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Introduction

While elective contraception of domestic animals can

be traced back hundreds of years, more recent con-

traceptive research has been almost universally asso-

ciated with human applications. However, in the

past 40 years a new application has arisen, involving

certain species of both domestic animals1 and wild-

life.2 In the past decade, increased public concern

over unrestrained dog and cat reproduction has

stimulated a great deal of research in this area, and

issues such as the prevention of pregnancies in feed-

lot cattle have even brought the commercial agricul-

tural community into the world of contraceptive

research.3 A few of these activities, however, provide

methods that are directly applicable to non-domesti-

cated animals. Not surprisingly, wildlife contracep-

tion involves a number of diverse challenges not

seen with either human contraception or domestic

species.

With regard to wildlife contraception, four com-

monly referenced case studies include wild horses

(Equus caballus), urban and park cervids such as

white-tailed deer (Odocoileus virginianus) and wapiti

(Cervus elphus), African elephants (Loxodonta africana)

in game parks, and more recently bison (Bison bison).

There are other examples but these stand out with

regard to free-ranging wildlife. A growing number of

non-domestic species housed in zoos and wild ani-

mal parks could also be included. With rare excep-

tion, all are medium to large mammals.

Efforts at controlling wildlife overpopulation by

means of contraception began as early as the 1950s,

and most research involved natural and synthetic

steroids, or a variety of non-steroidal compounds.4–6

Virtually all of these early attempts, while
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Wildlife, free-ranging and captive, poses and causes serious population

problems not unlike those encountered with human overpopulation.

Traditional lethal control programs, however, are not always legal, wise,

safe, or publicly acceptable; thus, alternative approaches are necessary.

Immunocontraception of free-ranging wildlife has reached the manage-

ment level, with success across a large variety of species. Thus far, the

immunocontraceptive research and management applications emphasis

have been centered on porcine zona pellucida and gonadotropin-releas-

ing hormone vaccines. Contraceptive success has been achieved in more

than 85 different wildlife species, at the level of both the individual ani-

mal and the population. At the population management level with free-

ranging species, the primary focus has been on wild horses, urban deer,

bison, and African elephants. The challenges in the development and

application of vaccine-based wildlife contraceptives are diverse and

include differences in efficacy across species, safety of vaccines during

pregnancy, the development of novel delivery systems for wild and

wary free-ranging animals, and the constraints of certain non-contracep-

tive effects, such as effects on behavior. Beyond the constraints imposed

by the public and a host of regulatory concerns, there exists a real limi-

tation for funding of well-designed programs that apply this type of fer-

tility control.
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pharmacologically successful, ended in failure, for a

variety of reasons including toxicity, passage through

the food chain, adverse effects on social behaviors,

high cost of application, difficulty in delivering the

compounds remotely, health risks in pregnant ani-

mals, and a host of regulatory issues. Of course, the

constraints within these early approaches varied

depending on the species. For example, remote

delivery was not a requirement for captive exotic

species, and behavioral changes were of less impor-

tance in urban deer, which were viewed as ‘pests’ in

some quarters. Conversely, remote delivery is a vir-

tual requirement for free-ranging wildlife, and

behavioral changes would not be tolerated in social

animals such as wild horses and African elephants.

Thus, each species and setting brings with it specific

needs and limitations. The cumulative effect of all

these issues resulted in the realization that contra-

ception with steroid hormones, the method of choice

for humans and dogs, was not acceptable across the

broader spectrum of wildlife. Steroids remain useful

in some captive wildlife contraception efforts but

have been abandoned for use in free-ranging wild-

life.

It was only with the advent of practical immuno-

contraception that significant progress in free-rang-

ing wildlife contraception occurred. Immunological

approaches were considered for use in wildlife as

early as 19877 and the earliest recorded attempts at

wildlife immunocontraception included a gonadotro-

pin-releasing hormone (GnRH) vaccine tested in

wild horses on Cumberland Island National Seashore

in 1986.8 Shortly thereafter, a porcine zona pellucida

(PZP) vaccine was tested in domestic and captive

wild horses.9 The results of the GnRH trial were not

promising, while the PZP trial provided clear evi-

dence that an immunocontraceptive could success-

fully inhibit fertility in equids. In relatively rapid

succession, trials with PZP were successful in captive

white-tailed deer10–12 and a variety of zoo animals,

including Przewalski’s horse (Equus przewalskii) and

Banteng (Bos javanicus)13 Formosan sika deer (Cervus

nippon taiouanus), axis deer (Cervus axis), Himalayan

tahr (Hemitragus jemlahicus), Roosevelt elk (Cervus ela-

phus roosevelti), muntjac deer (Muntiacus reevesi), and

sambar deer (Cervus unicolor)14 and African elephants

(Loxodonta africana) (J. F. Kirkpatrick, unpublished

data).

Identifying an effective vaccine was only the ini-

tial step in developing a population management for

wildlife. Very early it was recognized that the major

challenges in wildlife contraception included (i)

identifying successful contraceptive agents in captive

animals, (ii) documenting safety associated with suc-

cessful agents, (iii) developing a means of delivering

these agents to free-ranging wildlife, and (iv) actu-

ally altering populations. With the success of PZP-

induced fertility control in captive animals, which

addressed the first of the four challenges, the next

and more challenging step was the implementation

of actual field trials with free-ranging animals. While

the strategy remained the same, this represented a

major change in tactics and one that is still under-

appreciated. Fortunately, one of the major advanta-

ges of immunocontraception became obvious during

captive animal trials, which was the ability to deliver

contraceptive doses in very small volumes, which

could be delivered remotely. This is now recognized

as a key requirement for practical wildlife contracep-

tion.

The first field trial of wildlife PZP immunocontra-

ception occurred on Assateague Island National Sea-

shore, a barrier island off the coast of Maryland

23 years ago. This trial proved successful in inhibit-

ing fertility in wild horses.15 Aside from demonstrat-

ing a high degree of contraceptive efficacy, this

initial study proved beyond a doubt that the vaccine

could be delivered remotely, without any handling

of animals. It also demonstrated the safety of the

vaccine in pregnant animals15 and that fertility inhi-

bition could be maintained with annual booster

inoculations.16

The first field trial with white-tailed deer occurred

at the Smithsonian Institute’s Conservation and

Research Center at Front Royal, VA.17 Deer were

captured, tagged, and given a primer dose of PZP

and then released. Subsequent booster inoculations

were given remotely via small 1.0 cc darts. As with

earlier captive trials, the vaccine proved efficacious

(85%) and remote delivery proved successful. In the

case of both the wild horse and deer field trials, ani-

mals received a 65- to 100-lg primer dose emulsified

with Freund’s complete adjuvant (FCA) and a boos-

ter inoculation of 100-lg PZP emulsified with Fre-

und’s incomplete adjuvant (FIA). The first field trial

with free-ranging African elephants occurred in

1996, in the Kruger Park, in South Africa. Animals

were immobilized from a helicopter, given ultra-

sound examinations to determine pregnancy status,

collared and hand injected with a 600-lg primer

dose of PZP + a component of Ribi! adjuvant.18 Sub-

sequent booster inoculations occurred by remote
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treatment. Results were positive but efficacy was

lower (75%) than with horses and deer. A change of

adjuvants, to Freund’s modified adjuvant (FMA),

increased efficacy to 100%.19,20 Since the comple-

tion of these trials, management level application of

the PZP vaccine has been successful in altering entire

populations, stopping population growth and even

decreasing populations, of wild horses,21 urban

deer,22 wapiti,23 and African elephants.19,20

Safety

At this point, attention turned to safety issues. The

questions at hand were (i) did PZP alter ovarian

function, (ii) were the contraceptive effects revers-

ible, (iii) were there adverse behavioral effects of

PZP immunocontraception, and (iv) were there any

short- or long-term adverse physical side effects?

A major advantage of zona proteins as immuno-

gens is the absolute lack of cross-reactivity with

other tissues and protein hormones.24–26 Addition-

ally, the site and mechanism of action (see Clark

and Dell27 for an eloquent discussion of the mecha-

nism of action supporting zona vaccines) is as far

‘downstream’ for most of the reproductive processes

as possible, such that the sequelae of reproductive

events that are disrupted are inconsequential. This is

essential for wildlife species but may be considered a

disadvantage if the target animals are domestic spe-

cies, such as dogs and cats, where extinguishing

undesirable behaviors is as much a goal as contra-

ception.

The safety of PZP immunocontraception was con-

firmed for horses, deer, and elephants through a ser-

ies of follow-up investigations. Ovarian endocrine

function was monitored in treated wild mares via

urinary steroid metabolites,28 and it was shown that

there were no permanent or significant changes in

ovarian endocrine parameters and estrous cyclicity

even after long-term treatment.29–31 This is consis-

tent with the accepted theory of the mechanism of

action of zona proteins.32 Later studies in wild horses

confirmed the safety of PZP use in pregnant

mares33,34 and reversibility of contraceptive action,

at least through five consecutive years of treat-

ment,33 demonstrated increased body condition35

and increased longevity in mares treated chroni-

cally,36 and no significant changes in fundamental

social organization or behaviors.37 Two more recent

studies found that PZP treatment resulted in less

band fidelity among treated mares outside the breed-

ing season38 and minor changes in time budgets

among treated mares.39 However, the former study

was not controlled for pregnant animals or mares

that had foals removed annually. The latter study

found that most behavioral changes were associated

with changes in body condition or the presence of

foals. Considering that untreated mares have more

foals than treated mares, and that treated mares

develop better body condition than untreated mares,

small changes in time budgets would be expected.

Ultrasound examinations of ovaries and uteri from

PZP-treated elephants also revealed a lack of nega-

tive effects.18,20

While no long-term negative health effects were

detected in PZP-treated wild horses, there was some

concern over injection site reactions. Because of the

homology of the zona glycoproteins across many

mammalian taxon groups, PZP is a poor immuno-

gen. Thus, a powerful adjuvant is necessary and

between 1988 and 1998, FCA was the adjuvant of

choice for initial inoculations, followed by booster

inoculations of PZP + FIA. In reality, as long as inoc-

ulations were given in the rump or hip, injection site

reactions were uncommon; however, there was con-

cern over causing false tuberculosis-positive tests

among some species of animals treated with FCA

(there is no TB test for equids; thus, this was not a

problem in these species). As a result, for initial

inoculations, a new adjuvant was utilized with PZP

in wild horses, and later among other species as

well. FMA, which utilizes the fractionated cell walls

from M. butyricum, a common soil bacterium with no

known pathologies associated with it was tested and

proved to be as efficacious as FCA.40 Thus, this is the

adjuvant of choice since 1998. Rare injection site

reactions still occur after inoculation, even with

FMA or FIA, but seldom exceed 1%.40 One study41

demonstrated a higher incidence of injection site

reactions in horses treated remotely, with darts, than

those treated by hand-injection. This suggests that

injection site reactions may be as much a function of

delivery as the actual vaccine. Delivery by dart must

result in surface bacteria and debris being pushed

into the injection site. In the absence of either short-

term or long-term health issues, PZP contraception is

now common in free-ranging and sanctuary wild

horses, urban deer, zoo animals, and African ele-

phants. Other safety issues have been reviewed in

more detail elsewhere.42

Other immunogens have been used in horses but

thus far none have been applied to free-ranging wild
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horses except in small-scale research trials. Several

approaches targeted the stallion. GnRH vaccines

have demonstrated that testicular function can be

suppressed in the stallion.43,44 However, the

application of these vaccines to wild horses is contra-

indicated because of the suppression of testosterone-

mediated reproductive behaviors, which are

necessary for holding breeding bands together in the

face of competition from other stallions. The entire

social structure of wild horses is disrupted if the

dominant stallion is chemically castrated. Further,

studies have shown that control of dominant males,

by means of vasectomy, in wild horses is not effec-

tive because this increases the reproductive success

of bachelor stallions.45 A second problem associated

with targeting the male of the species, is that, if it is

not a harem-based social structure, nearly every

male in the population will need to be treated, and

this is probably not logistically possible. Thirdly, the

removal of functioning males from the breeding pop-

ulation may have far more serious genetic conse-

quences that treating females46,47 and certainly

provides less management flexibility.

Three commercial GnRH vaccines have shown

success in suppressing reproduction in mares. Both

Equity! (Pfizer Animal Health, Sandton, South

Africa) and Improvac! (CSL, West Ryde, NSW, Aus-

tralia) suppressed cyclic activity in mares.48,49 Gona-

Con!, a GnRH vaccine developed by USDA,

primarily for use in deer, was tested in captive wild

mares and also was successful in blocking cyclic

activity and ovulation.50 A fourth commercial GnRH

vaccine, Repro-BLOC! (Amplicon Vaccine, Pullman,

WA, USA) has been developed as an alternative to

castration in cattle. This latter vaccine utilizes a ser-

ies of GnRH genes, which were cloned into an oval-

bumin carrier via an Escherichia coli expression

vector. Aside from trials in cattle, Repro-BLOC! has

been used to suppress estrus in captive Asian ele-

phants and proposed as a contraceptive for this spe-

cies;51 however, five serial inoculations were

required to achieve adequate anti-GnRH titers.

Despite contraceptive success, and clear potential

applications to several other species, the application

of GnRH vaccines to wild horses brings to the fore

issues that usually are not considered with human

contraception. The complex evolutionary social orga-

nization of horses and other equids is driven to a

large degree by reproductive steroids. In the case of

GnRH vaccines, the result is, although temporary, a

non-surgical castration. Public opinion, which directs

so many aspects of contraception, human, or wild-

life, requires in the case of wild horses an intact set

of social behaviors. The same is true for elephants

and most captive exotic species in zoos.

Other potential safety issues regarding GnRH vac-

cines remain. Safety for use in pregnant animals

remains a species-specific issue. In those species that

rely on pituitary Luteinizing hormone (LH) to main-

tain the corpus luteum of pregnancy throughout the

entire gestation period, GnRH will cause abortion.

This is not an issue in a species such as the horse,

where placental hormones take over the task of sup-

porting pregnancy, but use in bovids, for example,

such as the bison, or during the first half of preg-

nancy in the goat family would interfere with preg-

nancies in progress. More troubling, however, are a

variety of other issues associated with any vaccine

that blocks GnRH. It has now been demonstrated

that GnRH receptors exist in a variety of tissues

throughout the mammalian body, including the cer-

ebellum,52 bladder,53 and cerebrospinal fluid.54 Now

recognized as a form of neurotransmitter, GnRH has

physiological effects throughout the central nervous

system. GnRH activity in the hippocampus has been

implicated in Alzheimers-like syndrome. GnRH

activity can alter olfactory function, which is, of

course, vital in the reproductive process for so many

wildlife species. In the cerebral cortex, GnRH can

cause depressed activity, and in the cerebellum

GnRH has a correlative link to two genetically based

disorders, including Gordon–Holmes Syndrome and

Boucher–Neuhauser Syndrome. In the pituitary, it

has also been demonstrated that GnRH affects more

than just gonadotropic cells.55 The action of GnRH

in cardiac tissue, which is exceptionally rich in

GnRH receptors, may also be an important safety

issue. At least two studies have demonstrated a seri-

ous and negative effect on cardiac function and in

men, blocking GnRH can place the patient at greater

risk for coronary infarction.56,57 Whether or not

these particular safety issues have any clinical rele-

vance to free-roaming or captive wildlife remains to

be seen. However, it becomes intuitive that vaccines

that exert their influence further ‘upstream’ in the

reproductive process and which have interactions

with non-reproductive tissues will be more problem-

atic than those with target tissue specificity and that

exert their effects further ‘downstream’ in the repro-

ductive process.

In white-tailed deer, safety issues relating to PZP

largely paralleled those of wild horses, but with

CONTRACEPTIVE VACCINES FOR WILDLIFE

American Journal of Reproductive Immunology 66 (2011) 40–50

ª 2011 John Wiley & Sons A/S 43



some exceptions. Reversibility of contraceptive

action occurred after 1–3 years in captive PZP-trea-

ted deer11 and after 1–4 years in another study with

captive deer.12 An earlier study demonstrated that

there were no changes in ovarian histology, but that

the breeding season was extended by one to

2 months in PZP-treated deer.17 In one study, this

resulted in a pulse of late births the first year, but in

subsequent years, the late births did not occur.58

Treated deer were more active than untreated deer

but did not spend more time feeding. Despite the

increased activity, treated deer gained significantly

more weight by the summer following treatment

than untreated deer, presumably because of avoid-

ance of lactation, but by the following fall, all weight

differences disappeared.59,60

Potential changes in ovarian histology were a con-

cern. Prior to application of PZP vaccines to wildlife,

some temporal changes in ovarian function were

shown to occur in PZP-treated non-human pri-

mates61 and mice,62 but long-term effects did not

occur. Early studies with PZP-treated dogs revealed

significant changes in ovarian histology.63 Another

study64 demonstrated similar effects in PZP-treated

rabbits, along with a depletion of primordial follicles.

Among PZP-treated sheep, significant changes in the

ovarian histology were found.65 The dog study was

probably compromised by a rather impure PZP, and

the rabbit and sheep studies revealed species differ-

ences in response to the PZP. Collectively, this

research raised an issue of concern as wildlife con-

traception moved forward and into the realm of

management.

In the first trial with PZP and horses,9 no changes

in ovarian histology were found, and other investiga-

tors had demonstrated ovarian weights and histology

were unchanged after PZP treatment of white-tailed

deer.17 In another study66 ovarian eosinophilic ooph-

oritis was found in six of eight treated deer, but this

rate was not significantly different from controls. This

same study revealed that this condition is common in

untreated deer at the time of ovulation. Despite the

absence of any significant changes in ovarian histol-

ogy in wildlife studied thus far, it is vital that each

species be evaluated for potential changes. Blood

chemistry studies in treated white-tailed deer

revealed only a few significant changes after PZP

treatment, but none was associated with any physio-

logical abnormalities.66,67 Ongoing studies with Dall

sheep (Ovis dalli)) and domestic goats (Capra hircus)

reveal the same lack of blood chemistry changes in

these two species.42 Injection site abscesses were

found in only 2 of 353 deer (0.5%)68 and 100% of

PZP-treated deer revealed granuloma formation at

the injection site66 but without any complications.

Efficacy

A major challenge in the development of human im-

munocontraceptives is the variability in immune

responses by individuals, similar to that which is evi-

dent in so many prophylactic vaccines, such as influ-

enza. It is unlikely that humans will use

contraceptives with efficacy as low as even 95%.

There are individual differences within a species in

reactions to contraceptive immunogens. For exam-

ple, examining the anti-PZP antibody titers from sev-

eral groups of horses,40 wapiti69, fallow deer (Cervus

dama),70 and white-tailed deer11 treated with PZP

reveals a significant difference in response to the

same immunogen, the same dose, and the same

adjuvant. However, for wildlife populations, a vari-

ety of modeling71 and results from field trials21 have

demonstrated that contraceptive vaccines with less

than 100% effectiveness will suffice.

Clearly there are species differences as well. For

wild horses treated with native PZP, efficacy is

approximately 95% over 23 years.21 In the case of

white-tailed deer, there is more variability,11,22 with

an efficacy of approximately 75%. Among PZP-trea-

ted wapiti, efficacy ranged from a low of 84% to a

high of 90%.23 African elephants in one population

have responded with a 100% efficacy over 10 years

of management.20 Among captive exotic species, effi-

cacies ranged from lows of 70% in Sambar deer (Cer-

vus uniciolor) to highs of 100% in addax (Addax

nasomaculatus), gerenuk (Litrocranius walleri) markhor

(Capra falconeri) bighorn sheep (Ovis canadensis),

mountain goats (Oreamnos americanus), and several

other ungulates.72 Thus, a major challenge to the

development of wildlife immunocontraceptives is the

ability to inhibit fertility across diverse species. Gon-

aCon-B! and SpayVac! have both been associated

with efficacies in the ranges of 39–64% and 27–

48%, respectively, in wild horses73 while SpayVac!

was associated with 100% efficacy in fallow deer

over 3 years.74 The GnRH vaccine Improvac!, when

given to domestic mares in two inoculations over

35 days provided 100% efficacy with cycling and

ovulation as the endpoints.48

This latter issue reflects both a strength and weak-

ness of PZP immunoconception, and for that matter
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any immunocontraceptive targeting some reproduc-

tive tissue (ovum, sperm or pituitary cell) or protein

hormone (GnRH). Unlike reproductive steroids,

which have absolute homology across species, pro-

tein hormones reveal amino acid differences across

species. In the case of PZP, there must be an immune

response to an epitope of either or both the PZP-1

and the PZP-3 alpha glycoprotein for a successful

antibody response and effective contraception. In the

case of white-tailed deer, anti-porcine ZP antibodies

recognized several epitopes of both the ZP-1 and ZP-

3 glycoproteins75,76 but in domestic cats, the same

antibodies do not recognize any segment of the zona

glycoproteins.77,78 While a species-by-species analysis

of cross-reactivity with PZP-induced antibodies has

not occurred, it is clear that species-specific epitopes

vary across taxonomic lines and will affect the con-

traceptive efficacy of the immunogen. Thus far, PZP-

induced contraception has not failed in any of 64

members of Ungulata in which it has been

attempted, whether members of Perissodactyla or

Artiodactyla,42 or bears72,79 or pinnipeds.72,80 This

implies some evolutionary relationships among the

epitopes of the zona sperm receptor. Although not

directly related to contraceptive research, the applica-

tion of zona proteins from, and directed toward, a

variety of species across broad taxonomic lines will

surely reveal interesting evolutionary pathways in

the development of the sperm receptor.

Duration of contraceptive action

Vaccines generally, but not universally, employ

killed or attenuated virulent organisms and the

immune response by humans and domestic animals

is very powerful, with lasting effects even after a sin-

gle inoculation. In contrast, contraceptive vaccines

generally target reproductive hormones or tissue

receptors, and the ability to cause long-lasting eleva-

tions in antibodies, individual differences notwith-

standing, is far more challenging, because of the

relative homology of these protein molecules

between species. It is intuitive that a single inocula-

tion, long-lasting contraceptive vaccine is valuable

and a worthy goal for free-ranging wildlife.

The current major shortcoming of the most widely

used wildlife contraceptive, PZP, is that contraceptive

duration is short-lived, at least during the first few

years of treatment. An initial inoculation followed

by a booster inoculation 2–6 weeks later generally

provides a year of contraception. But then, an

annual booster is required for a second year of con-

traception. At least for the first 2–3 years, this is a

requirement for successful contraception. Following

3 years of treatment, the duration of high antibody

titers is sufficient for successful contraception over

several years and eliminates the need for annual

booster inoculations. For example, in the wild mare,

3 years of treatment, from age 2 through 4, result in

contraception that lasts for a mean of 3.7 years.

However, the range is 1–8 years.33

This shortcoming of native PZP has stimulated a

search for more lasting contraceptive vaccines. Sev-

eral approaches to this challenge have occurred. The

first approach has attempted to incorporate the PZP

glycoprotein in biodegradable, non-toxic matrices,

which can be injected and which then release the

PZP molecule slowly in a sustained release or in

pulsed releases. The matrix used thus far has incor-

porated various ratios of lactide-glycolide, either in

the form of microcapsules81 or in the form of small

pellets that can be injected either by hand or by

dart.82–84 Results thus far have been encouraging,

but not definitive, and a great deal of variability in

both the manufacturing process and the results has

resulted. Another difficulty with this approach is

that it has not been possible to incorporate powerful

oil-based adjuvants in the microcapsules and pellets.

A second approach has incorporated a novel

‘packaging’ of the PZP. In the case of a proprietary

product, SpayVac!, native PZP is incorporated into a

multilamellar liposome. This platform appears to pro-

vide a much longer duration of high antibody titers

and contraception in seals,80 fallow deer,74 white-

tailed deer85,86 and horses.71 Contraceptive duration

appears to last for at least 3 years following a single

treatment. The primary drawbacks to this approach

appear to be the high viscosity of the preparation

and the inability to deliver it remotely, and possible

side effects on reproductive tissues,50 at least in

horses. The former is a technical problem and may

be overcome, and the latter requires substantially

more safety testing before this approach becomes

practical. Nevertheless, an important point here is

that native PZP vaccine must not be confused with

more complex vaccines containing PZP.

A third approach that has shown promise is the

GnRH vaccine GonaCon!. This vaccine targets the

GnRH molecule and blocks ovulation and estrus by

preventing endogenous GnRH from stimulating FSH

and LH producing cells of the pituitary. In turn, the

lack of gonadotrophs inhibits ovarian and testicular
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function and gamete production. As with PZP, there

are structural differences in the GnRH of various

species, with varying degrees of homology. This

means that the vaccine will work in some species

but not as well or at all in others. GonaCon! was

developed primarily for application to white-tailed

deer,12,87–90 but also works in wapiti,91 swine,92 and

horses.50 In the case of GonaCon! the longer lasting

duration of antibodies has been accomplished by the

addition of aromatic amino acids to the structure,

which enhances immunogenicity but without inter-

fering with binding to pituitary receptors. Puzzling,

however, trials with free-ranging deer resulted in

significantly lower efficacy than those with captive

animals.

Alternatives to longer acting vaccines have exam-

ined delivery systems. As early as 1993, the idea was

put forward to engineer the genes for immunogenic

proteins into bacterial or viral vectors.93–95 Known

collectively as genetically modified organisms

(GMO), the theory was that a gene for an immuno-

genic molecule that causes fertility inhibition, such

as PZP, or GnRH, might be engineered in a non-

pathogenic virus, which could then be used to infect

the target species and express the gene. There are

multiple questions associated with this technology.

Can the vector persist for a long enough time to

express the immunogen? Could the vector express

the immunogen in sufficiently large quantities to eli-

cit adequate antibodies? Will the vector reach a suf-

ficiently large portion of the population to alter

density?96 Research followed that examined a num-

ber of possibilities. Cloned genes for PH-20, LDH-C4,

and ZP3, all of which encode for gamete proteins

were proposed for incorporation into GMO vec-

tors,97,98 but none ever reached the field test stage.

Significant issues of regulation were raised for a con-

traceptive method that, once released into the envi-

ronment, could never be called back.99 The issue of

mutation rates in viruses, and the potential for the

vector to infect non-target species, was also an issue.

For example, a vector that could successfully infect

and cause contraception in non-native foxes in Aus-

tralia would probably also bring about the same

result with domestic dogs. One study concluded that

the effort to assess risks of contraceptive GMOs

would be greater than the effort to develop the tech-

nology.99 These and many other concerns have led

to a cessation of this line of research for wildlife im-

munocontraceptives and have been summarized

elsewhere.100–102

One exception to this trend is a research effort in

New Zealand.103,104 Here, the vector is a nematode

parasite Parastrongyloides trichosuri and the target spe-

cies is the invasive brushtail possum (Trichosurus vul-

pecula). The parasite is species-specific and mutation

into some form that might infect other species is

unlikely. If a gene for a contraceptive protein can be

engineered into this parasite, and can be expressed

effectively, it may open the door to similar

approaches in other species. Of course, there is no

guarantee that this particular parasite could not find

its way to Australia and infect native possums.

One final approach to the problem of long-term

immunocontraception of wildlife remains. Oral

delivery of a contraceptive vaccine would overcome

the need for laborious delivery systems currently

necessary for sustained antibody titers in target ani-

mals.105 Currently, this approach is not a practical

reality, but the challenges have been clearly delin-

eated. First, either the contraceptive vaccine itself

has to be species-specific or the oral delivery system

must be species-specific. Approaches under consider-

ation include transgenic plants102 and bacterial

ghosts,106 both carrying genetic information for a

contraceptive immunogen. The research challenges

Table I Comparison of Zona Protein and Anti-GnRH Contraceptive

Vaccines

Parameter ZP Anti-GnRH

Efficacy 80–100%a 39–100%a

Male ) +

Female + +

Reversibility +b +c

Remote delivery + +

Safety in pregnant

animals

+ Species

Dependentd

Passage through food chain ) )
Target tissue specificity + )
Debilitating side effects ) ??e

Behavioral effects Minor Major

Available as a synthetic ) +

aValues are for horses and deer; beyond those, efficacy is variable

depending on the species.
bReversible through five consecutive years of treatment; not

reversible after 7 years of consecutive treatment.
cLong-term data not available.
dSpecies in which the corpus luteum of pregnancy is supported

by pituitary LH will abort if treated with an anti-GnRh agent.
eLong-term data not available.

GnRH, gonadotropin-releasing hormone; LH, Luteinizing hormone.
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are immense and the regulatory hurdles daunting,

and it is unlikely that this approach will bear fruit

for many years to come.

Conclusions

Immunocontraception for wildlife management has

become a reality since its first application in 1988.

Today, animals treated annually number in the thou-

sands, and controlled alterations in population size

are occurring in various settings at ever-increasing

frequency. The most widely used wildlife contracep-

tive is native porcine zona protein, largely because of

its ability to inhibit fertility in such a large breadth of

species, its tissue-specific action, and because of its

impressive safety record. Currently six different free-

ranging wildlife species are being managed by means

of PZP immunocontraception on 52 sites and 76 cap-

tive exotic species are being treated in 67 zoological

gardens around the world. Several GnRH vaccines

show promise, but widespread application will have

to wait for more extensive safety testing. Table I sum-

marizes and compares the major characteristics of

PZP and anti-GnRH vaccines. The extraordinary suc-

cess with actual field applications of wildlife immuno-

contraception over the past two decades has created a

new paradigm. Only 23 years ago, the primary ques-

tion was whether or not we could economically deli-

ver, safely treat, and effectively regulate wildlife

populations with vaccine-based contraception. Today,

the new question is how we can achieve this goal

easier, with less effort and cost and gain public

approval at all levels. The remaining challenges now

center on improving delivery systems, modifications

of the vaccine components to enhance the duration

of effectiveness, assuring comprehensive safety,

developing a sustainable funding base for research,

and achieving general acceptance.

Acknowledgments

The authors gratefully acknowledge the effort of Drs.

Bill L. Lasley, Allen T. Rutberg, and Wolfgang Joc-

hle, who reviewed the manuscript and offered help-

ful comments. We also offer special thanks to Dr.

Donal Skinner for providing numerous helpful refer-

ences.

References

1 Grimm D: A cure for euthanasia? Science 2009; 325:1490–1493.

2 Asa CA, Porton I (eds): Wildlife Contraception: Issues, Methods and

Applications. Baltimore, Johns Hopkins University Press, 2005.

3 Grieger DM, Scarborough R, deAvila DM, Johnson HE, Reeves JJ:

Active immunization of beef heifers against luteinizing hormone:

III. Evaluation of dose and longevity. J Anim Sci 1990; 68:3755–

3764.

4 Kirkpatrick JF, Turner JW: Chemical fertility control and wildlife

management. Bioscience 1985; 35:485–491.

5 Kirkpatrick JF, Turner JW: Reversible fertility control in

nondomestic animals. J Zoo Wildl Med 1991; 22:392–408.

6 Seal US: Fertility control as a tool for regulating captive and free-

ranging wildlife populations. J Zoo Wildl Med 1991; 22:1–5.

7 Hunter AG, Byers AP: Immunological intervention in reproduction:

potential for wildlife contraception. In Contraception in Wildlife,

PN Cohn, ED Plotka, US Seal (eds). Lewiston, NY, Edward Mellon

Press, 1996, pp 101–118.

8 Goodloe RB, Warren RJ, Sharp DC: Immunization of feral and

captive horses: a preliminary report. In Contraception in Wildlife,

PN Cohn, ED Plotka, US Seal (eds). Lewiston, NY, Edwin Mellon

Press, 1996, pp 229–242.

9 Liu IKM, Feldman M, Bernoco M: Contraception in mares

heteroimmunized with pig zonae pellucidae. J Reprod Fertil 1989;

85:19–29.

10 Turner JW, Liu IKM, Kirkpatrick JF: Remotely-delivered

immunocontraception of captive white-tailed deer. J Wildl Manage

1992; 56:154–157.

11 Turner JW, Kirkpatrick JF, Liu IKM: Effectiveness, reversibility

and serum antibody titers associated with immunocontraception

in captive white-tailed deer. J Wildl Manage 1996; 31:514–

522.

12 Miller LA, Johns BE, Killian GJ: Long-term effects of PZP

immunization on reproduction in white-tailed deer. Vaccine 2000;

18:568–574.

13 Kirkpatrick JF, Zimmermann W, Kolter L, Liu IKM, Turner JW:

Immunocontraception of captive exotic species. I. Przewalski’s

horse (Equus przewalskii) and banteng (Bos javanicus). Zoo Biol 1995;

14:403–413.

14 Kirkpatrick JF, Calle PP, Kalk P, Liu IKM, Bernoco M, Turner JW:

Immunocontraception of captive exotic species. II. Formosa deer

(Cervus taiouanus), axis deer (Cervus axis), Himalayan tahr

(Hemitragus jemlahicus), Roosevelt elk (Cervus elaphus roosevelti),

muntjac deer (Muntiacus reevesi) and sambar deer (Cervus unicolor).

J Zoo Wildl Med 1996; 27:482–495.

15 Kirkpatrick JF, Liu IKM, Turner JW: Remotely delivered

immunocontraception in feral horses. Wildl Soc Bull 1990; 18:326–

330.

16 Kirkpatrick JF, Liu IKM, Turner JW, Bernoco M: Antigen

recognition in mares previously immunized with porcine zona

pellucida. J Reprod Fertil 1991; 44:321–325.

17 McShea WJ, Monfort SL, Hakim S, Kirkpatrick JF, Liu IKM, Turner

JW, Chassy L, Munson L: Immunocontraceptive efficacy and the

impact of contraception on the reproductive behaviors of white-

tailed deer. J Wildl Manage 1997; 61:560–569.

18 Fayrer-Hosken RA, Grobler D, van Altena JJ, Kirkpatrick JF,

Bertschinger HJ: Immunocontraception of free-roaming African

elephants. Nature 2000; 407:149.

19 Delsink A, van Altena JJ, Grobler D, Bertschinger H, Kirkpatrick

JF, Slotow R: Regulation of a small, discrete African elephant

population through immunocontraception in the Makalali

Conservancy, Limpopo, South Africa. S Afr J Sci 2006; 102:403–

405.

CONTRACEPTIVE VACCINES FOR WILDLIFE

American Journal of Reproductive Immunology 66 (2011) 40–50

ª 2011 John Wiley & Sons A/S 47



20 Delsink A, van Altena JJ, Grobler D, Bertschinger H, Kirkpatrick

JF, Slotow R: Implementing immunocontraception in free-ranging

African elephants at Makalali Conservancy. J S Afr Vet Assoc 2007;

78:25–30.

21 Kirkpatrick JF, Turner A: Achieving population goals in a long-

lived wildlife species (Equus caballus) with contraception. Wildl Res

2008; 35:513–519.

22 Rutberg AT, Naugle R: Population-level effects of

immunocontraception in white-tailed deer (Odocoileus virginianus).

Wildl Res 2008; 35:494–501.

23 Shideler SE, Stoops MA, Gee NA, Howell JA: Use of porcine zona

pellucida (PZP) vaccine as a contraceptive agent in free-ranging elk

(Cervus elaphus nannodes). Reprod Suppl 2002; 60:169–176.

24 Barber MR, Fayrer-Hosken RA: Evaluation of somatic and

reproductive immunotoxic effects of the porcine zona pellucida

vaccination. J Exp Zool 2000; 286:641–646.

25 Palm VS, Sacco AG, Synder FN, Subramanian MG: Tissue specificity

of porcine zona pellucida antigen(s) tested by radioimmunoassay.

Biol Reprod 1979; 21:709–713.

26 Sacco AG, Shivers CA: Effects of reproductive tissue-specific

antisera on rabbit eggs. Biol Reprod 1973; 8:481–490.

27 Clark GF, Dell A: Molecular models for murine sperm-egg binding.

J Biol Chem 2006; 281:13853–13856.

28 Lasley BL, Kirkpatrick JF: Monitoring ovarian function in captive

and free-roaming wildlife by means of urinary and fecal steroids.

J Zoo Wildl Med 1991; 22:23–31.

29 Kirkpatrick JF, Liu IKM, Turner JW, Naugle R, Keiper R: Long-

term effects of porcine zonae pellucidae immunocontraception on

ovarian function of feral horses (Equus caballus). J Reprod Fertil

1992; 94:437–444.

30 Kirkpatrick JF, Naugle R, Liu IKM, Bernoco M, Turner JW: Effects

of seven consecutive years of porcine zona pellucida contraception

on ovarian function in feral mares. Bio Reprod 1995; Monograph

Series 1: Equine Reproduction VI: 411–418 [special issue].

31 Powell DM, Monfort SL: Assessment: effects of porcine zona

pellucida immunocontraception on estrous cyclicity in feral horses.

J Appl Anim Welf Sci 2001; 4:271–284.

32 Timmons T, Dunbar BS: Antigens of mammalian zona pellucida. In

Current Concepts in Immunoreproduction, S Mathur, CM Fredericks

(eds). New York, Hemisphere Publishing, 1988, pp 242–260.

33 Kirkpatrick JF, Turner A: Reversibility of action and safety during

pregnancy of immunizing against porcine zona pellucida in wild

mares (Equus caballus). Reprod Suppl 2002; 60:117–124.

34 Kirkpatrick JF, Turner A: Absence of effects from

immunocontraception on seasonal birth patterns and foal survival

among barrier island horses. J Appl Anim Welf Sci 2003; 6:301–308.

35 Turner A, Kirkpatrick JF: Effects of immunocontraception on

population, longevity and body condition in wild mares (Equus

caballus). Reprod Suppl 2002; 60:197–202.

36 Kirkpatrick JF, Turner A: Immunocontraception and increased

longevity in equids. Zoo Biol 2007; 25:237–244.

37 Powell DM: Preliminary evaluation of porcine zona pellucida (PZP)

immunocontraception for behavioral effects in feral horses (Equus

caballus). J Appl Anim Welf Sci 1999; 2:321–335.

38 Nunez CMV, Adelman JS, Mason C, Rubenstein D:

Immunocontraception decreases group fidelity in a feral horse

population during the non-breeding season. Appl Anim Behav Sci

2009; 117:74–83.

39 Ransom JI, Cade BS, Hobbs NT: Influences of

immunocontraception on time budgets, social behavior, and body

condition in feral horses. Appl Anim Behav Sci 2010; 124:51–60.

40 Lyda RO, Hall R, Kirkpatrick JF: A comparison of Freund’s

Complete and Freund’s Modified adjuvants used with a

contraceptive vaccine in wild horses. J Zoo Wildl Med 2005; 36:610–

616.

41 Roelle JE, Ransom JI: Injection-Site Reactions in Wild Horses

(Equus caballus) Receiving an Immunocontraceptive Vaccine.

Scientific Investigations Report 2009–5038, U. S. Department of the

Interior, U. S. Geological Survey, Fort Collins, CO, 2009. 1–15.

42 Kirkpatrick JF, Rowan A, Lamberski N, Wallace R, Frank K,

Lyda RO: The practical side of immunocontraqception: zona

proteins and wildlife. J Reprod Immunol 2009; 83:151–157.

43 Dowsett KF, Tshewang U, Knott LM, Jackson AE, Trigg TF:

Immunocontraception of colts and immunospaying of fillies.

Immunol Cell Biol 1993; 71:501–508.

44 Janett F, Stump R, Burger D, Thun R: Suppression of testicular

function and sexual behavior by vaccination against GnRH

(Equity!) in the adult stallion. Anim Reprod Sci 2009; 115:88–102.

45 Asa CA: Male reproductive success in free-ranging feral horses.

Behav Ecol Sociobiol 1999; 47:89–93.

46 Milner-Gulland EJ, Bukreevea OM, Coulson T, Lushchekina AA,

Kholodova MV, Bekenov AB, Grachev IA: Reproductive collapse in

saiga antelope harems. Nature 2003; 422:135.

47 Milner JM, Nilsen EB, Andreassen HP: Demographic side effects of

selective hunting in ungulates and carnivores. Conserv Biol 2007;

21:36–47.

48 Botha AE, Schulman ML, Bertschinger HJ, Guthrie AJ,

Annandale CH, Hughes SB: The use of a GnRH vaccine to suppress

mare ovarian activity in a large group of mares under field

conditions. Wildl Res 2008; 35:548–554.

49 Elhay M, Newbold A, Britton A, Turley P, Dowsett K, Walker J:

Suppression of behavioral and physiological oestrus in the mare by

vaccination against GnRH. Aust Vet J 2007; 85:39–45.

50 Killian G, Thain D, Diehl DK, Rhyan J, Miller L: Four-year

contraception rates of mares treated with single-injection porcine

zona pellucida and GnRH vaccines and intrauterine devices. Wildl

Res 2008; 35:531–539.

51 Boedeker NC, Murray S, de Avila DM, Brown JL: Effects of a

GnRH vaccine on the estrous cycle of an Asian elephant. Proc.

AAZV ⁄AAWV Joint Conference, Tulsa, OK, 2009; pp. 52–54.

52 Lopez DE, Maturana R, Martin B, Millar RP, Brown P, Davidson L,

Pawson AJ, Nicol MR, Mason JI, Barran P, Naor Z, Maudsley S:

GnRH mediated DAN production regulates the transcription of the

GnRH receptor in gonadotrope cells. Neuromolecular Med 2007;

9:230–248.

53 Bahk JY, Kim MO, Park MS, Lee HY, Lee JH, Chung B, Min SK:

Gonadotropin-releasing hormone (GnRH) and GnRH receptor in

bladder cancer epithelia and GnRH effect on bladder cancer cell

proliferation. Urol Int 2008; 80:431–438.

54 Skinner DC, Malpaux B, Dellaieu B, Caraty A: Luteinizing

hormone (LH)-releasing hormone in third ventricle cerebrospinal

fluid of the ewe: correlation with LH pulses and the LH surge.

Endocrinology 1995; 136:3234–3237.

55 Skinner DC, Albertson AJ, Navratil A, Smith A, Mignot M,

Talbott H, Scanlan-Blake N: Effects of gonadotropin-releasing

hormone outside the hypothalamic-pituitary axis. J Neuroendocrinol

2009; 21:282–292.

56 McCoy MJ: Myocardial infarction with the use of leuprolide

acetate. Am J Obstet Gynecol 1994; 171:275–276.

57 Schofield RS, Hill JA, McGinn GHL, Aranda JM: Hormone therapy

in men and the risks of cardiac allograft rejection. J Heart Lung

Transplant 2002; 21:493–495.

KIRKPATRICK ET AL.

American Journal of Reproductive Immunology 66 (2011) 40–50

48 ª 2011 John Wiley & Sons A/S



58 Thiele LA: A Field Study of Immunocontraception on a White-

Tailed Deer Population. MS. Thesis, College Park MD, University of

Maryland, 1999.

59 Walter WD, Pekins PJ, Rutberg AT, Kilpatrick HJ: Evaluation of

immunocontraception in a free-ranging suburban white-tailed deer

herd. Wildl Soc Bull 2002; 30:186–192.

60 Walter WD, Kilpatrick HJ, Gregonis MA: Does

immunocontraception improve body condition of free-ranging

deer? J Wildl Manage 2003; 67:762–766.

61 Sacco AG, Subramanian MG, Yurewicz EC, DeMayo FJ, Dukelow

WR: Heteroimmunization of squirrel monkeys (Saimiri sciureus)

with a purified porcine zonae antigen (PPZA): immune response

and biological activity of antiserum. Fertil Steril 1986; 39:350–358.

62 Lou Y, Tung KSK: T-cell peptide of a select protein elicits

autoantibody to the protein antigen: implications for specificity and

pathogenic role in autoimmunity. J Immunol 1993; 151:5790–5799.

63 Mahi-Brown CA, Yanagimachi R, Hoffman J, Huang TTF: Fertility

control in the bitch by active immunization with porcine zonae

zona pellucida; use of different adjuvants and patterns of estradiol

and progesterone levels. Biol Reprod 1985; 32:671–772.

64 Wood DM, Liu C, Dunbar BS: Effect of alloimmunization and

heteroimmunization with zonae pellucidae on fertility in rabbits.

Biol Reprod 1981; 25:439–450.

65 Stoops MA, Liu IKM, Shideler SE, Lasley BL, Fayrer-Hosken RA,

Benirschke K, Murata K, Van Leeuwen EMG, Anderson GB: Effect

of porcine zona pellucida immunization on ovarian follicular

development and endocrine function in domestic ewes (Ovis aires).

Reprod Fertil Dev 2006; 18:667–676.

66 Curtis PD, Richmond ME, Miller LA, Quimbly FW: Pathophysiology

in white-tailed deer vaccinated with porcine zona pellucida

immunocontraceptive vaccine. Vaccine 2007; 25:4623–4630.

67 Miller LA, Crane K, Gaddis S, Killian GJ: Porcine zona pellucida

contraception: long term health effects on white-tailed deer. J Wildl

Manage 2001; 65:941–945.

68 Naugle RE, Rutberg AT, Underwood HB, Turner JW, Liu IKM:

Field testing of immunocontraception on white-tailed deer

(Odocoileus virginianus) on Fire Island National Seashore, New York,

USA. Reprod Suppl 2002; 60:143–153.

69 Garrott RA, Cook JC, Bernoco M, Kirkpatrick JF, Caldwell LL,

Cherry S, Tiller B: Antibody response of elk immunized with

porcine zona pellucida. J Wildl Dis 1998; 34:539–546.

70 Deigert FA, Duncan A, Lyda RO, Frank K, Kirkpatrick JF:

Immunocontraception of captive exotic species. III. Fallow deer

(Cervus dama). Zoo Biol 2003; 22:261–268.

71 Ballou JD, Traylor-Holzer K, Turner A, Malo A, Powell D,

Maldonado J, Eggert L: Simulation model for contraceptive

management of the Assateague Island feral horse population using

individual-based data. Wildl Res 2008; 35:502–512.

72 Frank KM, Lyda RO, Kirkpatrick JF: Immunocontraception of

captive exotic species. IV. Species differences in response to the

porcine zona pellucida vaccine and the timing of booster

inoculations. Zoo Biol 2005; 24:349–358.

73 Gray ME, Thain DS, Cameron EZ, Miller LA: Multi-year fertility

reduction in free-roaming feral horses with single-injection

immunocontraceptive formulations. Wildl Res 2010; 37:475–481.

74 Fraker MA, Brown RG, Gaunt GE, Kerr JA, Pohajdak B: Long-

lasting, single dose immunocontraception in fallow deer in British

Columbia. J Wildl Manage 2002; 66:1141–1147.

75 Skinner SM, Killian GJ, Miller LA, Dunbar BS: Characterization of

antigenicity and immunogenicity patterns of native and

recombinant zona proteins in the white-tailed deer (Odocoileus

virginianus). J Reprod Fertil 1994; 101:295–303.

76 Miller LA, Killian GJ: In search of the active PZP epitope in white-

tailed deer immunocontraception. Vaccine 2002; 20:2735–2742.

77 Gorman SP, Levy JK, Hampton AL, Collante WR, Harris A, Brown

RG: Evaluation of a zona pellucida vaccine for the

immunocontraception of domestic kittens (Felis catus).

Theriogenology 2002; 58:135–149.

78 Jewgenow K, Rohleder M, Wegner I: Differences between antigenic

determinants of pig and cat zona pellucida proteins. J Reprod Fertil

2000; 119:15–23.

79 Lane VM, Liu IKM, Casey K, Van Leeuwen EMG, Flanagan DR,

Murata K, Munro C: Inoculation of female American black bears

(Ursus americanus) with partially purified porcine zona pellucida

limits cub production. Reprod Fertil Dev 2007; 19:617–625.

80 Brown RG, Bowen WD, Eddington JD, Kimmins WC, Mezei M,

Parsons JL, Pohajdak B: Evidence for a long-lasting single

administration vaccine in wild grey seals. J Reprod Immunol 1997;

35:43–51.

81 Tuner JW, Liu IKM, Flanagan DR, Rutberg AT, Kirkpatrick JF:

Immunocontraception in feral horses a single-inoculation vaccine

provides one year of infertility. J Wildl Manage 2001; 65:235–2241.

82 Turner JW, Liu IKM, Flanagan DR, Bynum KS, Rutberg AT:

Porcine zona pellucida (PZP) immunocontraception of wild horses

(Equus caballus) in Nevada: a ten-year study. Reprod Suppl 2002;

60:177–186.

83 Turner JW, Rutberg AT, Naugle RE, Manpreet AK, Flanagan DR,

Bertschinger HJ, Liu IKM: Controlled release components of PZP

contraceptive vaccine extend duration of infertility. Wildl Res 2008;

35:555–652.

84 Liu IKM, Turner JW, Van Leeuwen EM, Flanagan DR, Hedrick JL,

Murata L, Lane VM, Morales-Levy MP: Persistence of anti-zona

pellucida antibodies following a single inoculation of porcine

zona pellucida in the domestic equine. Reproduction 2005; 129:

181–190.

85 Locke SL, Cook MW, Harveson LA, Davis DS, Lopez PR, Silvy NJ,

Fraker MA: Effectiveness of SpayVac for reducing white-tailed deer

fertility. J Wildl Dis 2007; 43:726–730.

86 Miller LA, Fagerstone KA, Wagner DC, Killian GJ: Factors

contributing to the success of a single shot, multiyear PZP

immunocontraceptive vaccine for white-tailed deer. Hum-Wildl Confl

2009; 3:103–115.

87 Gionfriddo JP, Eisenmann JD, Sullivan KJ, Healey RS, Miller LA,

Fagerstone KA, Engman RM, Yoder CA: Field test of a single

injection gonadotropin-releasing hormone immunocontraceptive

vaccine in female white-tailed deer. Wildl Res 2009; 36:177–184.

88 Miller LA, Johns BE, Killian GJ: Immunocontraception of white-

tailed deer with GnRH vaccine. Am J Reprod Immunol 2000; 44:266–

274.

89 Miller LA, Fagerstone KA, Rhyan J, Killian GJ: The single shot

GnRH immunocontraceptive vaccine (GonaCon!) in white-tailed

deer: comparison of several GnRH preparations. Am J Reprod

Immunol 2007; 60:214–223.

90 Miller LA, Gionfriddo JP, Rhyan JC, Fagerstone KA, Wagner DC,

Killian GJ: GnRH immunization of male and female white-tailed

deer fawns. Hum-Wildl Confl 2008; 2:93–101.

91 Killian GJ, Kreeger TJ, Rhyan J, Fagerstone K, Miller LA:

Observations on the use of GonaCon! in captive female elk (Cervus

elaphus). J Wildl Dis 2009; 45:184–188.

CONTRACEPTIVE VACCINES FOR WILDLIFE

American Journal of Reproductive Immunology 66 (2011) 40–50

ª 2011 John Wiley & Sons A/S 49



92 Killian GJ, Miller LA, Rhyan J, Doten H: Immunocontraception of

Florida feral swine with a single dose GnRH vaccine. Am J Reprod

Immunol 2006; 55:378–384.

93 Tyndale-Biscoe CH: Virus-vectored immunocontraception of feral

mammals. In Immunological Control of Fertility: From Gamete to

Gonads, HV Thompson, CM King (eds). Reprod Fertil Dev 1994; 6:

281–287.

94 Tyndale-Biscoe CH: Vermin and viruses. Risks and benefits of viral

vectored immunosterilization. Search 1995; 26,:239–244.

95 Tyndale-Biscoe CH: Immunosterilization for wild rabbits: the

options. In Contraception in Wildlife Management. 1997;

Washington, DC, USDA ⁄APHIS, Technical Bulletin No. 1853, pp.

223–234.

96 Barlow ND, Kean JM, Briggs C: Modelling the relative efficacy of

culling and sterilization for controlling populations. Wildl Res 1997;

24:129–141.

97 Bradley MP, Hinds LA, Bird PH: A bait-delivered

immunocontraceptive vaccine for the European fox (Vulp[es vulpes)

by the year 2002? Reprod Fertil Dev 2007; 9:11–116.

98 Holland MK, Andrews J, Clarke H, Walton C, Hinds LA: Selection

of antigens for use in a virus-vectored immunocontraceptive

vaccine: PH-20 as a case study. Reprod Fertil Dev 1997; 9:117–124.

99 Williams CK: Risk assessment for release of genetically-modified

organisms: a virus to reduce the fertility of introduced wild mice,

Mus domesticus. Reprod Suppl 2002; 60:81–88.

100 McLeod SRG, Saunders G, Twigg LE, Arthur AD, Ramsay D,

Hinds LA: Prospects for the future: is there a role for virally

vectored immunocontraception in vertebrate pest control. Wildl Res

2007; 34:555–566.

101 Redwood AJ, Smith LM, Lloyd ML, Hinds LA, Hardy CM,

Shellam GR: Prospects for virally vectored immunocontraception in

the control of wild house mice (Mus domesticus). Wildl Res 2007;

34:530–539.

102 Van Leeuwen BH, Kerr PJ: Prospects for fertility control in

the European rabbit (Oryctalagus cuniculus) using myxoma

virus-vectored immunocontraception. Wildl Res 2007; 34:511–

522.

103 Cowan PE, Grant WN, Ralston M: Assessing the suitability of the

parasitic nematode Parastrongyloides trichosuri as a vector for

transmissible fertility control of brushtail possums in New Zealand –

ecological and regulatory considerations. Wildl Res 2008; 35:573–

577.

104 Cowan PE, Walmsley A, Kirk D, Lee SM, Young P: Plant-derived

vaccines for possum fertility control. In Advances in the Biological

Control of Possums, G Sutherland (ed) The Royal Society of New

Zealand Miscellaneous Series 1999; 56:24–27.

105 Humphreys S, Lapidge SJ: Delivering and registering species-

tailored oral antifertility products: a review. Wildl Res 2008; 35:578–

585.

106 Jalava WW, Hensel A, Szostak M, Resch S, Lubitz W: Bacterial

ghosts as vaccine candidates for veterinary applications. J Control

Release 2002; 85:17–25.

Corresponding Author

Jay F. Kirkpatrick, The Science and Conservation Center, ZooMontana,

2100 South Shiloh Road, Billings, MT 59106, USA.

KIRKPATRICK ET AL.

American Journal of Reproductive Immunology 66 (2011) 40–50

50 ª 2011 John Wiley & Sons A/S


