Materials and methods

Study area

Hokkaido is the northernmost island of Japan and the vole is the
most common small mammal there. The Forest Agency of the
Japanese Government has been carrying out a monitoring census
of vole populations in forests all over Hokkaido since 1954. A
statistical report on hunting (Department of Health and Welfare,
the Hokkaido Government 2000) showed that the population of
red foxes increased until around 1980, and thereafter was fairly
constant. Epidemiological surveys on E. multilocularis have been
carried out by the Department of Health and Welfare of the
Hokkaido Government, Council for Alveolar Echinococcus. We
focused on two infected provinces, Nemuro and Abashiri, located
in eastern Hokkaido, to allow us to adjust the model with the aid of
ecological, epidemiological and meteorological parameters. Table |
shows the prevalence of E. multilocularis in the fox population in
these provinces.

Life cycle of E. mudtilocularis

The life cycle of E. multilocularis consists of a free-living egg phase
and parasite stages in each of the two hosts. The vole has protos-
coleces of E. multilocularis 1 or 2 months after orally ingesting
eggs. Experimental infections in voles (C. rufocanus) showed that
all voles were susceptible to E. multilocularis eggs, that the infec-
tious protoscoleces in hydatid cysts increased with time, and that
the protoscoleces were first detected in some voles at 41 days after
ingestion, and in all voles by 44 days (Yagi and Ito 1998). Thus, we
adopted 45 days as the period (r,) for the acquisition of infec-
tiousness against the definitive host in voles.

The definitive host is infected with E. multilocularis by preying
on voles which harbor multilocular Echinococcus with infectious
protoscoleces. In experimental infections of foxes, parasite eggs
were initially detected in the feces 29-33 days after infection (No-
naka et al. 1996), and at 29-32 days (Yagi and Ito 1998), but were

aranftar nimtil A4 Q4 Adnwe aftac fefnmblae Tmomnle
not detected thereafter until 66-84 days after infection (Nonaka

et al. 1996). Abundant eggs were excreted from the experimentally
infected foxes during the initial week of egg output, and thereafter
the number of eggs fell off rapidly (Yagi and Ito 1998). Thus, our
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model uses 30.days as the period (z,) for the maturity of £. multi-
locularis in foxes, 7 days as the duration (r;) of high parasite egg
production and 60 days as that (1) of low parasite egg production.

Longevity of E. multilocularis eggs

The longevity of E. multilocularis eggs is influenced by environ-
mental factors. In particular, the duration of the egg's infectious
ability is swayed by temperature and humidity (Yagi and Itoh
1999). The experimental formula for longevity (¢ days) at tem-
perature (t°C) was obtained as d= exp[ —0.135(r-43.4)] from
experimental infections in mice (Ishige et al. 1993). However, this
formula is inapplicable to low temperatures (Yagi and Ito 1999). As
the seasonal climatic effect on the longevity of eggs governs the
transmission dynamics of E. multilocularis from foxes to the
intermediate hosts, we assume in the model that the seasonal
transmission rate from foxes to voles is proportional to the relative
seasonal longevity (e} of eggs as compared with the longevity of
eggs at 13.8°C (temperature in autumn in Nemuro province), which
is calculated by the experimental formula with the proviso that the
upper bound of longevity is fixed at 100 days, taking into consid-
eration a low temperature period and of the limitations of the
formula. The relative longevity of eggs in Nemuro and Abashiri
provinces is shown in Table 2. The relative longevity will be used in
the model for the risk of the human population being infected with
HAE.

Dynamics of host populations

It is important in terms of the dynamics of the transmission of
E. multilocularis to consider the large-scale seasonal fluctuations in
the host populations.

The breeding season of red foxes in Hokkaido is generally from
the last third of March to the first third of April. Newborns emerge
from their dens after weaning, which has been assessed at about
I month after birth (Uraguchi and Takahashi 1998). We assumed
that newborns would bc e(posed to E mulnloculm is infection after

(Uraguchx and Takahashx 1998), and 4.0in Koshxmlzu (Abe 1971)
which was also in the eastern part of Hokkaido. The birth rate (b
in the population of foxes can be expressed by the product of litter

Table 1 Prevalence of

Echinococcus multilocularis in Year Nemuro Abashiri
;?gnf;oghs %)eupl::‘lt(r)r?;[:xtl)oefrﬁzglth Number Number Prevalence Number Number Prevalence
and Welfare, the Hokkaido examined positive (%) examined positive (%)
Government in Annual Report N i > N
of the Council for alveolar 1995 82 62 5.6 23 12 ‘;~-9
echinococcus in Hokkaido, 1996 97 38 39.2 20 5 25.0
2001-2002 1997 89 28 315 22 10 45.5
1998 60 46 76.7 35 23 65.7
1999 23 7 30.4 22 10 45.5
2000 39 27 69.2 19 10 52.6
Total 390 208 53.3 146 70 47.9
Table 2 The relative longevity .
of E. multilocularis eggs. The Season Nemuro Abashiri
gleer?\rllegl?rgi;l}iiia}\alrzras Mean air Relative Mean air Relative
Meteorological Aﬂelr)xcv 1994 temperature (°C) longevity temperature (°C) longevity
1999, for relative Tongévity the -
standard temperature was set as  SPring 8.74 1.86 11.24 1.43
13.89°C in autumn in Nemuro ~ Summer 16.16 0.74 18.53 0.53
Autumn 13.89 1 13.71 1.02
Winter -0.02 1.86 ~-1.14 1.86
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Table 3 The assigned values for

age- and season-dependent -Age group  Litter Size

Percentage of breeding Birth rate (b, ,)

birth rates of voles (‘7) ferales
Spring Summer Autumn Spring Summer Autumn Spring Summer Autumn
2 0 4.5 5.2 0 50 50 0 1.13 1.3
3 0 4.5 5.2 0 60 85 0 1.35 2.21
4 6.2 4.8 53 100 70 100 3.1 1.68 2.65-

size, sex ratio and percentave of breeding females; we adopted
b,=1.8 where the values of litter size, sex ratio and percentage of
breeding females were taken as 4.0, 0.5 and 90%, respectlvely
Generally, for any wild animal the death rate of juveniles is sig-
nificantly higher than that of adults. We estimated the death rates
of juveniles (under 1 year old) (J,) and adults (J,) as 0.82 and 0.33,
respectively, on the assumption that the annual growth rate of the
fox population would remain stable, based on the census data of
the age structure (Uraguchi and Takahashi 1991, 1998). These
figures are in accordance with the data obtained in Kushiro and
Nemuro 8,=0.86 and 0.84 for 1971-1972 and 1977-1979. The
correspondmg values for the adults were §,=0.33 and 0.39 (Yon-
eda 1981). The den51ty/km (Np of the fox population has been
used as a measure in the model. It was estimated that N=0.7~1.0
before the breeding season at Nemuro in 1986-1996 (Uraguchi and
Takahashi 1998).

The gray-sided vole (C. rufocanus) breeds in three seasons of the
year (all except winter). Only females surviving the winter become
pregnant in spring, and the spring-born females then mature during
the summer to comprise a major part of the breeding population in
the autumn. Thus, the pregnancy rate is higher in spring and au-
tumn than in summer (Kaneko et al. 1998). The maturation period
is about 30-60 days, and the gestation period is 18-19 days (Abe
1968). A typical litter size is 4-7, with an average of 5.3 (Fujimaki
1981: Yoccoz et al. 1998), and the order of decreasing litter size was
reported to be spring, autumn and summer (Fujimaki 1975). The
percentage of breeding females is higher in spring and autumn than
in summer (Ota 1984). The birth rate (b,) in the vole population,
which can be defined as a product of litter size, sex ratio which is
assumed to be 0.5, and percentage of breeding females, has two
peaks a year, one in spring and one in autumn. The survival rate of
voles depends on the season and age, with that for the first month
of life being lower than that of > 1 month (Ohta 1984), while the
survival rate in winter is higher than that in summer (Dewa 1975).
Although the dynamics of vole populations in Hokkaido vary on a
large scale annually and have certain geographical characteristics
such as a periodical fluctuation with a 3.5-4.5 year cycle in the
northern and eastern areas of Hokkaido, we assumed that the
annual growth rate of the vole population would remain stable and
assigned age- and season-dependent death and birth rates which
would result from age- and season-dependent litter sizes, as well as
the percentage of breeding females. as shown in Tables 3 and 4. As
a measure of the abundance of the vole population, the model uses
the density/km? (N,). It was estimated that N 0.30x10% in spring
(before the breeding season), glvmg 2.84x10% in autumn in Nemuro
(1984-1993), and N, =0. 63x10? in spring, or 1.74x10% in autumn in
Abashiri (1983-1992) (census data on vole populations from the
Forest Agency of the Japanese Government).

Table 4 The assigned values for age- and season-dependent death
rates of voles

Age group Death rate (4, 4)
()
Spring Summer Autumn Winter

0 0.5 0.5 0.5 0.25

1 0.25 0.25 0.25 0.25

2 0.2 0.2 0.2 0.25

3 0.2 0.2 0.2 0.25

4 0.25 0.25 0.25 0.25

Transmission model of E. multilocularis

We propose a deterministic model for the transmission of E. mul-
tifocularis. The model works well provided that there is no immi-
gration or emigration of foxes in the target area. There is no need
to take into account any immigration or emigration of voles owing
to their narrow and exclusive home range (Saitoh 1991; Ishibashi
et al. 1998). The fox population is divided into four epidemiological
classes: negative, infected but not producing parasite eggs, high
parasite egg production, and low parasite egg production, which
are symbolized by xi, xa, x3, Xy, respectively. The vole population is
divided into'three classes: negative, infected but not yet infectious,
and infectious (holding protoscoleces in hydatid cysts), which are
designated yy, ya, ¥3, respectively. Each epidemiological class of the
fox populations is classified into two age groups: juveniles () and
adults (@), while each epidemiological class of the vole population is
classified into five age groups: 0-! month (0), 1-2 months (1),
2-3 months (2), 3-4 months (3), >4 months (4). The symbols of
age groups {(a, j, 0~4) are used as suffixes of the above variables for
epidemiological classes. All the variables used in the model are
tabulated in Table 5.

E. multilocularis can be transmitted to a fox when it ingests an
infected vole containing protoscoleces in hydatid cysts. Therefore,
the prevalence of E. multilocularis in the fox population is affected
by their feeding habits; that is, the average number (NVF) of voles
ingested by a fox each day. NVF depends on the density of the vole
population and on the depth of snow (Abe 1975; Yoneda 1981).
Thus, we introduce a feeding habit function fIV,, ;) for vole
density (N,) and the depth of snow (d;) as NVF, We assume that
AN, dy=0 for d;> 50 (cm), because a fox cannot prey on voles
that live under deep snow. A fox feeds on voles by preference, but it
does have other available food (Yoneda 1981). Thus, the model
assumes that the NVF increases swiftly at a low fox density, while
the degree of increasing is reduced at a high density, and that NVF
becomes saturated at the maximum number (my) of voles ingested
by a fox each day at a fairly high density, which was estimated as 8
(Abe 1975). Applying the logistic distribution () to the relation-
ship between NVF and N,, the feeding habit function is written as:

S (N ds) = g(d)mn W (N),
W(N:) = 1/(1 +exp (—k(N, = N,))

Table 5 The variables used in the Echinococcus transmission
model. For symbol: p=j,a representing the age group of juveniles
and adults; ¢=0-4 representing the age groups 0-1 month, 1-
2 months old, 2-3 months old, 3-4 months old and >4 months
old, respectively

Host Symbol Description (density per 1 km?)

Fox xy, Negative
Xap Infected, no parasite egg producing
Xap Infected, high parasite egg producing
X4p Infected, low parasite egg producing
Ny Total density

Vole 1y, Negative

Yag Infected but not yet infectious
Yiq Infectious (holding protoscoleces in hydatid cysts)
N, Total density
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where g(d;) stands for the function which obstructs foxes from
preying on voles whose value decreases from 1 (d,<10) to 0
(d;> 50). The shape parameters k and N, were chosen as 0.003 and
1.2x10% from experimental data. The transfer rates among epide-
miological classes in the fox population are composed of several
epidemiological parameters. The symbol / signifies the infection
rate from the negative stage (x;) to the infected, but no egg pro-
duction, stage (x;) and R, the recovery rate from the high pro-
duction of eggs-stage (x4) to the negative stage (x;) in due
consideration of multiple infection, while 2, P,, and 0, O, signify
the transfer rates for the age groups of juveniles (/) and adults (@)
from the infected but no egg production stage (x,) to the high
production of eggs-stage (x3), and from the high production stage
(x3) to the low production stage (x,), respectively., These transfer
rates are expressed by the following formulae:

At) = sof (Ne(O))y3(6)/Ne(£)
B(t) = (1= 67)7 2t = 11). (p =)

0) = (1= 87,)7 ™3t = (i + 1)),
R(t) = 26)/(exp (niA(t)) — 1)

In the above formula, s, denotes the conditional probability
that protoscoleces in a vole can mature in a fox; s, is assessed as 0.9
because of the high probability of infection with inoculated pro-
toscoleces. . '

Voles can be infected with E. multilocularis by ingestion of
free-living eggs that are excreted by the infected foxes. We
introduce the transfer factors up, u and p. g is the basic infec-
tious contact rate from the low egg producing class of foxes at
the standard temperature, while u is the infectious contact rate

(p:j’a)

Fig. 1 The basic schemes for
the transmission model for
Echinococcus multilocularis in

a foxes
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from the low egg producing class that is obtained by multiplying
Ho by e, (the relative seasonal longevity of eggs). p is the multi-
plicative factor for the basic infectious contact rate from the high
egg producing class. Due to a lack of direct survey data, we will
investigate the values of yg and p on the basis of prevalence data
for the populations of foxes and voles in the next section. In the
model, we assume that a vole at the infected but not yet infec-
tious stage moves to the infectious stage after 7, days, and that
no voles recover from E. multiloculuris.

The basic scheme of the model is shown in Fig. la (for the
population of foxes) and 1b (for the population of voles). The
parameters used in the model are tabulated with the assumed and
adjusted values in Table 6.

Results
Dynamics models of host populations

In order to act in concert with the transmission model
for E. multilocularis, we constructed a seasonal popula-
tion dynamics model of foxes based on a stable annual
growth rate (the density/km? in spring being 1.0) on the
basis of the ecological parameters in Table 6. We also
constructed a seasonal population dynamics model of
voles based on a stable annual growth rate (the density/
km? in spring being 0.3x10%) on the basis of the eco-
logical parameters in Tables 3 and 4.

juveniles R

fox populations: a the transfers
among four epidemiological

'l

negative
X,

classes, and vole populations,

b the transfers among three b
epidemiological classes; the
division into five age groups

aﬁj A

infected no egg
producing X. ;

féﬂjpj i

]

Oy, ! 6,
Qj B low egg
producing X,

high egg
producing x,,

being omitted

J v 1

v
) 2l P ) Q.
negative infected no egg ‘B high egg ‘ B low egg
X0 producing X; producing X;_, producing x,.
by ; i !
6 fia 6 'fa 6 fa a/; a
R
adults
b voles
b¥ negative 5 zf:{i;:gtg)fs B infectious
7 E
v, 5
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Table 6 The model parameters

together with their assumed and Description Symbol Estimated value
adjusted values. For basic -
infectious contact rate see text ~ Fox birth rate per year by 1.8
Vole birth rate per month (g=2,3,4) “by g see Table 3
Fox death rate per year (juveniles) o7 5 0.82
Fox death rate per year (adults) 07, a 0.33
Vole death rate per month (g=0,1,2,3,4) 0. g see Table 4
Period of no parasite egg production in foxes T 30
(days after infection) :
Duration of high parasite egg production (days) Th 7
Duration of low parasite egg production (days) 7 60
Period for acquiring infectious protoscoleces in voles 7, 45
(days after ingestion)
The conditional probability of maturity in foxes 5o 09
The basic infectious contact rate Ho (1.0~3.4)x10™
1~10

Multiplicative factor caused by high egg production p

Fitting parameters

The basic reproductive rate (Rp) is the maximum num-
ber of secondary infections that are theoretically possi-
ble when one infected fox is introduced into a susceptible
population: any secondary cases derive from the inter-
mediate populations that are infected through eggs
produced by one infected fox. The basic reproductive
rate in the model, which can be calculated on the sim-
plified assumption that any seasonal factors or any
multiple infection are ignored, is expressed by the com-
bination of several parameters in the model as:

Ry = Th + HoTi 1 ) 1 Ll
0= | HoPTh 1+6p7) V46,1 14801y 14071
S0/ Ny
Oy

The symbols f, § and &, represent the average of
NVF, the average of the daily death rates for the total
population of foxes and that for the total population of
voles, estimated as 6.6, 3.26x107 and 1.19x10°, respec-
tively, while the other symbols in the formula are re-
ferred to in Table 6. In the previous sections, we
assigned the estimated or adjusted values to all the
above parameters, except for two transfer factors, the

3 2000

1500

1000

Fox density
[
Vole density

500

e fox density = = vole density

Jan May Ju Sep Nov Jan

Month

Fig. 2 The seasonal population dynamics models of foxes and
voles. The solid line and the dotted line show the variations in fox or
vole density/km? respectively, on the basis of our population
dynamics models

infectious contact rate from the low egg producing class
(uo) and the multiplier of the basic infectious contact
rate from the high egg producing class (p). Applying
these values in the formula, Ry, can be written as a
function of po, p and Ng :

Ro ~ 145 x 10%(1 + 1.39 x 107 p) uoNy

It is difficult to decide on the two parameters y and p
from the field data because of the presence of free-living
eggs in the environment, although it is more important
to decide on an applicable value of yy than of p. Since
the ratio of parasite egg discharge in the high production
period compared to that in the low production period
was found to be more than five times greater. in the
experimental infection of foxes (Yagi and Ito 1998), p is
limited to within the scope of (1, 10) and a value of 5 is
adopted in the following simulations. When the per-
missible range of Ry is arranged from 1 to 20, the value
of uo is allowed to vary within the range (4.0x107°-
8.1x10™), (2.7x1075-5.4x10™ or (1.9x107°-3.8x10™) at
p=1, 5 or 10, respectively, on choosing 1.5/km? as the
average density of foxes Np. We examined the highest,
lowest and average yearly prevalence rates of E. multi-
locularis in the fox population for the range (uo) from
0.1x10™* to 5.0x10™ in steps of 1.0x10° with the model
simulations under the Nemuro situation. The curves for
the prevalence rates are shown in Fig. 3.

When the permissible ranges of the highest and
average prevalence rates (%) have their limits set to (55,
90) and (40, 75) making allowance for Table 1, the value
of o is allowed the bounds (1.0x10-3.4x10™%). We
carry out simulations within these bounds in the next
section.

Simulations for the prevalence of E. multilocularis

The transmission model for E. multilocularis was pro-
grammed by Fortran 90 to work on any computer under
the Microsoft Windows TM platform,

Firstly, to investigate the effect of seasonal transitions
on the prevalence of E. multilocularis in both host
populations, foxes and voles, under the situations in
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Fig. 3 The prevalence in the fox population corresponding to the
basic infectious contact rate (yg) in the model. The solid line,
the broken line and the dotted line show the highest, the average and
the lowest yearly prevalences, respectively

Nemuro and Abashiri, we planned the simulations with
Uo chosen as 1.5%10", the value that realized the average
prevalence rates during 1995-2000 in Nemuro (53%)
and Abashiri (48%) (Table 1). There is a great difference
between the two provinces in terms of snowfall. The
Japanese Meteorological Agency (1986-1997) reported
that the average depth of snow in the winter 3 months
(January—March) was 36.1 cm and 66.2 cm, and that the
number of days above 50 cm was 0 days and 72 days in
Nemuro and Abashiri, respectively. The simulations
indicate that the density of infected foxes goes down to
its lowest during the second third of March (Nemuro),
and the first third of April (Abashiri) before the breeding
season, thereafter reaching its peak during the second
third of June due to an increase in infected juveniles.
Although the prevalence rate in fox populations is
highest during the first third of October due to a de-
crease in the total population, the timing of the lowest
prevalence is synchronized with that of the lowest
infectious density. This result also shows that there are
some differences in the winter prevalence of the fox
populations between the Nemuro and Abashiri areas,
that is, the winter density of infected foxes maintains a
certain level in Numero, while it falls to a low level in
Abashiri.

Secondly, we investigated the risk to the human
population of being infected with HAE using model
simulations. In this article, such a risk is expressed as the
proportion of parasite eggs in the environment relative
to the maximum abundance in the Nemuro area, which
is referred to as the hazard index. The simulations were
also carried out for the environs of Sapporo, the capital
of Hokkaido, where the fox population density was as-
sumed to be half as much as that in Nemuro. The sim-
ulation for Nemuro indicates that the hazard index is
highest during the first third of June when infected
juveniles begin to discharge parasite eggs, and that it
goes down for a while during a high temperature period
and then rises again to reach a second peak in October.,
A comparative study indicates that the hazard index
fluctuates widely and has a sharp peak under the Nem-
uro conditions (high density of fox population), while it
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varies little and remains at a low level throughout the
whole year in the environs of Sapporo (low fox density).

Discussion

It is important to consider the relationship between the
model and reality. It is unavoidable for the transmission
model for E. multilocularis to have a somewhat com-
plicated structure, and consequently to involve many
ecological, as well as epidemiological, parameters be-
cause E. multilocularis has a complicated life cycle
involving two kinds of hosts. Through experimental and
field data, we obtained estimated values for all param-
eters with two exceptions (ug, p) and the number of
exceptional parameters is low considering the complicity
of the model. We set bounds for the above two param-
eters on the basis of field data for the prevalence rate of
E. multilocularis, so that the model fits regional situa- -
tions where E. multilocularis prevails.

A distinctive feature of the model is the division of
the production stage in foxes into two classes according
to egg output; this is adequate for investigating the risk
of infection in the human population. In the model, we
considered neither the acquisition of immunity nor
intensity of infection which is related to the protoscolice
burden in the voles that are preyed on by the fox. Fur-
ther precise research on transmission models based on
the intensity of infection, or models incorporating
immunity, is desirable for tracking the progress of
experimental infections in foxes.

The process of transmission of E. multilocularis from
foxes to voles is controlled by the state of free living eggs
in the environment the longevity of which depends on
environmental factors. We considered the effect of air
temperature on the longevity of eggs, but not the effect
of humidity, which also has an influence (Yagi and Itoh,
1999). This leaves some room for the consideration that
there would be some lag time between the discharge of
eggs from foxes and the oral ingestion of eggs by voles,
and that the free living eggs would accumulate in the
environment. However, to avoid a more complicated
structure in the model, we assumed that the discharge of
eggs had an immediate contribution to the transmission
of E. multilocularis in voles.

On the other hand, the process transmitting £. mul-
tilocularis from voles to foxes seems more clear, as it is
governed by predation on the voles. We think that the
introduction of a feeding habit function for foxes, which
depends on the vole density and depth of snow, is ade-
quate to describe the above transmission stage.

For the allowable bounds (1.0x107-3.4x10*) of the
basic infectious contact rate (ug), the bounds of the
highest, the average and the lowest yearly prevalence
rates (%) in the population of voles were estimated as
(2.8,12.2),(1.1,4.7) and (0.4, 1.6), respectively, while the
Annual Report of the Council for Alveolar Echinococcus
in Hokkaido, 2001-2002 (Department of Health and
Welfare, the Hokkaido Government 2002) reported that
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Fig. 4 Seasonal variation in the density/km?® of infected foxes for
E. multilocularis (solid lines) and seasonal variation in the
prevalence of E. multilocularis in the fox population (broken lines).
The black and gray lines show the Nemuro and Abashiri situations,
respectively

the prevalence rate in the vole population of Nemuro,
northern Hokkaido varied widely from 0.0% to 17.3%,
and that its average for 20 years (1981-2000) was 4.6%.
The above bounds of po seem adequate to use’in simu-
lations from the point of view of prevalence in voles; it

takes into account the difficulty in finding the exact.

prevalence in vole populations in the field, as well as the
fact that there are some hot spots of voles infected with
E. multilocularis.

The effect of multiple infection introduced into the
model has a great influence on the prevalence of E. mul-
tilocularis in fox populations. A comparative study shows
that the highest and average yearly prevalence rates in the
fox population with multiple infection are about 1.4-1.6
and 1.4-1.8-fold higher than those without multiple
infection for yp > 1.4x10™%, and that the highest prevalence
rate without multiple infection asymptomatically tends
towards the equilibrium prevalence rate, which is calcu-
lated on the simplified assumption (referred to in the fit-
ting parameter subsection) and is given as the formula for
the basic reproductive rate (Rp): 0.65 (1-1/Ry), as yg tends
to be larger. The field data on the prevalence in Nemuro
(Table 1) support the effect of multiple infection in the
model.

Although little is known about the seasonal transition
in the prevalence of E. nultilocularis due to the lack of
seasonal prevalence data in the populations of foxes and
voles, the simulation clarifies the mechanism of seasonal
transmission for E. multilocularis quantitatively, and this
can be helpful in designing strategies for its control.
Bearing in mind that the peak density of infected foxes
does not necessarily coincide with that of the prevalence
(Fig. 4), it is essential to pay more attention to transi-
tion, rather than density, when attempting to control the
source of infection. A difference in the prevalence be-
tween Nemuro and Abashiri was also indicated by the
field data (Table I; Saitoh and Takahashi 1998); the
simulation showed that this was caused by a difference in
snowfall between the two provinces.

The hazard index depends not only on the air tem-
perature, but also on other environmental factors,

[ndex
!

Nemuro
0.8

Sapporo
0.6 T
0.4
0.2

Fig. 3 Seasonal variation in the hazard index. The solid line shows
the Nemuro situation, and the dotred line the environs of Sapporo

including humidity. Although we only took air tempera-
ture into account for the hazard index, it is reasonable to
assume that there is some danger an individual would be
infected with HAE during the high hazard index period as
shown in Fig. 5. Eckert et al. (2002) proposed preventive
measures and safety precautions to prevent human echi-
nococcosis. These included education, careful handling of
wild berries and vegetables etc., but they did not mention
the seasonal fluctuations in egg dispersal in the environ-
ment which are shown in the present report. Consider-
ation of seasonal fluctuations in parasite egg dispersal is
necessary when planning more suitable preventive mea-
sures against E. multilocularis, although there may be
different types of seasonal fluctuations in egg dispersal
according to the countries or provinces, as shown between
Nemuro and Sapporo in the present article. Therefore,
further careful research is necessary before planning
measures relating to different countries and provinces
because there may be various types of seasonal fluctua-
tions of temperature, snow fall and ecological factors such
as the population density of vole predators.
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Establishment of an Enzyme-Linked Immunosorbent
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Using a Recombinant of Nucleocapsid Protein
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Abstract: A recombinant nucleocapsid protein of Hantaan virus (HTN) 76-118 strain
expressed in-E. coli was applied as a serodiagnostic antigen in an enzyme-linked
immunosorbent assay (rHTN-ELISA) for detection of hantavirus antibody in rat sera. The
sensitivity and specificity of the rHTN-ELISA were compared with those of the indirect
immunofluoresent assay (IFA) using virus-infected cells. The sensitivity of THTN-ELISA was
similar to that of the IFA both in experimentally SR-11 infected rat and naturally infected rat
sera. Sera showing a low antibody titer in IFA and suspected to be negative by other
methods were also found to be negative in rHTN-ELISA. These results indicate that rHTN-
ELISA is effective as a screening method for serodiagnosis of hantaviruses, because of its
high sensitivity, specificity, safety and suitability for processing large number of samples.

Key words: ELISA, hantavirus, rats, recombinant antigen

Introduction

Hemorrhagic fever with renal syndrome (HFRS) is a
rodent-borne viral zoonosis characterized by fever, hem-
orrhagic manifestations and renal disorder [8-10, 14].
The causative agents hantaviruses, are classified into
the genus Hantavirus, family Bunyaviridae. To date,
eight virus types have been grouped in the genus ac-
cording to antigenetic and genetic characteristics [1, 2,

4, 6,7, 10]. These are Hantaan, Seoul, Puumala, Pros-
pect Hill, Thailand, Dobrava, Thottapalayam and Sin
Nombre viruses. Among these, five are pathogenic to
humans. Hantaan, Seoul, Puumala and Dobrava vi-
ruses have been identified as etiologic agents of HFRS
and recently, Sin Nombre virus was identified as the
causative agent of adult respiratory distress syndrome
(ARDS) or hantavirus pulmonary syndrome (HPS) [3].
Air-borne transmission of hantavirus between rodents
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or from rodents to human beings has been achieved via
excreta of peréistently infected rodents [8, 10]. There-
fore, extensive serologic monitoring of rodents and
eradication of seropositive animals is most important
for the prevention of human infection in laboratory ani-
mal facilities.

The indirect immunofluoresent antibody (IFA) test
with infected Vero cell antigen has been widely used as
the standard method for serologic diagnosis of
hantavirus infection [2, 9, 10]. However, the IFA has
practical problems: requirement of a biosafety level 3
containment laboratory to prepare antigens and avoid
biologic hazard, and specificity and sensitivity prob-

lems related to exclusion of false-positive and.

false-negative test results due to strong background
staining which may overwhelm the specific reaction, or
production of dots closely resembling the specific pro-
files. Confusion at the time of IFA evaluation due to
the appearance of false-positive and negative reactions
has caused problems in microbiological control of labo-
ratory animal facilities. In addition, IFA is not suitable
for screening large numbers of samples.

Enzyme-linked immunosorbent assay (ELISA) has
been used for the detection of many virus-specific anti-
bodies [5, 13, 15, 19]. ELISA measuring virus-specific
serum IgG antibodies have been shown to be more sen-
sitive than the hemagglutination inhibition test or the
complement fixation test [13], and are suitable for
screening large numbers of samples. In the preparation
of viral antigens used in ELISA, propagation, concen-
tration, purification, inactivation and quality control are
usually required.

A serological test using recombinant antigens has
been reported for many pathogens [5, 11, 12, 15-18].
If a recombinant viral protein is used as an antigen for
ELISA, the risk in the processing of antigen prepara-
tions can be eliminated and many high quality antigens
can be produced. In the present study, we attempted to
develop an ELISA using biotinylated recombinant
hantavirus nucleocapsid (NP) protein expressed in E.
coli coated avidin-coated microplates as an antigen for
hantavirus antibody screening in rats.

Materials and Methods

Anti sera, experimentally infected rat sera and natu-
rally infected urban rat sera

Anti-Seoul virus SR-11 [1, 6] strain rat serum and
anti-Hantaan virus B-1 strain [2, 8, 9] rat serum were
used for the determination of the optimal antigen con-
centration and as positive controls. A total of 10 female
5-week-old Slc:Wistar rats were inoculated intraperito-
neally with 104 FFU of SR-11 strain, and sera were
collected at 28 days after infection. The seroconversion
for each serum sample was confirmed by IFA, and the
sera were then pooled. This serum was used as anti
SR-11 serum in this study. The experimental protocol
and design were approved by the Central Institute for
Experimental Animals (CIEA) Animal Experimentation
Committee and performed according to the CIEA
Guidelines for Animal Experimentation. Anti-B-1 strain
rat sera were provided by Dr. Nishimune, Research In-
stitute for Microbial Disease, Osaka University.
Experimentally SR-11 infected Wistar rat sera collected
on the 3rd, 5th, 7th, 10th, 14th, 21st and 28th day after
infection from a infected rat, and 28 naturally infected
urban rat (Rattus norvegicus) sera from a Seoul virus
contaminated region were provided by Dr. Kariwa,
Hokkaido University [1, 6].

Rat sera showing low antibody titer in IFA

Twenty-five sera (including BB, SHR and GX strains)
showing low antibody titer in IFA were obtained from
rat breeding colonies at an animal laboratory. These
sera had already been evaluated as negative by the neu-
tralization test and Western blotting,

Non- infected rat sera

One-hundred ten (30 from 32-week old female and
15 from 10 week-old male Jcl: Wistar , 30 from 32-
week-old female and 15 from10-week-old male Jel: SD,
and 10 from 32-week-old female and 10 from 10-week-
old male Jcl: F344) rat sera were used as hantavirus
non-infected rat sera in this study.

Preparation of rHTN-ELISA plates

The biotinylated recombinant HTN 76-118 strain NP
protein-expressing antigen in E. coli (tHTN Ag) was
prepared by the PinPoint Xa system (Promega Inc.
USA) as described previously [17]. This antigen is
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expressed on the portion of the gene coding for amino
acids 1-103 of SR-11 nucleocapsid protein (NP). The
portion showed high cross-reactivity to Seoul, Puumala
and Prospect Hill viruses [17]. The HTN NP
biotinylated fusion protein was extracted from E. coli
transfected with the plasmid. Cultured E. coli was col-
lected by centrifugation and suspended in 1% Triton
X-100 and 0.03% SDS-phosphate buffer saline (PBS).
The suspension was ultrasonicated, and then centrifuged
to remove the insoluble fraction. Solubilization of re-
combinant antigen was confirmed by Western blot
staining with peroxidase-conjugated avidin. It was then
diluted with carbonated bicarbonated buffer (CBB, pH
9.8) and used to coat each well of a streptavidin-coated
microfiter plate (avidin plate; Boehringer-Mannheim,
USA). After coating, each well was washed three times
with PBS and masked with 0.1% skim milk. After
removal of masking solutions, each well was dried at
37°C for 2 h. The solublized fraction of E. coli coated
avidin plates was also prepared by the same method as
the control antigen plate (E-ELISA).

ELISA procedure

The ELISA was performed as described previously
[13]. Optical density (OD) was measured at 492 nm by
a microplate reader (BIO-RAD, USA)

IFA procedire
IFA was performed as described in a previous paper
{1, 2, 16, 18]. Vero E6 cells infected writh SR-11 [16,

18] were used as antigen for IFA. An antibody titer of
1:16 or higher was evaluated as positive.

Results

Determination of optimal antigen concentration for
rHTN-ELISA

The optimal concentration of rHTN antigen for
rHTN-ELISA was determined by checkerboard titra-
tion. Each well of a streptavidin-coated plate was coated
with 5, 10 or 20 pg/ml protein concentrations of rHTN
antigen diluted with CBB and reacted with anti SR-11,
anti B-1 rat serum and negative rat serum serially di-
luted from 1: 40 to 1: 5, 120. The reaction of 5 pg/ml
protein concentration of rHTN antigen was lower than
that of 10 and 20 pg/ml, while 20 pg/ml showed a high
reaction with both antisera; however 20 pg/ml showed -
a higher OD value in negative rat serum than that of 10

g/ml. The results for 10 pg/ml are shown in Fig. 1.
This protein concentration showed a similar reaction to
that of 20 pg/ml and a lower OD value in negative rat
serum. Therefore, the rtHTN antigen concentration of
10 pg/ml was considered to be the optimum and was
used in the following assays.

Response to rat sera from non-infected facilities
rHTN-ELISA and E-ELISA were performed for ex-
amination of non-specific reactions in 40-fold diluted
non-infected rat sera. The results are shown in Table
1. The OD values of both types of ELISA in these rat

2.5

£
(oA}
3T
: ~\\\\\\;::::f\\\\\.\\\k
=2
gt
o)
o)
0.5

‘\"\-ﬂ—

A L VY A Il A
: L3 [ 3 L3

0 . A

x40 x80 x160

x320

x640 x1280 x2560 x5120

Serum dilution

Fig. 1. Responses of 10 ptg/ml protein concentration of rHTN antigen to anti B-1 (@), anti SR-
11 (&) and negative (A) rat serum in tHTN-ELISA.
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Table 1. Responses of rHTN-ELISA to rat sera from non-in-
fected facilities

Table 2, Comparison of sensitivities of tHTN-ELISA and IFA
in urban rat sera collected from a contaminated area

Strain Sex Age  No. rHTN-ELISA E-ELISA
Wistar $ 32w n=30 0.067%0.033' 0.076 +0.029
d 10w n=15 0.024%0.024 0.019+0.017
SD 2 32w n=30 0.099+0.072  0.080+0.049
d 10w n=15 0034+0.012 0.031£0.013
F344 2 32w =10 0.056%0.034 .0.043£0.028
d 10w n=10 0.079£0.040 0.087 +0.065

1: OD value mean ¢ SD in 40-fold diluted non-infected rat sera

rHTN-ELISA (OD value)

pos. neg.

IFA pos. (n=12)
IFA neg. (n=16)

11 (1.872 4 0.243)!
1(0.501)3

1 (0.215)
15 (0.159 £0.071)

1: IFA antibody titer was from 1:128 to 1:4096. 2: IFA antibody
titer was 1:32. 3; IFA antibody titer was < [:16.
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Fig, 2. Comparision of sensitivities of rtHTN-ELISA () and IFA (@) to rat serum experimentally

infected with SR-11.

sera were very low (mean OD 0.059 £ 0.084 in rHTN-
ELISA, mean OD 0.056 £ 0.034 in E-ELISA) with no
relation to animal strain, age or sex. Cross-reactions
between E. coli and rat sera were not found in E-ELISA.
From this result, an OD value of 0.4 or greater was
evaluated as positive at a 40-fold serum dilution in this
study based on the mean * 3 SD OD values of non-
infected rat sera.

Comparison of sensitivities of rHTN-ELISA and IFA in
rat serum experimentally infected with SR-11 strain
Rat sera experimentally infected with the SR-11 strain
were examined by rHTN-ELISA to compare with the
antibody detection sensitivity of IFA. The results are
shown in Fig. 2. In rHTN-ELISA, the antibody was
detected on the 7th day after infection and the OD value
increased to 2.187 on the 28th day. In IFA, the anti-
body was also detected from the 7th day after infection
and the IFA titer increased to 1:1280 on the 28th day.

The sensitivity of rHTN-ELISA was the same as that
of IFA.

Comparison of sensitivities of rHTN-ELISA and IFA in
naturally infected urban rat serum

Twenty-eight urban rat (Rartus norvegicus) sera from
a Seoul virus contaminated area were examined by
rHTN-ELISA and [FA to compare the sensitivities for
detection of hantavirus antibody (Table 2). Fifteen sera
showed negative reactions by both methods, and among
13 antibody positive sera, one was positive in tHTN-
ELISA but negative in IFA, one was positive in IFA
but negative in rHTN-ELISA and 11 were positive by
both methods. From the results of these comparative
investigations, rHTN-ELISA and IFA showed a high
rate of agreement rate, 91.7% for positive results and
93.8% for negative results.
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Response to rHIN-ELISA in rat sera showing low anti-
body titer in [FA

Twenty-five rat sera showing low antibody titers
(1:32 to 1:64) in IFA were examined by rHTN-ELISA
in a 40-fold dilution, The response of these rat sera to
the rtHTN-ELISA showed low OD values. The mean
OD values were 0.138 + 0.070 in the 1:32 IFA titer
group and 0.168 + 0.084 in the 1:64 IFA titer group.
These samples were also evaluated as antibody nega-
tive in tHTN-ELISA. Similar results were obtained in
the neutralization test and Western blotting.

Discussion

In this study, rHNT-ELISA was found to have a sen-
sitivity similar to that of IFA in experimentally and
naturally infected rat sera, and a higher specificity than
that of IFA in false positive rat sera. rHTN-ELISA
could also detect both Seoul virus and Hantaan virus
antibodies in reactions to the antisera using the recom-
binant Hantaan virus 76-118 strain [17]. The reduced
specificity of ELISA is caused by the presence of non-
specific reactions because of the low purity of antigen
[13, 15]. However, the OD values of rHTN-ELISA in
sera of non-infected animals and in sera with low IFA
titers were very low. These results showed that r-HTN-
ELISA has high‘specificity. We think that the reason
for this is the use of the avidin plate coated with
biotinylated recombinant antigen. Because of the avi-
din-biotin reaction on the wells of the microplate, it
was possible to coat the microplate with almost pure
antigen (15, 17]. This has already been demonstrated
in a previous report by Shenai et al. [15]. Therefore,
the background of the ELISA reaction was eliminated
in this rtHTN-ELISA.

The preparation of antigens for the serological test of
many zoonotic pathogens requires a biosafety level 3
containment laboratory to avoid biologic hazards and a
high quality mass production system for the testing of a
large number of samples. The rHTN-ELISA of this
study combines recombinant antigen and ELISA and
avoids these problems. Therefore, we think that rHTN-
ELISA will be useful for screening hantavirus antibody
in laboratory rats.

Diagnosis of infectious diseases by serological tests
makes it possible to test many items using small
amounts of sample, and this method is also useful in

exposing inapparent infections such as hantavirus in
rats. However, no matter what type of method is used,
there are differences in degree, and non-specific reac-
tions such as false negative and false positive reactions

occur. False negative reactions can be eliminated by

using animals with normal immune responses that have
been reared in the same animal room for at least 4
weeks, i. e. by using appropriate animals and a test
method with a high antibody detection sensitivity. How-
ever, it is difficult to eliminate false positive reactions
even using methods with high spccificity.‘ This also
applies to rTHTN-ELISA and the appearance of false
positive reactions cannot be ruled out because of such
factors as higher OD values in older animals than in
younger animals. Therefore, to obtain a more reliable,
definite diagnosis, it will be necessary to confirm the
results concurrently by other methods such as Western
blotting of rHTN-ELISA positive sera [16, 18].
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as a cause of larva migrans
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The life cycle of Baylisascaris procyonis

SO LU ED N (PEEE

. (i D

A~ 3nll
CESIISTH

50~761}
[KRZLXIRR!

B9 754 7<liR0LER

77477#5w&énnmwu NETE2SE L2) KEFL,
v EEDPHBEICEEL, S350 BR O3 L), RBROT T4

T ENSRERE LS.

—H, T4 TPHEOBEIT

L2 %

REFHRMErLbBREL, RRERDEFS.

3) 7= F AT LAF—

BREIZ L o TF =¥ AR, HBEET

LBEDEZVHFERETHS ). WEAES S
"%, ﬁﬁ%@o%h%r?&%ﬁﬁr@%
T E%kﬂéotmﬁﬁmméhé L#
LBE, 7% AL 57 L ¥
A R SN B ERREPBHE LTS, 7
SHFRAEEENIAD, FOBRT = F A
BELMBFBERLOAZRELT, 7V F—
TETHEN)DOTH 5.

7EY R AFRE, WEAETHRLEL T
PEMEIIERS. Z0Ld 2HLVES0ERI,
1990 F IO PETRAMIBME SN TVED, &
I, ANRA Vb b% CHRESNER SR THA
T oY FAPRICEE AL, TUVE—2

CFRETLLDTH RN,

DI EE

FERT LV E
LTCOHED, S$BULETHSI.
S BhYIT
TEEEA SN ABREBELERE] OTT,
BEBLLMITLEAZREZEL TS 3O
R, INPLZOTEMEDDH S bDITDWT, B
Bz d i Fhond S5 —EER UL,
A MIORBEREERTORPEOLA L, 8F
EF LB BIE - RRODANDER L DFHY
LILWT LI LPURETHA). BREOTB YT
47L,@%ﬁk§?ﬁ%,0&ﬁ&%@ﬁbw
KEZBLEBEG LW,
HEBO—FITREPNBLEBE, EHFEHE, MR
SEEE X DR LTV BB LTEREER L e,

HARBZEHH No. 4116 (200343 H15H) 36

—215—



Ir

TR E

MK AVZE

PrmeQ H 4~ 1 > A xEQ

— RS ORE ¢ QIELIE O —

AE K o B

® oW

g il

HLTU S BECHANT >N
X (Echinococcus spp.) R&RER

WQ° KRR (Echinocoeccus mul-
tilocularis) N B-RKH (E. gran-

ulosus) 48re° B -0 HERE
L S < R HOE R H (IR Q IR
HIva8re® VO CE T
SR ERESUMBEETEU M NN
EDNSNQTEERY T {a
U0 X7 A Dk s U SR
e (e -
HE LRI WE EiaEm
SEHEHBREVE IAEL D @
AP« ROV IR | R K
HQHFEHKH T M NN
T b S EIH ¢ B O RS F

o) ©

“«< Hsa &

F & B X

UK SR # S S$IVLE
KOHEHR{/IOOEKELSO RO
P e :

RET HaNT D axiE (R
Hid) 7 HEVBIEOY S8
HEHE O VIR RS T
S S T D Gap R Em g
KEVCEDR - M2 0E
& NH -~ — QHEEH w0
- RERECEKR ®E(S
BEEKEKR (BN EHE DM
BT QR K O3k
BRORELV) VOPEELR
b5 1RT REHTE U S Bl
SRHT HHEUERECK S
Bk -0 5 5 6°

H) S H O R-D A LT S
LB VEBEURHESS

TeHE T~ © BB R K A R mk  #K
B BNV | R
o R QY O inb i IRE
HERERWE KN R -
BB B IR R IE L R R°
N 2O HEEKAY-PU LT HeREmy
SHANT D aKEHOBRE VR
YRV #E( OBEERKSHE
BEEVOVORIELSOMRDY
P RENE CHEKKKRCORY S
KEU R R-OWEESU L

|7 RIS Rl
SRICHECERY

DPRE B L RS OB
HRERRR HYQHENRMK
IIRREE V" ROIRERY
POREBUIRD NNNLK

RIVBEFEELRQ® HE
TR Q s G B RIE R QD
HREFUSS OO ™
RO RIBEUR” KE(Q
(SRR A0 4% O 42°

RO B2 NIRRT
RNV LER C BINn R B 1w
R7OWRHE | 1] | OB RN
HONRT Yl O REE &
CREARMDOOLLIER RYT

L]

-

{

UERYCBIETHM NI =
KRVE | SKHEREEREVS
T DR | RIKHYE BiER
PRSI KS K R D
RV HRIFEE VS iy
A DA H NS R K QI
R 111G R ik RS (T S
N HURROR IS O U DO

R I OB
" ®E BEHCHMIEUHEEW
SV Ie-PQUENOZWY L HC
AR T RSNET B
KSR EHRERY ™ HRE
R RN U™ o RIS R 2
B0 ST R E L H
SRR QIR YERE S OWVEE
L IREPEEVISEIUSIE 'S CRFES: s )
RQEBHEBEE - Bl S
RERURRERIFORMNMSOMS
OJ./;.E g)©

TR™ 11OO | binwefv 12 -
ARV R BT R E | E
& RERMRE e
ORE LR 10° Xy O+ 3 iim
BT OENWER D VIS K e i
BB REOO—-HOOM LI
Db S’

47 RERE QA D Qi

25 [AEHFH No 4129 (200346 H14R)

—216—



MR | AR S80S
BO—KORKVEV" L EER
RHEERPE0® FirK o S Higk
MUE | SUSKEHIY -048e° YU
QUIRY ZECHERIKELS
BTV L” O EKEHRE
IV ENARIE S I0° a7 i
EROKNT a4 S #isk-o0
T ORI v es” ZEHR
BUOMREOEESRIRRKS
QR Se°

Z A KRROEEIR

N

L7 Hrgmk e SRS
R ERICHERRR

(=) H4 N T D O

HHER
ok R U ER
SHR AR IHEC B REs” W
SO R E RO IR VRPN QO
RV 5099° e | KKK
b SRR I g% S 0P ERERENE 1T
OR 50 | ECHPEHEG

=]

=

®

2

2

@<
= ~
& 8 B
kil g % &
_ B = I
N g ® =
- &V 8 Q
A HEMH WV >
T LE M a5t
e RE & &
o (W@ E i)
e I =
SEHE =H
EEFTN K
BSELS K ™
EELw N 53
X i N0 K ]
MR
B AR D
SR A s B
rEgNEL
B EH L
<mOau®

AL 5012°
() BRHBR S mISR
sk ik

SHEHBR | RRY-110
Ol {BHE L 4N ek’ £
N kAT RN QB
ST QEEEEEHANCV S
£$ 513 710 IR frimlad
B radr B oyt
AN 2 0 4 DN SR I S i U
RIVQST A D Sl N

FETHHALR

-

%4 XEBYORE

~

AFxAh

A RWEILKE { R
RO NEK RS0 rtiv
AT HEHBRRROREGE

CHHHELOROWEHNSLT
AORIEET AN —RE
S IrmtRUEIE O H®
HEHE L HEAOr R A & A Dk L
K REHNVK Y (BEL K
B e VBREWLSOQ
X S RF I L <EBSHEHE
RCRBUROV mr@uUE S
RO ERSEN] S PENIN

RO 50018°

(%) B{Q WK T
QRO 545190
w0t | RRIE
S0 (U

S HEEEHER

| RROM~ ok

ok Q My & E T

HERCHYEH

% WEB OV OV S

_ m Q% WRTES | R

Hw w VOELIELLSY

M m S BBREH

BEe ECRKSEHY

858 w smmmsnu

TR HEHERAORE
#®
# B
CoE
E X8
= vy
oo a

C: BEFEOAHHREF R B

E, F . A

26

AABHETH No 4129 (20034614 H)

—217—



