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Letter of Transmittal

Recognizing that immunocontraception offers wildlife managers a new
methodology for controlling the reproduction of certain wild animals of
national and even worldwide significance, the Denver Wildlife Research
Center—a unit of the U.S. Department of Agriculture, Animal and Plant
Health Inspection Service’s (APHIS) Animal Damage Control program—
invited renowned specialists to address the scientific community at a
symposium on this subject in October 1993. Speakers at that meeting
assembled scientific articles on related topics for inclusion in this state-of-
the-art compendium, revising content and bibliographic source material
to cover information made available since the meeting.

APHIS is proud to produce this book because it demonstrates our
commitment to research on nonlethal methods of suppressing wildlife
damage to agricultural and human resources. Funding constraints
necessarily limit how many books we can print. However, a limited
number of individual copies are available from the library at the National
Wildlife Research Center (NWRC), 1201 Oakridge Drive, Fort Collins, CO
80525, U.S.A. The U.S. Government Printing Office will make a single
copy of this text available to the main library at all of the land-grant
colleges and universities in the United States. Softbound copies and a
microfiche version of the book will be available for purchase in perpetuity
from the U.S. Department of Commerce’s National Technical Information
Service (NTIS), 5285 Port Royal Road, Springfield, VA 22161, U.S.A.
Please write directly to NTIS for current pricing and ordering information.

For more details about ongoing investigations at the Denver Wildlife
Research Center or information about the transfer of its research
functions to the new APHIS NWRC in Fort Collins, you may contact the
Director’s Office at the NWRC address given above.
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Contraception in Domestic and Wild Animal
Populations Using Zona Pellucida Immunogens

Bonnie S. Dunbar

Introduction

The human population presently exceeds 6 billion and
is continuing to expand at a startling rate. This
population increase has resulted in the depletion of
Earth’s resources, which are essential for human
survival. An unfortunate consequence of this expan-
sion has been the destruction of wildlife habitats. As
these habitats have diminished, numerous problems
have arisen, including conflicts between wildlife and
human populations. The threat of extinction of many
plant and animal species has already become a
reality; other wildlife populations have increased due
to reductions in predator populations. While the
increase in the human population must ultimately be
checked, there is a need for effective and humane
methods to regulate certain animal populations as
well. Another factor relevant to animal overpopulation
is regional distribution. Widespread overpopulation of
such animals as white-tailed deer in North America
and rabbits in Australia has caused environmental as
well as health problems for humans. In Asia and
Africa, the populations of some wildlife species, such
as elephants, have been dramatically reduced. Often
these animals have frequently been relegated to small
areas of land that do not have sufficient resources to
sustain them. There is a vicinal distribution of elephants
in Asia and Africa whose localized high populations
threaten the destruction of their own restricted habitats.

The rising domestic pet population also contin-
ues to be a problem, as more than 27 million dogs and
cats are impounded annually in the United States, with
more than 17 million of them being euthanized (Carter
1990). The extent of domestic pet overpopulation
poses ethical as well as health-related dilemmas
(Flowers 1979, Carter 1990). Countless dollars are
spent each year to house and dispose of impounded
animals and to combat diseases transmitted by the
fleas and ticks that use the dogs and cats as hosts.

As these problems continue to intensify, it is apparent
that a serious need exists for effective and inexpen-
sive methods of population control.

Conventional Methods of Animal
Population Control

Despite the need for effective animal population
control, few methods are available which are practical
or cost effective for large-scale administration. The
major methods of current methods are summarized
below.

Surgical Sterilization

Of the surgical sterilization methods recommended for
dogs and cats, the surgical removal of the uterus and
cervix (where possible) as well as the ovary (ovario-
hysterectomy) has several advantages over partial
removal of reproductive organs.

While neutering of male animals by castration is
also common, this procedure may not ultimately have
a dramatic impact on population reduction in many
animal populations where one virile male can mate
with numerous females. It is also apparent that
surgical procedures are not practical for large-scale
sterilization of major populations of mammalian
wildlife.

Endocrine Regulation of Fertility

Numerous steroid treatments have been tested for
their ability to regulate fertility in animals, including
treatment with progestogens or androgens. In female
dogs, these hormones have been shown to suppress
normal ovarian cyclicity. Many of the treatment
regimens that include progestins have been found to
promote the development of cystic endometrial
hyperplasia and subsequent uterine infection, mam-
mary development, and posttherapy lactation, while
androgens may induce external masculinization.
Alternatively, endocrine administration for the inhibition
of implantation is possible. Because these methods
have adverse effects in some animal species and
because they are expensive and require regular
administration, these methods are not generally
considered to be practical for regulation of large
populations of wildlife; for these reasons, they will not
be dealt with in more detail.
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Contraceptive Vaccines for Animal
Fertility Regulation

The theory that immunization could be used as a
method of contraception has led to numerous investi-
gations into the development of safe and effective
contraceptive vaccines. These vaccines have pro-
posed the use of a variety of antigens as targets that
would be specific for hormones, gametes, or other
reproductive tissues. These vaccines use a variety of
antigens as targets which would be specific for
hormones, gametes, or other reproductive tissues
(see reviews by Alexander et al. [1990] and Dunbar
and O’Rand [1992]). This brief overview is not intended
to provide a detailed outline of all research in this
area.

The development of contraceptive vaccines is
distinct from that of vaccines to control infectious
diseases. Therefore, many of the approaches used in
this area are unique. First, the contraceptive vaccines
will be administered to normal, healthy individuals and
not to infected or ailing individuals. Second, most
traditional vaccines are directed against foreign
organisms such as viruses or bacteria; contraceptive
vaccines must elicit an immune response against
“self” molecules that would not normally be recognized
as foreign. This means that the “self” molecule to be
used in the vaccine must be presented to the body in
a “foreign” or “nonself” form in order for the immune
system to respond effectively. These unique features
have provided a significant challenge to investigators
in the field as described in more detail below.

A second major factor relating to the develop-
ment of contraceptive vaccines is that the immune
system interacts with the male gonads in a different
way than it does with the female system. It is well
established that there is a blood—testis barrier in the
male that partially protects the developing sperm in
the testis from the immune system. The developing
spermatozoa are formed at a stage long after the
immune system has developed the capability to
distinguish self from nonself antigens. Because
ovaries initiate oocytes before birth in the human and
many other animal species, the same immunological
barriers are not developed. These fundamental

differences have required that vaccines targeted
toward the male be developed in a different manner
than those for the female.

Although the ideal vaccine has yet to be formu-
lated, research has provided a great deal of informa-
tion relating to the fundamental mechanisms of
hormone action, gamete interaction, fertilization, and
implantation. These detailed studies have been
important not only in laying the foundation for future
development of contraceptive methods but also in
developing a better understanding of reproductive
systems of many mammalian species.

While the development of a contraceptive
vaccine for humans has the criteria that it must be
safe, effective, and potentially reversible, the criteria
for wildlife management are different. In some animal
populations, it is desired (if not required) that animals
be permanently sterilized. In other populations, such
as some captive animals in zoo or farms, it is desir-
able that the vaccine be reversible. This is an essen-
tial requirement where it is important not to deplete a
potential gene pool even though there is temporary
abundance of a species or where there is a temporary
lack of space for housing animals. It is likely, there-
fore, that several strategies will be necessary to
develop optimal vaccines for different animal species.

Hormone-Based Contraceptive
Vaccines

To date, many of the more applied studies have been
carried out using peptide hormones as immunogens.
These include the peptide hormones, human chorionic
gonadotrophin (hCG), luteinizing hormone (LH), follicle-
stimulating hormone (FSH), and the gonadotropin-
releasing hormones (see review by Stevens [1988]
and articles by Thau et al. [1987] and Mougdal
[1990]). Of these potential vaccines, the most exten-
sive studies conducted to date have been on the hCG
(see reviews by Gupta and Koothan [1990] and Giriffin
[1991a,b]). The hCG vaccine, which is most ad-
vanced in clinical studies for human contraception, is
limited to efficacy in primates and is not applicable to
the majority of wildlife species. Because it interrupts



pregnancy rather than preventing it, this vaccine may
not be a universally accepted alternative to contracep-
tion. Although some of these vaccines have promise
for human contraception, their modes of action make
them less likely to be effective for large-scale animal
populations.

Gamete-Based Contraceptive
Vaccines

Sperm Antigens

The onset of spermatogenesis and the appearance of
mature sperm in the male reproductive tract occur
during puberty at a time well beyond the establishment
of immunological competence and tolerance to
autoantigens (see review by Simon and Alexander
[1988]). The further development of the male gamete
occurs elsewhere in that it must mature in the epididy-
mis (Dacheux et al. 1990, Cameo et al. 1990) and
pass through the male reproductive tract, during which
time the sperm surface antigens are modified (Isojima
and Koyama 1988). Finally, the sperm are further
modified in the female reproductive tract, where sperm
capacitation occurs (Yanagimachi 1989, Bedford
1991). ltis therefore possible to interfere with sperm
function at several points in the reproductive process.

Because antibodies are produced against
spermatozoa, Rosenfeld (1926) suggested that
women repeatedly injected with human semen would
become infertile. Since these early investigations,
numerous studies by many laboratories have concen-
trated on identifying sperm antigens that would be
(1) specific for sperm and not cross-react with any
other cell types so they would not elicit antibodies with
deleterious side effects on other tissues, and (2) present
on the sperm surface or involved in the fertilization
process so that antibodies would be able to inhibit
fertility. These studies have been reviewed in detail
elsewhere (O’Rand and Fisher 1988, Simon and
Alexander 1988). Again, although these vaccines hold
great promise for human vaccine development, they
may not be practical for large-scale animal populations
unless temporary infertility is desired and continuous
and long-term antibodies can be sustained.

Contraception in Domestic and Wild Animal
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Oocyte and Zona Pellucida (ZP)
Antigens

Studies on the identification of oocyte-specific anti-
gens have been less numerous than those of sperm
antigens for the simple reason that large numbers of
mammalian eggs are not readily available to carry out
many of the biochemical studies necessary for such
research. The development of procedures to isolate
large numbers of oocytes with their surrounding egg
coat, the zona pellucida (ZP), has made it possible to
study the study the glycoprotein antigens of the ZP in
great detail (see review by Timmons and Dunbar
[1988]).

The antigens of the ZP have long been consid-
ered to be an attractive target for immunological
contraceptive or sterilization vaccines for several
reasons. For human contraceptive vaccines, antibodies
directed against the ZP antigens expressed at later
stages of oocyte development should inhibit fertiliza-
tion (i.e., this would be a nonabortive method). Alter-
natively, if antibodies are directed against ZP antigens
expressed early in oocyte growth and follicular devel-
opment, permanent sterilization may result because all
oocytes are ultimately destroyed and no steroids will
be produced. This latter method would be preferable
for use in animal sterilization.

Because there are a limited number of glycopro-
teins associated with the ZP, the major proteins of
several species have been studied in great detail. To
date, three major glycoproteins have been identified in
most species (see review by Timmons and Dunbar
[1988]). Many studies have demonstrated that both
the immunogenicity and antigenicity of the ZP glyco-
proteins is extremely complex (see discussion below
on general aspects of immunogenicity and antigenicity).
Antibodies can be identified which recognize amino
acid and carbohydrate epitopes as well as conforma-
tional or structural epitopes of the ZP (Maresh and
Dunbar 1987). Further, it is not possible to predict the
immune response of a given animal when immunized
with ZP antigens of a different species. Because
isoimmunization with the ZP glycoproteins of the same
species does not elicit a significant response, it has
become apparent that immunogenicity of ZP is primarily
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due to the foreign epitopes associated with the ZP of
different species. These observations have further
been demonstrated by the necessity to conjugate the
A mouse peptide to the foreign molecule, keyhole
limpet hemocyanin, to elicit an immune response. The
distinct species differences in the antigens of ZP of
different mammalian species and the need to define
antigenic epitopes which will elicit antibodies that
prevent fertilization but do not alter ovarian function
foster the necessity to dissect the antigenic domains
of the ZP glycoproteins.

Studies have also demonstrated that immuniza-
tion with some ZP antigens can elicit an immune
response which interferes with development of ovarian
follicles (Skinner et al. 1984, Dunbar et al. 1989, Rhim
et al. 1992, and Lee and Dunbar 1992). These effects
vary among different mammals and may mimic such
clinical conditions as premature ovarian failure, and
polycystic ovarian disease. In the development of
animal sterilization vaccines, it is preferable to eliminate
growing oocytes along with the hormone-secreting
granulosa and theca cells, which are responsible for
estrous behavior. These side effects are not accept-
able for the development of a human contraceptive
vaccine.

In view of these observations and the need to
develop different vaccines which may cause tempo-
rary or permanent infertility, it has been necessary to
study the formation and development of the ZP during
ovarian follicular development. These studies have
demonstrated that the ZP proteins are produced in
follicle stage-specific sequence (Wolgemuth et al.
1984, Lee and Dunbar 1992) and that the distinct ZP
antigens are synthesized and secreted at different
stages of development. [t should therefore be pos-
sible to identify distinct antigenic epitopes that are
associated with the ZP matrix following the differentia-
tion of the steroid-producing granulosa cells.

Molecular biology techniques have allowed for
the further study of ZP proteins’ antigenic domains.
Initial studies of molecular cloning and characteriza-
tion of complimentary deoxyribonucleic acids (cDNA's)
encoding the ZP glycoproteins of mouse and rabbit
have been described (Ringuette et al. 1986, Liang et
al. 1990, and Schwoebel et al. 1991). These studies
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have demonstrated the rabbit ZP 55 Kd antigen has a
distinct amino acid sequence (Schwoebel et al. 1991)
from the two sequences of mouse ZP proteins
(Ringuette et al. 1986, Liang et al. 1990). Further-
more, the 55 Kd protein does not appear to be present
in the mouse genome. A rabbit 75 Kd ZP protein has
demonstrated significant similarity (70 percent) with
the amino acid sequence of the mouse ZP2 protein,
and cDNA isolated against the 55 Kd rabbit ZP protein
has demonstrated that the pig has a homologue of this
rabbit protein.

The complete amino acid sequences of ZP
proteins for several species will ultimately be needed
to determine their species similarities and determine
vaccine efficacy. Results of these studies could
explain why immunization of mice or rats with the ZP
of pig ZP antigens does not cause infertility (Drell et al.
1984, Sacco et al. 1981), while immunization of other
mammalian species including nonhuman primates
with pig ZP proteins effectively reduces fertility (Drell
et al. 1984, Skinner et al. 1984 and 1989, Dunbar et
al. 1989).

Recently, studies have been carried out using
the expression of ZP proteins produced using recom-
binant DNA techniques to begin to define specific
epitopes that may be effectively used to develop a
contraceptive vaccine. This vaccine would inhibit
fertilization but not affect the early stages of ovarian
follicular development (Schwoebel et al. 1991). These
studies are the first to demonstrate that ZP proteins
produced using bacterially expressed recombinant
DNA techniques can elicit in monkeys antibodies that
recognize the native ZP antigen. Furthermore,
cynomolgus monkeys immunized with 55 Kd rabbit ZP
protein show no alteration of ovarian follicular devel-
opment, but antibodies to this protein inhibit monkey
sperm from binding to monkey ZP. This is in contrast
to monkeys immunized with a portion of the rabbit
75 Kd rabbit ZP protein, which does alter ovarian
follicular development. Thus, antigenic domains of ZP
proteins can also be dissected to define which ZP
proteins will elicit specific antibodies that either
(1) inhibit sperm binding to the ZP without affecting
ovarian follicular development or (2) reduce the
number of ovarian follicles and ovulations.



It is apparent that many studies need to be
carried out to define specific ZP antigens which can
effectively produce an immune response that results in
reversible infertility or permanent sterilization. The
advances in researchers’ understanding of the devel-
opment of the ovary, as well as the advances in
molecular cloning techniques should allow investiga-
tors to identity specific antigens rapidly.

Trophoblast Antigens

The principal precursor of the fetal placenta is the
trophoblast, which is composed of a group of cells that
surround the developing embryo at the blastocyst
stage. Research to identify and characterize specific
trophoblast antigens has been important because they
have provided the basis for studying reproductive
failure. The research into the structure and function of
these antigens is important in studies on the maternal—
fetal interactions that can be used to devise strategies
for improving reproductive success (see review by
Faulk and Hunt [1990]). Although the antigens of the
trophoblast could be used as targets for immuno-
contraception, the probability that many of antibodies
directed against these antigens would result in abor-
tive mechanism has made the development of this
type of vaccine more controversial.

Major Goals and Hurdles in
Contraceptive Vaccine
Development

Large-Scale Production of Vaccinogens

To date, development of protein-based contraceptive
vaccines, particularly those using gamete antigens,
has been hampered by the inability to purify sufficient
quantities of protein. However, rapid advances in
recombinant DNA technology and genetic engineering
have now made it possible to generate sufficient
quantities of any target protein antigen (see review by
Chin [1990]). The development of vectors designed
for vaccine delivery systems using virus expression
systems to express large proteins—such as the
vaccinia virus that has been devised for rabies vacci-
nation of wild animals—may also prove useful.

Contraception in Domestic and Wild Animal
Populations Using Zona Pellucida Immunogens

Optimizing Immune Enhancement for
Development of Contraceptive Vaccines

The successful development of contraceptive vaccines,
like other vaccines, will ultimately depend on the
production of an immune response which is sufficient
to elicit antibodies which will neutralize either the
hormone or specific gamete antigens (see review by
Woodrow and Levine [1990]). It is therefore neces-
sary to understand the potential problems in generat-
ing a desired immune response using such vaccines.
In general, antigens contain multiple regions (anti-
genic determinants) that are capable of being recog-
nized by an antibody. These antigenic determinants
may be associated with almost any molecular structure
and may be associated with the peptide backbone of a
protein or a carbohydrate of structure conformation.
Immunogens have been defined as those chemical
substances that are capable of inducing a specific
immune response (see general discussions by
Benaceraf and Unanue [1979] and Berzofsky and
Berkower [1989]). Many molecules that are antigenic
are not always immunogenic. In general, immuno-
genicity can often be achieved by covalently attaching
defined molecules to a larger molecule called a
carrier. Although many such studies have been
carried out to study the immune response experimen-
tally, fewer studies have been carried out to define
specific molecules that can be effectively used in
vaccines.

Another critical factor in the development of
vaccines has been the identification of molecules that
enhance the immune response. The use of adjuvants,
which are agents that potentiate the immune response,
has therefore become common. The term “adjuvant”
has been defined as an agent that augments a spe-
cific immune response to antigens (Allison and Byars
1990). The adjuvant most commonly used is Freund’s
complete adjuvant, which contains a bacteria suspen-
sion in an oil vehicle. When it is inoculated with other
specific antigens, this adjuvant induces a heightened
immune response. Although Freund’s is useful as an
enhancing agent, it may also cause a variety of
adverse reactions and is therefore not generally
acceptable for use in clinical trials.
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Recent studies using highly purified antigens
alone have demonstrated the need for adequate
adjuvants that can be used to enhance the immuno-
genicity molecules that are to be used in vaccines. In
response, a variety of adjuvants have been introduced
(see reviews by Allison and Byars [1990], Anderson
and Capetola [1990], and Alam et al. [1991]), but their
efficacy has yet to be proven in extensive clinical
trials. It is apparent that, until such immune enhance-
ment agents are readily available, many of the immuno-
gens targeted for contraceptive vaccines cannot
effectively be evaluated. The advances being made in
other areas of vaccine development will therefore be
critical for the future development of effective contra-
ceptive vaccines.

Strategy for Development of
Contraceptive Vaccines for
Wildlife Populations

Based on observations that all nonrodent mammalian
species tested to date have multiple ZP proteins which
share antigenic determinants with other mammalian
species, it is likely that the ZP proteins of elephant ZP
will also contain similar antigenic determinants. It is
possible to identify such antigens using as few as
20-30 zonae pellucidae using immunoblot analysis of
ZP glycoproteins separated by one- and two-dimensional
polyacrylamide gel electrophoresis. In this manner, it
is possible to rapidly identify candidate ZP antigens.
These procedures have been successful for identifica-
tion of horse and deer antigens. Specific polyclonal
as well as monoclonal antibodies are now available to
ZP proteins of numerous mammalian species, and
analyses can easily be used to define specific ZP
antigens of the zonae pellucidae of different wildlife
species. Furthermore, it has been possible to use
cDNA'’s from the rabbit (Schwoebel et al. 1991) to
isolate a cDNA from the pig’s zonae pellucidae and to
use mice ZP cDNA’s to isolate human cDNA’s
(Chamberlain and Dean 1990, Liang and Dean 1993).

Despite the availability of cDNA sequences for
ZP proteins of numerous species, it will ultimately be
necessary to express sufficient quantities of proteins

to use in fertility studies in target animal species.
Initially, it will be essential to determine if immunization
of individual species with ZP proteins will elicit a
humoral immune response resulting in the production
of antibodies to self ZP antigens. Secondly, it will be
important to establish the stage of ovarian develop-
ment during which the zonae pellucidae are formed,
as well as the time of transition of oocyte recruitment
from meiotic prophase to the time of ovulation. This
timeframe is estimated to be 2 weeks in mice and up
to 6 months in humans (Gougeon 1982). Because the
time of exposure of oocytes in the developing follicle
to antibodies is critical, it is important to understand
the basic development of the ovary in each mammalian
species for which contraceptive vaccines are being
evaluated. The stage-specific expression of ZP
proteins during ovarian development can easily be
carried out using established immunocytochemistry
methods or in situ hybridization methods. Once these
studies are carried out for a target species, it should
be possible to rapidly evaluate the potential for
efficacy, safety, and reversibility of immunocontraception
using these procedures. In some instances, small
numbers of animals (e.g., elephants and some zoo
animals) will need to be vaccinated for contraception
or sterilization as compared to other large animal or
human populations. It may be necessary, however, to
identify the “species-specific” ZP antigenic domains for
different target animals. Although this identification
could pose a significant challenge, such species-
specific vaccines will be essential if large-scale oral
vaccine delivery systems are to be utilized.

Considerations for the
Development of Vaccines for
Wildlife Management

In order to design an effective contraceptive or steril-
ization vaccine for any wildlife species, it is necessary
to take into consideration the long-term effects on the
animal populations. For example, it may be desirable
to develop methods for large-scale sterilization in
animal species that are clearly not in danger of
becoming extinct but whose population has become
so excessive that starvation or other problems arise.



If extinction or reduction of the gene pool is, in fact, a
consideration in an animal species, it will be important
to consider contraception rather than sterilization.
Because the zonae pellucidae are composed of
distinct antigens that occur at different stages in
oocyte growth and ovarian follicular development, they
provide target antigens that can be developed to
cause permanent sterilization instead of temporary
contraception. However, the dissection of these
antigenic domains can be carried out only by using
advanced techniques such as recombinant DNA or
peptide chemistry.

The efficacy of these methods is dependent
upon the development of the ovary and the nature of
the ovarian cycle, and it is important to develop a
better understanding of the reproductive cycles of the
females of any animal.

Summary

Development of most of the contraceptive vaccines,
particularly those using gamete antigens, has been
hampered by the inability to purify sufficient quantities
of protein for development and use. The rapid ad-
vances in recombinant DNA technology and genetic
engineering have now made it possible to generate
sufficient quantities of any target protein antigen that
has been identified. The use of these techniques for
development of vaccines will ultimately depend on the
production of an immune response sufficient to elicit
antibodies that will neutralize either the hormones or
the specific gamete antigens. This aspect of vaccine
development is greatly dependent upon the production
of more effective and safe adjuvant.

Although the “ideal” vaccine has yet to be
formulated, research in this area has provided a great
deal of information relating to the fundamental mecha-
nisms of hormone action, gamete interaction, fertiliza-
tion, and implantation. These detailed studies have
been important not only in laying the foundation for the
future development of contraceptive and sterilization
methods but also in developing a better understanding
of reproductive systems that may in turn shed light on
reproductive dysfunction, disease, and infertility.

Contraception in Domestic and Wild Animal
Populations Using Zona Pellucida Immunogens
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Gonadotropin-Releasing Hormone (GnRH) Analogs
or Active Immunization Against GnRH To Control

Fertility in Wildlife

Susan E. Becker and Larry S. Katz

Abstract: The administration of analogs, both agonists and
antagonists, of GnRH and immunization against GnRH have
been investigated for their ability to control reproductive
function in domestic species. These methods can be used
to inhibit the secretion of gonadotropins, the necessary
stimulants for steroidogenesis and gametogenesis, thereby
potentially preventing ovulation and inhibiting spermato-
genesis. Induction of infertility in this manner could be used

Introduction

Because hunting and natural mortality cannot control
wildlife populations everywhere, there is increasing
demand for the development of nonlethal methods for
population control of both free-roaming and captive
wildlife. Therefore, fertility control through administra-
tion of contraceptive agents is being investigated. The
ideal contraceptive agent should be (1) reversible (for
some species), (2) suitable for remote delivery,

(3) effective with only a single administration, (4) unable
to contaminate the food chain, (5) without harmful side
effects, and (6) without effect on social behavior.
Although steroid hormone treatments have been used
successfully for fertility control in nondomestic animals
(see review by Kirkpatrick and Turner [1991]), the
possibility exists for steroids to enter the food chain. A
nonsteroidal hormone such as gonadotropin-releasing
hormone (GnRH), a small peptide, would not pass
through the food chain because when ingested it
would be cleaved to its constituent amino acids.
Relatively little work has been done to investigate the
effectiveness of GnRH as a contraceptive agent in
nondomestic species.

Gonadotropin-releasing hormone, synthesized in
the hypothalamus of both males and females, is a key
regulator of reproduction in mammals. Released from
the hypothalamus in a pulsatile pattern, it travels via
the portal vasculature to the anterior pituitary, where it
stimulates release of the gonadotropins, luteinizing
hormone (LH), and follicle-stimulating hormone (FSH).
These gonadotropins enter the circulation and regu-
late both steroidogenesis and gamete maturation in
the gonads (Conn 1994). More specifically, in the

for nonlethal population control of wildlife species.
Relatively little research has been done in this area. This
chapter reviews relevant studies with domestic species and
discusses results from studies with wildlife species.

Keywords: gonadotropin-releasing hormone, GnRH
agonist, GnRH antagonist, GnRH immunoneutralization,
wildlife contraception

female, FSH stimulates follicular growth and matura-
tion, and LH induces ovulation and corpus luteum
formation. In the male, the direct role for FSH in
spermatogenesis is uncertain, and LH causes the
Leydig cells of the testis to produce testosterone
which is necessary for gametogenesis. FSH, in the
presence of LH, stimulates estradiol production from
both the ovary and the testis. The steroids secreted
from the gonads feed back to the hypothalamus and
pituitary to regulate GnRH and gonadotropin synthesis
and release (see fig. 1).

It is possible to make the pituitary refractory to
GnRH by administering GnRH, or an agonist of GnRH,
in a continuous manner, rather than in the physiologi-
cal pattern of pulses. Prolonged, continuous infusion
of GnRH, especially at high concentrations, inhibits
gonadotropin secretion (Belchetz et al. 1978), and that
results in loss of gonadal function. Initially, pituitary
desensitization is thought to result from loss of pituitary
cell-surface receptors for GnRH by internalization of
occupied receptors (Conn and Crowley 1991). Later,
as receptor numbers recover due to recycling (Hazum
and Conn 1988) and homologous upregulation (Conn
et al. 1984, Braden and Conn 1990), desensitization
may be maintained because the receptors become
dissociated from their second messenger system
(Conn and Crowley 1991).

Controlling the amount and pattern of GnRH
stimulation to the pituitary affects gonadotropin
synthesis and secretion, thereby affording a potential
method of controlling fertility in both males and
females. Administration of GnRH agonists or antago-
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Figure 1. Pathways of positive (+) and negative (-) feedback of
gonadal steroids on the hypothalamic—pituitary axis in (A) the
female and (B) the male. The effects of estradiol in the female are

nists, as well as immunization against GnRH, have
been tested for their ability to suppress reproductive
function in humans and domestic animals, yet little
work has been done in this area with wildlife.

GnRH and GnRH Agonists

Large doses or chronic administration of GnRH or
GnRH agonists can inhibit gonadotropin secretion by

pituitary desensitization. Agonists are often preferred,

both clinically and experimentally, over GnRH itself
due to their increased potency. In general, they have
a higher binding affinity for the GnRH receptors, are
more resistant to enzymatic degradation, and/or have
a longer half-life in the circulation. Following com-
mencement of treatment with GnRH or its agonists,
there is a transient period of increased gonadotropin
secretion before the suppressive effects of pituitary

desensitization are realized (Conn and Crowley 1991).

12

positive or negative, depending upon the stage of the estrous
cycle. Question mark (?) indicates relatively insignificant effects.

This results in a delay of effect in both sexes. In
females, this initial increase in gonadotropin secretion
may induce estrus and ovulation, depending upon the
reproductive status of the animal when treatment is
begun. However, if a female were bred during this
induced estrus, the continued administration of GnRH
would likely terminate the pregnancy.

In males, there seem to be species differences in
the degree of desensitization possible in response to
GnRH agonists (see review by Vickery [1986]).
Depending upon the species, pituitary desensitization
is not necessarily accompanied by a decline in test-
osterone secretion and a suppression of spermatoge-
nesis. However, when it is, testosterone supple-
mentation may be necessary if maintenance of normal
sexual behavior in males is desired (Vickery et al.
1984). Given these shortcomings, GnRH agonists
may not be useful as male contraceptives. Neverthe-
less, they may have some application in control of
androgen-stimulated aggressive behavior.




In Hawaiian monk seals (Atkinson et al. 1993)
and free-ranging African elephants (Brown et al.
1993), single injections of GnRH agonists have been
tested for their ability to suppress testicular function,
i.e. testosterone production, thereby controlling
aggressive behavior. Male Hawaiian monk seals may
exhibit a breeding behavior called “mobbing” when
their numbers exceed those of the females by more
than 2:1. The “mobbed” female or immature seal is
severely injured and often dies (Atkinson et al. 1993).
Atkinson and coworkers found that after a transient
increase, serum testosterone concentrations were
reduced to castrate levels for approximately 2 months
in male monk seals following a single injection of a
GnRH agonist. Effects on sexual and aggressive
behavior could not be measured because no female
seals were available.

In the case of African elephants, males go into
musth once or twice a year, during which time they are
dangerously aggressive. Captive elephants in musth
have injured and killed handlers (Brown et al. 1993).
A single injection of a GnRH agonist caused an initial
increase in serum LH and testosterone concentrations
followed by a decline to baseline values. The one bull
which was in musth at the time of treatment did not
appear to be in musth after the decline in serum
testosterone levels. Subsequent challenge with an
intravenous injection of GnRH resulted in an attenu-
ated LH response, suggesting partial desensitization
of the pituitary. However, testosterone secretion was
increased compared with controls, indicating a hyper-
sensitivity to increases in GnRH-induced LH concen-
trations (Brown et al. 1993).

From these studies it appears that GnRH ago-
nists show promise as agents that may decrease
aggressive behavior by reducing serum concentra-
tions of testosterone. This may be very useful in
captive populations such as those in zoos. Yet it is
important to note that some species, such as cattle,
may respond to chronic treatment with GnRH agonists
with an increase in testicular function, despite de-
pressed pituitary function, as evidenced by elevated
serum testosterone concentrations (Melson et al.
1986).

GnRH Analogs or Active Immunization
Against GnRH To Control Fertility

Another possible outcome of prolonged adminis-
tration of GnRH agonists is the stimulation of both
pituitary and testicular function, as described by
Lincoln (1987). In that study, red deer stags received
continuous infusion of a GnRH agonist for 72 days
beginning after the rut in winter, a time when the
testes are still secreting significant amounts of testos-
terone. It was expected that testicular activity would
be suppressed, causing the stags to cast their antlers
prematurely. In fact, treatment with the agonist
resulted in increases in plasma LH and testosterone
concentrations, testes growth, and aggressive behav-
ior, and did not affect time of antler casting. The wide
variation in response of the hypothalamic—pituitary—
gonadal axis to exogenous GnRH may be due to
several factors, including (1) choice of agonist, (2) dose,
(3) treatment regimen, (4) reproductive status of the
animal, and (5) species. Clearly more research is
needed to determine the usefulness of this approach.

It has been well documented that continuous
treatment with GnRH will suppress gonadotropin
secretion in females (Nett et al. 1981, Adams et al.
1986, Khalid et al. 1989). Inhibition of ovulation
caused by chronic administration of GnRH agonists
has been successful in several species, including
dogs (Vickery et al. 1989), cattle (Herschler and
Vickery 1981), sheep (McNeilly and Fraser 1987),
horses (Montovan et al. 1990), stumptailed monkeys
(Fraser et al. 1980, Fraser 1983), and macaques
(Fraser et al. 1987). We recently attempted to inhibit
secretion of LH in white-tailed deer does (Odocoileus
virginianus) by continually infusing a GnRH analog
(Histrelin™), with the goal of preventing ovulation
(Becker and Katz 1995).

Briefly, four does received Histrelin at 8.3 pg/
hour subcutaneously via osmotic minipump, for
14 days during the breeding season. Controls were
administered continuous saline infusions (n=3). On
Day 1 (Day 0 = day of minipump insertion), the
Histrelin-infused group had a higher mean serum LH
concentration than the control group (16.0 £ 5.3 v. 0.9
* 0.4 ng/mL, respectively). By Day 2, mean LH
concentrations did not differ between the groups and
remained at baseline for the duration of infusion (fig.
2). On Day 10, both groups received a subcutaneous
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injection of 100 pg Histrelin to test the ability of the
pituitary to respond to additional stimulation. At 4 hours
after injection, the mean serum LH concentration for
controls was 17.8 + 3.3 ng/mL and was still elevated
at 10 hours. In contrast, serum LH concentrations in
the Histrelin-infused group remained at baseline

(0.5 £ 0 ng/mL) (fig. 3).

Apparently, continuous infusion of Histrelin
caused pituitary desensitization. It was not possible to
monitor the ovaries ultrasonically; however, serum
progesterone concentrations did not indicate that any
of the four does infused with Histrelin ovulated in
response to the initial rise in serum LH concentrations.
Further research is needed to determine if reproduc-
tive status influences whether or not ovulation is
induced (an undesirable side effect) during the transi-

tory increase in serum gonadotropin concentrations.
The practicality of this approach is dependent upon
development of a long-acting, slow-release prepara-
tion of agonist that can also be remotely delivered.

GnRH Antagonists

Pituitary suppression may be achieved by administra-
tion of antagonists of GnRH, which exert their effects
by competing with endogenous GnRH, preventing
sufficient GnRH occupation of receptors to stimulate
gonadotropin secretion (Conn and Crowley 1991).
The main advantage to using GnRH antagonists
rather than agonists is that pituitary suppression is
immediate. There is no initial increase in gonadotro-
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Figure 2. Effects of continuous administration of Histrelin (8.3 pg/
hour, subcutaneously; n = 4) or saline (control; n = 3) on daily
mean serum LH concentrations. Box indicates day of Histrelin
challenge.
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Figure 3. The LH response to a subcutaneous injection of 100 ug
of Histrelin on Day 10 of the continuous Histrelin (n = 4) or
continuous saline (n = 3) infusion period (Day 0 = day of implant
insertion). * denotes treatment difference (P < 0.05).




pin secretion, which may stimulate the gonads.
Unfortunately, these drugs are more expensive and
require a higher dosage than the agonists, so they are
best used for short-term treatment or instances where
agonists are not effective (Vickery 1986). In males of
several species, including rats, dogs, and monkeys,
treatment with GnRH antagonists results in a decrease
in serum LH and testosterone concentrations within
hours, and that ultimately halts spermatogenesis
(Vickery 1986). Choice of antagonist may be impor-
tant, as evidenced by the work of Brown et al. (1993).
They gave a single intramuscular injection of an
antagonist to African elephant bulls that resulted in
reduced basal and GnRH-stimulated serum LH and
testosterone concentrations on Day 2 after injection.
One of the bulls was in musth at the time of treatment
but was no longer in musth by Day 2. In contrast,
treatment of elephant bulls with a different antagonist
of similar structure did not affect pituitary—testicular
function, despite a higher dosage.

Antagonists of GnRH have successfully inhibited
LH secretion and prevented ovulation in several
species, including cattle (Rieger et al. 1989), rats,
dogs, monkeys, and humans (see review by Vickery
[1986]). For example, weekly subcutaneous injections
for 20 weeks beginning during the midluteal phase of
the estrous cycle resulted in suppression of circulating
LH concentrations (compared with controls), and
inhibition of ovulation throughout the treatment period
in marmoset monkeys (Hodges et al. 1992). This
effect proved to be reversible. Despite these suc-
cesses, fertility control for wildlife often requires long-
term treatment, for which GnRH agonists are better
suited.

Immunoneutralization of GnRH

Another approach to inhibit gonadotropin secretion
from the pituitary involves active immunization of an
animal against endogenous GnRH. Because GnRH is
a low-molecular weight, naturally occurring peptide, it
is a weak immunogen. It must be adsorbed to a large,
inert particle, such as charcoal, or covalently bound to
a carrier protein, such as a serum albumin, to enhance

GnRH Analogs or Active Immunization
Against GnRH To Control Fertility

immunogenicity. The latter seems to provide more
consistent responses and higher antibody titers (see
review by Jeffcoate and Keeling [1984]). Develop-
ment of detectable antibody titers in the serum re-
quires many weeks following primary immunization.

Although booster immunizations are not essen-
tial for the production of high antibody titers (Adams
and Adams 1992), boosters almost always raise the
existing antibody titers (see review by Schanbacher
[1984]). Once titers are raised, circulating GnRH is
recognized and bound by the anti-GnRH immuno-
globulins before it reaches the pituitary, thereby
suppressing LH secretion and usually FSH secretion
(although not always to the same degree) and leading
to an impairment of reproductive function. The degree
of dysfunction appears to be correlated to the GnRH
antibody titer; that is, the higher the titer, the greater
the suppressive effects on reproduction (Lincoln et al.
1982, Safir et al. 1987, Bailie et al. 1989). Unfortu-
nately, immediate inhibition of reproductive function is
not possible unless immunization against GnRH is
passive (administration of GnRH antiserum rather than
a GnRH conjugate functioning as an antigen). For
example, injection of ewes with ovine GnRH antiserum
approximately 10 hours prior to the LH surge pre-
vented the surge and blocked ovulation (Fraser and
McNeilly 1982). Yet passive immunization a¢ ins?
GnRH is not a practical method of fertility control
because the effects are not long-lasting (Fraser et al.
1984). Frequent injections of GnRH antisera are not
only impractical but also pose a health threat to the
animal (Schanbacher 1984).

Active immunization against GnRH has success-
fully suppressed gonadotropin secretion and gonadal
function in a variety of species, including rats and
rabbits (Ladd et al. 1988), pigs (Esbenshade and Biritt
1985, Awoniyi et al. 1987), sheep (Clarke et al. 1978,
Adams and Adams 1986), horses (Garza et al. 1986,
Safir et al. 1987), and cattle (Robertson et al. 1982,
Adams and Adams 1990, Adams et al. 1993). How-
ever, little work has been done to test the effective-
ness of this approach for wildlife. Studies in which red
deer stags were actively immunized against GnRH
met with varying degrees of success (Lincoln et al.
1982, Ataja et al. 1992, Freudenberger et al. 1993).
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Effects on reproductive parameters ranged from a
slight suppression of plasma LH concentrations
compared with controls but no significant reduction of
plasma testosterone concentrations (Ataja et al. 1992)
to a significant decrease in testosterone levels com-
pared with controls, testicular atrophy, and premature
casting of antlers (Lincoln et al. 1982). Differences in
the carrier protein used and the timing of the primary
immunization with respect to reproductive season may
account for this variability. When male and female
wild Norway rats were actively immunized against
GnRH, 100-percent sterility was attained for both
sexes. Inthe males, testosterone was nondetectable,
and testes were approximately 90-percent atrophied
up to 11 months after vaccination (see Miller, this
volume). Although these results are promising and
immunoneutralizing GnRH is less costly than treat-
ment with either GnRH agonists or antagonists, there
can be large variation in response due to individual
differences in the development of antibody titers.

Conclusion

None of the GnRH-related fertility control methods
described herein meet all of the criteria of the ideal
contraceptive agent outlined previously. One problem
that may apply to any method of contraception in
wildlife is the lack of consensus on the percentage of
animals that must be rendered infertile to bring about
the desired reduction in herd growth rate. Also,
logistical and economic issues pertaining to delivery
systems must be addressed. Perhaps the greatest
problem with GnRH contraception is the resulting
suppression of sexual behavior, which may affect
social behavior and, consequently, social structure.
This problem can be overcome by steroid supplemen-
tation using implants, but then food-chain contamina-
tion and the need to capture the animals to administer
the treatment become issues that must be considered.
However, inhibition of androgen-stimulated aggressive
behavior may be desired in certain venues, such as
zoos. In addition, care must be taken to ensure that
the contraceptive activity of GnRH analog treatment
lasts throughout the breeding season to avoid young
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being born when environmental conditions are unsuit-
able for offspring survival. Treatment must abolish,
not merely delay, the breeding season. Targeting
GnRH function for contraception of wildlife meets four
of the six criteria mentioned earlier for the ideal
contraceptive agent. Treatment is reversible, suitable
for remote delivery, and unable to contaminate the
food chain. Additionally, single administration is
possible for active immunization against GnRH (and
will be possible for GnRH agonists following the
development of long-lasting, injectable microcap-
sules). Gonadotropin-releasing hormone contracep-
tion should be further investigated for potential
applications in wildlife management.
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Surgical Sterilization: An Underutilized Procedure
for Evaluating the Merits of Induced Sterility

By James J. Kennelly and Kathryn A. Converse

Abstract: Despite more than 4 decades of effort,
development of effective wildlife damage control programs
based on sterilization of target species has met with limited
success. This is partly due to the fact that investigators
have assumed, rather than empirically tested, whether the
reproductive strategies of the target populations were
vulnerable to the planned treatment. Equally important,
methods selected to induce sterility usually involve a
chemical agent that can affect sociosexual behaviors of the
nuisance population. In this report, we illustrate how
surgically induced sterility circumvents both problems—how
it enables one to assess the feasibility and applicability of
the concept without the potentially confounding secondary
effects of a chemical. We assessed the merits of initiating

Introduction

The concept of alleviating animal damage problems by
reducing nuisance populations to acceptable numbers
using induced sexual sterility has been researched for
more than 40 years. Initially proposed for control of
the screw-worm fly Callitroga hominivorax, the
concept’s validity was demonstrated by the eradication
of this species from the island of Curacao (Bushland
and Hopkins 1951, Knipling 1955). The potential
benefits of the concept compared to alternative pest
control methods were recognized immediately
(Knipling 1959).

Most attempts to induce sterility of vertebrate
pest species have relied on use of a chemosterilant or
antifertility agent. The most notable of these is the
work of Elder (1964) and Wofford and Elder (1967),
which resulted in the development and marketing of
Ornitrol® (20,25-diazocholesterol dihydrochloride), an
antifertility agent for feral pigeon control.

Success of induced sterility programs has been
somewhat less than expected due to failure to under-
stand mating strategies and related sociosexual
behavior patterns of species targeted for reproductive
control. Investigators often assumed, rather than
empirically assessed, the feasibility of this approach
for each problem situation. The question of whether
or not a particular nuisance species may be vulnerable
to fertility control often can be answered readily by
inducing sterility surgically.

research to develop a male chemosterilant for Norway rats,
red-winged blackbirds, beaver, and Canada geese by
inducing sterility surgically. The infidelity of many red-
winged females to their polygynous territorial male was
surprising and argued against searching for a male sterilant.
On the other hand, beaver and Canada goose studies
confirmed previous reports that both form pair-bonds and
are monogamous. Both should be vulnerable to a male
chemosterilant approach, and research toward this goal is
justified.

Keywords: vertebrate pest, beaver, rodent, Canada goose,
blackbird, surgical sterilization

A few studies that utilized surgical procedures
deserve mention. Neville (1983) and Neville and
Remfry (1984) maintained several discrete popula-
tions of feral cats at acceptable levels by capture and
surgical sterilization of all healthy adults. While the
initial cost of castration was high, the authors esti-
mated the long-term expense, including periodic
castration of subsequent newcomers, was about half
the cost of alternative eradication programs. Bailey
(1992) described successful introduction of surgically
sterilized red foxes (Vulpes vulpes) to two Alaska
islands where native avifauna were adversely impacted
by Arctic foxes (Alopex lagopus). Because the two
species were not sympatric on islands in Alaska,
Bailey achieved the desired results of biological
control. Nine years after introduction of sterile red
foxes, Arctic foxes had disappeared and only one
island had a few remaining red foxes. Another study
demonstrates successful use of surgical sterilization to
provide an indirect treatment effect. Five wolves
(Canis lupus) were vasectomized before release in
northern Minnesota to assess whether such males
could keep mates and maintain territories (Mech and
Fritts 1993). The rationale from a control perspective
was that the absence of pups to feed might reduce
livestock depredations. The results indicated that
vasectomized wolves maintained pair bonds and
territories and suggested that sterilization might be the
technique of choice around farms experiencing
livestock losses.

21



Contraception in Wildlife Management

Proceeding on the premise that the polygynous
mating strategy of feral horses (Equus equus) (i.e.,
dominant males maintain a harem throughout the
year) would render this species particularly vulnerable
to sterilization, Eagle et al. (1993) vasectomized 20
dominant males in each of 2 separate populations.
Foaling was reduced for 2 years in bands containing a
sterile male, and the treatment was considered
efficacious. However, due possibly to movement of
females between bands and breeding by subordinate
or bachelor males, the reduced fecundity was insuffi-
cient to lower the population to an acceptable level.

Any discussion of advantages and disadvan-
tages associated with utilization of surgically induced
sterility depends largely on whether the procedure is
intended to resolve research questions as proposed
here or if it is intended to directly resolve a wildlife
damage problem. Primary research advantages are
permanency of the procedure, which allows long-term
effects to be assessed for target species, and absence
of behavioral or secondary effects that may accom-
pany other methods of induced sterility. The advan-
tages of irreversibility of the technique extend to
situations where it is intended to be the method of
choice for ameliorating a damage problem. The main
disadvantages of surgical sterilization, the need to
have the animal in hand and the expense of the
procedure, limit its use. However, the value of surgi-
cal sterilization to answer important biological ques-
tions can often justify the time and expense. This
report describes studies that illustrate use of surgical
sterilization to better understand mating strategies and
associated behavioral patterns and in some instances
provide a definitive answer to damage problems.

Mating Strategies

The classification of the four mating systems pertinent
to the topic at hand follow those reported by
Wittenberger (1979). For the purpose of this report
only the definitions for the general classification of
each are given:
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(1) Monogamy: “prolonged association and essentially
exclusive mating relationship between one male and
one female at a time.”

(2) Polygyny: “prolonged association and essentially
exclusive mating relationship between one male and
two or more females at a time.”

(8) Polyandry: “prolonged association and essentially
exclusive mating relationship between one female and
two or more males at a time.”

(4) Promiscuity: “no prolonged association between
the sexes and multiple matings by members of at least
one sex.”

Norway Rats (Rattus norvegicus)

The discovery of U-5897 (3-chloro-1, 2-propanediol) in
the late 1960’s as an effective sterilant for male
laboratory rats (Ericsson 1970) stimulated interest in
evaluating U-5897 as a potential reproductive inhibitor
for control of free-ranging Norway rats. This interest
occurred despite knowledge that Norway rats, with
their promiscuous mating system, were considered to
be unlikely candidates for male reproductive control
(Knipling 1959, Marsh and Howard 1970). In fact, the
latter authors postulated that in a polygamous mating
system “relatively few non-sterile males can compete
successfully for females against an overwhelming
number of males.” Since this premise was never
tested empirically and since several other promising
male chemosterilants appeared at that time, a study
was initiated to address efficacy of male sterilization
for Norway rats.

Kennelly et al. (1972) induced sterility in 85
percent of the adult males in one of two similar
populations of Norway rats and compared fecundity
and related parameters after 105 days by collecting
and examining all juvenile and adult animals in each
population. The results confirmed the postulate of
Marsh and Howard (1970) and others (Davis 1961,
Knipling and McGuire 1972) that development of a
male chemosterilant for polygamous vertebrate pests
offers little if any promise as a population control
technique.



Although fecundity was reduced somewhat in the
treated colony (table 1), the treatment appeared to be
essentially ineffectual from a population perspective.
This conclusion was based on the fact that the total
number of pregnancies of the original adult population
was almost equal and that the total progeny produced,
110 v. 130 in the treated and control group, respec-
tively, differed by only 15 percent. The similarity in
number of pregnancies between the two colonies is
noteworthy. Based on necropsies at study termina-
tion, juveniles were capable of breeding by day 70 of
the study. Although this is much sooner than was
previously reported by Calhoun (1962), it indicates the
majority of original females in the sterile colony
conceived when only three original fertile males were
available. Although one can justifiably argue that
population density established at the outset was
partially responsible for the fecundity level observed
and that a larger enclosure might have reduced the
number of fertile encounters, the study design did not
permit this factor to be evaluated. Significant reduc-
tion (P<0.05) in first litter size for the treated colony
was attributed to the large number of vasectomized
males. Adler and Zoloth (1970) reported inhibition of
sperm transport and reduced litter size following
multiple vaginal or cervical stimulations of female rats
within 15 minutes of copulation.

Beaver (Castor canadensis)

Once virtually eliminated from much of its range in
North America, the beaver has made such a remark-
able recovery that it is now considered a serious
nuisance species. The continual encroachment of
humans into areas considered suitable beaver habitat
has resulted in an ever-increasing number of beaver—
human conflict situations. This circumstance, together
with society’s increasing reluctance to trap and kill
offending animals, has generated considerable
interest in developing induced sterility as a nonlethal
alternative.

Nuisance beavers appear to be an ideal target
for developing reproductive control procedures.
Beavers breed once yearly regardless of whether the
litter is successfully reared. They exhibit a long
reproductive life, sometimes exceeding a decade

Surgical Sterilization: An Underutilized
Procedure for Evaluating the Merits of Induced Sterility

Table 1. Reproductive comparisons between a control
and male sterility-induced colonies of Norway rats 105
days after treatment (from Kennelly et al. 1972)

Treated
(15% of
males fertile)

Control
(100% of

Reproductive parameter males fertile)

Adult females

No. pregnancies 38 39

Size first litter 10.8 8.6
Progeny

Total produced 130 110

No. pregnancies 11 4

Table 2. Sterility treatments of breeding adults

Number of colonies

Sterilization method Female Male
Ligation' 5 5
Castration 2 2
Control (fertile)? 2 2

' Female = oviduct; male = vas deferens.
2 Sham operated.

(Larson 1967). They are reported to be monogamous
(Seton 1928, Wilsson 1971, Boyce 1974), and once
paired, they maintain the pair bond indefinitely barring
death of one beaver or disruption of colony integrity by
external factors. Other colony members do not breed
despite the fact that they are sexually mature by 1.5
years of age. However, should one of the pair-bonded
adults die or disappear, the remaining mate will
generally pair-bond with one of the sexually mature
progeny.

In 1980-83, two studies were conducted to
determine the effect that induced sterility of the
breeding adults might have on sexually mature but
nonbreeding colony members. The objective was to
assess whether sterilization would promote mating
between the fertile adult and a sexually capable
offspring and whether colony integrity would persist
after all pretreatment offspring dispersed (Brooks et al.
1980, Kennelly and Lyons 1983). A total of 18 beaver
colonies with at least 3 age-classes (adults, 1-to 2-
year-olds, and <1-year-olds) were selected and
assigned to treatments as shown in table 2.
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Assessment of colony fecundity was on the basis
of annual breeding cycles, i.e., whether or not repro-
duction occurred each year a colony was monitored.
Therefore by definition, the maximum number of
breeding cycles per colony was 3 and the total for all
sterilized colonies was 42 (14 x 3) and control was
12 (4 x 3). There was no evidence of breeding outside
the pair bond existing at the time of sterilization for all
colonies remaining intact. Reproduction was success-
fully inhibited in 21 of 42 “sterile” colony breeding
cycles (table 3). Reproduction in the remaining 21 was
either undetermined because the colonies migrated to
undiscovered sites (13), or external factors disrupted
family associations to the extent that only some
members could be relocated. It is noteworthy that
castration adversely affected colony behavior, integ-
rity, and fecundity in three (2 male, 1 female) of the
four colonies treated in this manner. The fourth, a
female-castrate, maintained the adult pair-bond
throughout the study and did not produce any kits.

We concluded that:

®"The beaver monogamous mating system was
reaffirmed.

® Adult x progeny breeding does not occur following
induced sterility of one of the breeding pair.

®"Tubal ligation does not affect colony sociosexual
behavior, but castration does.

® Sterilization of either sex is equally efficacious.

Red-Winged Blackbirds (Agelaius
phoeniceus)

The combined gregarious and granivorous behavior of
red-winged blackbirds have been a continual problem
for humans despite repeated attempts to reduce, if not
eliminate, the damage that they cause. When the
concept of chemosterilization was initially conceived,
the reported polygynous mating system of red-wings
(Allen 1914, Beer and Tibbitts 1950, Nero 1956)
appeared to present a point of vulnerability: steriliza-
tion of a territorial male should inhibit reproduction in
all females nesting therein. Although all these research-
ers reported incidents of promiscuity, they were
considered exceptions rather than the rule. Clearly,
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Table 3. Beaver colony reproduction: 3-year summary'

Potential
No. of no. of

Sterilization colo- breeding No. fertile breeding cycles
technique nies cycles? Fertile Sterile Unknown
Male ligate 5 15 4 7 4
Female ligate 5 15 0 7 8
Male castrate 2 6 1 4 1
Female castrate 2 6 3 3 0
Subtotal — 42 8 21 13
Control 4 12 9 1 2

' From Kennelly and Lyons (1983).
2 Breeding cycle = one breeding season.

Table 4. Clutch fertility on territories of vasectomized
red-wing males’

Number of clutches

No. of

territorial Percent
Treatment males Total Fertile Sterile fertile
Vasectomy 15 32 8 24 25
Control? 17 24 24 0 100
Totals 32 56 32 24

' From table 2 in Bray et al. (1975).
2 Sham vasectomy.

however, the probability of ever successfully develop-
ing an effective male red-wing sterilization program
would be compromised if the incidence of female
promiscuity proved to be significantly more frequent
than reported. Thus, we conducted several studies to
evaluate whether red-wing females were promiscuous
and, if so, to what extent. The results have been
published (Bray et al. 1975, Roberts and Kennelly
1977 and 1980), and the findings germane to the
current discussion follow.

The percentage (25 percent) of fertile clutches
observed on territories of vasectomized males (table
4) appeared to be correlated with proximity to fertile-
male territories; the more distant females were from
fertile-male territories, the greater the number of
sterile clutches (Bray et al. 1975). Female red-wing
infidelity was confirmed in subsequent studies (Roberts
and Kennelly 1977 and 1980). The latter two studies



showed that there was no significant difference
between fertile and vasectomized males with regard to
the sociosexual behavior patterns observed: promis-
cuity occurred while the female was off territory, and
fertile clutches on territories of vasectomized males
accounted for 70 percent of the total number observed
(21/30). The results indicated that red-wings are
considerably more promiscuous than previously
concluded, and their polygynous mating system
classification should be modified accordingly.

It should be noted that a subsequent behavioral
study by Monnett et al. (1984) refuted the above
conclusions regarding red-wing promiscuity.
Monnett’s team concluded that the extra-pair copula-
tions (EPC’s) implied by our studies do not regularly
occur and proposed that this major disagreement on
an important aspect of red-wing mating behavior be
resolved by “paternity determinations using various
electrophoretic techniques as advocated by Sherman
(1981).” However, Gibbs et al. (1990) conducted an
indepth parentage study of red-winged blackbirds
along the lines proposed by Monnett et al. (1984),
utilizing DNA marker techniques. The Gibbs team
concluded that extra-pair fertilizations “due to male
cuckoldry are frequent in this species.” In another
study supporting our results, Westneat (1993) reported
that 55 of 232 red-winged blackbird nestlings’ offspring
tested by DNA fingerprinting were sired by EPC'’s.

Apparently, red-wing breeding behavior is more
opportunistic than previously thought, and the cost—
benefit ratio of population control by means of male
sterilization needs to be reassessed. The perceived
potential advantages of this approach are not as
promising as once believed.

Canada Geese (Branta canadensis)

Nonmigratory or resident populations of Canada
geese have essentially defied all efforts to effectively
reduce the nuisance problems that they generate.
Because Canada geese are reported to be monoga-
mous and quite territorial during the breeding and
nesting season (Akesson and Raveling 1982), the
possibility exists that one or both of these characteris-
tics might render this species vulnerable to induced
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sterility. To test this, we vasectomized ganders and
observed them and their mates for up to three subse-
quent breeding seasons.

The results reaffirmed the conclusion that
Canada geese are monogamous (Converse and
Kennelly 1994). Of 72 vasectomized males, 33 paired
with a female for either 1 year (n=15), 2 years (n=13),
or 3 years (n=5). These 33 breeding pairs represent
56 nesting attempts, 47 of which (84 percent) were
reproductively unsuccessful. Goslings were observed
with the remaining nine treated pairs. Behavioral
observations suggested that in seven instances
adoption was the likely explanation for presence of
goslings. Probable reasons for goslings with the other
two pair are unknown because behavioral observa-
tions suggest adoption was unlikely and the surgical
procedure allowed virtually no room for error. We
could only speculate that gosling production might be
due to EPC’s, which are rarely reported in Canada
geese (Kossack 1950, Klopman 1962).

With one exception, the maintenance of pair
bonds for 2 years and the fidelity of treated pairs to
a nest site from 1 year to the next imply that socio-
sexual behavior patterns were not noticeably altered
due to sterility treatment. The exception concerned
clutch incubation time: treated pairs incubated
clutches for 35 to 120 days before deserting the nest.
During this extended incubation period, aggressive
territorial behaviors slowly subsided.

Nuisance Abatement via Vasectomy

The results of the above studies suggested that there
are some special circumstances where surgically
induced sterility might prove to be a cost-effective
control technique for beaver and Canada geese.

Aside from the fact that beaver colonies provide
excellent material for instructional, conservational, and
environmental purposes, there are few urban situa-
tions where beaver provide beneficial effects (Willging
and Sramek 1989). However, beaver activity in rural
and semirural areas presents some nuisance opportu-
nities where surgical sterilization may be an effective
and practical approach. If a beaver colony is creating
immediate damage, nothing short of complete removal
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of the offending animals will alleviate the problem.
Nuisance situations that arise year after year when
dispersing 2-year-olds establish colonies where none
previously existed in the recent past may be alleviated
in the long term by surgically induced sterility. Assum-
ing that a small number of colonies could be tolerated
in an area, sterilization of one or both breeding adults
in these colonies and the removal of all other colony
members should offer two desirable results. First, the
beneficial effects of the colony would be maintained
and the life of the colony extended due to reduced
utilization of the food base. Second, the annual
contribution of dispersing offspring to the population at
large would be eliminated (Payne 1989), and the
number of new colonies becoming established each
year would be reduced proportionately. The fact that
at least 50 percent of sterile colonies were intact and
not producing offspring 3 years after one adult was
sterilized (Kennelly and Lyons 1983) suggests that this
approach has some merit. Fortunately, the extent of
the value of sterilization for reducing beaver problems
can be readily assessed by an appropriately designed
study.

Canada geese attracted annually to the same
small suburban ponds capable of holding 2-5 pairs of
breeding adults often attain nuisance status upon the
production of goslings. Adult geese may be tolerated,
but, together with their offspring, they are usually a
problem. Our findings that 17 of 18 sterilized pairs
maintained pair bonds > 2 years and returned to the
same nest site each year suggest that the benefits of
sterilization may extend for several years. Research
is needed, however, to determine whether nesting
sterile pairs would repel the ingress of fertile pairs. If
s0, the managing of geese by sterilization could be
substantial.
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Summary

In summary, we have discussed studies which repre-
sent four widely different mammalian and avian
species and their mating strategies to illustrate use of
surgical sterilization as an answer to biological ques-
tions and as an experimental technique for animal
damage management. With Norway rats and red-
winged blackbirds, it is apparent that male sterility is
not an effective approach, although much was learned
about their mating strategies. However, successful
control of reproduction in beaver and Canada geese
provides impetus for further infertility studies. In select
situations, surgical sterilization may be the most
appropriate means of achieving that desired infertility.
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Overview of Delivery Systems for the
Administration of Contraceptives to Wildlife

Terry J. Kreeger

Abstract: Successful contraception in wildlife requires both
an efficacious and safe contraceptive agent and an
efficacious and safe method of delivering that agent to the
animal. Remote delivery systems (RDS)—mechanical
devices capable of administering a single dose to an
unrestrained animal, usually by means of a ballistic
projectile—can target specific animals and facilitate the
administration of contraceptives on a body weight basis.
Liquid, solid, and semisolid formulations can be delivered
via RDS, and sometimes treatment costs can go down with
this methodology. Disadvantages of RDS include the fact
that many of them can be used only on larger animals and
RDS’ inherent complexity increases the probability of
administration failure.

Introduction

There are two fundamental components required for
the successful use of contraceptives in wildlife: (1) an
efficacious and safe contraceptive agent and (2) an
efficacious and safe method of delivering that agent to
the animal. Many delivery systems are available to
administer contraceptives to wildlife, ranging from
surgically implanting devices into individual animals
(Bell and Peterle 1975, Matschke 1980, Plotka et al.
1992) to dispersing oral baits over a wide area to an
entire population (Matschke 1977, Roughton 1979).

Traditionally, the term “drug delivery system” has
resided in the domain of human medicine, where it
refers to mechanical or chemical methods to protect
drugs from immediate degradation (e.g., in the stom-
ach) or to prolong or control their release. The effi-
cacy of these systems does not depend on first getting
one’s hands on the subject; the patient is seen as a
willing partner in the process. Obviously, wild animals
cannot be counted on to cooperate with biologists. So
drug delivery systems take on a different meaning
when applied to wildlife.

There are at least two facets of drug delivery of
importance relative to wildlife contraception: (1) getting
the contraceptive agent into the animal and (2) control-
ling the release of the drug in a manner that either
maximizes or prolongs its efficacy. This chapter will
describe devices for remotely delivering contracep-

Most RDS use a powered gun to deliver either a dart or
biobullet containing the contraceptive product. Biobullet
RDS are capable of treating many animals rapidly. Both
darts and biobullets can be designed to deliver different
formulations to provide controlled release of contraceptives
at a predetermined rate for a given period. The four general
classes of controlled release systems (mechanical pumps,
osmotic pumps, chemically controlled systems, and
diffusional systems) are discussed. Chemically controlled
and diffusional systems comprised of biodegradable
polymers offer the most promise for single-dose, prolonged
contraceptive release that can be remotely delivered to
wildlife.

Keywords: controlled release, drug delivery, wildlife
contraception, polymers

tives to individual, unrestrained animals. Technologies
for drug release into the animal will also be reviewed
as they must work in concert with any primary delivery
device.

Remote Delivery Systems

For purposes of this discussion, remote delivery
systems (RDS) will be defined as mechanical devices
capable of administering a single dose to an unre-
strained animal, usually by means of a ballistic projec-
tile. In their most elemental form, RDS consist of a
gun and a dart containing a product. Although the
bulk of this discussion will focus on these ballistic
systems, other technologies will be reviewed because
they may contribute to the development or administra-
tion of wildlife contraceptives.

Remote drug delivery dates to pre-Columbian
times, when aboriginal natives of Africa and South
America dipped arrows, spears, and blow darts in
preparations of muscle-paralyzing drugs derived from
plant and animal sources (Bush 1992). Modern
delivery systems have their genesis in the 1950’s,
when the first projectile dart capable of delivering a
liquid drug was reported (Crockford et al. 1957). This
dart became the predecessor of darts still used today.
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Many types of delivery systems were developed in the
following 3 decades, but only a few proved reliable
and versatile enough to survive competition in a
limited market (Harthoorn 1976, Jones 1976, Kock
1987).

The operational definition of RDS implies admin-
istration to an individual animal. This may appear to
be antithetical to wildlife population management;
however, RDS can solve many wild animal population
problems. In many situations, wildlife populations
functionally exist as if they were confined to islands.
Such populations have limited opportunities for
immigration/emigration and are usually not subject to
the population-control factors of predation and hunt-
ing. In these situations, populations usually thrive and
increase until the forage base is depleted, and then
disease and starvation lead to population reduction.
Many of these populations are also generally visible
and accessible by road or trail systems. Examples
include natural areas within urban settings, airports,
military arsenals, parks, and zoos.

Use of RDS need not be limited to such confined
settings, however. Many species are accessible
because they inhabit open environments such as
deserts, prairies, or tundra. Such species can usually
be approached from the air so that selected individu-
als or entire herds can be treated. Examples include
feral horses, mountain goats, and polar bears.

Advantages and Disadvantages

Using RDS to administer contraceptives offers at least
six advantages:

1. Specific animals can be targeted. Animals can
selected and treated based on sex, size, age, or
status.

2. Contraceptives can be administered on a body
weight basis. Biologists familiar with a species can
often estimate body weights of free-ranging animals
quite accurately. Fairly precise doses can then be
administered under field conditions if necessary for
research purposes or efficacy.

3. Different formulations can be employed. Solid,
semisolid, or liquid formulations can be delivered by
RDS.
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4. A wide range of volumes can be delivered. Depend-
ing on the projectile type and volume, liquid doses
ranging from a few microliters to as much as 25 mL
and solid doses up to 300 mg can be delivered.

5. Some RDS can both treat and mark individual
animals. Some projectiles can be equipped with
marking dyes and others can deliver electronic identifi-
cation devices along with the contraceptive.

6. The treatment cost per animal can be low. When
compared to contraceptive delivery methods requiring
capture of the animal (e.g., implants), RDS greatly
reduce the cost of treating each animal (but see #1
below). Some RDS can treat large numbers of
animals rapidly, reducing costs as much as 60 percent
when compared to capturing and treating individuals.

At least six disadvantages of using RDS to
administer contraceptives merit consideration:

1. The treatment cost per animal can be high. Depend-
ing on the circumstances and taking into account all
costs, such as labor hours and helicopter time, it can
cost several hundred dollars to treat one animal using
RDS.

2. The target animal must be first located and then
approached closely. Under most circumstances,
animals must be within 75 m of the shooter for projec-
tile-RDS to be effective. Many species are secretive
and extremely difficult to locate, let alone approach
closely.

3. Many RDS can be used only on larger animals.
Those RDS using projectiles are not terribly accurate,
and the preferred target area on smaller animals may
only be a few square centimeters. If the shot is
misplaced, it may injure or kill the animal outright.
Even if placed correctly, the impact energy or penetra-
tion depth could be injurious or lethal to smaller
animals. As a working rule, only animals weighing

> 15 kg (33 Ib) should be targeted when powered
(e.g., CO, or .22-cal. systems) RDS are used.

4. RDS are inherently complex. Many system vari-
ables can fail or affect successful delivery. A working
maxim could well be, “Everything that can possibly go
wrong with RDS eventually will!”



5. Many RDS are noisy. Some RDS may spook other
animals after the first shot is fired, rendering subse-
quent shots at other animals difficult or impossible.

6. Training and experience are necessary. RDS
should not be used without some degree of formal
instruction by experienced practitioners of remote
delivery techniques, and RDS should never be used
without fairly intense practice by the user in order to
assess the performance of the device prior to using it
on an animal.

Longbows/Crossbows

Projectiles containing drugs or.biologics have suc-
cessfully been delivered using blowpipes, longbows,
crossbows, pistols, shotguns, and rifles. Arrows or
crossbow bolts can be modified to administer a liquid
product up to 5 mL upon impact (Anderson 1961,
Short and King 1964, Hawkins et al. 1967). Longbows
and crossbows, though, have generally fallen out of
favor because of impact trauma. If used at all, they
are usually limited to larger animals shot at long
ranges. | believe there are no commercial manufac-
turers of longbow or crossbow RDS in North America.

Blowpipes

There are several makes of blowpipes on the market
today. Most of them consist of one- or two-piece
aluminum tubes measuring up to 2 m. Most propel
10-mm darts (measured by their diameter) having a
maximum capacity of 3 mL. Blowpipes are silent and
fairly accurate, but their effective range is limited

(< 20 m). Darts propelled by blowpipe cause very little
impact trauma to the animal, so they are generally
safe for use on smaller species. With the appropriate
equipment, animals as small as 3 kg (6.6 Ib) can be
treated. Blowpipes are used primarily on captive
animals but can be used effectively on free-ranging
animals under the right circumstances, such as treed
animals or animals approached closely by vehicle
(Brockelman and Kobayashi 1971, Haigh and Hopf
1976). Prices range from $75 to $160 (all monetary
figures in this chapter are expressed in 1995 U.S.
dollars).

Delivery Systems for the
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Powered Blowpipes

Powered blowpipes or “blowpipe guns” are blowpipes
modified to use compressed air to extend their effec-
tive range. Blowpipe guns consist of the blowpipe
aluminum tube connected to a pistol grip containing a
metering device. Air is compressed by a foot pump
connected by a hose to the pistol grip. After the
desired pressure has been built up in the reservoir, the
hose can be disconnected. When the trigger is pulled,
the compressed air is released, propelling the dart.
Similarly, some powered blowpipes use CO, car-
tridges that feed into a reservoir that can be adjusted
to either increase or decrease the amount of pressure.
Because the dart flight distance is proportional to the
pressure built up in the reservoir, these devices have
a wide effective range (from 1 to 40 m). Blowpipe
guns propel the same type of lightweight darts (10—11
mm in diameter and 1-3 mL in volume) as do blow-
pipes, and these guns are silent and safe for use on
smaller animals. Prices range from $225 to $375.

Dart Guns

The most widely used RDS are dart-shooting guns.
Some dart guns have been constructed by modifying
existing shotguns, rifles, pistols, pellet rifles, or pellet
pistols; other guns are almost entirely custom designed
and manufactured for this purpose. Dart guns propel
darts by either the gas generated from a .22 caliber
blank cartridge, compressed CO,, or compressed
atmospheric air. Dart-firing guns are the most versatile
of the RDS. Effective ranges can reach 100 m for
larger animals having larger target areas. Dart vol-
umes can be as much as 25 mL, although these
larger, heavier darts drop rapidly after leaving the
barrel, making longrange, accurate shots difficult. All
darts, of course, begin falling as soon as they leave
the barrel, but small darts (1-2 mL) traveling at higher
velocities shoot flatter and go farther than large darts.
Guns can be equipped with a variety of sights, includ-
ing adjustable iron sights, rifle scopes, laser aiming
devices, and light-intensifying scopes (night vision or
starlight scopes). Prices range from $300 to $1,650.

31



Contraception in Wildlife Management

Table 1. Characteristics of powered remote delivery

systems
.22-caliber Compressed

Category Blank co, air
Maximum

effective

range (m) 75 50 50
Volumes (mL) 1-25 1-10 1-10
Availability of

propellant High Medium’ Low?
Temperature

sensitivity None Medium None
Impact injury High® Medium Medium-Low
Report Medium-High  Medium-High Medium-High
Maintenance High Low Low
Performance

reliability Medium High* High
Ease of use High High Low
Overall

versatility High Medium Low

! There are two general types of CO, cartridges: threaded and unthreaded.
Most sporting goods stores carry the smaller, unthreaded CO, cartridge, but
the larger, threaded CO, cartridge may be very difficult to procure when
working in rural areas.

2 This rating refers to systems using compressed air tanks only and does not
apply to systems using foot pumps. Most fire departments can fill air tanks
but are reluctant to do so because of liability concerns. Welding shops may
have compressed air, but not always. Scuba shops have air compressors,
but they usually do not have the necessary fittings required for the tanks
used with dart guns.

3 Twenty-two-caliber blanks come in a variety of strengths. Charge strengths
are coded by different colors, usually brown, green, yellow, or red, with red
being the most powerful. Darts propelled with either yellow or red charges
are capable of causing significant injury or death.

* C0, cartridges generally provide consistent performance except when the
propellant runs low. There is only a subtle drop in performance between the
last acceptable shot and the next shot where the dart drops precipitously
due to a rapid drop in pressure. Experienced shooters often allow only a
fixed number of shots per cartridge before changing cartridges even though
some shots remain.

Table 1 lists the advantages and disadvan-
tages of the three types of dart-gun propulsion sys-
tems. Ten criteria have been analyzed.

Maximum Effective Range—This is the maximum
distance at which the dart can be safely and effectively
delivered. The range of most guns can be decreased
from this maximum either by using a built-in metering
device which directs little or all of the gas to the dart,
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by using different strengths of propellant (i.e., different
sizes of .22 blanks), or by pushing the dart farther
down the barrel to reduce its velocity and thus its
range.

Volumes—Dart volumes range from 1 to 25 mL;
however, not all systems are capable of delivering this
full range of dart sizes.

Availability of Propellant—This category rates the
ease of obtaining the propellant from local suppliers.

Temperature Sensitivity—The vapor pressure of some
gases (e.g., C0,) is temperature dependent. At cold
temperatures, darts travel less far due to decreased
vapor pressure. In extremely cold conditions, some
guns may barely function without some means of
warming the gas.

Impact Injury—The impact energy of the dart striking
the animal is a function of its mass and velocity

(KE = 1/2 MV?). Table 2 compares the relative muzzle
kinetic energy of three darts of the same volume but
from different manufacturers. Even on a large animal
struck correctly, the dart can cause hemorrhage and
hematoma. Misplaced shots can break bones or even
kill the animal (Thomas and Marburger 1964).

Report—Muzzle report can cause problems in darting
either captive or free-ranging animals. In captive
situations, the noise can be more disturbing to animals
than getting struck with a dart. Disturbed animals are
then more difficult to approach, or the entire group of
animals may run away.

Maintenance—Some systems need to be cleaned
frequently in order to remain operable.

Performance Reliability—Systems are classified
regarding consistency of shot-to-shot performance.

Ease of Use—Systems are classified relative to their
simplicity of operation or ease of use under field
conditions.

Overall Versatility—The above categories are evalu-
ated to arrive at a subjective opinion on the overall
versatility of the propulsion system.



Table 2. Comparison of muzzle velocity and kinetic
energy of 2-mL darts representing three different brands

Muzzle Kinetic
Brand Weight velocity energy
(9) (ft/sec) (ft-Ib)
Pneu Dart® 9.8 284.2 27.7
Aeroject® 13.3 256.9 30.1
Cap-Chur® 17.3 249.7 37.1

Data represent the mean value of three firings. All darts were fired
from a CO,-powered gun using fresh charges between dart types.
Muzzle velocities were measured by chronograph 0.5 m from the
muzzle. Muzzle energy was calculated by standard formula.
Nonmetric values are reported in order to compare with other
ballistic data. All darts contained 2 mL (2 g) saline.

Darts

Most projectile RDS use a dart to deliver liquid or
viscous products. Darts can be thought of as “flying
syringes” consisting essentially of a needle, body,
plunger, and tailpiece. They differ in the manner in
which the plunger is pushed forward to inject the dart’s
contents and in the materials of construction. Darts
have also been used to implant small, solid devices,
such as electronic transponders (Kreeger, unpubl.
data). Theoretically, darts equipped with large-bore
needles could also deliver semisolid or solid implants
required for controlled drug release (see In Vivo Drug
Delivery Systems).

Darts discharge their contents either by expand-
ing gas from an explosive powder charge, com-
pressed air, vaporized gas (butane), chemical reaction
(acid—base), or compressed spring (fig. 1). The
mechanisms that enable the dart to discharge its
contents upon impact range from moderately simple
systems having few parts to complex systems of
intricate design and operation.

Dart bodies can be made of aluminum or syn-
thetic polymer (polypropylene, polycarbonate, etc.).
Dart tail designs range from elaborate fins molded
from synthetic polymers to simple strands of yarn
stuffed into the back of the dart (Corson et al. 1984).

Dart needles can be as large as 75 mm long and
2.16 mm in inside diameter. Darts using explosive

Delivery Systems for the
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charges expel their contents in <0.001 second and
thus require large-bore needles to allow the rapid
expulsion of liquid. Needles are designed to either
expel contents from the standard front opening (end
port) or through a side port with the front opening
occluded. End-port needles expel their contents more
rapidly than do side-port needles, but large-bore
needles can become plugged with a core of tissue
when they penetrate hide and muscle (Henwood and
Keep 1989).

Needle shafts can be smooth, or they can be
equipped with a variety of barbs or collars to retain the
dart in the animal. Smooth-shafted needles are used
to deliver the drug and then fall out on their own,
eliminating the need to capture the animal to remove
the dart. If the dart contents are under high pressure,
however, smooth-shafted needles can “rocket” back
out of the animal due to the expulsion of the liquid and
therefore not fully inject the substance.

Some needles are equipped with small collars
that barely secure the dart in the animal but eventually
fall out on their own. One company (Pneu-Dart)
manufactures a gelatin collar that is rigid when dry but
dissolves when it comes into contact with tissue fluids.
These collared darts stay in the animal long enough to
ensure complete expulsion of the contents but still fall
out on their own later.
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Figure 1. Schematic drawing of typical construction used in darts.
(A) drug chamber, (B) movable plunger, (C) tail piece, (D) explosive
charge, (E) compressed air chamber, (F) spring, (G) barb, (H)
needle collar (slides back to discharge drug after dart penetrates
skin).
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To retain the dart in the animal securely, either
spring barbs or metal collars are used. These darts
require manual removal from the animal. Experiments
with retractable barbs have been successful, but these
are not commercially available (Van Rooyen and De
Beer 1973, Smuts 1973). Barbed darts usually create
a greater wound upon removal than do collared or
barbless darts. Some barbs are so tenacious that they
can be removed only with a scalpel.

Darts can be modified to mark as well as treat
the animals that they hit. Darts can be equipped with
dye-filled bladders fixed to the base of the needle that
burst upon impact to mark the treated animal (Bush
1992). These bladders also serve as cushions to
decrease the impact trauma of the dart. Another dart
(Pneu-Dart) utilizes a “piggy-back” tailpiece containing
the dye or paint that breaks loose from the dart body
upon impact to spray the area.

Darts can also be equipped with small radio
transmitters enabling location of animals that have run
off after being darted with immobilizing drugs (Nielsen
1982, Lawson and Melton 1989). The effective
transmitter range of these darts is usually <300 m, but
the technology of small transmitters that can withstand
impact energy holds promise of extended ranges. The
price for such darts complete with reusable transmitter
is $100 to $150.

The advantages and disadvantages of each dart
injection system are listed in table 3. The following
criteria were analyzed.

Injection Speed—If injection speed is rapid (e.g.,
<0.001 second), tissue can be injured and absorption
slowed. However, if injection speed is slow, the
animal (e.g., carnivores) may have time to remove the
dart before all the contents have injected.

Weight—Lightweight darts may cause less impact
when they strike the animal (table 2), but lightweight
darts traveling at high speeds may be more subject to
wind drift and prop wash.

Volume—This category lists the volumes capable of
being delivered by each system.
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Table 3. Characteristics of dart types

Com-
pressed
Category Powder air Gas' Spring
Injection
speed Rapid Slow Moderate  Moderate
Weight Light-Heavy Light Light Medium
Volume (mL) 1-25 1-10 1-6 2-3
Reliability High Medium  Medium High
Contents
under
pressure No Yes Yes/No Yes

' Gas can be from either butane or acid—base mixture. Gas darts may be
pressurized prior to firing or develop gas pressure after striking the target.

Reliability—Dart systems are rated based on consis-
tency of injecting the entire dart contents.

Contents Under Pressure—This is a Yes/No rating
only. The contents of some dart systems are pressur-
ized when they are initially loaded. This type of dart is
more prone to leaking or spraying contents than are
darts that do not develop any expulsion pressure until
they strike the animal.

Biobullets

A .25-caliber, biodegradable implant (biobullet) was
developed to remotely administer biologics and
pharmaceuticals to domestic and wild animals.
Biobullets have been used successfully to treat elk
(Cervus elaphus), bighorn sheep (Ovis canadensis,)
bison (Bison bison), gray wolves (Canis lupus), fallow
deer (Dama dama), roan antelope (Hippotragus
equinus), impala (Aepyceros melampus), waterbuck
(Kobus lece), greater kudu (Tragelaphus strepsiceros),
wildebeest (Connachaetes gnou), zebra (Equus
burchelli), and eland (Taurotragus oryx) (Jessup 1993,
Kreeger unpubl. data).

There has been increasing interest in the poten-
tial of biobullets to deliver contraceptive products.
Immunocontraceptives have been administered to
white-tailed deer (Odocoileus virginianus) and feral
horses (Equus caballus) using biobullets (Warren et
al., this volume).



A biobullet is comprised of an outer, biodegrad-
able casing and either a solid, semisolid, or liquid
payload (fig. 2). Hydroxypropylcellulose (a food
additive) and calcium carbonate are the primary
components of the casing, which when injection-
molded under high temperature and pressure,
becomes a hard, plastic-like material. Upon entry into
the animal and contact with tissue fluids, the casing
immediately begins to dissolve and is entirely liquefied
within 24 hours. The 10-sided bullet mates with a
decagon-rifled barrel. This construction prevents the
barrel fouling encountered with conventional land-and-
groove rifling and allows for hundreds of rounds to be
fired without cleaning.

The desired drug is inserted into the hollow base
of the casing and can dissolve immediately upon
contact with tissue fluids, if so designed. Freeze-dried
vaccine pellets, for instance, dissolve completely
within 3 hours, and concentrations of pharmaceuticals
are detectable in the blood 30 minutes after adminis-
tration (Kreeger, unpubl. data). Because the casing
dissolves upon contact with a solvent, liquid formula-
tions need to be first placed into a gelatin capsule then
the capsule inserted into the casing. Semisolid
formulations, such as silicone rubber, can be dis-
pensed directly into the casing.

Currently, the casing is manufactured to deliver a
125- to 300-mg payload. The exact specifications of
each casing are presented in table 4. Both casings

Active Drug Casing Ballistic Implant

Active Drug ———»Eb -<«— Implant Casing

Figure 2. Biodegradable, 0.25-caliber biobullet showing position of
payload and decagon rifling.
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Table 4. Specifications of biobullet casing

Weight External Cavity
Casing empty length  width depth  width  volume
(mg) (mm)  (mm) (mm)  (mm)  (uL)
“Short” 481.0 14.66 6.43 6.60 4.06 85.44
“Long” 556.0 20.95 6.43 14.22 485 262.68

are .25 caliber (6.43 mm diameter), but .20-caliber
(5.08-mm) biobullets have been developed and used
successfully.

The maximum effective range is approximately
25 m. Longer ranges can be achieved by increasing
the velocity and/or by formulating a heavier casing.
Faster or heavier biobullets, though, would then have
a minimum safe range because such projectiles could
penetrate thin-skinned or small animals too deeply if
shot at close distances. The average penetration
distance in the hindquarter muscle mass of cattle is
from 5 to 7.5 cm. Small-caliber or lighter weight
bullets could be developed to decrease penetration, if
necessary.

Biobullets are currently delivered by a clip-fed,
pump-operated, compressed air-powered rifle. The
compressed air is delivered by either a 1.44- or 2.78-L
air tank. The larger tank can fire 300-350 biobullets
before refilling. The biobullet is propelled at approxi-
mately 900 ft/sec. A single-shot, compressed-air rifle
has also been developed that eliminates the need for
an external air tank (Kreeger, unpubl. data).

The multiple shot capacity of the biobullet remote
delivery system provides significant advantages over
dart RDS for treating herds of animals. The preloaded
biobullets eliminate loading time, spills, and accidental
human exposure while ensuring complete dosage
delivery. Another benefit of biobullets over darts is
that if the animal is missed, the biobullet will com-
pletely degrade within a few days, reducing the
possibility of human exposure.

The disadvantages of the biobullet RDS are the
limited payload (300 mg), limited range (25 m),
possible difficulty in refilling the air tank, and cumber-
some system of air tank, regulator, hose and gun.
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Biobullets have been used to administer elec-
tronic identification transponders (Trovan®) to cattle;
but the operation of the transponder after delivery was
variable, and this technique requires further develop-
ment (Kreeger, unpubl. data). If transponders could
be developed to withstand the impact of ballistic
delivery, both a contraceptive and a transponder could
be administered simultaneously. Thus, treated
animals would be permanently marked which could
aid field data collection and efficacy testing.

Theoretically, a polymeric (see below) biobullet
could be manufactured so that the entire biobullet
becomes a controlled drug delivery device. This
technique could provide even greater flexibility in
payload and dissolution rates.

Other Drug Delivery Systems

Although probably not a true remote delivery system
in the context of this discussion, the remote capture
collar (RCC) is a device that could aid researchers in
the field evaluation of contraceptive safety and
efficacy. The RCC is essentially a radiotelemetry
collar that not only provides a location signal from the
animal but also allows the researcher to remotely
inject either an immobilization drug or a contraceptive
product at the push of a button. The RCC allows
multiple recaptures of the same animal providing long-
term opportunities for pregnancy diagnosis, blood and
urine sampling, contraceptive readministration,
physical evaluation, and the collection of other data
that require animal sampling.

The RCC consists of a transceiver that emits a
location signal and also signals animal activity, battery
life, ambient temperature, and dart status. The
general sequence of its use is as follows: an animal
must be initially captured by some means and the
RCC fitted and the darts loaded with an anesthetic or
other product. Currently, the darts can deliver 1.5 mL
of a liquid product per dart. Usually, a single anes-
thetic dose is concentrated in each dart, allowing a
backup dart should the first one fail to completely
anesthetize the animal. However, a dart could also
contain a liquid contraceptive which could be adminis-
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tered sometime after the animal was initially captured
and treated. This feature may be useful for
immunocontraceptives requiring repeated doses. At
some later date, the researcher relocates the animal
via the radio signal and moves to within 3.2 km

(2 miles) and transmits a signal to fire one of the darts.
The RCC then signals back if the dart successfully
fired. The researcher can then monitor the animal’s
activity via the activity signal; when that signal indi-
cates no activity, the animal is assumed to be immobi-
lized and the researcher can close in on it using the
radio signal.

Once the anesthetized animal has been located,
new darts and batteries can be attached to the collar,
samples taken, and data collected. If the batteries fall
below a certain voltage, or both darts are triggered
without the animal becoming immobilized, or simply at
the command of the researcher, the RCC will disen-
gage from the animal and emit a low-level signal
allowing recovery by the researcher without the need
to recapture the animal. Again, this feature could
allow revaccination or a second (or third) contracep-
tive treatment with recovery of the collar without the
necessity of handling the animal.

The RCC has been successfully used on gray
wolves, white-tailed deer, and black bear (Ursus
americanus) (Mech et al. 1990). The collar sells for
$1,495 and the triggering transmitter for $2,395.

Implant Guns

Implant guns are devices that insert implants either
intramuscularly or subcutaneously and require capture
and restraint (either chemical or physical) of the
animal. Implant guns use belts or clips capable of
holding up to 20 doses that are inserted via a large-
bore needle. Implant guns are being used to adminis-
ter progesterone, testosterone, etsradiol, norgestomet,
or other substances. Drug substances can be in the
form of pellets or polymers. One product combines an
injectable solution with a controlled-release hydrophilic
polymer to provide an immediate as well as a delayed
effect with a single administration. Most products are
intended as growth promotants for production animals,
but some are used to synchronize estrus in cattle.



Implant guns thus provide a means of inserting a
variety of formulations without the need for a surgical
incision and implantation. Animals can be treated
quite rapidly and released immediately after treatment
if manually restrained. Nonbiodegradable implants
can be inserted into the ear, a desirable site because
it will not be eaten if the animals are intended for
human consumption. It may be possible to obtain
implant guns and empty clips for those wishing to
manufacture their own formulations for experimental
use in wild animals.

In Vivo Delivery Systems

Very few drugs provide effective contraception after
only a single administration. Immunocontraceptives,
such as zona pellucida (ZP) vaccines, invariably
require multiple administrations to create an
anamestic response to develop and maintain effective
titers. Steroid contraceptives and gonadotropin-
releasing hormone (GnRH) agonists must be continu-
ally administered in order to remain effective over
time. | have previously discussed how to get contra-
ceptives to the animal, but it is equally important to
review technologies that provide controlled release of
the contraceptive within the animal.

Controlled-release systems (CRS) deliver a drug
at a predetermined rate for a given period. The active
ingredient in CRS differs from those in sustained-
release preparations, which do not dissolve in the
stomach yet do dissolve in the intestine. Generally,
sustained-release systems release drugs in less than
a day and are characterized by a drug concentration
peak followed by a decline (Langer 1990). Multiple
administrations of sustained-release preparations
result in oscillations between these peaks and valleys.
Sustained-release preparation are thus not uniform or
“controlled.” Controlled-release preparations are
designed to reach and then maintain the drug within a
desired therapeutic range following a single adminis-
tration. The release rate of CRS should ideally be
“zero order” in which the amount of drug released to
the absorption site remains constant over time.
Controlled-release preparations can also be designed

Delivery Systems for the
Administration of Contraceptives

to preserve drugs that normally would be rapidly
metabolized and destroyed.

Although the bulk of the following discussion will
emphasize CRS that can be delivered remotely, it
should not be forgotten that such systems can be
administered to captured animals by a variety of
means. Surgical implants, transdermal patches, and
vaginal rings are all viable delivery systems that can
be employed as determined by efficacy, economic,
and animal safety considerations.

Classes of Controlled Release Systems

There are five general classes of CRS appropriate for
wildlife contraception: mechanical pumps, osmotic
pumps, chemically controlled systems, diffusional
systems, and liposomes.

Mechanical Pumps—Implantable mechanical pumps
have been tested and proven in human medicine for
the delivery of insulin, heparin, and other agents.
Some mechanical pumps are powered by hermetically
sealed, compressible fluorocarbon pushing against a
septum that separates the gas from the drug compart-
ment. The vapor pressure exerted by the propellant
forces the drug solution through a filter and flow
regulator at a constant rate. Mechanical pumps have
to be surgically implanted and are relatively expen-
sive, but they can be refilled and are capable of
precise drug control. Their use for wildlife contracep-
tives is probably limited to research applications.

Osmotic Pumps—Osmotic pumps are devices
consisting essentially of a liquid drug reservoir sur-
rounded by an osmotically active polymer (“energy
source”) which, in turn, is surrounded by a water-
permeable membrane (fig. 3). The osmotically active
polymer maintains a constant water gradient across
the rate-controlling membrane. The polymer acts as
an energy source to create hydrostatic pressure on
the reservoir. The reservoir consists of a soft, low
modulus drug-impermeable elastomer that releases a
water-soluble drug through a small opening to the
body when “squeezed” by hydrostatic pressure. At
steady-state, these pumps follow zero-order kinetics
(Eckenhoff and Yum 1981). More simply, an osmotic
pump or “osmotic tablet” can consist of a drug sub-
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Figure 3. Polymer release mechanisms: (A) osmotic pump,
(B) polymer degradation, (C) backbone cleavage, (D) diffusional
matrix, (E) diffusional reservoir (after Langer 1990).

stance and an osmotic polymer or simple salt all
surrounded by a semipermeable membrane. Osmotic
hydration drives the drug out of a laser-drilled orifice
(Squire and Lees 1992). Osmotic pumps need not be
expensive, but they require animal capture and
surgical implantation unless delivered by biobullet.
However, depending on the potency of the drug
substance, micro-osmotic pumps or osmotic tablets
theoretically could be designed and delivered
remotely.
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Chemically Controlled Systems—The advantage of
chemically controlled drug delivery systems over
mechanical or osmotic pumps is that they need not be
surgically implanted and they are biodegradable. Thus,
no residues are left in the animal, which is not an
unimportant concern in food-producing species. Release
of the drug takes place by the following mechanisms:

1. Gradual biodegradation of a drug-containing
polymer matrix. The drug substance can either by
dispersed in the polymer matrix or encapsulated in it.
The drug is released into the tissues at controlled




rates; the particular kinetics depend on the chemical
composition of the polymer, the solubility of the drug in
the polymer, and how the polymer matrix was pre-
pared (fig. 3).

2. Cleavage of unstable bonds coupling a drug to a
polymer backbone (fig. 3).

Diffusional Systems—Like chemically controlled
systems, diffusional systems need not be surgically
implanted nor removed if they are biodegradable.
Drugs diffuse through polymers, leaving the polymer
intact, or the polymer may biodegrade after the drug
has been exhausted. There are two types of diffu-
sional systems: reservoirs and matrices (fig. 3).
Reservoirs can be surrounded by either a porous or
nonporous membrane. In porous membrane reser-
voirs, the drug passes through liquid-filled pores of the
polymer membrane rather than through the polymer
itself. Thus, drug solubility within the liquid medium of
the pores is more important than drug solubility in the
polymer.

In matrix systems, the drug is distributed
throughout the polymeric system. Such systems
normally do not provide zero-order release because
the drug is initially released from the outer layers and
then released from sequentially deeper layers of the
matrix.

Liposomes—Liposomes are vesicular structures built
of one or more lipid bilayers surrounding an aqueous
core. The backbone of the bilayer consists of phospho-
lipids. Size, number of bilayers, bilayer charge, and
bilayer rigidity determine in vivo performance. Lipo-
somes deliver their contents through macrophage
phagocytosis, membrane fusion, surface adsorption,
or lipid exchange (Nassander et al. 1990).

Probably the earliest and certainly the most
widely used controlled-release system for the delivery
of contraceptives to wildlife employed silicone rubber
(polydimethylsiloxane) implants (i.e., a diffusional
system). In 1964, Folkman and Long determined that
Silastic™ implants could deliver drugs for an extended
period in dogs. Subsequently, silicone implants were
devised to deliver steroid contraceptives to white-
tailed deer and other species (Bell and Peterle 1975,
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Seal et al. 1976, Matschke 1977, 1980). Silicone
implants containing melengesterol acetate have been
used to control fertility in dozens of species represent-
ing hundreds of individuals held in zoos. Silicone
implants are not biodegradable and generally require
surgical administration. More potent agents, however,
may be delivered remotely via biobullets containing
small, silicone implants (see Kesler, this volume).

In the 1980’s and 1990’s, research on the use of
polymers as excipients for controlled drug release has
virtually exploded. Polymers can be used to form
microspheres, microcapsules, implants, coatings, and
fibers. Polymeric CRS are biodegradable and offer
versatility in terms of release rates and duration.
Although research on the use of polymeric CRS for
wildlife contraception is in its infancy, this technology
probably offers the most promise to the wildlife biolo-
gist in the future.

Polymers

Polymers are high molecular weight substances,
made up of a chain of identical, repeated base units.
Many polymers used in CRS are polyesters, an ester
being an organic compound formed by the elimination
of H,0 between the “OH of an acid group and the -OH
of an alcohol group. Thus when implanted in vivo,
polyesters are usually biodegraded by simple hydroly-
sis as opposed to requiring enzymatic action.

It is possible to design polymeric implants or
microspheres that could be remotely delivered by a
dart or biobullet. Once implanted, the polymer would
consistently release a contraceptive drug or vaccine
over an extended period of time (Aguado 1993, Morris
et al. 1994). For substances such as zona pellucida
vaccines, polymers could be used to coat pellets or
form microspheres of a lyophilized vaccine which
would degrade at specific intervals to provide one or
more boosters. Additionally, polymers have been
developed that not only provide for the controlled
release of antigen but do so from a biodegradable
antigen delivery device which degrades into material
with adjuvant properties (Kohn et al. 1986, Morris et
al. 1994).
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There are virtually hundreds of candidate
polymers being studied for controlled release (Chasin
and Langer 1990), and a discussion of their specifics
is beyond the scope of this chapter. Three principal
biodegradable polymers developed for controlled
contraceptive steroid release are copolymers of lactic
and glycolic acid (Beck and Tice 1983), poly—e—
caprolactone (Ory et al. 1983), and poly(ortho esters)
(Heller et al. 1984). A brief discussion of these and
other polymers is included below to familiarize the
reader with this subject.

Lactide/Glycolide Polymers—Lactide/glycolide
polymers are some of the most widely investigated
biodegradable excipients for controlled drug delivery.
Their advantage is versatility in polymer properties
and performance characteristics. For wide applica-
tions in controlled drug delivery, it is imperative that a
range of rates and duration of drug release be achiev-
able (Lewis 1990).

Homopolymers and copolymers of lactic and
glycolic acids are synthesized by ring-opening and
melt condensation of the cyclic dimers, lactide and
glycolide (Kulkarni et al. 1971). Additionally, lactic
acid exists as either D or L stereoisomers; thus, D, L,
or racemic DL polymers can be synthesized. Perfor-
mance versatility is achieved through the various
combinations of the stereoisomers of lactic acid and/
or glycolic acid. Because biodegradation is achieved
through hydrolysis of ester linkages, crystallinity and
water uptake are key factors in determining the rates
of in vivo degradation (Lewis 1990). For example,
water uptake increases as the glycolide ratio in the
copolymer increases (Gildling and Reed 1979, Rosen
et al. 1988) so that copolymers having a high glycolide
component degrade sooner than do lactide polymers
(table 5).

Lactide/glycolide polymers also provide fabrica-
tion versatility. At least three types of CRS based on
these polymers have been investigated: micro-
capsules or microspheres, implants, and fibers.
Microspheres have been used to deliver a variety of
steroids and steroid contraceptives, such as
norethisterone, levonorgesterel, testosterone, testos-
terone propionate, progesterone, norgestimate, and

40

Table 5. Biodegredation of lactide/glycolide
polymers (after Lewis 1990)

Approximate

biodegredation

Polymer time
(Months)

Poly(L-lactide) 18-24
Poly(D,L-lactide) 12-16
Poly(glycolide) 2-4
85:15 (D,L-lactide-co-glycolide) 5
50:50 (D,L-lactide-co-glycolide)
90:10 (D,L-lactide-co-caprolactone) 2

estradiol benzoate (Beck et al. 1979, 1980, 1981,
1983, 1985). A virtually infinite variety of lactide/
glycolide polymer implants can be made by injection
molding, compression molding, or screw extrusion.
Rods comprised of 50:50 molar poly(D,L-lactide—co—
glycolide) were successful in the extended, controlled
release of a potent GnRH agonist in rats (Furr and
Hutchinson 1992). Hollow fibers spun from poly(L—
lactide) have been used for delivery of levonorgesterel
(Eenink et al. 1987).

The rate and duration of steroid release is
affected by (1) polymer composition, (2) drug:polymer
ratio, (3) microsphere size distribution, and (4) micro-
sphere quality (Lewis and Tice 1984). The smaller the
microsphere, the higher the drug concentration and
the shorter the duration of release due to the relatively
greater surface area (Lewis 1990).

Lactide/glycolide polymers have also been used
for controlled release of vaccines to provide initial and
repeated antigen exposure in order to stimulate the
desired anamestic response. Such technology could
be useful for one-time administration of zona pellucida
vaccines. A human contraceptive vaccine based on
lactide/glycolide polymers is in development using a
37-amino acid peptide of beta~human chorionic
gonadotropin (B—HCG as the antigen conjugated to
diphtheria toxoid. The antigen is administered with
microencapsulated muramyl dipeptide as an adjuvant



to provide 9—12 months of elevated antibody titers in
rabbits after a single injection (Lewis 1990).

Over the last 2 decades, lactide/glycolide poly-
mers as excipients for the controlled release of
bioactive agents have proven to be both safe and
efficacious in animal and human trials. The ready
availability of these polymers from reputable firms,
plus their versatility offer promise to biologists devel-
oping contraceptive delivery systems for wildlife.

Poly—e—caprolactone—Poly—s—caprolactone (PCL)
was initially evaluated as a biodegradable packaging
material to reduce environmental pollution due to its
degradation by micro-organisms (Potts et al. 1973).
The success of other polyesters such as poly(lactide)
and poly(glycolide) as drug delivery systems led to the
evaluation of the degradability of PCL in vivo
(Schindler et al. 1977). The PCL homopolymer
degrades very slowly compared to poly(glycolide) and
appears to be quite suitable for long-term drug deliv-

ery, including contraceptives (Pitt and Schindler 1984).

If desired, biodegradation of PCL can be enhanced by
copolymerization with poly(DL-lactide) (table 5), and
PCL has shown an exceptional ability to form compat-
ible blends with a variety of other polymers as well
(Koleske 1978, Pitt 1990).

PCL and its copolymers are highly permeable to
low-molecular- weight (<400 daltons) drugs (Pitt et al.
1979a). As a comparison, the diffusion coefficient of
PCL for several steroids is two orders of magnitude
less than that of silicone rubber, but drug solubility is
greater in PCL. Thus, the permeabilities (the product
of the diffusion coefficient and solubility) of PCL and of
silicone rubber are not greatly different (0.6x10-"° v.
2.2x107'° g/cm-sec, respectively) (Pitt 1990). This
high permeability of PCL and its copolymers coupled
with controlled biodegradation lends PCL to the
development of delivery devices that are based on
diffusion-controlled drug delivery during an induction
period prior to weight loss of the matrix. Subsequent
biodegradation of the polymer eliminates the need for
removal of the spent device (Pitt 1990).

Biodegradation of PCL begins with random
hydrolytic chain scission of the ester linkages, mani-
fested by a reduction in the viscosity and molecular
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weight of the polymer. This rate does not change
despite 10-fold changes in the surface-to-volume ratio,
indicative of a bulk process. Implant weight loss is not
observed until polymer molecular weight has decreased
to approximately 5,000 daltons, at which time there is
a decrease in the rate of chain scission. Weight loss
is then attributed to an increased probability the
production of excised fragments that are small enough
to diffuse out of the polymer bulk and to the breakup of
the polymer mass to produce particles small enough
to be phagocytized (Pitt 1990).

PCL can be formed into films, rods,
microcapsules, or reservoir devices. Reservoir
devices for the delivery of steroid contraceptives have
been developed where drugs are surrounded by a
PCL capsule that biodegrades after the drug is
exhausted. Improved zero-order kinetics could be
obtained by suspending the drug (levonorgestrel) in an
oil within the PCL capsule (Pitt et al. 1979b). Increased
permeability of reservoir devices can be obtained
through copolymerization of PCL (Pitt et al. 1980).

Poly(ortho esters)—Although polymer diffusion
systems have been developed to deliver contraceptive
steroids, there is a need to develop systems where
drug release is predominately controlled by polymer
hydrolysis. Such polymers could be an important
means of polypeptide delivery for those polypeptides
that do not diffuse from polymers at useful rates,
particularly as molecular weight increases (Heller et
al. 1990).

Poly(ortho esters) are polymers containing acid-
labile linkages in their backbones. Hydrolysis rates of
poly(ortho esters) can be manipulated by incorporation
of acidic or basic excipients into the matrix. Under
certain conditions, the hydrolysis of such polymers
could also be confined predominantly to the outer
surface so that the resultant surface erosion allows
excellent control of the release kinetics of incorporated
therapeutic agents (Heller et al. 1990).

Two methods of controlling erosion rates of
poly(ortho esters) are (1) using an acidic excipient to
accelerate the rate of hydrolysis and (2) using a basic
excipient to stabilize the interior of the device. When
a hydrophilic polymer with a physically dispersed
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acidic excipient is placed into an aqueous environ-
ment, water will diffuse into the polymer, dissolving the
acidic excipient. That dissolution lowers the pH to
accelerate hydrolysis of the ortho ester bonds (Heller
1985). Conversely, when long-term surface erosion is
desired, the addition of a basic excipient, such as
Mg(OH),, stabilizes the interior of the device so that
water penetration into the matrix does not lead to
hydrolysis. Theoretically, erosion can only then occur
at the surface where the base has been eluted or
neutralized. This is thought to occur by water intrusion
into—and diffusion of the slightly water-soluble basic
excipient out of—the matrix. Polymer erosion then
occurs in the base-depleted layer (Heller et al. 1990).

The use of basic excipients to control and
prolong release of contraceptive steroids was demon-
strated by Heller (1985 and 1986) and Heller et al.
1990. Polymer rods containing 30 percent
levonorgestrel by weight and 7.1 percent Mg(OH), by
molecular weight were implanted subcutaneously in
rabbits. Polymer erosion and drug release appeared
to occur concomitantly, and bulk erosion was not
evident, indicating surface erosion. Blood concentra-
tions of levonorgestrel were reasonably constant once
the initial burst subsided.

Polyanhydrides—Aromatic polyanhydrides were first
synthesized in 1909 but did not receive much attention
until they were investigated as replacements for
polyester fiber. The major deficiency of polyan-
hydrides in this role was their hydrolytic instability;
however, this same instability rendered polyan-
hydrides attractive as biodegradable drug-carrier
matrices (Rosen et al. 1988). Generally, it is desirable
to have a polymeric system that degrades only from
the surface. To achieve such heterogeneous degrada-
tion, the rate of hydrolytic degradation at the surface
must be faster than the rate of water penetration into
the bulk of the matrix. This characteristic would also
aid in the delivery of water-labile drugs by making it
more difficult for water to interact with these sub-
stances until they are released (Chasin et al. 1990).

Polyanhyride homopolymer implants generally
erode completely, leaving no insoluble residue.
Throughout erosion, implants decrease in size while
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retaining physical integrity, suggesting surface erosion
(Rosen et al. 1988). Erosion and drug release profiles
are approximately zero order, and complete release of
drug substance correlates with complete matrix
erosion. Copolymers of bis (p—carboxyphenoxy)
propane (PCCP) and sebacic acid (SA) can be
formulated to achieve degradation rates between 1 day
and 3 years depending on the PCCP-SA ratio; the
erosion rate increasing with an increasing proportion
of the hydrophilic SA (Leong et al. 1985).

Polyanhydride microspheres have been devel-
oped for the controlled release of proteins. In a recent
study, when trypsin was placed inside polyanhyride
microspheres, the activity loss was <10 percent at
37 °C for 12 hours compared to an 80-percent activity
loss for unprotected trypsin. The protein-loaded
microspheres displayed near zero-order erosion
kinetics without any large initial burst (Tabata et al.
1993).

Polyphosphazenes—Polyphosphazenes are a class
of polymers that can serve two quite different func-
tions: they can form inert, long-term structural compo-
nents, or they can be made hydrolytically unstable so
as to function as bioerodible materials. The hydrolytic
stability or instability is determined not by changes in
the backbone structure but by changes in the side
groups attached to a long-chain backbone of alternat-
ing phosphorus and nitrogen atoms. Side groups
attach to each phosphorus molecule, and these
groups can range from hydrophobic groups that confer
water insolubility that protect the backbone against
hydrolysis through groups that generate water solubil-
ity together with hydrolytic stability, to side groups that
provide a facile pathway for hydrolytic breakdown of
the polymer to innocuous, excretable, or metaboliz-
able molecules (Allcock 1990).

Poly- and Pseudopoly(amino acids)—Although
many biodegradable polymers have provided signifi-
cant treatment advantages, there is a continual
concern about potential toxicity associated with a
polymer that degrades in vivo. To alleviate this
problem, polymers have been derived using naturally
occurring nutrients or metabolites. The development
of poly(lactide) and poly(glycolide) polymers is a good



example of this approach. Poly(amino acids) have
been extensively investigated as candidates for a
material that does not give rise to toxic degradation
products because these acids are derived from natural
molecules. However, the number of promising materi-
als has turned out to be quite limited. One of the
major limitations of synthetic poly(amino acids) is the
pronounced antigenicity of those poly(amino acids)
containing three or more different amino acids. Another
limitation is that synthetic poly(amino acids) may have
undesirable material properties. For example, most
synthetic poly(amino acids) derived from a single
amino acid are insoluble, high-melting materials that
cannot be processed into shaped objects by conven-
tional fabrication techniques. Many poly(amino acids)
also absorb a significant amount of water when in an
aqueous environment (Kohn 1990). Nonetheless,
natural poly(amino acids) have been developed that
are nontoxic and biodegradable. Poly(g—glutamic
acid) polymers, synthesized by Bacillus lichenformi,
have successfully delivered porcine growth hormone
over an extended period (Fan and Sevoian, unpubl.
data).

To overcome these difficulties of synthetic
poly(amino acids), pseudopoly(amino acids) have
been developed. Pseudopoly(amino acids) replace
the peptide bonds in the backbone of synthetic
poly(amino acids) with a variety of nonamide linkages.
In peptide chemistry, the term “pseudopeptide” often
denotes a peptide in which some or all of the amino
acids are linked by bonds other than peptide linkages.
Thus far, few pseudopoly(amino acids) have been
developed, but initial investigations support the theory
that they tend to retain nontoxicity and good
biocompatability often associated with conventional
poly(amino acids) while at the same time exhibiting
significantly improved material properties (Kohn 1990).

Delivery Systems for the
Administration of Contraceptives

Conclusion

Whether contraceptives useful for wildlife population
management will ever be developed, let alone employed,
is currently unknown. Whatever technologies are
ultimately devised, however, it will never be an easy
task to administer contraceptives to wildlife. In the
above discussion, readers have merely viewed the
contraceptive iceberg from the surface. Because
there are tremendous financial rewards in the field of
delivery systems, an immense amount of research
goes on unseen and unannounced by both public and
private investigators.

Nonetheless, the future development of contra-
ceptive delivery systems by both the human and
veterinary medical communities will work in favor of
the wildlife biologist. Many potential technologies
were not even discussed in this review as they were
deemed premature for wildlife applications. For
example, it is possible that isolated cells, such as
luteal cells, could be encapsulated and protected so
as to continually elaborate progesterone to prevent
estrus cycling (Sefton et al. 1992). Even viruses and
bacteria could be drafted as contraceptive delivery
systems to produce sperm or ZP antigens via recom-
binant DNA technology (Morell 1993).

Ultimately, methods of delivering contraceptives
to wildlife may be as varied as the species targeted.
No one technology is likely to satisfy all the concerns
on efficacy, efficiency, and animal and human safety.
Also, the exigencies of wildlife overpopulation occur-
ring in so many locations and circumstances will
require the efficient and selfless collaboration of all
concerned scientists. Thus, technologies from many
disciplines will have to be combined to provide biolo-
gists with the extensive and sophisticated armamen-
tarium required to confront the task of wildlife
population control.
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