like to thank Dr.
Yoshiki Aoki, Dean, Graduate School of International
Health Development, Nagasaki University for assisting in
the revision of the manuscript.



REFERENCES

0O O Rutledge, L.C., Ward, R.A. & Gould, D.J. (1964) Studies
on the feeding response of mosguitoes to nutritive solutions
in anew membrane feeder. Mosquito News 24, 407-419.

0O O Bailey, D.L., Dame, D.A., Munroe, W.L. & Thomas, JA.
(1978) Colony maintenance of Anopheles albimanus Wie-
demann by feeding preserved blood through natural mem-
brane. Mosguito News 38, 403-408.

O O Wirtz, RA. & Rutledge, L.C. (1980) Reconstituted colla-
gen sausage casings for the blood feeding of mosquitoes.
Mosquito News 40, 287-288.

O O Benzon, G.L. & Apperson, C.S. (1987) An electrically
heated membrane blood-feeding device for mosguito col-
ony maintenance. Journal of the American Mosguito Con-
trol Association 3, 322-324.

O O Hagen, H.E. & Grunewald, J (1990) Routine blood-
feeding of Aedes aegypti via a new membrane. Journal of
the American Mosquito Control Association 6, 535-536.

0O O Novak, M.G., Berry, W.J. & Rowley, W.A. (1991) Com-
parison of four membranes for artificialy blood feeding
mosquitoes. Journal of the American Mosquito Control As-
sociation 7, 327-329.

O O Pothikasikorn, J.,, Bangs, M.J., Chareonviriyaphap, T.,
Roongruangchai, K. & Roongruangchai, J. (2007) Com-
parison of blood feeding response and infection of Aedes
aegypti to Wuchereria bancrofti using animal membranes
and direct host contact. Journal of the American Mosquito
Control Association 23, 294-298.

O O Failloux, A.B., Chanteau, S., Chungue, E., Loncke, S. &
Sechan, Y. (1991) Ord infection of Aedes polynesiensis by
Wuchereria bancrofti by using parafilm membrane feeding.
Journal of the American Mosquito Control Association 7,
660-662.

0O O Harada, M., Matsuoka, H. & Suguri, S (1996) A convenient
mosguito membrane feeding method. Medical Entomology
and Zoology 47, 103-105.

(0 Kasap, H., Alptekin, D., Kasap, M., Guzd, A.l. & Lileyap,
U. (2003) Artificial bloodfeeding of Anopheles sacharovi
on a membrane apparatus. Journal of the American Mos-
quito Control Association 19, 367-370.

(100 Tseng, M. (2003) A simple parafilm M-based method for
blood-feeding Aedes aegypti and Aedes abopictus (Dip-
tera: Culicidag). Journal of Medical Entomology 40, 588-
589.

(O Nasirian, H. & Ladonni, H. (2006) Artificial bloodfeeding
of Anopheles stephensi on a membrane apparatus with hu-
man whole blood. Journal of the American Mosquito Con-
trol Association 22, 54-56.

(O McCall, JW., Maone, JB., Hyong-Sun, A. & Thompson,
PE. (1973) Mongolian jirds (Meriones unguiculatus) in-
fected with Brugia pahangi by the intraperitoneal route: a
rich source of developing larvae, adult filariae, and microfi-
lariae. Journal of Parasitology 59, 436.

(00 Chuang, C.K., Nakajima, Y. & Aoki, Y. (1979) Develop-
ment of Brugia pahangi microfilariae from jird peritoneal
cavity in Aedes aegypti. Japanese Journal of Tropical

Medicine and Hygiene 7, 171-189.

(IO Schrater, A.F, Rossignol, PA., Hamill, B., Piessens, W.F.
& Spielman, A. (1982) Brugia malayi microfilariae from
the peritoneal cavity of jirds vary in their ability to pene-
trate the mosquito midgut. American Journal of Tropical
Medicine and Hygiene 31, 292-296.

(O Wang, SH. & Zheng, H.J. (1991) Survival and infectivity
of Brugia maayi microfilariae after cryopreservation.
Southeast Asian Journal of Tropical Medicine and Public
Health 22, 165-167.

(IO Bartholomay, L.C., Farid, H.A., El Kordy, E. & Chris-
tensen, B.M. (2001) Short report: A practical technique for
the cryopreservation of Dirofilaria immitis, Brugia maayi,
and Wuchereria bancrofti microfilariae. American Journal
of Tropical Medicine and Hygiene 65, 162-163.

(0 Kershaw, W.E., Lavoipierre, M.M. & Chamers T.A. (1953)
Studies on the intake of microfilariae by their insect vectors,
their survival,and their effect on the survival of their vectors.
I. Dirofilariaimmitis and Aédes aegypti. Annals of Tropical
Medicine and Parasitology 47, 207-24.

(D0 Wharton, R.H. (1957) Studies on filariasisin Malaya: notes
on the breeding of Mansonia (Mansonioides) mosquitoes in
the laboratory. Annals of Tropical Medicine and Parasitol-
ogy 51, 297-300.

(110 Townson, H. (1971) Mortality of various genotypes of the
mosquito Aedes aegypti following the uptake of microfilar-
iae of Brugia pahangi. Annals of Tropical Medicine and
Parasitology 65, 93-106.

(D0 Klowden, M. J. (1981) Infection of Aedes aegypti with
Brugia pahangi administered by enema: results of quantita-
tive infection and loss of infective larvae during blood feed-
ing. Transaction of the Royal Society of Tropical Medicine
and Hygiene 75, 354 - 358.





