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ABSTRACT 

The raccoon, Procyon lotor, is considered a major 

wildlife reservoir of rabies in the southeastern United 

States and is currently spreading its distribution as a 

vector of rabies. A survey was conducted in Mobile and 

Baldwin counties to evaluate the nature and frequency of 

rabies virus neutralizing antibodies in the local raccoon 

population. Cerebrospinal fluid and blood samples were 

collected while animals were sedated, and upon release 

individuals were ear tagged and vaccinated with a 1 ml 

intramuscular injection of Imrab® rabies vaccine. All 

brain samples were negative (0/18) for the presence of 

rabies virus. All cerebrospinal fluid (0/145) and pre-

vaccination serum samples (0/153) were negative for rabies 

virus neutralizing antibodies (VNA). The absence of rabies 

is most likely attributed to the virus not being detected 

during this investigation. Of the twelve raccoons with 

post-vaccination blood samples, five were seronegative with 

titers < 1:5, and seven were seropositive ranging from 1:9-

1:60. No raccoons mounted an anamnestic response before 

day 5, thus it is assumed that all raccoons had not 
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previously been exposed to rabies. Immunity or resistance 

may have played a role in the raccoons within the study 

area. 

Additionally, an epidemic model was designed to 

examine the spatial spread of raccoon rabies, and 

emphasized the importance of understanding the transmission 

and spread of the disease in a natural environment. The 

individual-based geographic model divided the study area 

into a rectangular grid with each cell representing an 

average home range of 1 km with a potential density of 20 

animals/km^. Raccoons were allowed to randomly move to 

neighboring cells from high to low densities. The model 

consisted of a series of linked subroutines describing not 

only the local population movement patterns, but also 

population demographics (reproduction and mortality) and 

exposure to rabies. When rabies was present in the 

population, the model monitored disease transmission and 

rabies pathogenesis in each individual. Probabilities of 

contact, exposure, and immunity determined the outcome of a 

rabies exposure. Additional surveillance data is needed to 

assess and refine epidemic models for wildlife diseases. 
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CHAPTER I 

INTRODUCTION 

The ecology of wildlife rabies is not well understood. 

Historically, the focus of rabies research has been on 

diagnosis and prevention of the disease; consequently, the 

most common source of data applied to rabies ecology has 

been derived from cases reported to public health agencies. 

Wildlife submitted for rabies testing represent a biased 

subpopulation more likely to be infected with rabies. 

Decreasing the bias in surveillance of rabies is essential 

to understanding the role of wildlife in the epidemiology 

of the disease. 

Reports of rabies in wildlife vectors such as bats, 

foxes, skunks, and raccoons have been on the increase since 

1960. By the late 1980s rabies reports in raccoons 

surpassed all other wildlife vectors (Rupprecht and Smith, 

1994). Raccoon rabies first appeared in Florida in 1954 

and spread to the surrounding states (South Carolina, 

Georgia, and eastern Alabama) over the next 20 years. In 

the late 1970s, rabid raccoons were translocated from 

Florida to Virginia initiating the outbreak of the Mid-

Atlantic States (Winkler and Jenkins, 1991). Today, the 



rabies epizootic has a continuous distribution from Maine 

to Florida east of the Appalachian Mountains, with the 

exception of the recent entry into eastern Ohio. Because 

of the common occurrence of the raccoon, the rabies 

epizootic has the potential to spread throughout the United 

States limited by the short grass plains. 

Rabies has a long history, and has been preventable 

since Pasteur developed a prophylaxis in the late 1880s. 

However, it was not until 1963 when the rabies virus was 

first observed with the electron microscope (Matsumoto, 

1963; Davies et al., 1963). The bullet-shaped virus 

particle contains a single strand of RNA encoding five 

structural proteins. The virus is coated with a lipid 

bilayer envelope; the external surface is embedded with 

projecting spikes of glycoprotein (G protein) and the 

internal surface is lined with the matrix (M) protein. The 

envelope surrounds the nucleocapsid core composed of 

ribonucleoprotein (RNP). The RNP of the virus particle is 

made up of helical RNA and three structural proteins, the 

nucleo (N) protein, the nonstructural (NS) protein, and the 

large (L) protein (Wunner, 1991). The biologic and 

immunogenetic importance of the G and N proteins has been 



investigated; however, their role in the pathogenesis of 

rabies is not fully understood. 

The G protein is the structural protein for which most 

rabies treatments are based. Development of vaccines 

containing only the G protein gene has provided immunity to 

lethal infection (Wiktor et al., 1984). The G protein is 

responsible for the induction of rabies VNA (Dietzschold et 

al., 1985; Lafon, 1994). Presence of rabies VNA is often 

used as a measure of protection against a lethal challenge 

of rabies virus, although a direct relationship between 

rabies titers and survival has not been determined. Thus, 

applying the level of rabies VNA to infer immunity is 

controversial. 

The N protein characterizes distinct rabies virus 

variants, which can be identified with monoclonal antibody 

techniques or with genetic analysis. Each rabies virus 

variant is maintained by intraspecific transmission within 

the dominant reservoir (Smith, 1989). In recent studies, 

the N protein has been shown to be protective against a 

rabies challenge (Dietzschold et al., 1987). An invading 

virus may induce the production of antibody, interferon, 

natural killer cells, and/or other lymphocytes (Smith, 

1981) ; thus immunity cannot be completely explained or 



understood by using only a single measure such as rabies 

VNA. Immunity or resistance to the rabies virus seems to 

play a role in naturally occurring raccoon populations, and 

the N protein may play a larger role in the immunity 

against rabies than previously believed. 

Rabies has a significant impact on public health and 

the economy. The rabies prevention program in the United 

States is estimated to cost $230 million to $1 billion per 

year (Fishbein and Arcangeli, 1987; Uhaa et al., 1992; 

Rupprecht et al., 1995). The expenses are shared by the 

vaccination of companion animals and by public funding of 

animal control programs, rabies diagnostic laboratories, 

and rabies post exposure treatment (Rupprecht et al., 

1995). Although it is not known how many people every year 

receive postexposure treatment for contact with wildlife, 

it is estimated at over 20,000 (Rupprecht et al., 1995). 

The expense of postexposure prophylaxis exceeds $1,000 per 

person, costing the public millions of dollars every year 

(Rupprecht et al., 1995). 

Investigating the ecologic and epidemiologic aspects 

of rabies could lead to methods that minimize the number of 

human exposures and reduce the expenses of postexposure 

treatment. Epidemiological models, in addition to 



surveillance programs, can assist in refining rabies 

control programs. Adequate data acquired by rabies surveys 

are critical to formulating plausible explanations for 

observed infection patterns. Field experiments can be very 

difficult and costly and yet may not generate enough data 

to allow inference about disease patterns. In this 

situation, a simulation model can be an extremely valuable 

tool. 

Rabies is the most common wildlife disease for which 

epidemiological models have been developed. The types of 

models range from simple deterministic models to complex 

spatial models. Almost all of the rabies models have 

focused on the fox as the vector (Preston, 1973; Smart and 

Giles, 1973; Frerichs and Prawda, 1975; Berger, 1976; 

Mollison, 1977; Sayers et al., 1977; Bacon and Macdonald, 

1980; Anderson et al., 1981; Bacon, 1985; Murray et al., 

1986). An exception is a raccoon rabies model described by 

Coyne et al. (1989). This model used coupled differential 

equations with the inclusion of an immune class to predict 

the temporal dynamics of epizootic rabies among raccoons. 

The goal of this project was to develop a stochastic 

spatial model to simulate the spread of rabies in raccoons. 



The model presented here is based on a spatial fox rabies 

model described by Voigt et al. (1985) . 

This research project involved a field investigation 

in addition to the creation of an epidemiological model. 

Traditionally, rabies surveys collect serum samples from 

live-trapped raccoons to infer rabies incidence. The 

present field investigation was different from previous 

studies in that all possible samples related to a rabies 

infection (blood serum, cerebrospinal fluid, and saliva) 

were collected. The field study further investigated the 

immune response in free ranging raccoons to an 

intramuscular injection of commercial rabies vaccine. The 

data collected by the approach of multiple samples from 

each individual provided additional insight into the 

ecology of raccoon rabies. 
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CHAPTER II 

FIELD INVESTIGATION OF THE ECOLOGY AND 

EPIDEMIOLOGY OF RACCOON RABIES IN ALABAMA 

Introduction 

Reports of rabies in wildlife have been on the 

increase since 1960, and by the late 1980s, rabies reports 

in raccoons surpassed all other wildlife vectors (Rupprecht 

and Smith, 1994) . Raccoon rabies first appeared in Florida 

in 1954 and spread to the surrounding states (Alabama, 

Georgia, South Carolina) over the next 20 years. In the 

late 1970s, rabid raccoons were translocated from Florida 

to Virginia initiating the outbreak of the Mid-Atlantic 

States (Winkler and Jenkins, 1991) . Today, the rabies 

epizootic has a continuous distribution from Maine to 

Florida east of the Appalachian Mountains, with the 

exception of the recent entry into eastern Ohio. Because 

of the common occurrence of the raccoon, the rabies 

epizootic has the potential to spread throughout the United 

States. 

Based on the distribution of positive rabies cases 

submitted to the Alabama Department of Public Health, the 

study site in Mobile and Baldwin counties (Alabama) was 
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determined to be on the leading western edge of the 

southeastern raccoon rabies epizootic. The two counties 

reported ten confirmed cases of the raccoon rabies virus 

variant (eight raccoon, one fox, one skunk) during the 

field investigation. A perplexing aspect of the study area 

is the limited spread of rabies westward over the last 20 

years. Estimates of mean epizootic front movement average 

30-50 km per year (Rupprecht and Smith, 1994). Accepting 

this rate of spread, the raccoon rabies outbreak should 

have expanded throughout Mississippi, Louisiana, Arkansas, 

and into eastern Texas. 

Previously, raccoon rabies surveys have focused on the 

prevalence of rabies virus neutralizing antibody (VNA) 

(McLean, 1971, 1975; Bigler et al., 1973, 1983; Jenkins et 

al., 1988; Winkler and Jenkins, 1991; Hill et al., 1992). 

The occurrence of VNA in blood serum is routinely used to 

assess incidence of rabies in a study area. Exposure to 

the rabies virus can induce the production of serum 

antibodies, but not all animals naturally exposed to rabies 

die of the disease. Rabies VNA present in the 

cerebrospinal fluid (CSF) can indicate an animal has 

recovered from a rabies infection or has entered the later 

stages of a rabies infection (Fekadu and Baer, 1980; Fekadu 
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1980; Fekadu and Shaddock, 1984). This investigation 

analyzed serum to estimate the prevalence of rabies VNA, as 

well as estimate the prevalence of rabies VNA in the CSF. 

The field study further investigated the immune response in 

free ranging raccoons to an intramuscular injection of 

commercial rabies vaccine. Serum samples, both pre-

vaccination and post-vaccination, assessed baseline rabies 

VNA titers, subsequent seroconversion, and persistence of 

rabies VNA one-year post-vaccination. 

Materials and Methods 

Raccoons from Mobile and Baldwin counties, Alabama 

were trapped from June to September of 1999 and 2000 

(Figure 2.1). Tomahawk® single door raccoon traps 

(Tomahawk Live Trap Co., Tomahawk, WI, USA) were placed at 

7 different localities, four in Mobile county (Grand Bay, 

Mobile, Chickasaboque State Park, and Bellingrath Gardens), 

and three in Baldwin county (Gulf State Park, Fairhope, and 

Daphne). Collection sites were selected near confirmed 

rabies reports. Traps were baited with fishmeal bait cubes 

(Merial Co., Athens, GA, USA) at sunset and were checked 

daily at sunrise. Additionally, any raccoons trapped by 

animal control officers also were utilized in this study. 
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Captured raccoons were sedated with a mixture of 

xylazine (0.4mg/kg body weight) (Xyla-Ject, Phonenix 

Pharmaceutical, St. Joseph, MO, USA) and ketamine (lOmg/kg 

body weight) (Keta-Ject, Phonenix Pharmaceutical, St. 

Joseph, MO, USA) administered intramuscularly. After 

sedation, the animals were physically examined (sex, age, 

weight, and body measurements) and ear-tagged (Monel 1005-4 

brass aluminum style 893, National Band and Tag Co., 

Newport, KY, USA). Age was determined using criteria from 

Sanderson (1961). CSF was collected after the neck/head 

area had been shaved and prepared with a routine surgical 

scrub by introducing a 20-gauge needle through the skin, as 

the atlanto-occipital joint was stabilized in a flexed 

position (Hanlon et al., 1989). Blood was drawn from the 

jugular vein after a small patch of fur was prepared and 

shaved. Alcohol was applied to the venipuncture site to 

reduce chances of infection. Saliva was obtained by 

swabbing the oral cavity with a sterile, Rayswab® (Spectrum 

Lab, Inc., Dallas, TX, USA). The hard and soft palates, 

tongue and tonsillar areas, and lingual gingiva were 

sampled until swab was saturated (Niezgoda et al., 1997). 

Saliva swabs were placed into a cryovial (Sarstedt Inc., 

Newton, NC, USA) containing Eagles's minimum essential 
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medium with 10% heat-inactivated fetal bovine serum (MEM-

10). Once samples were taken, the animal was vaccinated 

with a 1 ml intramuscular injection of Imrab® rabies 

vaccine (Merial Co., Athens, GA, USA) and was allowed to 

recover and then released. Additional samples (blood and 

CSF) were collected if a raccoon was recaptured three or 

more days after the last sample collection. Any individual 

showing signs of sickness or having bodily injury was 

euthanized with an overdose of sodium pentobarbital (IV; 

lOOmg/lb body weight) (Beuthansia-D, Schering-Plough, 

Kenilworth, NJ, USA) while sedated. 

Blood was transferred to a Vacutainer® gel and clot 

activator tube (Becton Dickenson Vacutainer Systems, 

Franklin Lakes, NJ, USA), then refrigerated. For maximal 

sera separation, the blood was centrifuged at 900 X g for 

20 minutes. Serum was removed and stored with other field 

samples in liquid nitrogen until laboratory analyses were 

performed. All laboratory analyses were performed at the 

Centers for Disease Control and Prevention, Rabies Section 

(Atlanta, GA, USA). Samples were later transferred to a 

freezer at -80C for permanent storage. Specimens were 

collected for deposition in mammal collections of The 

Museum Texas Tech University (Lubbock, Texas, USA). 
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Sera and CSF were screened with the rapid fluorescent 

focus inhibition test (RFFIT) for the presence of rabies 

VNA (Smith, 1999) . Serum and CSF samples were thawed and 

then heated at 56°C for 30 minutes. Screening dilutions 

were prepared using 50ul of the initial serum/CSF diluted 

with 75ul MEM-10. The mixture was added to one well of a 

Lab-tek 8 chambered cell culture slide (Nalge Nunc 

International Corp., Naperville, IL, USA), and subsequently 

25ul was removed and discarded. After the addition of 

lOOul of challenge virus standard (source = stocks 

maintained in rabies section at CDC), slides were incubated 

at 37°C for 90 minutes. The final serum/CSF screening 

dilution was 1:5. Each slide well received 50,000 Mouse 

Neuroblastoma cells (source = stocks maintained in rabies 

lab at CDC) and incubated an additional 20 hours at 36°C. 

Slides were fixed in acetone and allowed to air dry before 

stained with fluorescein isothiocyanate-conjugated human 

anti-rabies serum for 30 minutes at 36°C. Sera or CSF with 

neutralizing ability at a 1:5 dilution were retested to 

determine the highest dilution capable of neutralizing the 

rabies virus. Rabies VNA titers were considered negative if 

they were <1:5. The RFFIT results were expressed as serum 
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titers calculated by the Reed-Meunch Method (Smith, 1999) 

and also expressed in International units (lU/ml) for 

comparison with other studies. If the individual serum or 

CSF was positive for rabies VNA, the corresponding saliva 

sample was examined with the reverse transcription 

polymerase chain reaction (RT/PCR) for the presence of the 

rabies virus as described in Orciari et al. (2001) . 

Brain stem, salivary glands, blood, CSF, and saliva 

were collected from euthanized animals. Additionally, 

necropsies were performed on road-killed raccoons collected 

in the study area. When possible, brain stem, salivary 

glands, and blood were collected from the carcass. Brain 

tissue was examined with the direct immuno-flourescent 

antibody (FA) procedure. Thin touch impressions of brain 

material were prepared in duplicate by transferring brain 

tissue to a glass microscope slide. After air-drying for 

20 minutes, the slides were fixed in acetone at -20°C from 

2-4 hours to overnight. The fixed slides were stained with 

fluorescein isothiocyanate-labeled rabies diagnostic 

reagents prepared from monoclonal antibodies (1:80 

dilution, Centocor Inc., Malvern, PN, USA) using standard 

methods (Velleca and Forrester, 1981). If the brain tissue 
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sample was rabies positive, the corresponding salivary 

gland sample was prepared as frozen sections and examined 

with the FA procedure as previously described. 

Results 

During the field study, a total of 164 raccoons (19 

road-killed, 145 live-trapped) was sampled for rabies 

surveillance (Table 2.1). The survey provided 18 brain and 

salivary gland samples, 166 serum samples, 145 CSF samples, 

and 152 saliva samples. One hundred twenty-two raccoons 

were vaccinated with an intramuscular injection of Imrab® 

vaccine. Twelve raccoons were resampled post vaccination. 

All brain samples were negative (0/18) for the 

presence of rabies virus antigen. Following protocol, the 

corresponding salivary glands were not tested. All pre-

vaccination serum samples (0/153) and CSF samples (0/145) 

were negative for rabies VNA. Because the sera and CSF 

samples were negative, the saliva samples were not 

analyzed. Of the 12 raccoons with post-vaccination blood 

samples (Table 2.2), five were seronegative with titers <1:5 

(<0.07 lU/ml), and seven were seropositive ranging from 1:9-

1:60 (0.07-0.48 lU/ml). 
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Discussion 

Rabies has a significant impact on public health and 

the economy. The rabies prevention program in the United 

States is estimated to cost $230 million to $1 billion per 

year (Fishbein and Arcangeli, 1987; Uhaa et al., 1992; 

Rupprecht et al., 1995). The expenses are shared by the 

vaccination of companion animals and by public funding of 

animal control programs, rabies laboratories, and rabies 

postexposure treatment (Rupprecht et al., 1995). Although 

it is not known how many people every year receive 

postexposure treatment for contact with wild animals, it is 

estimated at over 20,000 (Rupprecht et al., 1995; Krebs et 

al., 1998) . The expense of postexposure prophylaxis exceeds 

$1,000 per person, costing the public millions of dollars 

every year (Rupprecht et al. , 1995) . 

Investigating the ecologic and epidemiologic aspects 

of rabies could lead to methods that minimize the number of 

human exposures and reduce the expenses of postexposure 

treatment. Previous field investigations reported as many 

as 22% of raccoons with rabies VNA collected during an 

epizootic (McLean, 1971; Bigler et al., 1973; McLean, 1975; 

Bigler et al., 1983; Carey, 1985; Jenkins et al., 1988; 
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Winkler and Jenkins, 1991). The results of this field 

investigation were inconsistent with previous studies; no 

animals from within the study area were positive for rabies 

VNA (0/153) . The absence of any baseline activity would 

indicate no rabies activity in the area. Therefore, the 

rabies virus was either not present during this 

investigation or present but not detected. A sample of 153 

individuals may not have been adequate to detect the 

presence of rabies. An intense study of the local raccoon 

population is necessary to determine the prevalence of 

rabies in nature. 

Raccoons may survive or succumb to a rabies infection 

with no correlation with VNA titers (Rupprecht et al., 

1989). Consequently, the absence of rabies VNA in the 

local raccoon population may not be indicative of the 

incidence of rabies in the study area. Reports of rabid 

raccoons and spillover species (fox, skunk, etc.) from 

Mobile and Baldwin counties provide evidence that rabies 

was present during this investigation. 

Efficient serological techniques allow screening of 

large samples for rabies VNA. The RFFIT analysis measures 

the antibody response to the rabies virus G protein 

(glycoprotein associated with the viral envelope). 
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Previously, the G protein was thought to be the only 

structure of the virus to provide immunity. Dietzschold et 

al. (1987) reported additional antigenic sites on the 

rabies virus that can protect against a lethal rabies 

challenge. An invading virus may induce the production of 

antibody, interferon, natural killer cells, and/or other 

lymphocytes (Smith, 1981). Laboratory techniques for 

distinguishing other rabies antigens are not currently 

available. Using a single measure, the prevalence of 

rabies VNA, to assess incidence of rabies could lead to an 

incorrect conclusion. The absence of rabies in the study 

area is most likely attributed to the virus being present 

in the raccoon population but undetected during this 

investigation. 

An important inference from the analysis of CSF is 

that recovery from a rabies infection is infrequent in 

nature. All 145 samples collected were negative for rabies 

VNA. It has been documented that production of rabies VNA 

in CSF are induced in later stages of fatal infection, and 

also are detectable in the CSF in the case of recovery 

(Fekadu and Shaddock, 1984; Fekadu and Baer, 1980). 

Residual neurological effects (such as paralysis) after 

recovery from a rabies infection would greatly reduce 
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fitness of a free ranging raccoon. Therefore, an animal 

surviving a late stage rabies infection is unlikely-

Recapture of vaccinated individuals provided 

information on the persistence of rabies VNA. Pre-

vaccination samples were seronegative for all raccoons. 

Four raccoons sampled 3-5 days post-vaccination remained 

seronegative, and seven out of eight raccoons sampled 6-351 

days post vaccination demonstrated rabies titers. The one 

exception was an individual recaptured 374 days post-

vaccination; it is unknown if this individual responded to 

vaccination. No raccoons mounted an anamnestic response 

before day 5, thus it is assumed that all raccoons had not 

previously been exposed to the rabies virus. Because of 

this assumption, the corresponding saliva samples were not 

tested. These results (time and magnitude of rabies VNA) 

are consistent to parenteral vaccination studies by Brown 

and Rupprecht (1990) and Rosatte et al. (1990). Direct 

comparison of rabies VNA titers among these studies is 

difficult due to the random intervals between sample 

collections. Additional field studies and accumulation of 

data are needed to investigate the importance of immunity 

in the pathogenesis of raccoon rabies. 
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Reports of rabies cases to the Alabama Department of 

Public Health indicate that rabies was present in Mobile 

and Baldwin counties, Alabama; the data collected during 

the field investigation however reveal little or no rabies 

activity. Immunity or resistance may have played a role in 

the local raccoon population. Accordingly, this could 

provide reason for the limited spread of rabies westward 

over the last 20 years. Further field studies and much 

additional data are needed to achieve greater insight into 

the role of the raccoon in the epidemiology and ecology of 

rabies. 
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Table 2.1. Number of raccoons sampled in Mobile and Baldwin 
counties. Collection was from June to September of 1999 and 
2000. M = male; F = female. 

Location 

Gulf State Park 

Fairhope 

Daphne 

Chickasabogue State Park 

Bellingrath Gardens 

Mobile 

Grand Bay 

1999 

M 

14 

7 

2 

5 

5 

10 

5 

F 

14 

7 

6 

4 

17 

8 

5 

2000 

M F 

16 7 

5 5 

1 3 

1 1 

9 6 

0 1 

0 0 

Total 48 61 32 23 
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Table 2.2. Rabies VNA post-vaccination with Imrab® rabies 
vaccine (Merial Co.). Twelve individuals were recaptured 
post vaccination (TK87273 and TK87279 are from the same 
individual). Serum titers were calculated using the Reed-
Meunch Method, and additionally reported in International 
units (lU/ml). Titers were considered negative if they 
were <1:5. Day = number of days post vaccination. 

Raccoon 

TK87082 

TK87103 

TK87040 

TK87275 

TK87280 

TK87276 

TK87273 

TK87279 

TK87300 

TK87306 

TK87310 

TK87315 

TK87297 

Sex 

F 

M 

M 

M 

F 

M 

M 

M 

F 

F 

F 

F 

F 

Age 
A 

A 

S 

A 

S 

A 

A 

A 

A 

A 

A 

A 

A 

Day 

3 

3 

5 

5 

7 

7 

6 

8 

345 

348 

349 

351 

374 

Titer 
<1:5 

<1:5 

<1:5 

<1:5 

1:9 

<1:12 

1:10 

1:50 

1:9 

1:50 

1:60 

<1:12 

<1:5 

lU/ml 

<0.04 

<0.04 

<0 .04 

<0.04 

0.07 

<0.10 

0.08 

0 .40 

0.07 

0.40 

0 .48 

<0.10 

<0.04 
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Positive Rabies Case 

Collection locality 

30 60 Kilometers 

F i g u r e 2 . 1 . C o l l e c t i n g l o c a l i t i e s i n Baldwin and Mobile 
c o u n t i e s , Alabama. 
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CHAPTER III 

MODEL OF THE ECOLOGY AND EPIDEMIOLOGY 

OF RACCOON RABIES IN ALABAMA 

Introduction 

The ecology of wildlife rabies is not well understood. 

Historically, the focus of rabies research has been on 

diagnosis and prevention of the disease; consequently, the 

most common source of data applied to rabies ecology has 

been derived from cases reported to public health agencies. 

Wildlife submitted for rabies testing represent a biased 

subpopulation more likely to be infected with rabies. 

Decreasing the bias in surveillance of rabies is essential 

to understanding the role of wildlife in the epidemiology 

of the disease. 

Investigating the ecologic and epidemiologic aspects 

of rabies could lead to methods that minimize the number of 

human exposures and reduce the expenses of postexposure 

treatment. Epidemiological models, in addition to 

surveillance programs, can assist in refining rabies 

control programs. Adequate data acquired by rabies surveys 

are critical to formulating plausible explanations for 

observational infection patterns. Field experiments can be 
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very difficult and costly and yet may not generate enough 

data to allow inference about disease patterns. In this 

situation, a simulation model can be an extremely valuable 

tool. 

Rabies is the most common wildlife disease for which 

epidemiological models have been developed. The types of 

models range from simple deterministic models to complex 

spatial models. Almost all of the rabies models have 

focused on the fox as the main vector (Preston, 1973; Smart 

and Giles, 1973; Frerichs and Prawda, 1975; Berger, 1976; 

Mollison, 1977; Sayers et al., 1977; Bacon and MacDonald, 

1980; Anderson et al., 1981; Bacon, 1985; Murray et al., 

1986). An exception is a raccoon rabies model described by 

Coyne et al. (1989). This model used coupled differential 

equations with the inclusion of an immune class to predict 

the temporal dynamics of epizootic rabies among raccoons. 

The goal of this project was to develop a stochastic, 

spatial model to simulate the spread of rabies in raccoons. 

The model presented here is based on a spatial fox rabies 

model described by Voigt et al. (1985). 
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Materials and Methods 

The study area of the model was a 100 X 100 grid of 

rectangular cells (Figure 3.1). Each cell represented a 

square kilometer, the size of a typical raccoon home range; 

thus the total study area was 10,000 km^. Study area 

heterogeneity (aggregations in prime habitat) was simulated 

by placing the initial adult raccoons on the grid in 

clumped distributions. A random location in the grid was 

generated and neighbors were randomly assigned. The sex 

ratio was one male to one female. Age was randomly 

assigned in days with a minimum age of 125. Each 

individual was tracked with a unique identification number 

throughout the simulation using a daily time step. 

The model consisted of multiple subroutines 

(Figure 3.2), which allowed simulations to run in rabies-

free mode as well as rabies mode (Figure 3.3). Demographic 

subroutines were responsible for reproduction and non-

rabies mortality- Spatial subroutines tracked raccoons as 

they relocated within the study area. Disease subroutines 

established the progression of rabies by determining 

contact between raccoons, tracking virus concentration and 

immunity as well as the length of incubation periods and 

infectious periods. Bookkeeping subroutines were necessary 
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for setting initial values, aging animals, formatting 

output, and managing data. Values for parameters used in 

the model were based on data collected from raccoon rabies 

surveys and data available from the literature (Table 3.1). 

The simulation model was programmed in Matlab® (MathWorks, 

Inc.). Computer simulations were carried out on a Dell® 

Precision Workstation 220 (Pentium III, 533 MHz, 512M). 

Demographic subroutines. Subroutine REPRO controlled 

the reproduction of model raccoons in the spring of the 

year. Estimates of litter size range from 1.9 to 5.0 kits 

with the mean of 3.9 (Johnson, 1970; Lotze and Anderson, 

1979; Sanderson, 1987) . Each model female had the ability 

of producing a litter; litter size ranged from zero to five 

kits. An empirical probability distribution was used to 

obtain the number of kits per litter (Figure 3.4). To 

determine the mortality for each kit, a random number 

generator was used to obtain a value from a uniform 

distribution. If the value of the random number was less 

than or equal to the density-dependent kit mortality [kit 

mortality =(kit mortality rate/initial population 

size)(current population size)], the kit was removed from 

the population. Litters conceived in the wild are born 

from March to June with a mean birth date in April 
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(Johnson, 1970; Lotze and Anderson, 1979). Kits were 

assigned a random age ranging from 1 to 120 days. Raccoons 

are weaned between 8-16 weeks (Lotze and Anderson, 1979; 

Kaufmann, 1982; Sanderson, 1987). After an approximate 

weaning period of 12 0 days, kits were added to the raccoon 

population on day 240. Kits were initially placed on the 

spatial grid within the mother's home range. 

Subroutine MORT determined all non-rabies mortality. 

Mortality was based on data from Brown et al. (1990) . 

Mortality was applied daily by dividing the annual 

mortality rate by 365. The rate was adjusted for density 

dependence by multiplying the ratio of the current density 

to the initial population size with the mortality rate 

[mortality =(daily mortality rate/initial population 

size)(current population size)]. To determine the 

mortality for each raccoon, a random number generator was 

used to obtain a value from a uniform distribution. If the 

value of the random number was less than or equal to the 

density dependent mortality, mortality was assigned to the 

individual, and the individual was withdrawn from the 

population. 

Spatial subroutines. The SPATIAL subroutine moved 

raccoons among cells as determined by densities of home 
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ranges and neighboring home ranges. Raccoon populations 

fluctuate, making densities difficult to determine; a broad 

range of density measures has been reported. Population 

densities ranging from 5/km̂  to 20/km^ are most typical 

(Lotze and Anderson, 1979; Kaufmann, 1982; Sanderson, 

1987). The critical density was set to 5 raccoons/km^. If 

a cell contained more than 5 individuals, then all raccoons 

in that cell were given the opportunity to move to a 

neighboring cell. The movement of an individual was from a 

cell of high to low density- Only one movement was allowed 

in each daily time step. Immigration and emigration were 

not allowed for any model raccoon regardless of disease 

status. The model did not account for long distance 

dispersal. 

RABMOVE forced rabid animals to move while infectious. 

At each time step while the raccoon was infectious, the 

animal moved one cell in any direction. The new location 

was determined by a random shift in the x and y 

coordinates. Animals were maintained within the closed 

population, and were not allowed to move off the grid. 

Disease subroutines. Subroutine INITRABIES introduced 

rabies into the raccoon population during year 7 of the 

simulation. Introduction of the disease was restricted to 

34 



the center 50% of the grid; the location of rabid 

individuals was selected randomly from the focus area. 

Rabid raccoons were added until 1% of the focus area was 

infectious (Figure 3.5). 

The subroutine RABIES simulated disease transmission. 

The number of encounters a raccoon has was incorporated 

into the model as a probability of contacting raccoons in 

the same cell and as a separate probability of contacting 

raccoons in neighboring cells. Parameter estimations for 

the probability of contact and potential infection between 

individuals of the same home range and neighbor home ranges 

were estimated from parameters in Voigt et al. (1985). If 

a random number generated from a uniform distribution was 

less than the probability for contact within the home 

range, then the individual was exposed to rabies. Contact 

between raccoons in neighboring cells was also determined 

by comparison of the probability to a random number. 

Probabilities of each contact were independent. After 

contact occurred between a rabid raccoon and another 

individual, a value for viral dosage was randomly generated 

from a uniform distribution, and was assigned to the newly 

exposed raccoon. A counter was started to track the length 

of the incubation period. For animals previously exposed, 
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an additional viral dosage was generated randomly and the 

incubation period counter was reset. 

DISSTAT updated the disease status of each raccoon 

(Figure 3.6). Susceptible individuals having contact with 

a rabid raccoon became exposed. Rabies cannot be 

transmitted during the variable incubation period of 30-90 

days (Carey, 1985). The length of the model incubation 

period, a number ranging from 3 0 to 90, was chosen randomly 

for each individual. Exposed individuals were tracked 

during the incubation period; a random variable selected 

from a random normal distribution (representing a dosage of 

virus), a second random variable (representing a measure of 

immunity), and an incubation period counter were added each 

day. At the end of the predetermined incubation period, 

the immunity and virus variables were evaluated. If the 

virus variable was greater than the immunity variable, then 

the raccoon became rabid. Otherwise, the raccoon was 

considered immune. 

An immune raccoon has had a rabies exposure that did 

not result in a productive rabies infection. The model 

assumes immunity in all raccoons was lost over time at a 

similar rate; the immunity variable was decreased at each 
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time step at a rate equal to a random variable multiplied 

by 0.05. If the measure of immunity fell below zero, the 

animal would then be again susceptible to rabies. Immune 

raccoons exposed to a rabid raccoon were reevaluated as an 

exposed individual. 

A rabid raccoon shows clinical signs for a short 

period of 3-10 days and can transmit rabies during this 

time (Carey, 1985). The length of the model infectious 

period, a number ranging from 3 to 10, was randomly chosen 

for each infectious individual. Raccoons died at the end 

of the infectious period and were removed from the 

population. 

Bookkeeping subroutines. INIT introduced the initial 

number of raccoons (N=5000) into the spatial grid and 

determined age, sex, and a unique ID number for each 

individual. Locations were chosen randomly from the model 

study area. DATREDUCE sampled the spatial grid following 

reproduction and every 3 0 days to create a subset of data 

(animals alive at that time step) to reduce processing 

time. The AGE subroutine aged each of the raccoons at the 

end of every day. OUTPUT generated and stored statistics in 

each time step for later analysis. 
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Four 50-year simulations in rabies-free mode were 

executed to examine model variability and to establish 

basic model behavior. Selected variables (total 

population, mortality, birthrate, litter size, age 

structure, spatial movement, and density) were measured, 

and the means, standard deviations, ranges, and modes were 

calculated using the pooled data from all four simulations. 

To determine the effect of the mortality parameter on 

output of the model, sensitivity analysis was performed. 

Simulations were run varying the parameter by ±16%, and 

sensitivity was computed using the equation 

S = ((Xa-Xn)/Xn) / ((Pa-Pn)/Pn) 

where: 

Xa is the adjusted variable, 

Xn is the nominal variable. 

Pa is the adjusted parameter value, 

Pn is the nominal parameter value. 

Four 50-year simulations in rabies mode were executed; 

rabies was introduced during model year 7. The time delay 

allowed for the raccoon population to become established 

before the introduction of disease. Thus, all further 
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analyses excluded the first 7 years to avoid transient 

effects. Selected variables (total population, mortality, 

birthrate, litter size, age structure, spatial movement, 

density, number of susceptibles, number of exposed, number 

of immune, and number of rabid) were measured, and the 

means, standard deviations, ranges, and modes were 

calculated using the pooled data from all four simulations. 

To determine the effect of contact rate on total population 

and number of exposures, sensitivity analysis (using only 

the first 25 years of the simulation) was performed by 

varying the nominal value by ±50% and calculated using the 

equation previously described. 

Results 

Population dynamics of the 50-year simulations in the 

absence of rabies reached a stable population in year 5 of 

the simulation. The total population from year 5 to year 

50 averaged 12,339 (STD=107.0) individuals (Figure 3.7), 

the deathrate averaged 0.51/year (STD=0.0042), and the 

birthrate averaged 1.035 kits/animal/year (STD=0.0163). 

Litter size ranged from zero to five with a mean litter 

size of 3.0987 kits and a litter size mode of 4.0 kits. 
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Age structure during the simulations was maintained at a 

ratio of 2 juveniles : 1 subadult : 1 adult. 

Movement patterns in the spatial grid allowed raccoons 

to move daily from high to low densities. The number of 

times moved per animal ranged from 0 to 74 with a mean of 

0.7589 times and a mode of 0 moves per individual. 

Population density measured during the simulations ranged 

from 0.0 to 6.0 raccoons/km^ with an average density of 1.15 

raccoons/km^. Using data from only occupied cells, the 

density ranged from 1.0 to 6.0 raccoons/km^ with an average 

density of 1.83 raccoons/km^. Raccoon densities were 

highest following reproduction. 

Sensitivity analysis of the mortality parameter was 

performed by varying the nominal value by ±16%. The first 4 

years were excluded from analysis to allow the population 

to reach levels of stability. The sensitivity test 

suggested total population size was insensitive to the 

mortality parameter (Table 3.2). All other parameters in 

the rabies-free model were regulated by probability 

distributions and/or randomization. 

Population dynamics of the 50-year simulations in 

rabies mode resulted in both continued oscillations 
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throughout time (2/4), and rabies dying out during the 

simulation (2/4). Accordingly, if rabies died out, only 

output with rabies present was used in measuring selected 

variables. The total population size averaged 7881 

(STD=2463.0) individuals (Figure 3.8), the deathrate 

averaged 0.55/year (STD=0.0756), and the birthrate averaged 

1.248 kits/animal/year (STD=0.1085). Litter size ranged 

from zero to five with a mean litter size of 3.0985 kits 

and a litter size mode of 4.0 kits. The mean number of 

rabid raccoons was 36.77 per year (STD=21.11), mean number 

of immune raccoons was 112.0 (STD=77.23) per year, mean 

number of exposed raccoons was 2956.0 (STD=1631.0) per 

year, and mean number of susceptible raccoons was 4382.0 

(STD=2947.0) per year (Figure 3.9-3.10). 

Movement patterns in the spatial grid allowed healthy 

raccoons to move daily from high to low densities and 

forced rabid raccoons to move daily during the infectious 

period. The number of times moved per animal ranged from 0 

to 430 with a mean of 3.6642 times and a mode of 0 moves 

per individual. Population density measured during the 

rabies simulation ranged from 0.0 to 9.0 raccoons/km^ with 

an average density of 0.7726 raccoons/km^. Using data from 
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only occupied cells, the density ranged from 1.0 to 9.0 

raccoons/km^ with an average density of 2.0310 raccoons/km^ 

Sensitivity analysis of the contact rate was performed 

by varying the nominal value by ±50%. The effect contact 

rate had on total number of rabies exposures and the total 

population size was analyzed immediately following the 

introduction of rabies in year seven of the simulation. 

The sensitivity test suggested the total number of 

exposures was sensitive to the contact rate, but the total 

population size was insensitive (Table 3.3, Figure 3.11-

3.12) . 

Discussion 

Rabies has a significant impact on public health and 

the economy. The rabies prevention program in the United 

States is estimated to cost $230 million to $1 billion per 

year (Fishbein and Arcangeli, 1987; Uhaa et al., 1992; 

Rupprecht et al., 1995). The expenses are shared by the 

vaccination of companion animals and by public funding of 

animal control programs, rabies laboratories, and rabies 

post exposure treatment (Rupprecht et al., 1995). Although 

it is unknown how many people every year receive 
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postexposure treatment for contact with wild animals, it is 

estimated at over 20,000 (Rupprecht et al., 1995). The 

expense of postexposure prophylaxis exceeds $1,000 per 

person, costing the public millions of dollars every year 

(Rupprecht et al., 1995). 

Epidemiological models assist rabies control programs 

to reduce cost and lead to methods that minimize the number 

of human and companion animal exposures. Historically, 

rabies epidemic models have focused on the control of fox 

rabies in Europe (Preston, 1973; Smart and Giles, 1973; 

Frerichs and Prawda, 1975; Berger, 1976; Mollison, 1977; 

Sayers, 1977; Bacon and Macdonald, 1980; Anderson et al., 

1981; Bacon, 1985; Murray et al., 1986). Simulation models 

were used to predict cost effective control methods to 

eliminate fox rabies. To develop a successful vaccination 

program in the mid-Atlantic states, a fox rabies model was 

modified for the raccoon (Coyne et al., 1989). This 

deterministic model incorporated the addition of an immune 

class, yet estimated up to 99% of the raccoon population 

must be vaccinated to eliminate rabies. Subsequently, 

Childs et al. (2000) applied 20 years of raccoon 

surveillance data to the raccoon model developed by Coyne 

et al. (1989), and concluded the periodicity of rabies 
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epizootics among raccoons was 4-5 years with a progressive 

dampening of size and a progressive decrease in epizootic 

period, as well as indicated low levels of immunity (1-5%) 

in raccoons. Direct comparison of the output from this 

rabies model with previous raccoon models was difficult; 

the model differed from others by including spatial and 

animal movement components and stochastic components. 

Models without a spatial component assume that the 

population is homogeneously mixing. This assumption is not 

appropriate for a large study area (such as the area 

simulated in the model) since the chance of a rabid animal 

infecting an individual in its home range is much higher 

than individuals outside its neighborhood. Disease 

transmission was determined by evaluating the location of 

rabid raccoons in the spatial grid and their interactions 

with individuals within its home range and in neighboring 

home ranges. Separate and independent probabilities of 

contact were applied to home range cells and neighboring 

cells. There are many factors (biological, social, 

environmental) influencing the contact rate, hence it very 

difficult to measure directly. The ecological complexity 

of the raccoon population was difficult to model; the most 

important factors can only be hypothesized. 
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An additional challenge in model design was the 

relationship between rabies viral load, immunity and 

resistance. Raccoons may survive or succumb to a rabies 

infection with no correlation with rabies virus 

neutralizing antibodies (VNA) titers (Rupprecht et al., 

1989). Immunity or resistance to the rabies virus seems to 

play a role in naturally occurring raccoon populations. 

Presence of rabies VNA is often used as a measure of 

immunity, although a direct relationship between rabies VNA 

and survival has not been determined. Immunity cannot be 

completely explained or understood by using only a single 

measure such as rabies VNA, thus applying the level of 

rabies VNA to infer immunity was controversial. 

To resolve this, the model included variables for both 

virus and immunity. The virus variable represented the 

viral load of an animal exposed to rabies. The variable 

was applied as an initial dose of rabies virus by randomly 

assigning a value from a uniform random distribution 

(values between 0-1), followed by a daily dosage from a 

random normal distribution (values between -infinity & 

+infinity) during the incubation period. This allowed the 

virus concentration to fluctuate during the incubation 

period. Each time an individual had contact with a rabid 
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animal, the individual received an additional viral dose 

(value from a uniform random distribution). The immunity 

variable was also assigned a daily value from a random 

normal distribution allowing the measure of immunity to 

fluctuate during the incubation period. At the end of the 

incubation period, the absolute values of the variables 

were evaluated; a rabies infection occurred when the virus 

variable was greater than the immunity variable. Upon 

close examination of the model output, the ratio of exposed 

individuals resulting in a rabies infection to those with 

immunity was 3:1 (25%). It is not known if this is a 

realistic result. Additional data are needed to determine 

the relationship between rabies VNA and survival. 

Sensitivity analysis was performed on the contact 

parameter in the rabies simulation. The analysis 

demonstrated that population size was insensitive to the 

contact parameter (Figure 3.11); the number of exposures, 

however, was sensitive to the contact parameter (Figure 

3.12). An interesting observation from this analysis was 

the differing dynamics of population size as a result of 

changing the contact rate. When the contact rate was 

decreased, the population recovered quickly from the 

initial outbreak. In contrast, when the contact rate was 
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increased the population required a longer time to recover. 

Although these results were not unexpected, they indicate 

the behavior of the model was consistent with patterns of 

rabies epizootics. Another most unusual observation from 

sensitivity analysis was the dynamics of the rabid and 

immune disease groups (Figure 3.13). With an increase in 

contact rate, individuals experienced an increase in the 

number of exposures and were assigned additional viral 

dosages. The unusual pattern of reduced immunity can be 

attributed to a combination of the sensitivity to the 

contact parameter and the additional viral dosages. 

Movement patterns also contribute to spatial 

interactions among individuals. Model raccoons moved from 

their home range when critical densities were reached; 

raccoons moved from home ranges of high to low densities. 

Densities in the rabies simulation ranged from 0 to 9 

raccoons/km^ with a mean density of 0.7726 as compared to 

the rabies-free simulation of 0 to 6 raccoons/km^ with a 

mean density of 1.15. When the mean density was 

recalculated using only occupied home ranges, the mean 

value increased to 2.0310 raccoons/km^ in the rabies 

simulation, and also increased to 1.83 in the rabies-free 

simulation. The greater difference in the mean values of 
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the rabies simulation can be attributed to the clumped 

distributions typical of post-epizootic. Model raccoons in 

the rabies simulation (u=3.6642) moved more than raccoons 

in the rabies free simulation (ii=0.7589). Higher point 

densities in the rabies simulation, as well as the abnormal 

movements of a rabid raccoons most likely contributed to 

the increased movement. 

Rabies is spread through local interactions among 

individuals in a population. The spatial grid was 

maintained as a closed population; no individuals were 

allowed to move into or out of the model study area. 

Without immigrating rabid raccoons, results from two of the 

four rabies simulations suggest that rabies cannot be 

maintained with only local spread. Another possible 

mechanism of spread (although it did not occur during the 

simulation) is the movement of an exposed raccoon into a 

rabies free region of the study area while healthy. After 

the appropriate length of incubation period, the raccoon 

becomes infectious and has the potential to spread rabies 

to the new area. This mechanism is similar to long 

distance dispersal/migration patterns which were not 

simulated in the model. Temporal and spatial patterns of 

rabies are complex and the effect of the long incubation 
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period on disease spread is still undetermined. 

Immigration/emigration and long distance dispersal should 

be incorporated into the model to explore the effects on 

disease spread. 

The development of a model to examine the ecology and 

epidemiology of rabies, which included spatial and 

stochastic components, was the focus of this project. The 

lack of available data on the ecology of raccoon rabies has 

been a challenge to model development. The model was 

designed to predict the rate of disease spread, as well as 

assessing methods for the control of further spread. 

Numerous field investigations are needed to assist in 

obtaining reliable estimates of ecological and 

epidemiological factors (contact rate, distribution of 

virus concentration, immunity prevalence, disease 

prevalence, etc), and thus provide reliable estimates for 

model parameters. Obtaining adequate samples for estimation 

of model parameters will be essential for further model 

development and validation, and to the eventual control of 

wildlife rabies. 
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Table 3.2. Sensitivity analysis for rabies-free spatial 
model. The mortality parameter was adjusted ±16% to 
calculate mean sensitivity (S). The mean and standard 
deviation (STD) for total population size are reported for 
each simulation. 

Parameter Mean STD Mean S 

Mortality 

0.31 (nominal) 12456 84.0 

0.36 (+16%) 11053 108.0 -0.6982 

0.26 (-16%) 13911 97.0 -0.7246 
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Table 3.3. Sensitivity analysis for rabies spatial model. 
The contact rate was adjusted ±50% to calculate mean 
sensitivity (S). The mean and standard deviation (STD) for 
total population size and total number of exposures are 
reported for each simulation. 

Parameter Mean STD Mean S 

Contact Rate 

Population Size 

0.150 

0.300 

0.075 

Number 

0.150 

0.300 

0.075 

(nominal) 

(+50%) 

(-50%) 

Of Exposures 

(nominal) 

(+50%) 

(-50%) 

7404 

6679 

6440 

202599 

459460 

87759 

2342.0 

2536.0 

2031.0 

100580 

238041 

44979 

-0 . 

0, 

2 

0 

,0534 

.2056 

.0286 

.9459 
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Figure 3.1. Model study area. 
km^ with each cell ecjual to 1 km̂  

The grid represents 10,000 
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Mort Rabmove Rabies Age 

Disstat Output 

Datreduce 

Figure 3.2. A classification list of subroutines used in 
the rabies spatial model. 
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Figure 3.3. A diagram of subroutines to show the operation 
of the rabies spatial model. Removing the subroutines in 
shaded boxes, depicts the operation in disease free mode. 
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Figure 3.4. Empirical probability distribution for the 
number of kits per litter. 
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10 20 30 40 50 60 70 80 90 100 

Figure 3.5. Initial spatial distribution of rabid 
individuals. Individuals were selected randomly from the 
center 50% of the grid, and infected with rabies until 1% 
of the focus area was infectious. 
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Figure 3.6. A diagram of the subroutine DISSTAT showing 
operational rules. 
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Figure 3.7, 

simulation. 

Population dynamics in the rabies-free 

Total population averaged 12,339 (STD=107.o; 
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Figure 3.8. Population dynamics in rabies simulation. 
Rabies was introduced during year 7 (day 2459) . Total 
population averaged 7881 (STD=2463.0). 
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Figure 3.9. Daily population size for disease groups in 

the rabies simulation. Rabies was introduced during year 7 

(day 2459). 
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Figure 3.11. Effect of contact rate on population size and 
corresponding sensitivity analysis. Total population size 
was insensitive to varying the contact rate. +, increased 
contact rate (S=-0.0534) ; o, decreased contact rate 
(S=0.2056). 
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Effect of Contact Rate on Number of Exposures 
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Figure 3.12. Effect of contact rate on number of exposures 
and corresponding sensitivity analysis. Number of 
exposures was sensitive to varying the contact rate. +, 
increased contact rate (S=2.0286); o, decreased contact 
rate (S=0.9459). 
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Effect of Contact Rate on Rabid and Immune Disease Groups 
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Figure 3.13. Effect of contact rate on rabid and immune 
disease groups. Contact rate (CR) was varied in three 
simulations increasing and decreasing the rate by 50%. 

68 


