: @ NEGLECTED
OPEN 8 ACCESS Freely available online : PLOS TROPICAL DISEASES

Dennis Slate *, Timothy P. Algeo **, Kathleen M. Nelson *, Richard B. Chipman 2, Dennis Donovan 3, Jesse D.
Blanton 4, Michael Niezgoda #, Charles E. Rupprecht *

1 USDA/APHIS/Wildlife Services, National Rabies Management Program, Concord, New Hampshire, United States of Até¢8Es#/APHIS/Wildlife Services, National
Rabies Management Program, Castleton, New York, United States of AmeBi€ntario Ministry of Natural Resources, Wildlife Research and Development Section, Rabies
Research and Development Unit, Peterborough, Ontario, Canadi&enters for Disease Control and Prevention, Division of Viral and Rickettsial Diseases, Rabies Section,
Atlanta, Georgia, United States of America

conventional prevention and control strategies signifies a paradigm
shift toward the achievement of effective rabies control in
terrestrial wild Carnivora and feral dog reservoirs. Inherent to
interventions targeting specific reservoirs are the benefits associ-
ated with reduced risk of human and animal exposure to rabies.
Moreover, success in geographically confining or reducing
terrestrial rabies virus diversity should facilitate an enhanced
focus on the public and animal health dilemma associated with
rabies in bats in the US and elsewhere in North America.

To date, ORV has been successfully applied to eliminate rabies
among red foxed/ulpes vulpesseveral European countries [1,2],
with continued expansion of control programs into eastern Europe
[3]. Ontario, Canada has nearly achieved elimination of the arctic
fox (V. lagopusariant of rabies virus, once widespread in red foxes
throughout the southern part of the province [4,5]. However, the
virus currently persists in isolated foci in southwestern Ontario as a
result of spill-over into skunksléphitis mephifs] and the lack of
an effective oral vaccine-bait formulation for use in skunks [7].
Development and field testing of a human adenovirus-rabies
glycoprotein recombinant (ONRAB [Artemis Technologies Inc.,
Guelph, Ontario, Canada]) with proven effectiveness in skunks
holds promise for total elimination of the arctic fox rabies variant
in southern Ontario [8,9]. ORV has also been used to successfully
control a canine rabies virus variant that had spilled over into
coyotes@. latransin south Texas [10,11]. Its integration into the
control strategy as an adjunct to parenteral vaccination in dogs has
been credited as a major contributing factor leading to canine
rabies free status for the US (declared in 2007 based on World
Health Organization [WHO] standards [12,13]).

Currently, ORV use in the US remains focused on preventing
raccoon Procyon Igtorabies from expanding its geographic
foothold beyond the eastern US and Canada, and as a component
of potential strategies for raccoon rabies elimination [14,15].
Additional programs are focused on containing and eliminating a
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Figure 2. Raccoon variant rabies cases in Ohio contingency action zone. Since 16 July 2004 when raccoon rabies virus variant was
first detected west of the existing oral rabies vaccination zone, 117 animals have been confirmed positive with raccoon variant within the
contingency action zone. In 2007, no cases were detected via the public health surveillance system, illustrating the need for enhanced rabies

surveillance.
doi:10.1371/journal.pntd.0000549.g002

tandem with continued enhanced surveillance information, will be
used to determine raccoon rabies status for the area and whether
resources applied to this effort can be reallocated to other ORV
priorities.

Contingency actions are an integral component of rabies
management strategies in meso-carnivores to address local
emergencies that may arise during normal ORV operations.
However, such actions are labor intensive and wrought with
logistical and environmental challenges that mandate careful
coordination with the attendant high cost per unit area treated in
comparison to regularly planned ORV campaigns. Comprehen-
sive economic analysis of the benefits and costs associated with
the 2008 contingency action in Ohio are in progress and will
be compared to earlier reported estimates from Ontario that
suggest the costs are approximately 2.5 times greater than ORV
for a similar area [36]. Costs alone preclude their sustained
application on a landscape scale or at a high frequency, but
contingency actions remain important to address specific high-
risk rabies foci to restore or maintain the integrity of larger ORV
campaigns.

Key among the many challenges implicit in rabies control is the
pervasiveness of the translocation of raccoons and other meso-
carnivores [38], intentional or accidental, which represents a
common extrinsic threat for both local and long-range movement
of rabies and control programs [27]. Although translocation has
been instrumental in specific endangered species recovery efforts
and for other conservation purposes, large numbers of raccoons,
skunks, and other species are purposefully moved about the
landscape as a part of rehabilitation and nuisance wildlife control
efforts [38]. Raccoons and other animals that commonly feed on
household garbage may be unintentionally relocated considerable
distances in transport vehicles associated with interstate movement
of more than 42 million tons of municipal solid waste each year
[39]. The wildlife profession and others now question translocation
as a management tool in light of the need to contain or eliminate
high-profile, economically important wildlife diseases, including
rabies. Future plans will likely require a strategy that integrates at a
minimum outreach education and revised laws, accompanied by
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enforcement, to make measurable inroads toward curbing this
widespread problem.

Vaccine-Bait-Biomarkers Needs

Adaptive methods for enhanced effectiveness in rabies control
require attention to a broad range of research needs. These
include ecology of reservoir species, an understanding of target
and non-target species foraging behaviors, community dynamics
of the meso-carnivore complex, bait uptake relative to a suite of
species-specific spatio-temporal variables, and model development
to support ORV decision making. Chief among these is the need
for improved or new baits and vaccines that lead to enhanced field
performance in raccoons and other species to reduce dependency
on contingency actions and allow a shift in focus toward
elimination strategies. This need is driven in part by rabies virus
spillover and establishment among several sympatric meso-
carnivores in North America [6,13,31]. Notably, no single vaccine
has proven efficacious under field conditions for all relevant
species. The community dynamics that lead to virus spillover
events and subsequent host shifts are not well understood nor have
the co-adaptive ecological relationships of the virus-host been
extensively studied [13,40,41]. Nevertheless, spillover events and
disease emergence present a challenge to the achievement of rabies
control objectives in the absence of effective oral vaccines for use
in the spillover host.

Notable examples of this dilemma have been documented in
Alaska and Canada, where arctic fox rabies virus variant has
spilled over into other animals, such as dogs and red foxes [42 44].
Infection of the latter species is especially problematic, because of
the broad geographic distribution of red foxes extending from the
arctic through the temperate zone, leading to subsequent spillover
and maintenance in the striped skunk [6]. Previously discussed
raccoon rabies virus variant spillover into striped skunks in the
eastern US, as well as a host shift of big brown bat (Eptesicus fuscus)
rabies virus to skunks near Flagstaff, Arizona, are other major
examples [45]. Clearly, enhancement of existing oral rabies
vaccine-bait combinations or the development of new products
with proven field effectiveness in the striped skunk as well as the
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Figure 3. Contingency actions in Ohio, 2008. A large-scale trap-vaccinate-release (TVR) operation was conducted near Cleveland, Ohio, in 2008
and resulted in the hand vaccination of 4,196 raccoons and the brainstem testing of 138 raccoons and 77 skunks. The TVR zone consisted of 185 cells
(1 km? in size) and was delineated from raccoon variant rabies cases confirmed in the Contingency Action ORV zone in 2007 (n=19). In addition to
TVR, oral rabies vaccine baits were distributed over the area as part of contingency actions in 2008.

doi:10.1371/journal.pntd.0000549.g003
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Figure 4. Percent positive rabies antibody response ($0.05 IU).

doi:10.1371/journal.pntd.0000549.g004

diverse complex of meso-carnivore rabies reservoir species in
North America is needed.

In Ontario, field trials were conducted recently with a human
adenovirus recombinant vaccine (ONRAB) developed with the
intent that its strategic use will facilitate the elimination of the fox
rabies foci maintained by skunks in southern Ontario [9]. Field
trials with ONRAB have also been extended to raccoon rabies
control in Ontario and Quebec. Several other new vaccine
constructs have been developed that may hold promise for use in
wildlife and dogs [46,47]. For example, a canine adenovirus
(CAV,) recombinant rabies vaccine may hold promise based upon
preliminary results obtained in captivity upon a variety of species
[48 52].

Tetracycline has had a long history as a biomarker in wildlife
management, including extensive use in evaluating bait uptake in
ORV campaigns [4,53,54], and its utility is well documented
[55 57]. Disadvantages, particularly for ORV in raccoons, is that
tooth extraction is intrusive, time consuming, and requires
anesthesia, as live trapped raccoons are released at their site of
capture once biological information and samples have been
collected. In addition, first and second premolars have much lower
tetracycline deposition rates than canine teeth, an unacceptable
candidate sample for extraction from live animals. Because of this,
tetracycline marking rates in raccoon premolar teeth from bait
consumption are variable and do not always exceed sero-
conversion rates as expected, compromising its usefulness as an
index to bait uptake. Contemporary issues associated with
antibiotic resistance and the uncertainty of tetracycline use in
the future obliges us to seek out effective, environmentally
compatible alternative biomarkers. Rhodamine B is one candidate
under study as a potential post-bait ingestion marker, which shows
promise in providing a short-term marker in growing whiskers as
well as long-term in teeth. Further study is required to assess its
field-level utility [58] as well as the feasibility of producing baits or
vaccine that incorporate Rhodamine B.

Rabies Control Intervention Revisited

In 2001, apparent spillover of big brown bat rabies virus variant
resulted in 19 documented cases in skunks near Flagstaff,
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indicative of transmission among skunks [45]. Subsequent
intervention with TVR has resulted in periods of quiescence
followed by reemergence in 2004 and 2005 [21], and again in
2008 [59]. From 31 October 2008 1 May 2009, 17 cases of the
same big brown bat variant were confirmed in gray fox, a species
capable of longer range movement that could facilitate establish-
ment of this variant in foxes and skunks over a broader geographic
area [60,61]. While these events support the hypothesis of a viral
host shift from bats to carnivores, they also raise questions about
the potential relationship between human perturbations that
contributed to a locally abundant skunk population near Flagstaff
and the development of this situation. The more immediate
challenge is to determine if a practical and effective rabies
management strategy can be formulated and funded to contain
this apparently geographically limited focus. Elements of an
effective strategy under consideration include ORV of sufficient
scale to contain disease spread in gray foxes, periodic TVR in
skunks until an effective oral bait-vaccine combination is available,
and more comprehensive enhanced surveillance. The latter is to
better understand the temporal emergence and spatial spread of
bat rabies to susceptible carnivore populations. Failure to act while
this focus appears to be largely restricted to the Flagstaff vicinity
could result in the establishment of new terrestrial rabies variants
over a broader landscape that would present an even greater
challenge if control programs are contemplated in the future.

Other Wildlife Rabies Control Considerations

The cost effectiveness of the shifting paradigm toward
controlling rabies in meso-carnivore reservoirs should and will
receive continual scrutiny. To date, studies of the benefits and
costs have concluded that under specific assumptions and
scenarios, ORV is a viable rabies management alternative
[17,62 65]. Ultimately, sustainability of programs in a highly
competitive environment for government funding will hinge on
achieving measurable successes on finite timelines. The bait-
vaccine unit alone accounted for 88% of the ORV distribution
materials and services costs in the US, which included fuel and air
contracting for operations targeting raccoons at bait densities of
75/km? during fiscal year 2008. Consequently, accelerated
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emphasis toward the development and production of low cost,
highly effective baits and oral vaccines that can clear the
regulatory process for broad scale use is a critical need.
Concomitantly, improvements to the currently licensed bait-
vaccine appear warranted if effectiveness can be enhanced while
cost/units are conserved. In turn, costs may be conserved by
refining baiting strategies based on validated models that point to
areas where reduced baiting density can be applied without
sacrificing effectiveness [66]. Past economic analyses should be
revisited to incorporate important new findings such as better
estimates for benefits and costs of contingency actions and use of
more powerful GIS analytical tools.

Concerns linger among some wildlife managers over potentially
negative consequences from rabies control to species of conserva-
tion concern [67]. The unique rabies virus variant adapted to
raccoons is a relatively new mortality factor, particularly in the
northeastern US and portions of southern Canada, having
reached southern New York in 1990, with an incursion into
southern Ontario in 1999, New Brunswick in 2000, and Quebec in
2006. The ecological dynamics of rabies in relation to other
raccoon disease mortality factors, such as canine distemper, have
not been extensively studied to determine if the effects on
populations are compensatory or additive. Clearly, additional
study on this topic is warranted from an ecological and
management perspective. Regardless, if raccoon predation is
having an impact on bird nesting species or other species of
concern [68,69], dependence on a solution that implies reliance on
the establishment of an unpredictable fatal virus, with tangibly
serious public and domestic animal health implications, represents
a dubious alternative to active management.

Summary

Establishment of a rabies management team composed of a
coalition of diverse expertise from the public health-agriculture-
wildlife management interface has been critical to facilitate
coordination among rabies control programs targeting meso-
carnivores in the US. The NARMP has established a continental
framework that extends collaboration and coordination, capacity
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for rabies communications, surveillance, control, and research
among Canada, Mexico, and the US. Enhanced surveillance as a
complement to public health surveillance has improved decision-
making capability regarding allocation of rabies control resources,
including contingency actions to address emergencies, as illustrated
in Ohio. Raccoon rabies has not spread appreciably since ORV
intervention has expanded in the eastern US, yet rabies virus
neutralizing antibody levels in raccoon populations as an index to
immune buffers in existing ORV zones point to the need for
improved or new baits, oral vaccines, and strategy refinements.
Achieving advances that lead to improved field performance should
allow for a more aggressive movement of ORV zones into raccoon
enzootic areas. Measureable successes beyond containment would
be expected to enhance program sustainability toward the goal of
broader scale elimination of raccoon rabies and ultimately other
meso-carnivore rabies virus variants. Economic analyses will remain
integral to ORV planning and as a means to characterize successes
in costs and benefits. Conservation concerns related to control
programs cannot be ignored and require additional study to better
understand the role of rabies and other diseases on the population
dynamics of meso-carnivores, such as the raccoon.
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