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PREFACE

For the past few years the U.S. National Committee for
the International Institute of Refrigeration has been
conducting short conferences devoted to the presentation
and discussion of research papers in the field of low~
temperature phenomena as they relate to the life sciences
and the application of the results. At these conferences
the presentation of each paper is followed by a discussion
period during which the conferees comment on the pre-
sented paper or offer additional information. As a
service to the scientific community and the general
public the National Academy of Sciences is publishing
the papers and the pertinent discussions. It should be
noted, however, that neither the National Academy of
Sciences, the U.S. National Committee, nor the conferees
approve or disapprove opinions or results presented in

this publication.

Nelson T. Grisamore

Staff Executive

U.S. National Committee for
the International Institute
of Refrigeration
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FOREWORD

This conference, like those preceding it, has brought
together participants of diverse professional backgrounds
who have contributed to the science and technology of
the subject or whose current interests, scientific or
otherwise, bear significantly thereon. Unlike the
earlier conferences, this is a Joint undertaking of two
separate organizations, the USNCIIR and the Bureau of
Biologics of the Food and Drug Administration. The
reasons for this combined program were made clear to all
participants in the invitations sent to them and in due
course, as the published proceedings are made available,
these reasons should become evident to all who refer to
that volume.

For more than a quarter century, geneticists and
reproductive physiologists have sought to take advantage
of the fact that bovine spermatozoa, and that of other
economically important domestic animals, can be frozen
and cooled to very low temperatures and can subsequently
be recovered in functional form. Among us today are
several investigators who have contributed to the science
and technology underlying the widespread artificial
insemination operations at present carried on in this
country and abroad. It is inevitable that obvious
success with cryopreservation of sperm among lower
mammals would have led to studies in man. We are also
fortunate to have with us individuals who have devoted
much of their professional careers in this field to
discuss and interpret their observations. Human arti-
ficial insemination, which encompasses entities defined
as biologic products, is of major interest to the Bureau
of Biologics, FDA. On earlier occasions, having
discussed with Drs. Petricciani and Noguchi the content
of the conference program, I have come to understand the

ix
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basis for the Bureau's concern with product quality and
other aspects of regulatory responsibility in this field
of medicine. I believe that as our conference proceeds,
all its participants will arrive at a similar understanding.

The first day of the conference, as in preceding
USNCIIR round-table programs, is centered around a group
of themes, each presented by a professional of recognized
competence in the subject. At the conclusion of each
presentation, the other participants are free to comment
on, criticize, or challenge any or all material included
therein. All present at round-table sessions are here
by invitation, with the understanding that each is
expected to contribute to the proceedings, at least from
the basis of his or her own experience. None are invited
merely to audit. All are free to contribute at greater
length, and as a matter of record, for inclusion in the
published proceedings.

These conferences, although based on subjects
primarily of scientific and technological interests, are
‘designed to include participants other than scientists
whose professional activities are affected by such
matters, Thus, members of pertinent federal agencies,
practicing physicians, university faculty, attorneys,
business executives, and others can be expected to bring
points of view not likely to be encountered at a meeting
consisting entirely of experts in a tightly defined field
of science. Although research is often reported, a
conference of this type is not intended to deal execlu-
sively, or even comprehensively, with recent original
investigation. Rather, its purpose is to regard a sub-
Ject of current scientific or technological interest
from a number of, hopefully, closely reasoned points of
view. .

The common thread throughout the prior conferences
sponsored by the National Research Council and organized
by the USNCIIR, as well as in those contemplated for the
. future, lies in that area of science concerned with the
influence of physical processes, temperature and pressure,
on living systems and other materials of biological
origin. ©Special emphasis has been placed on temperature
below the freezing point of water, and as a consequence,
the pressures and other phenomena induced by changes of
state. The present conference is no exception. A large
and growing body of scientific knowledge, as such of
limited significance to society, is being implemented in
an expanding body of technology that holds, for good or
otherwise, much of major significance. Needless to say,

X


http://www.nap.edu/catalog.php?record_id=19916

this is not an unusual situation in many fields of science.
Our round-table conference format is a simple device for
assembling people who regard such matters from varying
vantage points.

The second session, which is being co-sponsored by
the Naval Medical Research Institute and the Bureau of
Biologics of the Food and Drug Administration, was orga-
nized with the interest and help of the National Academy
. of Sciences and the USNCIIR, in such a way that it
complements the first session. The success in obtaining
outstanding speakers for this session is in no small way
due to the support provided by the Naval Medical Research
Institute in meeting the travel expenses of some of the
speakers.

In many ways it is strange that in the year 1976 we
should be sitting down to discuss issues that have a
direct bearing on the possible regulation of human sperm
banks. It is strange because the product--human sperm--
is a biologic with which we have had experience for
hundreds of thousands, if not millions, of years. And
in that sense it is hardly a new or novel biologic, nor
is it being considered outside the context of its usual
role in reproductive biology. But we must bear in mind
that there is a distinction between what occurs during
the natural course of human reproductive interactions
and those cases in which human semen is used in a thera-
peutic setting such as in the treatment of infertility.
Human sperm could easily be considered the ultimate
biologic product. Other than ova, which are neither as
accessible nor as abundant as sperm, there is no biologic
that has the enormous potential of sperm. Nevertheless,
concern has been expressed that this unique biologic may
be associated with health hazards. Dr. Sherman has been
especially active in bringing this issue to the attention
of many of us. Our meeting today is meant to focus
attention on human sperm banking with the overall aim of
developing both data and comments that will be useful to
a regulatory agency faced with the questions of whether
or not to initiate regulatory activity, and if so, which
type would be the most appropriate. As we proceed
through today's presentations, I think it will become
clear that the regulation of sperm banking is a complex
issue, and that there are many areas in which our basic
knowledge is grossly deficient., We hope that as a by-
product of this meeting, major funding agencies such as
the National Institutes of Health and National Science
Foundation will begin to recognize the importance of

xi
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.supporting studies to answer some of the fundamental
gquestions in this field.

The general situation in sperm banking has been
characterized by some as an enterprise where we know
very little about the donor and even less about what
happens to the semen specimen after the deposit in the
bank. What we want to do today is try to define what
is reasonable to know about the donor and his sample
before it is used in artificial insemination.

A. P. Rinfret
John C. Petricciani
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INTRODUCTION

Bernard LaSalle

Semen preservation includes selection of donors, collect-
ion, addition of cryoprotectant, stabilizer, diluent and
preservatives, freezing, thawing, macroscopic and micro-~
scopic examinations, microbiological tests, immunobiolo=
gical tests, genetic tests, insemination, and evaluation
of fertility and offspring.

It is interesting to recall that artificial insemi-
nation was first practiced in horses by the Arsbs, in the
fourteenth century. In the last half of the eighteenth
century, Jacobi, Spallanzani, and Rossi experimented on
fish, frogs, silkworms, and dogs. In the nineteenth
century, several papers on artificial insemination were
published by gynecologists. It is only since the end of
the nineteenth century, and the beginning of the twen-
tieth century, that the technique of artificial insemina-—
tion was developed and extensively applied to livestock.

Russian scientists, led by Ivanov, contributed
greatly to the improvement of the livestock industry in
their country, through artificial insemination. They
were the first, in 1907, to begin writing extensively on
its application in horses, cattle, sheep, swine, fowl,
furbearers, and wild animals. Scientists cf Europe,
America, and Asia studied and pursued the Russians' work.

Interesting reviews on the subject of this confer-
ence may be found in

® The Veterinary Record,
® The Technique of Artificial Insemination, Imperial
Bureau of Animal Geneties, 1933
® Revue Internationale d'Agriculture, 1934
® Recueil de Medecine Veterinaire, 1935
" ® Germ Plasm Resources, American Association for the
Advancement of Science, 1961

1
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J. K. Sherman presented "State of the Art of Banking
Frozen Human Semen" at our 1972 USNCIIR round-table
conference, "A Review of Problems Associated with
Biological Integrity at Low Temperatures." From the
beginning of artificial insemination in the fourteenth
century, through the first three decades of the twentieth
century, semen was generally preserved at body tempera-
ture, and protected against cold shock, for use
immediately or within one-half hour after collection.

The need for improving semen preservation was obvious.

The Russian workers developed and used buffered
sugar solutions as diluents, to increase the volume and
prolong the life of semen. These diluents preserved
semen for a few days at room temperature, but did not
protect spermatozoa against cold shock. In 1932,

560,000 mares, 2,000,000 cows, 3,000,000 ewes, and
200,000 sows were artificially inseminated in Russisa.
The practice was then generally nonexistent or only
emerging in most other countries.

To transport semen to our widely distant farms, the
American workers developed egg-yolk-phosphate buffer-
citrate diluents, which made it possible to slowly cool
diluted semen from body temperature to T°C in 90 min.
and to stop motility and reduce the loss of fertility to
5 percent daily for 3 or L days.

Ivanov reported, in 1923, "Experiments on the Disin-
fection of Sperm in Mammals, Especially in Relation to
Dourine in Horses." He mixed infected semen with salvar-
san (arsphenamine) and neosalvarsan (neoarsphenamine),
1:10,000, to kill Trypanosoma equiperdum, without
affecting fertility.

The American scientists pioneered the use of
antibacterial agents, such as sulfanilamide, penicillin,
and streptomycin, They also pioneered, in their own way,
the use of diluents containing glycerol, glycine, sugars,
milk, whole egg, skim milk, buttermilk, dried milk, COE’
dimethyl sulfoxide, ethylene glycol, and others.

Although attempts to preserve semen by freezing
were made toward the end of the nineteenth century, they
were not successful until the late thirties and early
forties of this century, when only human semen was found
to survive freezing at the low temperatures of liquid
gases. Semen freezing became routine after the break~
through of the French and British scientists who
discovered the protective effects of glycerol. Their
initial work with frog and fowl semen was soon extended
to semen of other animal species including man.
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Pretreatment of bovine semen with glycerol, slow
cooling, freezing, and storage in liquid nitrogen at
-196°C has since been used extensively and routinely,
with great success. Several breakthroughs have been
reported for the preservation of the fertility of boar
semen through freezing and thawing. All this has made
possible great progress in livestock improvement by
increasing several thousandfold the potential progeny
of better-selected sires or donors and by allowing
ample time for extensive evaluation and testing for
genetic qualities, freedom of genetic defects and agents
of infectious diseases, for international transport, and
for long-range breeding programs.

The history of semen preservation, the current
literature, and this conference prompt me to share with
you the expectation that greater emphasis will be placed
on:

Selection and care of donors
Long-range breeding and livestock breeding programs
Testing donors for all diseases common to the species
Aseptic collection and handling of semen

® Testing semen for all known pathogens and undesi-
rable contaminants

® Improved cryoprotective diluents and cryogenic
preservation

® Addition of antibacterial, antifungal, antimycoplas-
mal, and other preservatives

® Cleaning, disinfection, and sterilization of all
facilities, equipment, instruments, containers, freezers,
and liquid nitrogen tanks.

® Sterile filtration of liquid nitrogen

® Recordkeeping

® Regulations

® Other precautions to prevent the use of contaminated,
infectious, dangerous, or worthless semen.
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FUNDAMENTALS OF THE
PRESERVATION OF SPERMATOZOA

E. F. Graham

From time eternal the mysteries and intricacies of

sexual reproduction have been pondered. Enter man, the
manipulator, into the normal process of reproduction of
self or the beasts that serve him; enter artificial means
of semen collection; enter collected semen; enter
preservation in the liquid state; enter cryopreservation;
enter artificial insemination; and enter challenges,
opportunities, problems, and questions. Accomplishment
in the field of physiology of reproduction has been made
to an extent that would stagger the imagination of those
not working in the area. But the immense perturbation
that man has introduced into the process is as unprece-
dented as it is relentless and cannot now be checked save
ignoring several centuries of hard-won understanding. We
cannot reverse this trend of events, but we should have
the power of discernment to use appropriately the fruits
of our research in proper perspective. Goals in animal
research have been directed to animal improvement for

the betterment of mankind. Many of our findings are,
however, directly applicable to the human, although we
have no control at present over their use in this context
either for good or ill. Research is turning intensively
to the very basics, propelled headlong by applications
beyond the limits of our current understanding. Our only
recourse is to endeavor to recognize very early the scope
of our impact, seek true answers, and apply knowledge
cautiously with wisdom and vision for the future.

The purpose of this paper is to list and review
several of the factors, steps, problems, and questions
that may be important either to animal or men in the
process of reproduction from sperm collection through
fertilization. During this conference, drawing from the
principal speakers and discussants, it is hoped that

L
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definitive answers with appropriate data will shed
insight to the many questions raised, and at the same
time pose questions to guide future research important to
reach our goals. Only selected references will be used
to illustrate some diversity of opinion.

SEMEN COLLECTION

The artificial vagina is the preferred method of semen
collection in most species. It provides for the proper
temperature, pressure, and lubrication to simulate
natural ms.t:ing.'r Care should be taken to maintain
sanitary conditions. Electroejaculation of semen is used
when animals are not trained for the artificial vagina or
are physically unable to mount . 47 Larger volume,
resulting in lower sperm concentrations with comparable
or somewhat decreased fertility of bull semen, is
obtained. Electroejaculated ram semen has less uniform
ejaculates, lower quality, and lower fertilit thgn
semen collected with the artificial vagina. 126,182

Collecting semen too frequently causes a decrease
in concentration and volume per ejaculate, but increases
the total number of sperm collected per unit time.
Variations do exist from species to species.Tg The
maximum potential daily sperm output has been estimated
as 12.8 billion (mature Holstein bulls), 5.3 billion
(young shorthorn bﬂlls), and 31.3 billion (2-yr-old
Yorkshire boars).3

Sexual preparation and stimulation by allowing a
single false mount increases sperm output by 50 percent,
while three false mounts increases production by 100
percent. Prolonged restraint before mounting has a
similar effect. Changing teasers and enviromment also
increases sexual interest and semen quality and
quantity. 189

INITIAL SEMEN QUALITY

Volume of semen varies with age, species, and individual
animal and is used along with sperm concentration and
motility to determine final dilution rate for freezing.
One study showed & significant (r = -0.170 and -0,111)
correlation between volume and fertility.

Many researchers have investigated the relationship
between initial sperm concentration and fertility,
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Initial sperm-rich cell concentration of boar semen gave
the highest correlation to fertility of all characteris-
tics studied (r = 0.61).196 Similar results have been
reported for the stallion.2L However, no significant
correlation between sperm concentration and fertility
in ram semen has been reported.973233 Several
investigators 24,25,172 reported significant correlations
between initial sperm concentration and fertility
(r = 0.216, to 0.333) for bull semen. However,
others 39,40,50,9 reported no significant correlation
between concentration and fertility. In general, initial
concentration does not appear to be a practical method
for predicting fertility, but definitely influences the
chemical environment that may be important to the cell,
Viability is often assessed by estimating percentage
progressively motile cells using a microscope or closed-
circuit television. Other types of electronic and
photographic equipment have been used, Abnormal motion

patterns indicate cold shock or chemical shock. 79
Observations of sperm velocity, survival, and swimming

patterns usins Bhotoelectric methods have been correlated
to fertility.220 Percentage of initial motility has

also been correlated to fertility (r = -0.218).
Significant correlations between post-thaw motility and
fertility have also been reported.l55 Various vital
stains and morphology tests have been widely used to
assess semen quality. In general, when there are less
than 20 percent abnormal sperm cells, fertility is not
affected, but as the percentage gf abnormal sperm cells
increases, fertility decreases.3* More recently,
acrosome morphology of thawed, incubated semen has been
shown to have a high correlation with fertiligﬁ
(r = =0.81) based on 90-day nonreturn rates.
metabolic tests have also been utilized, such as
methylene blue reduction, oxygen uptake, pH change,
fructose utiliZﬁtion, and lactic acid production.
Investigators 2 reported significant correlations with
oxygen uptake (r = -0.267) and methylene blue reduction

time (r = -0.227) with fertility, while others 172
reported no significant correlations with these tests.

Several

Semen Chemistry

The constituents of semen are numerous and varied--
choline, citric acid, fructose, inositol, ergothioneine,
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various ions, and other substances not found in large
quantity in the rest of the body.3 The main constituents
which have been studied, which vary greatly, include
inorganic phosphorus, Na, K, Ca, Cl, total protein,
reducing substances, and phosphatases.

Minerals

Inorganic phosphorus is used in most bovine semen
extenders, but has been found to depress motility and
oxygen consumption in higher concentrations.12l Early
studies indicated that fertility was not correla.teg5

with levels of %norganic phosphorus in the bovine,
but later works established that levels of inorganic

phosphorus were correlated with combined levels of Na
and K and were not significantly related to fertility.
Many mineral substances are found throughout the
male tract and in semen, and come from both the seminal
plasma and spermatozoa.i2l Sodium, potassium, and
calcium are the bulk cations, with many trace elements
(boron, magnesium, irog copper, etec.) existing in very
small concentrations.t 9 In an early review,l 1
concentrations of Na and Ca were believed to be higher
in seminal plasma and K concentrations higher in the
sperm cell, with the latter being confirmed by others.
Potassium was found to depress motility in bull
semen,22’199 and a higher concentration was found in
epididymal semen than in ejaculated semen (K:Na ratio
1:1 in epididymal plasma, 1,0:2.5 in seminal plasma).
This accounted for decreased motility in K-rich medium
and epididymal sperm. The concentration appeared to
shift in the ejaculation process with added seminal
fluids, and the increased Na concentration initiated
motility in ejJaculated semen.121,199 High concentrations
of electrolytes in semen Sftsgders were found to have a
damaging effect on sperm.“™?’ In ram semen, the
addition of K increased metabolism. Calcium depressed

02 uptake and fructose oxidation. However, the addition
of 0.5-5.0 mm KCl stimulated the metabolism gf both
recently ejaculated and thawed spermﬂtozoa.l -

Some attempts'- have been made to correlate minerals
to fertility. The data suggests that in bull, boar, and
turkey spermatozoa, a positive correlation exists with K
and P and a negative correlation exists with Ca
concentrations found in seminal plasma and fertility.

235
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Total Protein

Many studies have involved the total protein content in
semen. It is estimated that 90 percent of the total N
present in seminal plasma is protein.l 9 Seminal plas
protein was found to be approximately 1k4.L percent N.10
Various figures have been given for the actual protein
content in bovine semen, and they all were very close:
whole semen, T.32 g percent; seminal plasma T7.0L4 g
percent.

It was shown that total protein content of bovine
seminal plasma was not significantly correlated with
fertility. It was, however, related to reducing
substances, Ca and Cl concentrations >3 and semen volume,
but not to sperm cell concentration.io0 Those species
(bull, ram, goat, and man) with higher seminal plasma
protein concentrations responded to the freezing
procedures more readily than those species with low
seminal plasma protein concentrations (boar, stallion,
and turkey).

Reducing Substances

The reducing power of spermlsis long been used as an
indicator of semen quality, and several reducing
substances have been found in semen: frugtose, ascorbic
acid, sulfhydryl compounds, and sulfite.199 Fructose

is the principal reducing compound and is actively
metabolized by sperm cells, This reducinfssubstance is
derived solely from the seminal vesicles, with various
estimations made as to its concentration: 376-1,062 meT

percent, 12l 280-779 mg percent, and 26-872 mg percent.
A significant correlation bﬁgween initial fructose level

and fertility was reported.

Immotile sperm cannot use fructose, so a positive
correlation between fructolysis rate and mgtile sperm
concentration was expected and confirmed.10521

A formula for predicting fertility level using
fructolysis was devised, and it was found that bulls with
a high fructolysis index had a concegtion rate 5.9 percent
higher than bulls with a low index.l b However, negative
correlations between reducing substances in seminal glasma
and fertilizing capacity has also been reported.53’7
Sperm cell concentration and volume are inversely related
to concentration of seminal fructose.”’l Therefore, a
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high fructose concentration may not indicate fertilizing
ability.12l

Enzymes

The presence of phosphatases was first demonstrated in
human semen in 1935 and bovine semen in 19h5,119 Acid
and alkaline phosphatase activity is intermediate in the
bull, while acid is high and alkaline low in the human.lh
Both alkaline and acid phosphatases were positively
correlated with sperm cell concentration, volume, and
motility. 4,173,179,200 Only alkaline phosphatase was
correlated positively with fertilizing capacity,
while both alkaline and acid phosphatase showed a
positive correlation in another study.73 Several
enzymes have been added to semen extenders, and it has
been suggested that their inclusion enhances fertility.
) Certain cellular components are released when cells
are damaged. Measurements of GOT (glutamic oxaloacetic
transaminase) and LDH (lactic dehydrogenase) are two
constituents that can be used ﬁs 8 possible indicator
of fertility or damage.10,73,143

BUFFERS OR EXTENDER MEDIA
An ideal extender for semen should:

1. maintain proper osmotic pressure and electro-
lytic balance to ensure minimal salt effects;

2. have constituents with metal-complexing
properties that could be effectively utilized to bind
heavy metals harmful to sperm cells;

3. have a pK between 6 and 8, preferably 7, and
have buffering capacity so deleterious shifts in pH can
be prevented as lactic acid is formed and cooling occurs;

L, contain constituents that provide protection
against the harmful effects of cooling and freezing;

5. be stable, resisting enzymatic and nonenzymatic

degradation;
6. contain antibioties that inhibit bacterial
growth;

T. substantially increase the volume of semen so
that multiple inseminations can be performed; and

8. provide an environment in which the metabolic
activities of the sperm can continue,
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Tons and Zwitterionic Buffers

The increase in intracellular salt concentration due to
the removal of water from the cell during ice formation
is a major cause of sperm mortality during freezing. The
protective action of cryoprotectants such as glycerol is
largely attributed to their salt "buffering'capacity,
thus electrolytic damage as the water freezes out is
minimized. It has also been reported that extracellular
salts have a deleterious effect on spermatozoa.121
Potassium and sodium have been shown to decrease the
motility of bull spermatozoa.37’ 36 Excess or insuffi-
cient calcium ions also adversely affect motility.23T
The heavy metals, such as Cu, Zn, Ag, Pt, Ni, Al, and
Au (in decreasing order of potency), also decrease the
motility of human spermatozoa.

The zwitterionic buffers MES,118 PIPES, TES, HEPES,78
BES,89 MOPS, and TRICINE!! have been uﬁed extengively ag
buffers for spermatozoa. »7,6,9,12,25,41,42,57,60,70,23
The effect of binding heavy metals by BES and TES may
explain their efficacy in decreasing the release of GOT,
as is possibly the beneficial effect of sodium citrate
and phosphate, 9

Sincg the development of the phosphate,lhT sodium
citrate,l T carBon dioxige bigarbonate,213 and
trisbuffers,ez’ 1,42,57,60,23 little development of
other buffers for preservation of bull spermatozoa has
been reported. Many attempts have been made to improve
these basic buffers by the inclusion of various additives
such as gelatin, peptone, glycerol, glycine, glucose, and
many other materials, Undefined materials, such as honey,
coconut milk, tomato juice, alfalfa, and guandu leaves,
have also been used with varying degrees of success,

The discovery that egg yolk in Sﬁ en extenders has
a beneficial effect on fertility'1 75140 164 to its
widespread use in bull semen extenders. Early researchers
reported that esg {olk aided the sperm cell in resisting
cold shock.21=1 »107 However, the discaveryl 3 that
bull semen could be successfully frozen in extenders
containing glycerol diverted researchers from studying
the protective properties of egg yolk. Further research
indicated that glycerol was not essentigl for freezing
spermatozoa under certain conditionsl®:05 and actually
decreased fertility gheg added to buffers for chickens,
turkeys, and boars.20s3 »71,158,160

Subsequent studies have shown that the lipoprotein
fraction of egg yolk may be responsible for the protection
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of spermatozoa against cold shock. This is accomplished
by minimizﬁng the loss of lipids from the sperm during
freezing.3

While amino acids do not provide significant
protection to spenmatozoa,13 peptides in certain
concentrations were found to prevent damage to cells.

Antibiotics

Semen extenders are a good culture medium for bacteria,
which may reduce fertility or adversely affect the
inseminated female. Microbial contaminants have been
linked to low fertility and conception rates, abortion,
reproductive failure, endometgitis, salpingitis, and
other reproductive disorders. 3 Until recently,
penicillin, sulfanilamide, streptomycin, and neomycin
were the main antibiotics useg thEOHBrgﬁsbacteria that
contaminate semen ejaculates.”? 2" 7?"7? Recently
these have been replaced by Linco-Spectin, due to jits
superiority in controlling mycoplasma, and Vibrio.

The increased efficiency in controlling microbial
contaminants by using Linco-Spectin is obtained without
loss of fertility.9

PH = pK

‘ Changes in pH may occur in addition to an increase in salt
concentration during freezing, due to precipitation of
either ice or salt, To date, there is wvirtually no
gquantitative information available on the measurement or
change in pH at or below the freezing point for a mixed
solvent system (an extender for biological material)
incorporating a cryoprotective nonelectrolyte such as
glycerol or DMSO,

Measurement of pH at low temperatures is difficult.
As early as 1932,5 Finn, using a glass electrode, showed
that as the temperature of muscle tissue was lowered from
+15° to =L°C, its pH increased on the order of 0.02 units
per degree Celsius. He also stated that when freezing
commenced, concentration of the aqueous phase took place,
producing a further change in pH, He showed that the pH
of this liquid portion of frozen muscle tissue decreased
with temperature below the freezing point, 1

A solution of concentrated milk, collected by
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centrifuging an ultrafiltrate, showed a pH shift from
6.7 to 5.9 during freezing.216 4

The pH of freezing aqueous salt solutions21 2217
showed that sodium phosphate solutions with a pH of 7.0
at 25°C decrease in pH during cooling (approaching a pH
of approximately 3.5 near the eutectic point, -9.9°C),
while potassium phosphate solutions increase in pH during
cooling (approaching a pH of approximately 7.5 near the
eutectic point, -16.7°C). The differences in pH are due
to low solubility215

Van den Berg described a modified electrode for
direct measurement of pH in frozen materials at
temperatures as low as -30°C. Electrodes that can be
used to measure pH at temperatures as low as «20°C are
commercially manufactured today.

The pH of Ba%l semen was estimated to be between
pH 7.0 and T.5. Later studies stated the pH range
for semen of fertile bulls may be quite wide and lie
between 6.4 and 7.8 with normal semen slightly acidic
and never more alkaline than pH 7.3.127 Present-day
bovine semen extenders vary ig ghe%r pH specification,
ranging between 6.5 and T7.2,9,62,69

It has been speculated that quick freezing and
thawing may not allow the biological material to be
exposed to critical pH and salt coEcentration long

enough for inactivation to occur.2* It is also possible
that at these low temperatures biological material may

be less sensitive to pH changes than at body temperatures.

DILUTION

Time and temperature of dilution vary with species and
are influenced by whether the sperm are easily cold-
shocked, life expectancy of the cells, and biochemical
changes of the cells in seminal plasma. Turkey semen
does not cold-shock and has a life expectancy of only a
few hours im vitro, so it can be diluted at 5 to 37°C
immediately after collection. Semen of many species,
such as bull, ram, stallion, and goat, is routinely
extended immediately after collection at 37°C and cooled
slowly to prevent cold shock. Bull semen held in its
own seminal plasma for 20 min at 26°C before dilution
resulted }E higher fertility than semen extended O min
at 26°C.t Several reports’+s72 show that slow cooling
(1-2 h) to 22°C is important to maintain fertility in the
use of frozen boar semen. A protein layer, important to
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fertility, is developed on the sperm head {Egm the
seminal plasma during this period of time.

The dilution ratio for freezing varies with species,
freezing container and technique, thawing and insemination
techniques, and volume and sperm concentration needed for
fertility. High and low concentrations of sperm cells
may be frozen successfully, depending on technique and
species. 58

It has been shown”~ that the extender with the
lowest pH consistently gave nonreturn rates equal to or
higher than the rates for the control. Studies
demonstrated?9l that the least damage before freezing
occurred in 0.20 M medium (containing tris) of pH 6.5,
and the highest percentage of post-thaw motile sperma-
tozoa was observed in an extender adjusted to pH 6.50
and containing 0.20 M tris, 6.4 percent glycerol, and
1 percent fructose.

The effect of pH upon motility, velocity, and
metabolism of bull sperm has been demonstrated by
numerous works.19s37,103,136,188,190,208,219, 23h The
observed responses varied markedly with temperature,
medis composition, and from sample to sample.

In selection of proper pH of an extender, one should
be aware of the changes that occur during cooling and
freezing. As concentration increases and the eutectic
point is reached, the sample is approaching the pK value
reflecting large changes in pH.

Although the osmolarity of semen and seminal plasma
is similar to that of other biological fluids, sperm can
tolerate considerable deviation in osmotic pressure.
Motility may actually be enhanced in hypotonic solutions;
however, fﬁrtility is maximal when the extender is
isotonic.

Concentration and Dilution Effects on
Post-Thaw Survival and Fertility

Ram semen frozen at very high concentrations (1.5 x 109
cells/ml) did not survive as well as semen frozen at
lower concentrations.109,110 Likewise, semen frozen at
an extension of 1:4 has better fertility than semen
frozen 1:2,209,221 Highest fertility was reported for
cell suspengions frozen at a concentration of 666 x 10
cells/ml.t

A concentration of % x 109 cells/ml had a reported
fertility of 76 percent 4 ana post-thaw motility for

6
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samples frozen at 3-5 x 108 cells/ml was enhanced if
seminal plasma was removed.
Frozen chicken semen at concentrations of 0,750

105 cells/ml resulted in high fertility.22> Shaffner
reported 100 percent fertility for one treatment of

semen frozen at 107 cells/ml. Post-thaw motility was
depressed when cells were frozen at 0.330 x 10 cellsémﬁ
as compared to a concentration of 600 x 107 cells/ml. -

A concentration of 2 x 109 turkey sperm cells/ml
has been frozen with a fertility of 50 percent.239
Reports of previous work showed a uniformly lgg fertility
for concentrationilyetween 3.5 x 109 cells/ml and
1 x 109 cells/ml.

Bull semen has been frozen successfully at high or
low concentrations. Three studies have repogted

successful%* giiezing bull semen at 500 x 10
cells/ml. > As extenders and methods have improved,

reports of a dilution effect have diminished.
Boar semen showed depregsed motiligﬁ when frozen

concentrateg (500-1,000 3 100 cells/m1)®° or dilute
(15-30 x 10° cells/ml1).1%1 However, in one study,s

spermatozoa frozen in high concentration (6986x 10
cells/ml) resulted in 85 percent fertility.

o2

COOLING

Rapid decreases in semen temperature from 37° to 5°C
cause cold shock, a damage to the sperm cell caused by
changes in gas solubility, metabolism, fluid viscosity,
and chemistry. However, prolonged exposure of semen to
higher temperatures maintains greager metabolic activity
and earlier death of spermatozoa.1 9 Semen from most
mammalian species is subject to cold shock. The optimum
cooling rate is one that prevents cold shock but is fast
enough to maintain healthy viable sperm cells.
Lipoproteins and lecithins, such as found in egg yolk
and milk, provide protection from cold shock when added

to the semen before cooling.199 Extender composition and
PH have both been reported to influence the cold-shock

susceptibilitﬁ of buag spermatozoa as reflected by
motility.eo’l 1,167,168 Changes occurred in acrosome
structure in spermatozoa as a result of cold shock. A
proper cooling rate to freezing temperature is important

to preisgve the viability and fertility of bovine
semen. However, human sperm are not susceptible to

cold shoak.193
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CRYOPROTECTANTS

Since the discovery of glycerol as a cryoprotective
agent for mammalian spermatozoa, much effort has been
devoted to determining its protective mechanism. Several
well-documented investigations have been conducted to
determine its protective mechanism. These include: (a)
decrease in high concentration of solutes, (b) maintenance
of pH, and (c) change in liquid-ice phase. Several studies
using highly sophisticated methods of evaluation and
taking into consideration (a) molar solubility excess,

(b) the volatility factor, (c) protection coefficient,

(d) free energy of hydration, (e) hydrogen donors, (f)
hydrogen binding, and (g) interference between donor and
acceptor groups have been reported in an attempt to

relate protective qualities, but with little success.

Many small-molecular-weight penetrating compounds,

referred to as colligative agents mimicking glycerol,

have been studied along with other classes of materials,
which include sulfoxides, N-oxides, and acetamides.

Some investigators reported that some polymeric
solutes afforded protection to red blood cells. These
include polyvinylpyrrolidone, polyethylene glycol,
gelatin, starch, polyvinyl alcohol, poly-N-methyl
glycine, and polyvinyl methyl sulfoxide.

The empirical application of colligative and/or
polymeric protectors on freezing of cells becomes an
endless endeavor. The effect of empirical application
is difficult to interpret, because each compound seems
to exert different effects in different concentrations,
in different biological fluids, on different cell types,
and by each on freeze rate. Also, there exist
interactions between colligative and polymeric compounds
that are difficult to separate. Polymeric compounds in
this text refer to larger-molecular-weight proteins,
lipids, or combinations, To this author's knowledge,
there have been no reports of successful freezing of
spermatozoa with any colligative compound in the absence
of these materials. However, successful freezing has
been demonstrated in the absence of colligative

compounds, but is generally enhanced by their addition.
A total of 63 colligative and more than 100 polymeric

compounds (either pure or dialyzed or nondialyzed from
body fluids with or without further fractionation) have
been tested in an appropriate buffer solution. Data
showed that no colligative compound was effective in the
absence of polymeric material, but several, including

T2
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glycerol, DMSO, 1,2-propanediol, 1,3-propanediol, ethylene
glycol, triethylene glycol, 1,4-butanediol, and N-methyl
acetamide, enhanced the recovery of spermatozoa in the
presence of appropriate polymeric material. Egg yolk

or its derivatives was the only polymeric material

placed in an appropriate buffer solution that afforded
appreciable protection in the absence of colligative
agents. Other protein or lipoprotein materials, such as
those in blood, milk, or other body fluids, were
effective, but only in the presence of colligative

materials.
Regardless, some success in the freezing of

spermatozoa can be obtained by placing the cells in
practically any type of isotonic solution containing
lipoproteinaceous material with appropriate concentrations
of several different colligative compounds. The time,
temperature, rate of addition, and concentration of
these compounds have been studied with many conflicting
results. Addition of glycerol to bull semen ag 50C has
been reported to be better than at 10 or 20°C,30 while
othersT? reported no difference between 5, 10, 20, and
37°C addition of glycerol. The same gonflict of opinion
is reported for ram spermatozoa.33'10 Glycerol addition
rates of 1 to 16 parts over periods of zero to several
hours, as well as final concentrations of 2 to 20
percent (v/v), have been studied with conflicting
results. In general, differences due to time, temperature,
rate, and concentration of glycerol addition vary with
species, extender, freezing, and thawing techniques. A
general recommendation is to add glycerol to semen
slowly with extender at 5°C: 7.0-T7.5 percent in yolk
citrate, 10-13 percent in heated skig milk, or T-10
percent in heated homogenized milk.109

Semen equilibration time after addition of glycerol
has been studied with conflicting results. Higher
fertility has been reportedl22 with bull semen
equilibrated for 18 h rather than 2 h and the exact
reverse reported by others,l2 »138 yhile still c:'thers:'?'5
reported no difference among 30 min, 4 h, and 18 h
equilibration. In general, optimum equilibration time
has not been established, but varies with species,
extender, and techniques employed and is presumed to be
shorter rather than longer.

PACKAGING OF FROZEN SEMEN

The three most common packages for frozen spermatozoa
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are the ampule, the straw, and the pellet. Most of the
relevant fertility data compares bovine spermatozoa
frozen in ampules or in straws, The results from these
studies indicate that fertility is virtually the same
for these two packages. Good recovery can result from
any of these three packages, and the choice between them
is largely influenced by personal preference. Listed
below are the advantages and disadvantages of the three
common packages.

Ampule

Glass ampules are commonly available, they lend
themselves to convenient flame sealing, and they are
easily labeled. The thickness of the glass makes very
high cooling or warming rates difficult, but these rates
are seldom necessary. Because of their shape, ampules
are not efficient in terms of storage space.

Straw

Plastic straws are not commonly used in general laborato-
ries, but their use is widespread in the cattle-breeding
industry. They can be readily labeled for identification
and sealed to exclude contaminants. Straws lend them-
selves to high cooling and warming rates, if such rates
are necessary. They also offer more efficient use of
storage space than ampules, an important factor for long-
term storage. The straws waste little extended semen
because an insemination can be made directly from them,
avoiding significant losses from transferring to an
intermediate pipette before insemination.

Pellet

Pellets are formed by placing a drop of extended semen
directly onto the surface of dry ice or, in rare
instances where very high cooling rates are desired, on
liquid nitrogen. The frozen spermatozoa are placed in
suitable containers after freezing, so positive
identification of each unit is more difficult than with
ampules or straws. Special precautions are necessary to
avoid undesirable contamination during storage. The
cooling rate is very consistent, because the surface of
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dry ice is always the same temperature. On the other
hand, it is difficult to vary the cooling rate of pellets,
although some variations of cooling rate can be achieved
by varying the pellet volume,

STORAGE

Use of dry ice or liquid nitrogen storage temperatures
has extended the life of frozen semen; these have been
compared repeatedly. Early work indicated only a slight
difference in nonreturn rate, favoring liquid nitrogen.152
In later trials, nitrogen yielded higher nonreturn rates
than dry ice and is believed to reduce possibilities of
errors in handling.l55’212

While semen stored in liquid nitrogen %E more
resistant to exposure than that in dry ice, »155
repeated exposure to warm temperatures and solar raﬁiation
is suspected of decreasing fertility of the semen.1%9

When dry ice was the common method of storing semen,
the conception rate from ampules warmed to -55°C and
recooled to -79°C showed a marked drop from T0 percent
to 28 percent.113 Others found severe damage if semen
was allowed to partially thaw, then refreeze.155 Rising
storage temperatures, rather than original storage
temperatures, aﬁe responsible for motility loss in human
semen as well.l Researchers agree that exposure of any
frozen semen should be kept to a minimum, whether stored
in liquid nitrogen or dry ice.

Fertility

Early low-temperature storage allowed for only short-
term use of bull semen. Once dry ice was used, semen
was stored from 3 mo to k4 {r without a large decrease
in conception rate.22>113, 14,130-132 Liquid nitrogen
is a more recent advancement, and results have been
extremely acceptable. Nitrogen was s%ightly favored
over dry ice in early trials 5,152,156,202 gpng produced
concepiéﬁn rates nearly as high as that from fresh

semen.
It has been suspected that some aging of the

spermatozoa may occur if semen is stored for a long
period of time and that this may be aiggcig ed with
embryo mortality and delayed returns. X In some

studies, semen stored at -196°C was consistently
high.31,56,111,129,203
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Ramlggmen has been used with success after 5 yr
storage, and human semen has been preserved for up to
10 yr. Freezing and thawing procedures account for most
of the loss of motility of human spermatozoa, but storage
has also been cohsidergd to be the cause of significant
declines in motility‘.1 2

Genetic Degradation

Now that human semen is being frozen and stored, the
problem of possible genetic degradation becomes more
pronounced. It is agreed that cryopreservation is
genetically innocuoust?? and that the possibility of
genetic damage is extremely remote.19% When frozen and
stored semen has been used, fewer abnormal babies and
spontaneous abortions have occurred than in the general
population. In commercial cattle breeding, no evidence
of abnormal offspring or skewed sex ratios have been
attributed to the use of semen stored at subzero
temperatures.

RATE OF FREEZING AND THAWING

Smith and Polge159’161’19T originally suggested that
optimal recovery of bull sperm frozen in 1 cm- ampules
requires an average cooling rate of 1 to 2°/min from +5
to -15°C and 4 to 5°/min from -15 to -79°C. While this
became the "standard" rate for freezing semen, later
experimenters fouﬁd gthgg rateg worked well
also.12,17,27,32,43,63,88,91,98,105,112,139,161,178,222
Freezing in a liquid nitrogen freezing machine proved
to be equal or superior to freezing at the "standard"”
rate with dry ice in alcohol.32s17 Plunging samples
from +5°C into a -20°C bath and subsequently cooling at
25°/min gave equal recovery to the standard rate,l7

as did immersigg into baths held at -10, -20, aﬂg -30°c,
but not -h0°8 or directly into a -40°C bath,”” or
~-45°¢ bath.10? Equally good recovery resulted from
controlled liquid nitrogen freezing from 2.5 to 3,0°/min
from +5 to 15°C and 5 to 6°/min from -15 to 5000,63 or
1 to 5°/min f zero to -10°C and L4 to 20°/min from
-10 to ~30°C. Cooling above -15°C at rates of 15 to
50°/min had little detrimental effect if rate was reduced
to less than 30°/min between -15 and -30°C,91 although
freezing faster than the standard rate caused rapid
deterioration of semen after 24 h storage at 79°C.20T
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A critical temperature range, within which the
greatest amount of damage occurs durinﬁ "standard"
cooling, is reported as -10 to -35°C.1 9 The effect of
damage within this range was reported to be minimized
by equilibrating semen in diluent at 5°C for up to
18 1.123,161 This critical range is also characterized
by sensitivity of bull spermatozoa to high cooling
velocities above -27 or -30°C bgt very resistant to
high velocities below —:~]0°C.hé=1 B Plunging into liquid
nitrogen from -20°C results in practically no survival,
but plunging from -27°C allows maximal survival.l

Thawing in ice water or water at hgog 9 above is
sur : s ) (o] h ] §3 .

perior to thawing in 15 to 20°C water uglng
motility153 or motility and acrosome retention,l O vhile
60 to 90 day nonregurn rates show 5°C equal to 20°C and
40°C thawing bath,°l or to 5°C thaw when the ice cap is
removed 45 s after immersion.

Freezing in smaller shapes, i.e., pellets and
straws, has allowed much faster freezing and thawing
rates due to a larger surface to volume ratio than that
of ampules. The "standard" method for pellets is to
drop extended semen on dry'ice,l35 while for straws it
is to suspend them singly on a rack in liquid nitrogen
vapor.g Pellets and straws freeze much faster than
ampules, and pellets never show supercooling. Pellets
and straws frozeg b{ gtandard methods give similar
nonreturn rates. 6,12 Varying the freezing rate of
pellets by using volumes of 0.019 to 0.095 ml has very
little effect on motility.ze? Straws and ampules frozen
by standard methods show similar motility when thawed in
ice water, even though the 0,3 ml straw freezes at 108°/
min from +5 to -15 to —60°C.8 Semen frozen in 0.25 ml
straws shows significantly better fertility than the
same semen frozen in ampules.l33 Optimal freeze rate
may depend on thaw rate used, since, with a 5°C thaw
bath, straws frozen at 32°/min from +5 to -15° to -60°C
showed significantly poorer recovery than straws frozen
43%/min from +5 to -15°C and 25°/min from -15 to -60°C,
while thawing at 75°C eliminated freeze-rate differences
and produced significantly better recovery.® Also, for
straws frozen at 6°/min (+5 to -15°C) and 12°/min (-15
to -60°C) or 95°/min (+5 to -15°C) and 53°/min (-15 to
-60°C), no freezing rate differences were seen.! For
semen extended in heated skim-milk~glycerol extender and
frozen in straws, an increased percent of normal
acrosomes2301232 ang of progressive sperm motility231:232
was found as thawing bath temperature was increased;
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this was also true for egg-yolk citrate-glycerol
extender, 175,17 Semen in straws survived better if
frozen in dry ice~alcohol than 12 liquid nitrogen vapor
when cooling rate is the same, perhaps due to more
efficient heat transfer. Thus, as a general rule, fast
freezing of straws is s?pgrior to slow freezing“* i 51,176
or shows no dlfference while fast thawing is superior
to slow thawlng 8 151,17 175 230,232 qpe
superlgrlty of‘ﬁst freez1ng is independent of thaw
ratelT® or is significantly better only if a slower than
optimal thaw rate is used.

If rate within an applicable range is important
(* few hundred degrees C per min), the only controllable
method is one involving fast and efficient heat transfer,
This can only be achieved by bath or thermal conductivity
other than gas or vapor.

Freezing does not take place a% a constant rate.
The rate of cooling in a semen sample as it freezes is
constantly changing due to two factors. The first factor
is the change in phase from liquid to solid, occurring
both abruptly at the freezing point and gradually until
the eutectic point. The removal of the heat of fusion
that allows this change in phase is aided by the greater
thermal conductivity and smaller specific heat of ice than
of water. The second factor, which can be controlled, is
the way the sample is cooled. This includes the shape
(geometry) of the sample, especially the surface/volume
ratio; the contact to the cold surroundings; and control
of temperature of the cold surroundings. Perhaps the
disagreement in the literature as to the "best" method
to freeze and thaw is due to repeatability problems,
unreported differences in how the sample was cooled, or
the effect of glycerol in widening the range of freezing
rates giving acceptable results. Average rate of cooling
over a wide temperature range is not an adequate
description of how the sample was cooled.

Two basic ways of freezing by cooling in a bath
are static freeze (bath fixed at a temperature colder
than the sample) and dynamic freeze (bath cools, sample
temperature follows bath temperature). In a dynamic
freeze, the sample follows the bath until it crystallizes.
During the freezing plateau the bath continues to cool.
Once the heat of fusion has been removed, the rate of
cooling is quite high until the sample temperature catches
up with the bath. It is possible that this faster "catch~
up" rate could injure the cells, especially if it occurs
within the "eritical temperature range" above ~27°C.
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There is no problem of the bath "getting ahead" of the
sample when cooling in a static bath; however, the
resulting cooling curve is nonlinear, while the cooling
curve of a dynamic bath may be controlled.

One common "bath" is cold vapor of liquid nitrogen.
It is used for static freezing by immersing samples in
the static vapor above liquid nitrogen or for dynamic
freezing by vaporizing liquid nitrogen at a controlled
rate into a closed chamber in which nitrogen gas is
circulated. Freezing curves produced by static vapor
methods generally vary greatly from sample to sample
within a freeze and especially from freeze to freeze.
Since nitrogen gas has a low heat capacity per unit
volume (1/1,500 of alcohol), a small amount of heat will
warm the gas a great deal; the 80 calories of heat from
freezing 1 cm3 of water would warm 1 liter of gas
approximately 260°C. Thus, static vapor equilibrium is
easily disturbed. In addition, the poor thermal
conductivity of nitrogen gas (1/9 that of alcohol)
impedes fast, efficient heat transfer and uniform
temperatures throughout the freezing chamber. Dynamic
vapor methods only partially relieve the drawbacks of
nitrogen gas by circulating the gas through the chamber
at a high rate. The metal Cassou rack may be successful,
because it conducts most of the heat from straws directly
to the liquid nitrogen bath rather than depending on
static vapor for cooling. Pellet freezing on dry ice
provides fast and efficient heat transfer by using small
samples, each with its own cold stream of gas, which at
any point in this cooling process is controlled by each
sample's temperature. Heat transfer is so efficient
that supercooling of a pellet has never been observed.
In general, liquid baths (e.g. alcohol) provide convenient,
fast, repeatable, and efficient heat transfer for cooling
semen, although high cooling rates are restricted to
static liquid baths due to the high heat capacity of
the liquid.

The Assay Problem

Although correlation to fertility should be the ultimate
test of any assay, such correlation is difficult because
fertility data have large variability. Also, different
assays are possibly more sensitive to different types of
damage that are of equal importance to fertility. We
studied the sensitivity of a number of laboratory assays
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on spermatozoa by adding known Eﬂrying proportions of

dead cells to live populations. For bull spermatozoa,
the 95 percent confidence limit of a single determination

of percent undamaged cells was *19 percent for motile
cells. Motility of one representative field of one slide
was estimated by three trained observers. Other methods
may improve the accuracy of motility measurements. One

is the cinematographic method of ABS, in which extended
exposure photography is used to distinguish sperm that
have moved between pictures. Another is the filter
method, in which only the motile cells are able to
traverse a column of Sepha.dex.T In some cases motility
may not be very meaningful. For example, motility may be
eliminated without noticably reducing fertility by adding
a small amount of formaldehyde or this compound enhanced
with caffeine. Among other assays, the 95 percent
confidence limit was #1T7.5 percent for normal apical
ridges of acrosomes, #23.5 percent for release of GOT,

and #1L4.1 percent for nigrosin-eosin live-dead staining.

A new assay, the ability of a cell to swell in a hypotonic
solution as measured by a specially modified Coulter
counter, shows only a #10.6 percent for a 95 Bgrcent
confidence limit and appears very promising.l However,
even with the best methods available today, only fairly
wide differences may be distinguished on a single
determination.

ARTIFICIAL INSEMINATION

With the use of AI increasing, studies of physiology,
endocrinology, and biochemistry have aided scientists in
determining the conditions necessary for optimum fertility
results.

Time of Use after Thawing

Semen from various species is frozen by several methods,
and thawing procedure is dependent on freezing procedure
and species involved. Sperm cells, once thawed, do not
remain viable as long as cells that have never been frozen.
Therefore, regardless of method of freezing (in ampules,
straws, or pellets) or thawing (warm versus cold), it is
generally agreed that semen should be usﬁg ver{ shortly

or as soon as possible after thawing.Tg’ 5,20 ;
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Site of Deposition

Site of semen deposition is also a crucial factor, and
again depends on species. In cows, a rectovaginal
technique where semen is deposited into the uterus has
yielded hlgher ﬁonception rates than other methods of
1nsem1nat10n and insemination into the anterior
cervix or uterine bodg is better than insemination at
the external os.”>?»11 Intrauterine insemination with
frozen semen is a necessity in ewes, where intrauterine
conception ragei gre nearly twice as high as cervical
insemination. Sows and mares are routinely
inseminated deep in the cervix or into the utergg ?8 150,205
make the most effective use of the sperm cells.,

Sperm Numbers and Dosage

In animals where a temporary locking occurs, a larger
volume of semen is needed for maximum fertility. Horses
require 500 million motile cells in a volume of 10-40 ml
for best fertility results. 9,150,205  goys require a
minimum of 200 gillion motile cells in 40-60 ml if frozen
semen is used.

Cows and ewes do not require such a large dosage.
When the ampule was the commonly used container for
frozen bull semen, a volume of 1 ml containing at least
12 million motile cells was used.l? Now that the French
straw has evolved, a 0.25 ml dosage containing & smaller
number of sperm cells can be used with equal success.
Ewes can be inseminated with 200 million motile cells in
a volume of 0.05 to 0.2 ml if frozen semen is used, 100
million cells if fresh semen is used.

Time of Insemination

Considering changes some sperm cells may undergo in the
female tract and coordinating insemination with the
proper time pre—~ or postovulation are extremely important.
Ovulation occurs after estrus in cattle. Insemination
must take place before ovulation, preferably toward the
middle or end of estrus.’? Ovulation coincides with the
end of heat in ewes, and inseminating too early will
exhaust the sperm reserve. Inseminating 12-24 h 90,191
after first observations of heat will yield best results.
Sows ovulate 24-26 h after the onset of estrus and
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fertilization takes place as early as 2-3 h after insemi-
nation. Best fertility i?gokggined when insemination
coincides with ovulation.'”? Insemination must also
be synchronized with ovulation in the mare. Ovulation
occurs 4-6 days after onset of estrus, and fertility
reaches a peak about 2 days before the end of estrus. 9
Daily inseminations beginning on day 2 of estrus have
been recommended.0

Time of use after thawing, site of deposition, dosage,
and cell numbers and timing of insemination must all be
carefully controlled if viable cells are to be at the site
of fertilization at the right time.

Fertility can be affected by production of
autoantibodies in both males and females and by the
production of antibodies against semen and cryoprotectants
in the female.

Females show an immune response to semen.206
Increases in serum titers of sperm agglutinating antibodies
in cattle with large numbers of repeat breedings have been
demonstrated.

Cryogrotectants such as egg yolk elicit an immune
responseT with increased frequency of egg yolk antibodies
in uterine mucosa from tracts of cows receiving repeated
inseminations. They also observed decreased fertility
with increased uterine titers. Repeated inseminations of
rabbit semen with egg yolk proteins result in a detrimental
effect by egg yolk. An im vivo antigen antibody reaction
releases ggstamine resulting in an anaphylactoid
reaction. It has also been shown that egg yolk antibodies
significantl¥ affected motility and percent intact acrosomes
in cattle.l3

Extensive research has been conducted on the many
factors that influence the preservation and use of frozen
semen, and the scientific and commercial applications have
resulted in modern, sophisticated methods of animal
production. These factors, however, are not always
totally understood or easily controlled. Thus, we are
still faced with opportunities and challenges to develop
further our present knowledge and search for new ideas
and principles so we may better manipulate the influencing
factors for our own use.

DISCUSSION

R. H. FOOTE: With respect to your comment on the need '
for spermatozoa to be surrounded by protective
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media, this is not a practical problem, considering
that a concentration of 200 x 10° sperm/ml occupy
only about 1 percent of the volume. With human
semen, the original concentration is often less
than this, thus more than 99 percent of the space
would be occupied by cryoprotective media,
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SUMMARY OF RESEARCH AT
THE PENNSYLVANIA STATE UNIVERSITY

J. 0. Almquist

MAXIMIZING THE SPERM HARVEST FOR
BANKING FROZEN BOVINE SEMEN

Semen Collection and Bull Management Producedures

Total numbers of sperm harvested when seven successive
ejaculates were collected from 10 beef bulls did not
differ significantly between collection by artificial
vagina and by electroejaculation; mean of 21 x 109
sperm (Foster, Almquist, and Martig, J. Anim. Seci,
30:245, 1970).

Freezability did not differ for sperm obtained from
the same beef bulls by artificial vagina and by electro-
ejaculation. Sexual preparation involving one false
mount +5 min of restraint prior to each ejaculation did
not improve freezability of sperm collected by artificial
vagina (Martig, Almquist, and Foster, J. Anim. Sci.
30:60, 1970).

Sexual preparation (prolonging the period of sexual
stimulation beyond that adequate for mounting and ejacu~
lation) by false mounting and restraint significantly
increased the number of sperm harvested per ejaculation
(Almquist, J. Anim. Sei. 36:331, 1973).

Freezability of sperm from beef bulls increased sig~
nificantly with bull age between puberty and 2 yr of age
(Cunningham et al., J. Anim. Sci. 26:182, 1967). Fertil«
ity of beef bulls, using only ejgculates which froze
satisfactorily (at least 10 x 10° motile sperm after
freezing and storage in ampules for 3 wk), increased
significantly between 1 and 2 yr of age (Martig and
Almquist, J. Anim. Sci. 28:375, 1969),

L5
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Frequency of Semen Collection

From a series of studies we concluded that mature bulls
should ejaculate 40 to 60 x 109 spermatozoa weekly when
collected frequently by artificial vagina. This can be
accomplished by collection of two or three successive
ejaculates every 3 or 4 days with intensive sexual prepa-
ration (three false mounts) before each ejaculation. This
procedure is useful when it is desired to harvest most of
the testicular production of sperm and to bank frozen semen
as rapidly as possible. The prodigious numbers of sperm
produced daily by the testes of bulls, which can be har-
vested by frequent semen collection, was confirmed by
measuring the number of sperm recovered from a vas deferens
cannula (Amann et al,, J. Dairy Sci. 57:93, 1974).

Does use of a high ejaculation frequency over pro~
longed periods of time to increase the harvest of sperm
for freezing have a harmful effect on spermatozoan freeza-
bility or fertility?

Young Bulls

There was no difference at 3.25 yr of age in freezability
of sperm from six pairs of Holstein bulls that had been
maintained on one (1X) or six ejaculates weekly (6X) after
1 yr of age (Almquist et al., J. Dairy Sci. 46:1176, 1963).
Fertility of frozen semen from these 1X and 6X bulls at

4 yr of age also did not differ. Fertility, based on 60«
to 90-day nonreturn rates for 3,238 first inseminations,
averaged 75 percent for 1X and 76 percent for 6X bulls
(Almquist, unpublished data, 1976).

Freezability of sperm and fertility were not affected
significantly by ejaculation frequency when 17 Angus and
Hereford bulls were collected at 1X, 3X, or 6X weekly
between 1 and 2 yr of age (Cunningham et al,, J, Anim.
Sei. 26:182, 1967, Martig and Almquist, J. Anim. Sci.
28:375, 1969).

Thus, prolonged collection of up to six ejaculates
weekly from young bulls starting at 1 yr of age does not
impair their subsequent reproductive usefulness. When
ejaculated 6X weekly a mean of 3.5 times more motile sperm
are harvested from a Holstein bull between puberty and 2
yr of age than when ejaculated only 1X weekly (Almquist
and , J. Dairy Sci., in press, 1976). Based on
20 x 10° motile sperm per insemination unit prefreeze, a
bank of 33,500 insemination units could be achieved by
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2 yr of age collecting semen 6X weekly, compared to only
9,500 units on 1X weekly.

Mature Bulls

Freezability of sperm and fertility of frozen semen was
not significantly affected by continuous ejaculation of
five pairs of Holstein bulls for 7 yr, i.e., from 1 to 8
yr of age at 1X or 6X weekly (Almquist, unpublished data,
1976).

Spermatozoan freezability and fertility did not
differ among seven successively collected ejaculates
from 10 Angus bulls. However, collection of more than
three or four successive ejaculates is not an efficient
procedure because of the higher incidence of ejaculates
that do not meet minimum standards for freezing, i.e.,
at least6h0 percent progressively motile sperm and
840 x 10~ total motile sperm (Martig et aql., J. Anim.
Sei. 30:60, 1970).

Freezability of sperm collected from dairy bulls in
a series of depletion trials (6 to 37 successive ejacu-
lates per trial without sexual preparation) showed that
freezability of acceptable ejaculates (gt least 30 percent
progressively motile sperm and 150 x 10° motile sperm) did
not differ among the first 10 ejaculates. Pooling of
acceptable ejaculates resulted in freezability comparable
to freezing ejaculates separately. Based on 20 x 10
motile sperm per insemination unit prefreeze, 924 insemi-
nation units could be frozen from 10 consecutive ejaculates
per week, or 2.5 times the 368 units that could be frozen
by collecting two ejaculates a week (0'Dell et al., J.
Dairy Sci. 42:1209, 1959).

Sexual Rest

First ejaculates collected from six 4= and 5-yr-old
Holstein bulls after prolonged sexual rest froze satis-~
factorily; freezability did not differ from that of six
bulls ejaculated 1X weekly and six bulls ejaculated 6X
weekly continuously from 1 to 5 yr of age. Each bull was
given three Ll-wk periods of sexual rest between 2 and 5
yr of age; at 3, 4, and 5 yr of age they were ejaculated
at high frequency for 8 wk and freezability of sperm
determined (Martig et al., J. Anim. Seci. 25:927, 1966).
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Estimated Number of Insemination
Units per Bull per Year

An average of sbout 80,000 insemination units should be
yielded from a mature bull per year; the majority of
mature bulls should yield between 60,000 and 100,000
units yearly. The average is based on a sperm harvest
of 50 x 109 weekly, 68 pgrcent initial progressive sperma-
tozoan motility, 20 x 10" motile sperm per insemination
unit prefreeze, and a loss of 8 percent of the potential
number of insemination units.

Collecting semen from dairy bulls 6X weekly yields
about 3.2 times more insemination units per year than
collecting semen 1X weekly.

CONTROL OF BACTERIAL GROWTH IN BULL SEMEN

Combinations of penicillin (units) and neomycin (micro-
grams) of 0, 500, 1,000, and 1,500 of each per milliliter
of semen diluent did not reduce the ability of sperm to
remein motile at 5°C over a 20-day storage period. Each
penicillin-neomycin combination effectively controlled
bacterial growth during a 16-day storage (Figure 1).
Epicillin alone at levels up to 1,200 pg/ml did not
significantly affect sperm motility; however, bacterial
growth was not efficiently retarded (Figure 2) at 1,200
pg/ml diluent (Zaugg and Almquist, J. Dairy Sci. 56:202,
1973).

A fertility trial with frozen semen involving 2,679
first service cows showed that combinations of 1,000
units penicillin and 1,000 ug neomycin or 150 ug lincomy-—
cin and 300 ug spectinomycin per ml diluted semen are
satisfactory substitutes for 1,000 units penicillin and
1,000 ug streptomycin/ml commonly used to treat semen in
commercial artificial insemination (Almquist and Zaugg,
J. Dairy Sei. 57:1211, 197k4).

COOLING RATE FROM 35°C TO 5°C

Slow (4 h) cooling of bull spermatozoa diluted in heated
milk gave a higher (P < 0.05) post~thaw motility than
rapid (1.5 h) cooling, but fertility of semen frozen in
ampules did not differ (Almquist, unpublished data, 1976).
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Rate from Post~Thaw No. First Nonreturn Rate, %
35°C to 5°C Motility, % Services (60 to 90 days)
Fast, 1.5h 21 T19 66.5

Slow, 4.0 h 25 680 69.8

Similarly, there was no significant difference bet-
ween fertility of semen frozen in plastic straws after
cooling from 35°C to 5°C in 1.5 or 3 h. Average 66-day
nonreturn rate for 1,403 first service cows was TL4.T
percent for diluted semen cooled from 35°C to 5°C in 1.5
h and T4.2 percent for that cooled in 3 h (Zaugg and
Weidler, Artif. Insemination Dig. 23(8):9, 1975).

Log Iof nusber of bacteria per ml

0 1 2 3 4
Storage Penicillin Neomycin 1 I T I
interval (units/ml) (ug/ml)

0 days ] 0
500 500
1000 1000
1500 1500
Pen-strep®
8 days o 0 LSS LS LSS LSS S S,
500 300
1000 1000
1500 1500
Pen-strep 0777
16 days 0 0 7777
500 500
1000 1000
1500 1500
Pan-strep PASSSSSSS SIS,

*Combination of 1000 units/ml of penicillin and 1000
ug/ml of dihydrostreptomycin.

FIGURE 1  Effect of penicillin-neomycin
combinations upon bacterial populations in
diluted semen stored for 0, 8 and 16 days
at 5°C (mean of nine ejaculates).


http://www.nap.edu/catalog.php?record_id=19916

50

Log of number of bacteria per ml
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8Combination of 1000 units/ml of penicillin and 1060

ug/ml of streptomycin.

FIGURE 2 Effect of epicillin upon bacterial
populations in diluted semen stored for 0, 8
and 16 days at 5°C (mean of six ejaculates).
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FERTILITY COMPARISON OF PACKAGING
BULL SEMEN IN STRAWS OR AMPULES

In a fertility experiment involving 2,855 first-service
inseminations, mean 66-day nonreturn rate of 70.7 percent
for straws did not differ significantly from the 72.6 per-
cent nonreturn rate for ampules. This represented our
first attempt in Pennsylvania to use plastic straws for
freezing bull spermatozoa in commercial artificial insemi-
nation (Almquist, Artif. Insemination Dig. 23(7):7, 1975)

THAWING RATES FOR PLASTIC STRAWS

Rapid thawing in warm water at 35°C or above of bull semen
frozen in plastic straws was beneficial for post-thaw per-
centage of sperm motility and significantly superior to
thawing straws slowly in 5°C iced water (Almquist and
Wiggin, Artif. Insemination Dig. 271(9):10, 1973).

There was a significant increase in the mean post-
thaw percentage of intact acrosomes and motile sperm for
each increase in thawing rate when straws were thawed in
water at 35°C for 15 s, 55°C for 12 s, 75°C for 9 s or
95°C for 7 s. Thawed semen samples were incubated at 37°C
and evaluated for presence of the apical ridge and sperm
motility at 0, 3, 6, and 9 h of incubation, Results of
regression analysis revealed that for each 20°C rise in
thawing temperature, intact acrosomes increased a mean of
5.5 percentage units while sperm motility increased a mean
of 2.0 percentage units (Wiggin and Almquist, J. Anim. Seci.
40:302, 1975).

Cold shock injury to bull spermatozoa in straws ex-
posed to cold air or cold inseminating equipment after
thawing can be avoided by limiting the thawing time at
35°C to 10 s. Cold shock injury, based on acrosomal re-
tention and sperm motility, was significant only when
straws thawed at 35°C for more than 10 s (20 or 80 s)
were exposed to a 5°C iced water bath long enough to cool
the semen to 5°C (Almquist, Artif. Insemination Dig.
24(3):17, 1976).

SPERM NUMBERS AND FERTILITY OF FROZEN BULL SPERMATOZOA
Fertility, based on 60~ to 90-day nonreturn rates for

4,603 first-~service inseminations, was significantly
lower for inseminating doses of 10 and 15 x 106 than
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20 x 106 motile sperm (61, 62, and 70 percent). The
1-ml units of skim milk diluted semen were frozen in
glass ampules. The post-thaw number of motile sperm
after freezing and storage for 3 wk in liquid nitrogen
averaged 5.5, 8.4, and 12.4 x 106 for corresponding pre~
freeze numbers of 10, 15, and 20 x O6 motile sperm per
ml and ranged from 4.0 to 15.7 x 10°/ml. Frozen semeg
packaged in ampules should contain more than 8.4 x 10
motile cells post-thaw per ampule (Almquist, J. Dairy
Sei. 58:420, 1975).
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TECHNIQUES FOR THE CRYOPRESERVATION AND
FIELD HANDLING OF BOVINE SPERMATOZOA¥*

W. E. Berndtson and B. W. Pickett

INTRODUCTION

Smith and Polge8T first reported that bovine spermatozoa
were capable of withstanding freezing in the presence of
glycerol in 1950. Since then the art and science of the
cryopreservation of bovine spermatozoa has continued to
develop, and approximately 9 million cattle are now inse-
minated with frozen semen annually in the United States.
The application of techniques for the cryopreservation
of bovine spermatozoa to spermatozoa of other mammals

has produced variable and often disappointing results.
Nonetheless, the wealth of research and field experience
with frozen bovine semen has led to the identification
of numerous essential factors and potential pitfalls
associated with the use of frozen semen. The technical
information that follows is based primarily upon research
with bovine spermatozoa. Although specific procedures
for the freezing and handling of spermatozoa from other
species, including the human, are likely to differ, many
of these same factors may be equally important. Thus,
this discussion is intended primarily to point out the
many potentially important factors that warrant critical,
systematic evaluation during the development of successful
techniques for the cryopreservation of human spermatozoa.
Many of Ehese factors are discussed elsewhere in greater
detail.l¥»70

*¥Portions of this manuscript have been taken from "Tech-.
niques for Processing and Packaging Bovine Semen" by B.

W. Pickett, W. E. Berndtson, and J. J. Sullivan’® and
"Procedures for Field Handling of Bovine Semen in Plastic 14
Straws" by W. E. Berndtson, B. W. Pickett, and C. D. Rugg.
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TECHNIQUES FOR MEASURING FERTILITY

Much of the progress in improving the survival and ferti-
lity of frozen bovine spermatozoa resulted from laboratory
studies in which post-thaw motility was used to assess
treatment effects. Although motility is positively corre-~
lated with the fertility of frozen bovine spermatozoa,
spermatozoa from several species, such as the dog and
stallion, frequently exhibit very high motility after
freezing, yet are infertile. Even for the bull, there is
no completely reliable laboratory criterion for predicting
fertility, and several different laboratory tests are
often applied. However, each factor under study must
ultimately be evaluated by actual fertility testing.
Reliable fertility data are difficult to obtain even
with livestock animals. For example, one of the most
widely adopted criteria for measuring fertility is the
nonreturn rate, i.e., the percentage of cows inseminated
that was not reported for an additional insemination in a
specific period. However, such data include many inaccu-
racies. For example, many cows that fail to become preg-
nant are not reported for an additional insemination
because they are sold or die, are bred by natural mating,
or are artificially inseminated with semen supplied by
other artificial insemination (AI) organizations. Thus,
nonreturn rates frequently are much greater than actual
fertility. Problems of this nature must be considered
when evaluating fertility data, and efforts should be
made to control those factors that can influence the re-
liability of the data.

PACKAGING SYSTEMS

A variety of methods for packaging bovine semen for
freezing have been developed. The primary considerations
in the selection of a system for packaging semen are fer—
tility, inseminator preference, ease of handling, ease of
identification, freedom from contamination, economics of
storage, and the proportion of ejaculates that can be
frozen. Of these the most important objective should be
to obtain maximum reproductive efficiency. Since the
various packaging systems were developed under different
conditions, philosophies, areas of the world, etec., direct
comparisons are difficult. In fact, it must be understood
that systems of packaging, rather than packages per se,
were being compared in most studies.
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Fertility

Pickett et aZ?O recently summarized the results of 17 stu-
dies in which the fertility of semen frozen in ampules

or straws was compared. The results are presented in
Table 1. Studies shown above the broken line are ones in
which fertility was greater for semen frozen in ampules.
In most studies, differences in fertility due to method

of packaging were small. Furthermore, the observation
that neither method of packaging was consistently superior
to the other is consistent with the hypothesis that some
factor(s) other than method of packaging per se also con-
tributed to the differences in fertility observed.

Sire x packaging-method interactions have also been
observed. The results of one study are presented in
Table 2. In Herd 1, fertility averaged T70.1 vs. 49.5
percent for semen frozen in straws vs. ampules, respec-

TABLE 1 Effect of Packaging Bovine Semen in Straws or
Ampules on Fertility

Packaging System

Straws Ampules Difference Reference
73.2 54.3 +18.9 61

63.7 57.9 + 5.8 60

T2.0 67.8 + L,2 2

T1.0 67.0 + 4.0 76

67.2 64.3 + 2.9 5

70.4 67.7 + 2.7 48

4.9 72.8 + 2.1 Lo

T1:1 69.5 + 1.6 3

69.0 67.5 + 1.5 L6

i ) T0.3 + 1.2 76

T4.3 732 _ __+1.1 % _ _
1.1 65.5 S 38

TO.T 73.8 - 3.1 b

TO:T T2.6 -~ 1.9 8

6T:T 69.1 - 1.} 30

73.0 73.9 - 0.9 1

67.5 67.6 - 0.1 38

SOURCE: Adapted from Pickett et al. 10
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TABLE 2 Percent Pregnant?® After a 38-(Herd 1) and a
44— (Herd 2) Day Breeding Season

Packaging System

Straws Ampules

No. Pregnant? No. Pregnant?
Bull Bred (%) Bred (%)
Herd 1
A 75 76.7 T2 72.3
B 5 63.3 T0 L71.9
c T2 61.3 65 12.6
D T2 79.2 T3 65.2
Mean 294 70.1 280 49.5
Herd 2 |
c 101 82.6 103 66.8

61

SOURCE: Adapted from Mortimer.
gLeast squares mean.
Determined by rectal palpation.

tively. However, the actual differences in pregnancy
rates for the four sires used were 4.4, 15.4, 48.7, and
14.0 percentage points. Thus, method of packaging was
relatively unimportant for semen of some bulls, but re-
sulted in a marked difference in fertility for others.
Methods of packaging should probably be selected on an
individual-bull basis to ensure optimal fertility.

The largest difference between the two methods of
packaging in Herd 1 was for Bull C (L8.T percentage
points). The corresponding difference for the same bull
used in Herd 2 was only 15.8 percentage points. Since
different ejaculates were used in each herd, and because
the cattle were maintained under different levels of ma-
nagement, a direct comparison of the fertility results
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would not be appropriate. Howevgr, all ampules and straws
used in Herd 1 contained 2Q x 10" motile spermatozoa prior
to freezing, while 30 x 10" motile spermatozoa were provi-
ded prior to freezing of semen used in Herd 2. We suspect
that differences in fertility due to packaging method
would not have been as great in Herd 1 if more spermatozoa
were included per inseminate. Regardless of the reason(s)
for the difference in fertility of semen from Bull C in
the two herds, it is obvious that factors other than
method of packaging per se can have marked effects on
fertility.

Other techniques have been utilized for packaging
and/or freezing of bovine semen. Some investigators
have frozen semen in pellets by placing small drops of
extended semen into small depressions on a block of dry
ice, or in steel plates suspended in liquid nitrogen
(LN) vapor. The comparative fertility of semen frozen
in pellets, ampules, or straws in some studies in shown
in Table 3. Again, the influence of packaging methods
on fertility have been inconsistent.

Risks of Contamination

Pellets have not gained acceptance in the United States and
Canada because of severe limitations in thdling and distri-
bution. Although pellets can be labeled,” ~ permanent
identification has presented some difficulties and the
semen is still exposed to LN. Therefore, pieces of the
pellets can be transferred to other pellets while in LN

storage, crﬁqtggg a potengial for mixing semen from diffe-
rent bulls. '? Stewart®9 conducted an extensive series

of experiments related to storage of pellets and concluded:

1. Pellets can become contaminated with organisms
present in LN.

2. Pellets can "pick up" spermatozoa in LN. The
occurrence was rare and the spermatozoa 'picked up" were
nonmotile.

3. Organisms from contaminated pellets are shed into
LN and can contaminate pellets in a different canister.

4. Spermatozoa became attached to forceps during
handling of pellets.

5. ©Straws stored in the same LN with pellets became
contaminated externally.

Thus, the potential for spread of disease is excel=
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TABLE 3 Fertility of Spermatozoa Frozen in Pellets, Ampules, or Straws

Pellets Ampules Straws

% NR Inseminations % NR Inseminations % NR Inseminations References
68.3 LeT 56.9 545 - - 62
70.4 4ko 65.4 1,216 - - 82
59.0 1,872 -— = 68.5 1,993 T
69.7 e 57.9 - 63.7 - 60
66.5 5,515 = - 66.7 5,481 3k
53.1 160 56.6 198 - —— 86
39.7 253 k1.9 281 - - N
66.1 9,035 - —-— 66.4 8,804 35
61.4 - 1.5 - - - 32
65.7 2,839 - - 66.1 2,937 55
55-1 - 5902 — Lt . h3
55.7 - 68.5 — - — 93

SOURCE: Adapted from Pickett et aI.TO
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lent and a pregnancy from the wrong bull possible.

A technigue for freezing pellets in gelatin capsules
was developed T to eliminate the possibility of contamina-
tion. However, the open end of the capsule was sealed with
a drop of extender, which is exposed to LN and represents
a potential source of contamination.

Straws can be sterilized externally6 but contamination
of French straws and the powder used for sealing has been
reported. 9 When properly sterilized and sealed, glass
ampules are the most suitable package with respect to po-
tential contamination of semen.

Contamination of ampules and straws can occur during
thawing, primarily due to faulty seals. Improperly sealed
ampules generally explode, particularly if they are stored
under LN; while plugs generally pop from straws .20 Ampules
that have exploded may have been contaminated, but contami-
nation is of little consequence, since the semen is unusa-
ble. When a plug pops from a straw, the semen should not
be used, because the semen may have become contaminated.

It is suspected that LN enters the straws during freezing
or storage, and the seals are expelled due to vaporization
during thawing. If nitrogen can enter the straw, other
contaminants may also enter. Since expulsion of "plugs"

is an occasional phenomenon, it is not known whether nitro-
gen entry is occasional or occurs routinely.

Influence of Package Size

The volume per inseminate does not appear to be an impor-
tant factor in fertility of cattle, at least in the range
currently utilized for AI. For example, American Breeders
Servicel? reported 60- to 90-~day nonreturns of 77.3 vs.
T6.2 percent with 0.5- and 1.0-ml ampules, respectively,
when the same total number of spermatozoa was included per
inseminate. Hafs et al.37 also reported similar 60- to
90-day nonreturn rates of T73.2 vs. T0.5 percent for insemi-
nation volumes of 0.9 vs. 0.5 ml, when all inseminates were
frozen in 1.0-ml glass ampules and contained the same total

number of spermatoz?%.
Pickett et al. reviewed results of fertility trials

involving straws containing different inseminate volumes.
Fertility was generally greater when semen was frozen in
0.5-ml as compared to 1.0-ml straws. However, many of the
studies were confounded by the use of a different number

of spermatozoa within each volume. Differences in fertility
for 0.25- and 0.5-ml straws ranged from 0.6 percentage


http://www.nap.edu/catalog.php?record_id=19916

: 60

points lower to 1.2 percentage points greater with the
smaller straw. It would appear that where differences in
fertility have been associated with inseminate volume, these
have probably been due to concomitant changes in freezing
rate, thawing rate, or some other aspect of seminal process-
ing and/or handling.

SEMINAL PROCESSING PROCEDURES
Incubation of Raw Semen

A limited number of studies have been conducted to evaluate
the influence of incubation of raw semen (herein designated
as holding) prior to initial dilution and cooling on the
surviv?+ and fertility of bovine spermatozoa. Rajamannan
et al. reported a gradual increase in post~thaw motility
as holding time at 26°C was increased for up to 60 min.
Furthermore, the fertility of semen from two low fertility
bulls was increased when semen was held for 20 min at 26°C
compared to that of semen not held. In contrast, Jondetho
obtained similar fertility (69.6 vs. 68.5 percent nonreturn)
when semen was diluted and cooled immediately vs. held for
15 min at 32°C. In a preliminary study at our laboratory,
a total of 1L of 26 heifers (54 percent) conceived when
bred with unincubated semen compared to 12 of 26 (L6 per-
cent) inseminated with semen held for 20 min at 37°C. In
this study, each inseminate contained only 10 x 106 motile
spermatgzoa prior to freezing. Elliott et al.22 and Ennen
et al.2% both found no advantage to holding raw semen on
post—-thaw motility. In fact, post-thaw motility tended to
decrease as holding time increased. Until additional inves-
tigations are completed, holding of raw semen from fertile
bulls, prior to the initiation of cooling, is not recom-
mended.

Initial Dilution

Bovine spermatozoa may be damaged by cold shock if they are
cooled rapidly at temperatures above freezing. The conse-
quences of cold shock include coiling of the tails with an
accompanying irreversible loss of motility, an increase in
the number of spermatozoa that are permeable to vital
stains, a reduction in respiratory activity and glycolysis,
loss of lipid, an influx of enzymes into the seminal plasma,
an uptake of sodium and calc%um and a loss of pgtassium

and mgnesium by the cells _l 919521953$7137h3759 ]4,97
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Cold shock can be prevented by slow cooling in the presence
of protective agents. Most extenders for bovine semen con-
tain milk or egg yolk. The former contains casein, while
the latter contains lecithin, lipoproteins, and phosghon
lipids whicg provide protection against cold shock. 5,21,
33, l=ﬂh’5l! 5 The concentration of protective substances
present during the cooling of semen will depend upon the
dilution ratio of semen to extender prior to cooling
(initial dilution) and the concentratiog of these sub-
stances in the extender. Benson et al. 3 obtained
decreased post-thaw motility as initial seminal dilution
was increased for semen subsequently frozen in ampules.
Post-thaw motility averaged 36, 37, 34, and 32 percent

when semen contained 1,000, 250, 40, or 20 x 10° spermato-
zoa/ml during cooling to 5°C. The extender used for seminal
dilution in this study contained a fixed level of egg yolk.
Thus, higher rates of dilution were also associated with
higher eg8 yolk concentrations during cooling. Zarazia

et al.10l studied the influence of initial dilution ratio
on the post-thaw motility of spermatozoa frozen in plastic
straws. In this study, the level of egg yolk in the extend-
ers was adjusted so that 4, 8, 12, and 16 percent egg yolk
were present within each dilution ratio. The results are
given in Table 4, In this study, motility increased as the
dilution ratio increased, regardless of the level of egg

TABLE 4 Influence of Initial Dilution Ratio and Egg Yolk
Level during Cooling from 37 to 5°C on Motility of Bovine
Spermatozoa Subsequently Frozen in 0.25-ML Continental
Straws

Egg Yolk (%)%

Dilution

Ratio L 8 12 16 Mean
1:0.5 19.7 17.6 3y e 17.8 18.0
1:1 21.1 20.7 19.2 19.0 20.0
1:2 20.7 21.5 19.9 20.9 20.7
1:4 22.0 20.9 20.6 20.9 21.1
Mean 20.9 20.2 19.2 19.5 -

SOURCE: Adapted from Zarazia et al.10l
9A11 samples were adjusted to a final concentration of 16
percent egg yolk and T percent glycerol for freezing.
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yolk. It was recommended that semen should be diluted with
at least an equal volume of extender prior to cooling.

Cooling Time

The rate at which semen is cooled to about 5°C can have a
significant effect on fertility. Erickson? compared the
fertility of split samples cooled from 32.2°C to 3.3°C in
110 min vs. 4 h and used without freezing. The 30« to L0~
day nonreturn rates were TL.5 and 80.6 percent respectively.
Slower cooling has also been associated with greater post-
thaw mo£§153y5£o§hspermatozoa frozen either in ampuées or
straws. =2c- 27 In contrast, Weidler and Zaugg?® found
ho difference in fertility for ﬁemen cooled from 35°C to

5°C in 1.5 or 3.0 h, and Jondet O found no difference in
fertility of semen cooled from 30°C to 5°C in 0.5, 1, or

2 h. In view of the results of laboratory studies, we
suspected that bull fertility and/or the number of sperma-
tozoa per inseminate were sufficiently high to mask any
effect of rate of cooling on fertility in these studies.
Although there are some contradictory data, we must recom-
mend cooling times of 2 h or more. The National Association
of Animal Breeder563 conducted a survey among semen proces-
sors and found that 15 percent cooled semen in less than

1 h, 52 percent in 1.0 to 1.5 h, 10 percent in 1.5 to 2.0 h,
and 23 percent in more than 2 h. From these results, we
suspect that the desire to complete seminal processing and
freezing on the same day that semen is collected has result~
ed in a cooling rate of convenience rather than on based
upon sound experimental evidence.

Glycerolization

Once extended semen has been cooled to 5°C, it is customary
to further dilute the semen so that the spermatozoal con-
centration is twice as great as that to be present in the
final product. Final dilution is then accomplished by
adding a volume of glycerol-containing extender ecual to
that of the extended semen. Glycerol is added to semen as
a cryoprotective agent. The optimal concentration of gly-
cerol depends upon several factors, including the type of
extender and freezing rate. Generally, levels of approxi-
mately T percent glycerol are optimal for citrate-yolk and
tris-yolk extenders, and levels of 11 to 13 percent for
fresh and reconstituted skim-milk extenders.t? Al though
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there are some contradictory data, many investigators have
reported damage to spermatozoa as the temperature at whjch
glycerolization occurred was increased.l3'17’22=23’2h’5 2 13
Thus, extended semen is generally cooled to about 5°C before
glycerolization. A variety of procedures for the addition
of glycerol-containing extender to the extended semen have
also been evaluated. These include glycerolization in a
single addition, stepwise addition at intervals of several
minutes, or by allowing the glyceroé gftender to drip
slowly into the extended semen.22,20,04,99  1he influence
of glycerolization method on post-thaw motility in these
studies was ipconsistent. Following a review of the avail-~
able data, we 9 concluded that under certain conditions the
stepwise addition of glycerol to bull semen may enable
greater post-thaw motility. However, when present, this
advantage has generally been small, and may not be reflected
in increased fertility.3l’39

The glycerolization procedure is used to provide both
the proper level of glycerol for cryoprotection of the
spermatozoa and the desired concentration of spermatozoa
in the extended semen. Ejaculates with a low spermatozoal
concentration have posed a distinct problem when semen was
to be frozen in 0.25-ml straws, since the use of a 1:1 ini-
tial dilution and an additional 1:1 dilution at glyceroli-
zation can result in too {SY spermatozoa per inseminate.
Therefore, Zarazta et al. studied the effect of glycero-~
lization by dilution at ratiosof 1:1, 2:1, 3:1, or L:l
(extended semen:glycerol-containing extender) with extenders
containing 14, 21, 28, and 35 percent glycerol, respectively.
These dilution ratios resulted in a final level of T percent
glycerol for all samples. No difference in post-thaw moti-
lity was observed due to glycerolization procedure. Thus,
it would appear that lower dilution ratios (i.e., volumes)
may be used for glycerolization, provided the final product
contains the proper level of glycerol for optimal cryopro-
tection.

Number of Spermatozosa per Insemination

The influence of the number of spermatozoa per insem%ga%g
L]

has been discussed elsewhere in considerable detail.
It appeared that the number of live spermatozoa per insemi-

nation for optimal feggility'was similar for semen frozen
in straws or ampules. In only one of seven studies with
semen in ampules was fertility significant%g greater with
the highest number of spermatozoa studied. However, in
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all but one of the seven studies, actual mean fertility was
higher with the highest spermatozoal number. The same trend
was generally evident in eight studies with semen frozen in
plastic straws.T0 When all of the studies on number of
spermatozoa per inseminate were considered, there appeared
to be a trend towards the use of fewer and fewer spermatozoa.
If this trend continues using nonsignificant data, it is
certainly possible, if not inevitable, that overall ferti-
lity will be reduced.

The optimal number of spermatozoa per insemination
depends, in gart, upon the fertility level of the bull.
Hafs et al.3 reported no influence of number of spermato-
zoa per inseminate, over the range studied, on the fertility
of highly fertile bulls, while fertility of bulls of lower
fertility decreased when spermatozoal numbers were reduced.
Although this trend was noéesignificant, it was similar to
that reported by Sullivan, as depicted in Figure 1. From
these results, it appears that for optimum fertility more
spermatozoa are required per insemination when bulls are
of low fertility. Thus, the fertility level of each bull
must be considered in establishing the number of spermatozoa
per insemination. Unfortunately, the established optimum
is only valid for that bull under those circumstances.

Equilibration Time

Numerous investigator518’26°27’36’50 have established that

BOF

F HIBH '(M'Ll/\

FIGURE 1 The effect of
number of spermatozoa on
nonreturn raaﬁ of Hol-
stein bulls.

60-TO-90-DAY NONRE TURNS (%)
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the fertility of spermatozoa frozen in ampules was enhanced
when semen was stored with (equilibrated) or without (aged)
glycerol for several hours after cooling prior to freezing.
The optimal length of ghis period has varied, but generally
is between 6 and 18 h.%9 Although it was previously thought
that the presence of glycerol during equilibration was
important, it was subsequently demonstrated that the period
of storage or aging was the important factor, and that gly-
cerol could be added at any time after cooling and before
freezing, without influencing fertility.

Laboratory investigation of optimal equilibration time
is probably not fruitful, because it is suspected that the
industry will adopt an aging or equilibration time of con-
venience rather than one based upon research results.
Fortunately, it appears that extended equilibration or
aging is not necessary for semen to be frozen in straws.

Freezing Rate

Some of the basic causes of cell death during freezing and
thawing and methogs for their prevention have been pre-
sented elsewhere.®9 While many of the principles of
cryopreservation of living cells are well established, most
procedures for the freezing of bovine spermatozoa have been
developed empirically. Unfortunately, no fertility studies
have been conducted to establish optimal rates of freezing
for bovine spermatozoa. Rate of freezing can exert marked
effects on sperm survival.l0 However, the optimal rate(s)
of freezing is influenced by a variety of factors, includ~
ing methods of seminal packaging, glycerol level, and
subsequent thawing rates. From the available evidence it
is obvious that spermatozoa are capable of withstanding a
wide range of freezing rates. Nonetheless, procedures
should be developed and utilized that minimize variation.
This is important, as rate of freezing interacts with many
other factors, and each of these factors must be controlled
to obtain a uniformly high-quality product.

Storage

The key factor enabling the long-term preservation of bo-
vine spermatozoa is low temperature. At one time, most
frozen semen was stored in a mixture of dry ice and alcohol
at =79°C. When stored at this temgsrgguﬁg, the fertility

of the semen ultimately decreased.””” -’ However, Stromd1
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found no evidence of reduced fertility when approximately
60,000 inseminations were performed with semen in pellets
after storage in liquid nitrogen (LN) at -195°C for appro-
ximately 1 to 1.5 yr. Cassou<? reported no difference in
fertility after 285,551 inseminations with semen in straws
stored in LW up to 54 mo. If fertility of semen stored in
LN is reduced with time, regardless of packaging technique,
some factor other than storage is responsible.

PROCEDURES FOR THE FIELD HANDLING OF FROZEN SEMEN

One of the major causes of low fertility associated with
the use of Al is mishandling of semen by the inseminator.
This fact has been confirmed by numerous studies conducted
with full-time, professiong% %nseminators closely super-
vised by AI organizations. Although data are
lacking, mishandling of semen is probably more extensive
today than at any time in the past, due to direct sale of
semen to ranchers and dairymen who inseminate their own
cattle, often with little training or supervision.

Principles for the field handling of frozen semen and
specific recommendations for the field handling of bovine
semen frozen in ampulﬁs or straws have been presented
elsewhere in detail, Therefore, the following dis-
cussion will focus primarily on specific aspects of field
handling that have, or are likely to have, profound influ-
ences upon fertility.

From the available evidence, it appears that seminal
temperatur should Bg intained at ~130°C or lower at
all times 5,5T,72, Although LN has a temperature
of about -195°C, there are many opportunities for semen
stored in LN to be exposed to damaging temperatures from
the time it is shipped from the AI organization until it
is thawed for use. One such opportunity is during trans-
fer from the unit in which it was shipped into the field
storage unit. Seminal temperature can increase rapidly
during exposure to ambient conditions. The rate of warm-~
ing depends, in part, upon the method of packaging. This
is illustrated in Figure 2. Seminal temperature rose much
more rapidly within straws than within glass ampules,
because the straws contained a smaller volume of extended
semen and because they had a much greater surface area~to-
volume ratio. The greater increases in temperature were
also associated with greater reductions in post-thaw
motility (Figure 3). Straws placed in plastic goblets
for field distribution are much less vulnerable to changes

el
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FIGURE 2 Temperature of semen within indivi-
dual straws held by forceps or ampules clipped

to metal racks (canes) during exposure to am-
bient (20 ¥ 0.6°C) conditions. xI()Ea.ch curve

represents the mean of five replicates. The
curve for ampules is a mean of the temperature
of semen within the top and bottom ampule on
the same rack.lh

in temperature during exposure.lh Thus, we have recom-
mended that AI organizations package straws in plastic
goblets or other suitable protective devices for distribu-
tion and field storage. Rates of warming during exposure
to ambient temperatures may also be influenced by factors
such as wind velocity and the intensity of solar radiation.
Thus, it is impossible to establish a safe interval for
the transfer of semen from one unit to another. The most
reasonable approach is to transfer the semen as quickly

as possible, out of the wind and sunlight.

Semen may also be exposed to damaging temperatures
each time it is raised to the neck of a field unit to
permit removal of an individual straw for thawing. The
temperature within the neck of a typical field unit is
much higher towards the top of the tank (Figure 4).

Since spermatozoa will be damaged at these temperatures,
the canister containing the semen should be raised no
higher than absolutely necessary, and the individual
straw removed for thawing as quickly as possible.

One need not be nearly as concerned about the tempe-
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FIGURE 3 Influence of exposure to ambient

(20 } 0.6°C) conditions on the post-thaw moti-
lity of spermatozoe within individual straws
or ampules on racks. (Semen in straws was
thawed in water at 37°C, while ampules were
thawed in iced water. Each value represents
the mean oflguplicate samples from each of
vice bulls.

rature of semen within the straw being removed as with
the other semen in the same canister or goblet. This
semen is exposed to elevated temperatures each time ano-
ther straw is removed for thawing. The damage from expo-
sure to elevated temperatures is additive. In addition,
unless sufficient time is allowed between exposures to
permit the semen to cool completely, higher temperatures
will be reached during subsequent exposures.

It is obvious that the temperature reached by semen
during exposure to the neck of a field storage unit
depends upon the height to which it is raised, length of
exposure, level of LN in the tank, and the intervals bet-
ween exposures, Therefore, semen should be raised no
higher than necessary to facilitate removal of a straw
for thawing, and removal should be executed as quickly as
possible. Since, under normal circumstances it is impos-
sible to maintain a full LN level at all times, insemina-
tors must be instructed to allow more time between expo-
sures when the LN level is low.

Procedures for thawing semen can exert marked influ-
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ences upon fertil%%y. After reviewing the available
evidence, Pickett concluded that semen in glass ampules
should be thawed in ice water. In contrast, the quality
of semen frozen in plastic straws has consistently been
enhanced_in labgra urg studies by rapid thawing in warm
water.3-10,11,28,76,79,100 on the basis of fertility
trials conducted at our laboratory, we currently recom-
mend fﬂat semen in plastic straws be thawed in water at
35°C.

Thawing in warm water is not difficult, but several
precautions should be exercised. Spermatozoa are damaged
by excessive heating. In one study, spermatozoa in 0.25~
ml Continental straws were removed from LN and plunged
into water at 35 to 60°C for 5 min, and evaluated imme-
diately. Motility declined precipitously at temperatures
above 45°C. Temperatures below 45°C may also be detri-
mental. For example, high temperatures can stimulate
motility briefly, but are then followed by rapid cell
death. Also, it has been shown that rabbit spermatozoa
incubated for 2 h at 38 or 40°C were equally capable of
fertilization, but fertilization by sperm incubated at
40°C was followed by high rates of embryonic mortality.9°
Thus, there may be considerable damage to spermatozoa
warmed above body temperature.

Damage to spermatozoa thawed in water at above body
temperature can be prevented by timing the thawing pro-
cess very carefully. At the same time, it would be futile
to recommend a thawing method that was so difficult to
employ that it would greatly increase the opportunity for
mishandling during and after thawing. Under such circum~
stances, fertility might be lower than with a method that
was less than ideal but more easily accomplished. In view

+2°C—+12¢
-150—-22¢
-40°--46°
-750=-82°

FIGURE 4 Typical tempera-
ture range in the neck ofsl
an LN field storage unit.

180°- -192\\¢
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of the extremely detrimental effects of excessive heating,
and the fact that post-thaw motility has generally been
only slightly enhanced at temperatures above 35 to 37°C,
we currently recommend that semen in straws be thawed in
water at 35°C.

Spermatozoa warmed to higher temperatures g~35°0)
after thaying are susceptible to cold shock.9» There-
fore, wel recommended that thawing in warm water be
carefully timed to permit thawing without causing further
elevation in seminal temperature.
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BANKS FOR FROZEN HUMAN SEMEN;
CURRENT STATUS AND PROSPECTS

J. K. Sherman

INTRODUCTION

A synopsis of the irt of human semen cryobanking was
published in 1973.~ It included the history of cryobiology
of human spermatozoa from 1776 to 1964 and research high-
lights and clinical status of semen cryopreservation from
1964 to 1973. Data were presented on about 600 births,
with fewer abnormalities and spontaneous abortions than

in the normal population, as well as on normal births from
semen inseminated after over 10 yr of frozen storage. 1In
eddition, support was given for the efficacy of frozen
human semen banks relative to acceptable, safe, and valua-
ble methods and applications. Finally, commercial banking
with regulated, high standards of operation and a clarified
"no guarantee of fertility" policy for frozen-stored sperm-
atozoa was endorsed as essential to the requisite large-
scale application critical to the future of research and
development of frozen human semen. Most of what was re-
ported and discussed in che synopsis is still relevant and
valid today. Continuous updating of the data, with reem-
phasis on applications analysis of accomplishments and
perspectives of the field, is essential for proper assess-
ment of the value and future of frozen human semen. The
purpose of this overview is to_further update and modify
the presentation made in 1975.°

APPLICATIONS OF BANKS FOR HUMAN SEMEN
The demand for therapeutic (artificial) donor insemination
(AID) by childless couples with an infertile male partner

will continue to be stimulated greatly by the abortion
laws, which severely reduce the opportunity for adoption.

78
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Donor semen with particular and uncommon genetic charac-
teristics is not always available to the physician for

AID. Such a logistical problem is resolved readily through
the use of a bank for frozen-stored semen. Other clinical
applications of frozen-stored human semen, in both inferti-
lity and population control, as proposed in 196L,3 are
still valid and have been implemented to some degree.

Many ejaculates from oligospermic husbands (H) can be
collected and stored over a period of several months, then
thawed, pooled, concentrated by centrifugation, and insemi~
nated (AIH) at spermatozosl concentrations manyfold greater
than the original single ejaculates. This technique has
proven successful, but only on occasion, when a reduced
number of motile spermatozoa was the sole cause of male
infertility. It is probable, however, that factors of
infertility other than reduced numbers of spermatozoa also
are involved in oligospermia, and that successful applica-
tion of freezing methods in its "treatment" is quite
limited. Oligospermic samples often show a poor revival
after freezing and thawing, further restricting this appli~
cation. BSixteen of the normal births reported with frozen-
stored semen (Table 1), however, were achieved by AIH from
oligospermic husbands,

Stored semen can be used to deliver by insemination
large numbers of motile spermatozoa at times most likely
to coincide with ovulation. A procedure of consecutive
multiple inseminations improves chances of successful fer-
tilization by husband or donor, especially in the female
with irregular cycles or subfertile behavior.

Donor semen banks permit storage of sperm cells bear-
ing the genetic characteristics for desired unusual blood
types and the like. This facilitates ready availability
for satisfying specific needs and increased demands of
AID. A system of centralized banks supplying physicians
throughout each state, and between states and countries,
is quite feasible. We have sent frozen-stored semen over-
seas on several occasions, with the most recent success
after shipment reported from the Virgin Islands.

By storing his ejaculates, man can induce conception
in absence of testes, after exposure to sterilizing or
possible mutagenic effects of radiotherapy or chemotherapy,
in o0ld age, and long after his death. Also, several child-
ren in one family can be fathered from the stored semen of
the same desirable donor independent of his availability or
viability. The reproductive effectiveness of husband or
donor, therefore, can be greatly extended.
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TABLE 1 BRirths from Frozen-Stored Human Semen%®

No. of normal children born 1,464
No. of abnormal children born 1L
No. of spontaneous abortions 113
No. of pregnancies still unreported as births Tl

Longest period of cryopreservation of fertility

Asia (Iizuka, Japan) 13 mo
Europe (Lebech, Denmark) 5 yr
United States (Sherman) 10% yr
Before international shipment (Sherman

United States) 6 yr.

Apregnancies for births reported followed, on the average,
a protocol of two inseminations of 0.5 to 1 ml of semen in
each of four cycles, aside from results of one clinician,
who routinely inseminates 14 times per cycle.

Frozen human semen banks may provide a means of con-
trol of population in planned parenthood. Population con-
trol means not only the reduction in the number of births
in our world's population explosion, but also the genetic
improvement of the population. Selection of donor semen
bearing the characteristics of mind and body deemed most
suitable by the recipient couple is facilitated through
semen banks. The concept of germinal choice or parental
selection may extend beyond that couple, with its infertile
male member, to fertile couples wishing to improve upon
the genetic constitution of their offspring. Frozen human
semen banks can offer a wide range of genetic material for
selection at any time. Also, the ultimate in donor evalua-
tion is made feasible through a program of progeny testing
with donor semen. Frozen semen banks offer scientists the
unique opportunity to evaluate genetics in man on an expe-
rimentally controlled basis from generation to generation.

The promise of future fertility in frozen storage, to
a minor degree, has encouraged voluntary submission to
vasectomy in attempts to restrict family size. Its prime
effect for those already committed to vasectomy, however,
has been to offer a greater chance for fertility maintenance
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than attempts at surgical reversal. Also, banks storing
semen from those outstanding vasectomized potential fathers
who, by choice or death, leave their genetic legacy to
others, may in turn be used within the framework of a pro-
gram of germinal choice. In spite of relatively reduced
demand, prevasectomy storage is still the main function of
one or two commercial cryobanks.

Banks of frozen sperm cells protected from radiation
may minimize or obviate the potential genetic danger of
man's exposure to radiation on earth and in space and help
to control such mutations in the population.

Carrying this further into theoretical considerations,
which are of questionable advocation, it may become possi-
ble to preserve spermatogonia and oogonia by freezing or
freeze~drying, to cultivate these gonia on demand, to
select sex and other genetic characteristics, and finally
to realize in vitro fertilization and development. Early
(preimplantation) embryos of mice and rabbits already have
been preserved at --196°C, subsequentlyhdgmonstrating normal
development and reproductive capacity. ?

Whether or not we favor each of the above applications,
as scientists we must appreciate that their use may be im-
plemented. The need for proper evaluation of some of these
applications still is apparent. There is little doubt that
some degree of control gf heredity is on the horizon in
man's biologic destiny. The realization of the necessary
manipulation of the coding elements to achieve alterations
in mind and body, however, is really a proJjected dream
into at least the next century. In the interim, those who
feel that programs of genetic improvement through germinal
choice should be pursued may use frozen human semen banks
for this purpose.

CURRENT RESULTS

Thousands of therapeutic, or artificial, donor inseminations
(AID) with fresh semen are performed each year as an en-
dorsed and accepted medical practice in the treatment of
childless couples with infertile or relatively infertile
husbands. Estimates of recent annual births through AID
can be projected to range from 10,000 to 100,000.7’ It is
foolhardy, however, even to suggest the authoritative nature
of such figures in this area of human reproductive biology,
The most frustrating part in the preparation of this over«
view was the search for wvital statistics in critical and
obvious areas of inquiry. Figures on the results of


http://www.nap.edu/catalog.php?record_id=19916

82

insemination with frozen~thawed human semen were obtained
in part through review of the literature, but primarily via
gquestionnaires and personal contacts. Such an inquiry is
limited because some sources do not respond, some are
unknown, and many responses are incomplete. The results
shown in Table 1, however, are representative and authori-~
tative, indicating minimal but documented numbers. They
strongly suggest, within the limitation of relatively small
numbers, as compared with millions in animal breeding, that
frozen storage of human spermatozoa is compatible with fer-
tilization and the subsequent embryonic development that
results in normal progeny. As was true of the 1973 figures,
the number of abnormalities and spontaneous abortions are
below that seen in the normal population. The observation
has been made that fewer abnormalities and spontaneous
abortigns also result from AID with fresh (unfrozen)

semen. The explanation for better reproductive perform-
ance after therapeutic (artificial) insemination, with
either fresh or frozen-stored semen, probably is that the
procedure demands a more careful control of the timing of
ovulation. This minimizes possible prefertilization aging-
induced effects on ovulated egg cells that are considered

a basis for early embryonic developmental errors subsequent
to their fertilization.

Results of a survey of the physicians and banking
facilities known to use frozen-stored semen were reported
3yr ago.l The figures in Table 1 are based upon updated
data obtained from the sources listed in the 1973 report,
as well as from the following additional participants:

J. Barkay and H. Zuckerman, Department of Obstetrics and
Gynecology, Central Emek Hospital, Afula, Israel; D,
Cottinet, Laboratoire d'Histologie et Embryologie, 8

Avenue Rockefeller 69, Lyon 8°, France; G. David, Hospital
de Bicetre, 94270 Kremlin--Bicetre, France; S. Evans, 609-
925 West Georgia Street, Vancouver, B.C., Canada; J. deMaria,
Department of Obstetrics and Gynecology, University of
Oregon Medical School, Portland, Oreg.; J. Feldschuh, Idant
Corporation, 645 Madison Avenue, New York, NW.Y.; M. Jondet,
35 Rue Mathurin Rignier, Paris, France; S. Leto, Washington
Fertility Study Center, 2600 Virginia Avenue, N.W.,
Washington, D.C.; R. R. Quinlan, Chartered International
Cryobank, 1801 Bush Street, San Francisco, Calif.; J. H.
Ravina, 148 Avenue Wagram, 75017 Paris, France; J. C. Rioux,
Department of Gynecology, Le Centre Hospitalier de 1l'Univer-
site Laval, Quebec, P.,Q., Canada; R. Schoysman, Avenue R.
Comhaire, 69~1080 Brussels, Belgiumj; G. Sillo«Seidl,
Schwanthaler Strasse 65, Frankfurt am Main, Germany.
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There are undoubtedly many more births from cryopre-
served spermatozoa than the number reported in our survey
(Table 1), but, even if the figure was tripled, results
still would indicate only token use of frozen-stored semen
in comparison with fresh (unfrozen) samples. The predic-
tion of rapid growth for commercial banks, which was made
in 1973,9 has not been realized. To the contrary, there
have been cancellations of planned openings of new branches
and closing of some existing branches in what was expected
to become a thriving industry. The explanation given by
some commercial banks is that the expected accelerated
activity in prevasectomy storage of semen never has mate-
rialized. But, this observer sees more than this simple
miscalculation as the cause of the disappointing rate of
development in semen banking.

BASTS FOR SLOW PROGRESS

The benefits of cryobanking human semen for use in both
infertility and population control have yet to be realized
to any appreciable degree. The chief reason sti1ll
appears to be the reluctance of the lay and medical commu-

nity to accept, as proven, the safety and efficacy of
frozen-stored human spermatozoa. There has been apprehen-
sion, therefore, in the support and use of cryobanking in
appropriate therapeutic and planned parenthood applications.
Public acceptance and demand are determined, to a large
degree, by both medical practice and information that
appears in newspapers and lay medical publications. The
hesitancy to accept cryobanking of human semen is quite
understandable in the face of warnings and doubts raised by
certain medical groups. Public statements in 1972 by a
task force committee of the American Public Health Asso=
ciation and the Planned Parenthood-World Population, as
cautions or expressed fears, have insinuated questionable
genetic adequacy and raised without basis and thorough re-~
view! the awesome possibility of birth defects after frozen
storage.

Recently, discouragement from using cryopreserved
human semen has been reenforced and extended by emphasis
on possible dangers of im vitro aging of animal spermatozoa.
There have been controversial reports that reduced fertil-
ity and an increase in spontaneous abortions have been
demonstrated as a consequence of aﬁing during frozen sto=
rage of bull and ram spermatozoa.l There is no evidence,
however, that in vitro aging of frozen mammalian spermatozoa
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causes birth defects, changes in sex ratio, or any other
manifestations of genetic instability or inadequacy in
progeny. This is a critical point for those who cite in
vitro aging effects as a basis for concern for the danger
of increase in birth defects through the use of frozen-
stored semen. In addition, more recent and extensive
data, involving up to 100,000 inseminations of bull semen
stored for as long as 5 yr, reveal no decline in breeding
efficiency (fertility)_ or any alteration in the rate of
spontaneous abortions."—? -

Millions of dairy calves are born annually through
the use of frozen-stored bull spermatozoa. The authorita-
tive general opinion of artificial breeders is that frozen
storage is efficient, genetically safe, and of great import-
ance in the improvement of the quality of farm animals and
their products. Frozen-storage has proven itself in the
breeding industry for the past two decades. One would think
that contraindications for its widespread national and inter-~
national use, if real, would have been detected by now.

TECHNIQUES FOR CRYOPRESERVATION

The basic, relatively simple, liquid-nitrogen-vapor freez-
ing technique that was intioduced in 1963 has been proven

successful in cryobanking. It compares favorably with
newer, more complicated, stepwise and electronically con-

trolled freezing systems. There appears to be a wide
spectrum of rates of freezing and thawing in techniques
that result in satisfactory cryosurvival of human sperma-
tozoa, rather than a limited defined set of conditions.
Some methods are claimed to give superior cryosurvival than
others within a milieu of sometimes contradictory findings
in the literature, but there has been no evidence of real
differences on the basis of fertility and progeny produc-
tion. Actually, properly controlled evaluation remains to
be pursued on this and other aspects of semen cryobanking.
Current techniques include the use of paillettes or
plastic straws in general preference to glass ampules and
the dilution of semen with an egg yolk citrate extender
with antibiotics, as well as the use of raw or undiluted
semen. All methods employ liquid nitrogen for freezing
and storage, with glycerol as the cryoprotectant. The
author's method of cryopreservation involves undiluted
semen with 7.5 to 10 percent glycerol by volume, freezing
primarily in heat-sealed plastic straws either in air at
~-85°C or in liquid nitrogen vapor (-190 to -196°C), and



http://www.nap.edu/catalog.php?record_id=19916

85

frozen storage in liquid nitrogen. Preliminary comparison
in our laboratory suggests that the egg yolk extender does
improve cryosurvival. This is based on results of motility
observations on split samples of raw and diluted semen in
parallel freezing and thawing experiments. I am still
reluctant to use or advocate the clinical use of this ex~
tender, which has proved so successful in the animal-~
breeding industry. There are reservations concerning the
wisdom of: (1) diluting an already sparse population of
spermatozoa with possible reduction of its effectiveness,
(2) the introduction of additional nonphysiological sub-
stances of unknown effects in human subjects into the
female, and (3) the potential danager of the provocation
of a drug sensitivity reaction in the recipient. These
reservations probably will be proved invalid, aside from
the reservation concerning the use of penicillin. Until
then it seems medically prudent to avoid such possible
limitations, especially since the use of raw semen has been
so successful in realizing most of the births reported to
date with frozen-stored semen. This conservative approach,
however, may change with subsequent evidence that egg yolk
or other extenders or conditions of cryopreservation are
both superior and safe for cryobanking of human cells. Eva-
luation of egg yolk extenders, cryoprotectants, rates of
freezing and thawing, and other factors continue to be
evaluated in our laboratory.1 Recently, pregnancies have
been reported in Israel by Barkay et al. using a pellet
method of freezing and storage, the same used by some for
bull and boar semen.

Our present level of technology is adequate to esta~
blish cryobanks of human semen on a large scale. It is
the standards concerning use or abuse of the techniques
that should be the matter for comcern. "Fly-by-night"
uuscientific and irresponsible commercial enterprises may
not employ care in genetic selection of donors, screening
of semen, testing for venereal disease, and the like. Regu-
lations in terms of acceptable scientific and ethical prac~
tices seem warranted in cryobanking of human semen.

RESEARCH AND OTHER NEEDS

The author's views on the subject of cryobanking human
spermatozoa have not changedl in considering the practice
as efficacious and safe. There is neither a clinical indi-~
cation for increased spontaneous abortions or birth defects,
nor is there test-tube evidence for DNA alterations or
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chromosomal aberrations, from evaluative studies on frozen-
stored human spermatozoa.l'13 Genetic stability during
frozen storage has been demonstrated also with hundreds of

other cell types and strains that are routinely preserved
by freezing. It is unfortunate, however, that the over-

whelming majority of the approximastely 1,500 normal human
births reported to date (Table 1) have resulted from inse-
mination of semen stored for less than a year, Chances

are that, as with bull spermatozoa, long~term storage of
human spermatozoa also is genetically safe, but this has
not been established. There is, therefore, a serious defi-
ciency in the critical evaluation of genetic adequacy or
stability of human spermatozoa during long-term storage.
This deficiency must be remedied if cryobanking of human
spermatozoa is to fulfill its valuable potential and if
there is to be authoritative data for standards in the con-
trol of methods and practices of commercial and clinical
cryobanking. This is essential for the assurance of pro-
tection of participants in donor inseminations (AID),
prevasectomy storage, and for other applications, such as
the use of the same donor semen for several births in the
same family, which will involve the use of semen stored

for periods exceeding a year,

A program is needed to evaluate the genetic stability
of human spermatozoa stored for periods of 5 to 10 yr,
especially in terms of birth defects, in a significant

-population of progeny resulting from AID. Decreased ferw
tility potential (percent fertility) and an increased rate
of abortion (early embryonic mortality), if induced by in
vitro aging during long-term frozen storage of human sperm-
atozoa, certainly are undesirable and traumatic events in
a woman's reproductive cycle. They become relatively minor
calculated risks, however, in attempts at realizing progeny
in cases where cryopreserved semen is particularly advan-
tageous or essential to achieving fertility. Induction of
birth defects, to the contrary, is a far more serious pos-
sible consequence of prolonged cryobanking, one that should
be avoided at all costs. The critical deleterious end
point in evaluating possible effects of aging in storage,
therefore, should be an increased incidence of birth defects.
Information on fertility and abortion rates can be collected
at the same time, of course, in investigations of such pos-
sible phenomena. Unless the research is undertaken now,
it may never be initiated and completed. The past relative
inactivity of investigators in serious programs of related
research efforts in semen cryobanking attest to this
probability.ls3
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Frozen-stored spermatozoa will be used and should be
used in clinical applications, in spite of the unresolved
question of genetic stability in long-term storage. Cer~
tainly there should no longer be inhibitory concern about
the safety of semen used after storage periods not exceed-
ing 1 yr. An additional advantage of semen cryobanking,
which may have an important bearing on increased use of
frozen-semen banks, is that it permits semen to be stored
for future use during the time (2 to 3 days) in which it
can be screened, by culture methods, for gonococci.

This has particular importance because of recent research
that uncovered a high incidence of asymptomatic males
whose fresh or frozen-~stored semen could transmit gonor-.
rhea via AID. The use of penicillin in semen, as the
alternative to such an application of frozen storage, is
of questionable clinical prudence because of possible
allergic reactions to the drug.15 Anticipated clinical
use of frozen-stored human spermatozoa, therefore, makes
research on evaluation of its safety after prolonged sto-
rage of more than academic importance. Parallel studies
on more basic aspects of pretreatment, and the like, also
should be undertaken. For example, no study has been made
on the evaluation of possible deleterious effects of pre-
treatment with a cryoprotectant (glycerol), of freezing
and thawing, and of aging during long-term frozen storage,
in terms of motility, viability (membrane integrity), and
ultrastructure of spermatozoa (especially the membrane and
acrosome) from the same ejaculate. Such an investigation
on a number of semen samples should provide information on
critical cryoprotection and cryoinjury of human spermato-
zoa. These data also could be correlated with the demon-
strated fertility potential of split-ejaculate semen sam-
ples from the same donors, especially if pursued in parallel
with the proposed long~term (5 and 10 yr) storage evaluation.

SUGGESTED PROGRAMS

In addition to the long-term research evaluation proposed
above, there are other requisites that should be satisfied
in the interim, to provide a more stable foundation for
the field. These include:

1l. A directory of the group of experts and practi-
tioners in frozen-semen research and therapeutic insemina-
tion should be compiled and distributed,

2. Standards should be established by the group as
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to donor procurement and screening for communicable and
genetic diseases, as well as the handling, analysis, pro-
cessing, storage, and clinical use of frozen~stored semen.

3. These standards eventually should be incorporated
into a system of appropriate guidelines and regulations,
to insure the highest level of technical and business prac-
tices in cryobanking, It is strongly recommended that
state or federal regulations be developed cautiously and
deliberately, in stepwise fashion, guided by the standards
and suggestions of the cryobanking group (2 above), Guide-~
lines rather than regulations gradually should be formulated
for the technology, as premature interference would stifle
development of the field., Aspects _of screening for health
hazards, such as venereal disease,” however, should be
implemented and regulated as soon as feasible,

4. A central clearing house should be established
for periodic filing of data from the cryobanking group
and the compilation and dissemination, as an authoritative
source, of such data as: (a) improved methods of aspects
of processing and clinical use of frozen semen; (b) perti=
nent basic and applied research findings; (c) team approach
to the counseling of patients by experts in infertility,
psychology, and family planning, prior to AID; (d) number
of patients involved in therapeutic AID and AIH}; (e) num-
ber of normal children born; (f) number of spontaneous
abortions; (g) number and kind of malformations (birth
defects); (h) number and volume of insemination units per
cycle; (i) number of cycles per pregnancy; (j) methods for
timing ovulation; (k) methods for insemination; (1) percent
fertility; (m) follow-up examinations on the early and
later development, as well as the reproductive history of
progeny, if at all possible; and (n) comparison of fresh
and frozen semen on the basis of above data,

The principle of an identified and organized group
of persouns for exchange and dissemination of research and
elinical findings also is applicable to other workers. I
recommended it for the area of cryobanking of eggs, em-
bryos, and other cells and tissue transplants used in human
medicine. The practicality of implementing the format
described above, however, will depend upon the enlightened
attitude of active investigators and practitioners. Such
an attitude can develop through educational forums and
healthy communication and dialogues, such as this one.
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SUMMARY

An overview of the clinical use of frozen human semen was
presented especially in respect to: (1) reemphasis of the
actual and potential clinical applications of semen bank-
ing, as well as the reason for the slow progress in their
realization; (2) current results of an ongoing survey of
the clinical use of frozen-stored human spermatozoa, which
reveals about 1,500 births with fewer abnormalities and
spontaneous abortions than in the normal populationj (3)
the evaluation of possible in vitro aging effects on gene-
tic stability during the long-term storage of human sperm«
atozoa, which is essential to the realization of its
potential in widespread use, or its abandomment in eclinical
medicine; and (4) the need for the establishment and regu-
lation of standards in both processing and use of frozen-
stored semen, to provide maximum efficiency and safety.

DISCUSSION

ROBERT H. FOOTE: Your method of freezing without diluents
is a good one. However, if additional cryoprotec-
tants and stabilizers prove to be beneficial, a re-
duction of sperm concentration by adding diluting
media need not be inimical to their use. One might
first concentrate the specimen and then dilute or
extend the spermatozoa. For example, research by
Selamon in Australia has demonstrated that concentra-
tion of ram spermatozoa following extension and sto-
rage improves fertility, apparently because a small
volume with a high concentration of cells at the
cervix is desirable. Concentration of human sperma-
tozoa before dilution and freezing might be desirable.

J. K. SHERMAN; I agree that additives to fresh human
semen probably will prove beneficial to cryosurvival
and will be used in clinical applications. Aside
from the temporary reluctance of some to use nonphy-
siological or untested additives other than glycerol,
the fear of penicillin use as an additive seems war-
ranted. Sensitivity reactions to it in clinical
inseminations already have been reported. Concentra-
tion and subsequent dilution with additives, or the
reverse, certainly is feasible, if necessary, but we
do not have much information on motility and even less
on fertility concerning this procedure with human se-
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men. Centrifugation for concentration of human sperm-
atozoa from fresh untreated semen, followed by dilu-
tion with seminal plasm, is compatible with maintenance
of fertility, of course, but the degree (percent) of
fertility has not been assessed.

ROBERTA WHITE: I agree in your request for more followup
on AID and numbers of patients treated. I have
treated about 100 patients, only one with frozen se-
men, but if you would like exact figures I would be
glad to help. I would also like to point out that
this is a nursing procedure at the Yale New Haven
Hospital and should be elsewhere, mainly because of
the availability of the RN.
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GAMETIC INTEGRITY DURING STORAGE AT LOW
TEMPERATURES-~EVIDENCE FOR AN AGING EFFECT

G. W. Salisbury and J. R. Lodge

INTRODUCTION

Qur first experience with the manifestations of the effect
of the passage of time on fully formed memmalian spermato-
zoa were experiments on rabbits conducted by the senior
author during the 1930's at Cornell with his mentor, S. A.
Asdell.? That experiment was in fact a continuation expe-
riment, after a break of several years, of a classic in
this field conducted at the University of Cambridge in the
middle 1920's by John Hammond and Asdell.? Those men had
shown that the fully formed spermatozoa of the rabbit iso-
lated in the sectioned epididymis confined in the scrotum
achieved their optimum fertility in the second 10~day time
period of testing of fertility after the section. The
fertility tailed off gradually after that and lasted for

a maximum of 38 days. (Fertility by 10-day periods:

first = 89 percent; second = 100 percent; third = 36 per-
cent; and fourth = 20 percent,) Our experiment2 with
rabbits having the ligated epididymides and testes anchored
in the abdomen showed that the duration of fertile life of
spermatozoa was 8 days. Fertility did not tail off, but
ended with dramatic suddenness. Their motility lasted for
14 days. Temperature, the abdomen being 5° to 7°C or so
higher than the scrotum, clearly can influence the time
sequence.

Others earlier had demonstrated that spermatozoa of
the marine worm, Nereis limbata, when used after 24 h sto-
rage at room temperature or after several days at refrige-
rator temperature,<“ were depressed in fertility. Also,
when they were successful in penetrating the fresh ova
used, sometimes conjunction of the male and female pronu-
cleii did not occur, so no cleavage resulted; or there were
various and profound changes in the subsequent development
if it did.

92
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In a series of apers from 1911 to 1916 G., 0., and
P. Hertwigsrt»39»33,3%,35 showed that, in worms, frogs, and

fish, radium Xrays of unknown dosage directed on spermato-
zoa caused profound changes in their fertility and in the
well-being of whatever progeny they produced, With frog
spermatozoa, overdoses caused complete destruction of the
male genome, but normal progeny were produced by partheno-
genesis, as the spermatozoan capacity to penetrate eggs and
to activate them to mitoses and subsequent sequential embry-
onic development was not so destroyed.

This series of researches, beginning with worms and
extending through mammals and covering a period from 1911
through 1926, set the parameters of our present knowledge
about the separate functional performances of spermatozoa
and the order of their loss when subjected to environmental
insult. These functions and the order of their loss are:

1. Integrity of the genetic message transmitted;
2. capacity for pronuclear formation and syngamy}
3. ovum penetrance and activation of the egg; and
4. independent motility,

These experiments also identified time and temperature
as parts of the spermatozoan environment to which they
react.

In a series of published papers beginning in 1931,
Young and his students and colleagues extended such studies
to other mammals, the guinea pig and the rat, and included
the question qQf the a ova as influencing embryoni
development.lg’lg’g3’gg‘gg In 1943 Nalbandov and Ca.rdﬁh
publ ished their data on the drop with time after mating in
the fertility of chicken eggs and the increase in embryo
death or developmental abnormalities. They believed the
nucleus of the stale spermatozoa to have changed during
their sojourn in the female reproductive tract. A decade
earlier plant geneticists had proved nuclear involvement
in aging by tae increased mutations exhibited by long-
stored seed.l 245

SPERMATOZOAN AGING
Data from Commercial AI of Cattle
Experience with commercial AI of a larger mammal began in

1938. In the period prior to the establishment of the
system for artificial insemination of domestic animals in
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large numbers, the few university physiologists working
with male gametes in an endeavor to undergird the process
with sound science were hard put to get much data on the
fertility of the spermatozoan samples with which they
worked. The criteria used first for assay of the efficacy
of preserving spermatozoan life were estimates of the pro-
portion of the spermatozoa in treated samples capable of
motion and the level of vigor of that display. The tech-
niques utilized for these purposes included not only wvisual
microscopic observation of activity, but also a broad array
of physical and biochemical techniques, including analyses
of the energy utilizing chemical transformﬁtions necessary
for the movement of the spermatozoan tail, 7,59

After some of us in academe working closely with come
mercial AI designed situations where we had control of the
males producing the semen and how it was processed and used
for AI of cattle, the fertility results became fascinating
objects of study. No one in prior history had had such
voluminous data for study.

A major new experience was the necessity of generating
a statistical concept of fertility of males. One of the
first things noticed about such data was the question of
the relative validity of an estimate of male fertility based
on the number of inseminations providing it. The basic
assumptions for adequate tests of male fertility were that
the females inseminated by a semen sample were numerous and
were in fact a random sample of females in the population.
With too few females inseminated per test semen sample
assayed, the normal binomial distribution characteristic
of such all~or-none phenomena contributes so much variance
to the outcome when expressed as a ratio as to obscure the
significance of any other items under assay.lg Elaborate,
detailed, and continuing studies were necessary to prove
these points. 1

Another problem was the question of how long after
insemination one had to study an inseminated cow to deter-
mine whether or not it was in calf. Unfortunately, in
cattle no quick mobilization of this or that hormone in
the pregnant animal and its extrusion in the urine afforded
a reliable early diagnosis of pregnancy. We relied on what
cattlemen had for all of history--~the absence of recurring
estrus as evidence of pregnancy and its recurrence after
an insemination as a sign of failure. However, the sequen-~
tial events of pregnancy from fertilization to parturition
run their hazards through the 280-285-day period, and the
difference in apparent success at any one early stage in
gestation to a later one is an important estimate of the
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cumulative effectiveness of aH§ pregnancy. These concepts
are demonstrated in Figure 1.

The technique finally adopted for estimation of the
relative fertility of AI practice was designated as the
non-return-to-service estimate, which has provided the
research data for most of the progress recorded over time
in the commercial practice of artificial insemination of
cattle. The technique has its basic and well-recognized
errors,6l none of which need to contribute bias in pro-
perly conducted experiments with sufficient number of
inseminated cows randomly distributed within the test
population of females. )

An estimate of the number of non-return-to-service
cows made relatively soon after insemination, within a
30~60-day interval and after a mean period, including
about two normal estrus periods of 21 days each, is con-
sidered as evidence for the fertilization of the egg.
Those cows found on return to service, to be in estrus

EFFECT OF SPERMATOZOAN AGING AND
TIME AFTER INSEMINATION ON
FERTILITY OF CATTLE
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FIGURE 1 The percentage of nonreturns at
varying times between 24 and 200 days after
insemination for semen stored at 5°C.4
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after that period, are considered as evidence for faults
in embryogenesis resulting in the late returns (Figure 2),
The technique has its adherents and its critics, but it
has no other satisfactory alternative in the breeding of
large numbers of cows. It has become standard practice in
the industry. In our statistical studies of commercial AI
data, great care has been taken to use data that permitted
imposition of an experimental design in their analyses.
With these concepts in mind, the results from the
first study on spermatozoan aging Envolving a small number
of cows are presented in Table 1.%% These results show
that, as semen was stored for 4 days at 5°C, there was an
initial increase in fertility after 1 day of storage, which
was followed by a decline in fertility with each subsequent
day of storage. These changes in fertility were observed
for both the early estimate (1 mo NR) and the late esti-
mate (5 mo NR). If we now examine the difference between
the early and late estimates of fertility, we see that the
difference becomes larger with each day of storage, and
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FIGURE 2 Fertility of a population of 306,513
cows determined 30 days (fertilization rate)
and 180 days after insemination (calving rate)
when inseminated with semen aged for 5 days

or less at 5°C.
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TABLE 1 The Effect of the Length of Time of Storage at 5°C of .Extended Semen on Its
Fertility Level and the Difference Between 1-Mo and 5<Mo Nonreturns

Age of Extended Semen When Inseminated in Relation to
Day of Collection

Same Day 2d Day 3d Day Lth Day 5th Day?
No. of inseminations 12 726 756 970 56
1-mo nonreturns (%) 58.3 67,0 62.8 54.3 572
S-mo nonreturns (%) 50.0 57.0 50,7 41.5 39.3
Difference (%) 8.3 10.0 12.1 12,8 17.9

SOURCE: Salisbury et al.o%
2 5th day or more,
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thus a higher percentage of cows was presented for a sec-
ond service at a later time as the semen aged during
storage. This increasing difference reflects an increasing
prenatal loss during this time period,

A similar study was designed in cooperation with the
Southern Illinois Breeding Cooperative and involved more
than 400,000 breedings.55 The data in Table 2 show the
results from the same semen samples used for U days. The
initial increase in fertility, followed by the decline,
and the inverse relationship with the difference can be
seen, It was possible also from these data to examine the
influence of season and individual sire effects in relation
to time of semen storage, It was the warm months particu-
larly that depressed fertility and increased prenatal
losses. The fertility and ewbryonic loss curves of stored
semen were found to be characteristic of the bull producing
the semen.h9 The bulls of the highest fertility tended to
show the least increase in fertility during the initial
period of storage and the least decline with continued
storage.

It was at about the time these studies were being
concluded that the use of frozen semen came into wide-

TABLE 2 PFertility of Semen Samples Used on Day U4 and for
Samples of the Same Semen Each Day of Prior Use

Age of Diluted Seme& at Time of
Insemination (days)

1 2 3 I Total

No. _
inseminations 3,081 26,558 13,273 5,300 L6,212

Fertility
At 30 days (%) 78.6 80.7 76.6 T1.6 T8.7
At 180 days (%) 62.8 66.2 61.5 54,4 63.8

Difference 15,8 1L.s5 15.1 17.2 1k4.9

SOURCE: Salisbury and Flerchinger55
9pgy 1 = day of collection.
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spread practice, and it was assumed by many that storage
in the frozen condition would overcome the aging effects
seen with liquid semen storage. Thus experiments were
designed in cooperation with the Central Ohio Breeding
Association to determine if the results found for liquid
semen storage occurred with semen frozen and stored in
dry ice-alcohol (~79°C) and in liquid nitrogen (~196°C).

Results from the first experiment with dry ice-alecohol,
involving nearly 200,000 inseminations (Table 3), revealed
that the identical phenomena occurred in populations of
cows bred by frozen semen, as had been the cases with those
bred with liquid extended semen. The fertility increased
and embryonic mortality declined from the first to the
second month of storage. Fertility was optimum in the
second month, remained so for about 3 mo, and then de-
clined. By 6 mo the fertility had dropped about 13 ng-
centage units, and embryonic losses were increasing.

The study was designed so that overall seasonal trends
could be separated into male (based on month of semen
collection; 176,432 inseminations) or female (based on
month of inseminationj; 17L,307 inseminations) effects.
The results (Table 4) clearly show the seasonal effect.
The effect under the envirﬁgmental conditions of Ohio was
due primarily to the male.

During the time span of the study, the conversion
from dry ice-alcohol to liquid nitrogen freezing and sto-
rage was made, An experiment was designed using the split
ejaculate technique to study the effect of storage on
fertility and embryonic loss at these two temperatures.
The results (Figure 3) show a similar effect for the two
temperatures during a 6-mo period of ﬁtorage with a slight
advantage for the colder temperature. 9

An experiment to study the use of liquid nitrogen
freezing and storage at ~196°C for a period of 2 yr is
presented in Figure 4. The distribution of numbers of
inseminations shows that the largest number of insemina~
tions were performed during the first year of storage
with markedly fewer numbers of inseminations during the
second year. The data from 196,488 inseminations show
that optimum fertility was achieved after storage for
about 4 mo. This optimum fertility and the minimum
embryonic loss was maintained for another E or 6 mo when
the inevitable decline in fertility began. 9 These results
for storage at «196°C, along with the effect of storage on
fertility of spermatozoa when stored at 4°C and -79°C, are
presented for comparative purposes in Figure 5. The shapes
of the curves are similar, The effect on the cow popula~
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TABLE 3 Effect of Age of Bovine Semen During Storage at About -79°C on Fertility
and on Embryonic Mortality as Estimated by the 46~16T7-Day Nonreturn Difference

Fertility Level

46-167-Day Nonreturn

Age of Semen No. Inseminations at 167 Days, % Difference, %
<1mo 8,543 66.L 13.4

1-2 mo 50,235 68.0 10,0

2-3 mo Lo, 767 67.8 9.3

3-4 mo 23,648 67.8 9.0

4L-5 mo 1k,120 66.7 9.1

5-6 mo 9,088 66.4 9.2

>6 mo 30,031 5k.7 13.1

TOTAL 176,432 65.4 10.3

SOURCE: Salisbury“8
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TABLE 4 The Decrease in Fertility (Mean Difference in
167-Day Nonreturns Between 1-2-Mo Storage and >6-Mo
Storage) on Aging of Semen at About -79°C for the Months
in the Year of Insemination (Cow Response) and of Semen
Collection (Bull Response)

Cow Response Bull Response

Decrease on > Decrease on >
Month 6-Mo Storage, % 6-Mo Storage, %
January 13.8 7.0
February 13.8 11.8
March 16.6 8.4
April 13.5 11..5
May 12.8 16.82
June 13.2 16.72
July 113 20.94
August 4.4 14, 22
September T:3 21.4a
October 13.1 15.72
November 14.6 12.8
December L. 7 8.9
TOTAL 174,307 176,432
MEAN DECREASE 13.3 13.3

SOURCE: Salisbury™8
2 p = 0.01 that difference from mean is not due to chance.

tion was identical. The effect of lowering the temperature
of spermatozoan storage only changes the time scale at
which the effects occur, It must be remembered that an
inverse relationship between fertility level and prenatal
loss was demonstrated in all of the studies at the varying
temperatures of sperm storage, The higher the initial
fertilization rate, the lower the level of embryo loss.
More recent results obtained in cooperation with
Michigan State University and the Michigan Artificial
Breeding Cooperative are presented in Figures 6 and T for
555,449 inseminations. It can be seen that the distribu-
tion of numbers of inseminations (Figure 6) was similar
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FIGURE 3 A comparison with split ejaculates
of the effect of temperature of storage (-79°
to ~88° and -196°C) on fertility of cattle
during 6 mo of storage.*9d

to that found in the earlier study in Ohio. Semen-use
practices are similar among AI centers and do not appear

to have changed with time. The regression curves of the
nonreturn data are presented in Figure 7. These curves
show again the initial increase in fertility during the
first few months of storage and only a slight decline

from optimum fertility during a storage period up to U4-5
yr. The short curve is for sets of semen samples used

for 1 yr or less. The longer one is for sets used through-
out the 5-yr period.

These results, along with others presented in this
volume, are encouraging for extending the optimum fertility
longer than had been shown previously. They undoubtedly
reflect the improvements that have been made through the
years in semen processing and handling techniques.

However, from such data we should not generate the view
that now spermatozoa can be stored forever without detri-
mental effects to their ability to fertilize eggs and
produce viable offspring.
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FIGURE 4 The distribution of numbers of inseminations
and the effect of ~196°C storage over 2 yr on fertility
of cattle.

Data from Other Species

The data using frozen semen of other species with suffi-
cient numbers of inseminations over a long enough period
of storage are too limited to determine if they support

or refute the findings with cattle. However, data ob-
tained from a number of other species, by us and others,
with spermatozoa stored in varying im vivo and in vitro
environments all at above freezing temperatures, confirm
by direct observation of fertilized eggs, developing
embryos, or fetuses the hypothesis generated by the cattle
data. Many of these studies and others_have been reviewed

by various authors in a 1973 symposium.
Studies of the effects of im utero sperm aging on

fertility and embryonic develoggent have been recently
revieweg by Salisbury and Hart”~ and Shaver and Martin-
DeLeon.®2 It is obvious from these reviews that, for a
large number of species, spermatozoa that reside in the
female reproductive tract beyond the optimum time for
maximum fertility first cause an increase in prenatal loss
due to developmental anomalies of one kind or another fol-
lowed by a complete loss in fertilizing ability. An
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FIGURE 5 The effect of length of storage and of tem~
perature of storage on fertility of bull spermatozoa.
The duration of storage was 5 days at 5°C (L23,054
inseminations), 1 yr at -~79 to -88°C (174,307 insemi-
nations), and 2 yr at -196°C (196,448 inseminations).
Fertiligg was assayed to 167 to 180 days after insemin
nation. :

example of these effects for the chicken, an excellent
species for this kind of study, is presented in Figure 8.
Chromosome anomalies in developing embryos resulting from
fertilizat%on by aged spermatg&oa have been reported for
the rabbit®2 and the chicken.'~ The types of anomalies
found would undoubtedly result in prenatal death of the
developing embryo.

The effect of in vitro storage of spe tozoa in3?he
l?qui? state has ggen studied in swine, ? rabbits,
mice,! and frogs. The results from these studies all
show that following maximum fertility there is increasing
embryonic and early fetal loss with increasing time of
storage of the spermatozoa used to fertilize the eggs.
The data presented in Table 5 show a highly significant
increase in the percentage of developing frog embryos
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FIGURE 6 The distribution of the use of semen stored at
-196°C for L4 to 5 yr.
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FIGURE T Regression curves for noureturns from semen
stored at -196°C and used during 1 yr or during 5 yr.
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FIGURE 8 The effect of im vivo sperm
age following a single insemination on
fertility and embryonic death in the
chicken. Approximately 140 eggs exa-
mineg after 18 days incubation for each
day .1

arrested at the gastrula stage of development when fresh
eggs were fertilized by sperm, which had been stored for
2k h at 18°C.

From the results reviewed above for a number of spe-
cies in varying environmental conditions, we conclude that
with time ejaculated spermatozoa initially increase in
fertility, they undergo a plateau period of optimum fertil-
ity, and then decline, There is an inverse relationship
between fertility level and prenatal loss. The tempera-
ture of storage, the season of the year, the fertility
level of the male, and the processing and handling proce-
dures will all influence the time at which these inevitable
effects occur. Our data with cattle clearly infer that
such changes in effectiveness of the male gamete occurring
with the passage of time occur at any temperature within
the range of body temperature down to ~196°C. Temperature
influences the rate of change but does not postpone inde-
finitely the ultimate occurrence.
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TABLE 5 Effect of Aging Spermatozoa at 18°C for 24 H on Embryonic Development in Rana
pipiens--Approximately 19,000 Embryos Were Scored.

Stage of Development at Embryonic Arrest, %

Sperm Unfertilized, % Cleavage Blastula Gastrula Neurula Hatching, %
+
Fresh 4.3 0.7*0.3 0.8%0.2 1.8 %07 1.6%0.5 91.8%3.2
%
Aged b.2 0.6*0.2 1.0%0.7 35.0%42% 1.9%0.9 57.3=5.64
SOURCE: Hart®)

@p < 0.01.
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CONCERN WITH GENETIC INFORMATION SYSTEM

The basic cause of the phenomena shown by the data pre-
sented here have preoccupied us for some time. In 1952,
in a paper published in collaboration with some of those
expressing other views today, the senior author wrote,
while discussing the problem of embryonic mortality in
cattle, that "end-products of spermatozoan metabolism
resulting from handling and storage of semen may be at
the foundation of the problem, since at least one of the
possible end-products, H202, is known to produce mutations
in bacteria and to retard cleavage of Arbacia eggs ferti-
lized by spermatozoa exposed to Hp02.">3

Since 1959 my colleagues and I have sought means of
testing experimentally the hypothesis that the aging of
male gametes ultimately affected adversely their trans-
mission of genetic information. We were attracted first
to the technique of microspectrophotometric quantitation
of Feulgen staining intensity as reflecting the deoxyri-

bonucleic acid (DNA) content of the individual sperm cell
nucleus.22 To we recognize much better than formerly

its limitations.®0 Nevertheless, such analysis of many
individual spermatozoa of many bulls reveals two things
about them that are of great interest.

First, the Feulgen positive material in the spermato-
zoa of semen of bulls varies within samples from the same
bull, indicating that not all bull spermatozoa carry the
same amount of chromatin or, as we tend to call it now,
deoxyribonuclear-protein complex. Such data suggest that
the sort of one or another of the pair of each set of
homologous chromosomes at meiosis in spermatocytogenesis
is not anywhere near 100 percent perfect and as precise
as it is considered to be. There appear to be aneuploid
spermatozoa containing more and fewer chromosomes produced
in a normal distribution pattern about the exact haploid
number,3 and diploid sperm cells are sometimes found.

Second, as shown in Figure 9, the Feulgen-positive
staining reaction of stored spermatozoa changes during
storage and apparently in about the same quantitative
amounts for all spermatozoa, as the distribution surfaces
show the same shape after storage as before it. We had
for some time considered these nuclear absorbance measure-
ments at 570 u wavelength to reflect the relative content
of DNA. Collaborative ﬁxgeriments using absorbance of
ultra—vio&et light,lo’l »15 the fluorescence of acridine
orangelo' 3 for DNA measurements, and fast green-staining
for nuclear histone content™¥ convinced us that, except
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for the Feulgen measurements, there was a constancy of
means of measurements during storage. Such results sug-
gested that, if changes in the DNA per se of spermatozoa
occurred during storage, the techniques we were employing
were not sharp and precise enough to reveal them. The
shift in Feulgen stainability of aged spermatozoa is most
likely due to a continuation throughout storage of the
formation of protein-to-protein disulfide bonding, which
occurs with the condensation of the cell nuclei during
maturation in the male reproductive tract.1T An increased
uptake of Feulgen reagents occurs on treating ram sperma-
tozoa with dithiothreitol breaking these disulfide boudings.22
Recall that the thalidomide controversy, reflecting
an effect- of an intake of the drug during pregnancy on the
subsequent embryogenic development of humans, was raging
at about this time and that our data on the metabolic pro-
cesses for motility of bull spermatozoa showed that the

NO. OF CELLS

UNITS DNA

FIGURE 9 The Feulgen-DNA distributions
among 900 spermatozoa with a single se~
men sample before and after 11 days
storage at 5°C.
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teratogenic effect was unlikely to be due to a simple
alteration in energy metabolism.2T We were keen to evolve
some sort of assay of spermatozoa influenced by time or
chemicals, or radiation, or what not, reflecting other
influences on the sperm cell contribution to the develop-
ment of a healthy, normal embryo. We tried the effect of
X-irradiation on bull spermatozoa to find that Feulgen
density reflected a change, but only when the dose in rads
was at lethal levels.’l

A technique that seemed to offer promise for disclo-
sure of change in the genetic information system of the
sperm cell was that of determining the melting point of
the DNA isolated from spermatozoa before gnd after experi-
mental treatments of one or another kind.%:9 The melting
profile of isolated DNA was reflective of the proportion
of paired purine (guanine and adenine) and pyrimidine
(thymine, cytosine, and methylcytosine) bases found in
DNA. The ratio of bases are a part of the genetic code
peculiar to the species.

Thus, such thermal denaturation curves were deter-
mined for tge DNA isclated from samples of semen contain-
ing 50 x 10° bull spermatozoa stored under a variety of
conditions and treated in various ways including exposure
to 120,000 roentgens by X-irradiation. The technique for
isolation of the DNA involved trypsin digestion of the
protein of chromatin leaving the double stranded helical
coil to break apart the hydrogen bonding on heating and
causing an increase in ultraviolet light absorption. The
melting point of 86.4 ¥ 0.25°C and the profiles of changing
hyperchromicity at 258 y did not change for the purified
DNA isolated from those spermatozoa after storage or treat-
ment.

In all these studies we had used a standard solvent
for the DNA during heat denaturation studies of 0.15 M
NaCl and 0.015 M sodium citrate. We had found that use of
solutions of lower ionic strength had shifted the melting
point downward from the almost constant melting tempera-
ture of 86.4 ¥ 0.25°C for the more concentrated solvent
used. We believed the change observed to be reflected
exactly by the change in the logarithm of the salt concen-
tration, but in fact tested that assumption only with the
DNA of fresh spermatozoa. Later that assumption was
reevaluated by Graves and his student, Beil, 2255 but not
before we had studied other approaches to this problem.

Immunoserological techniques seemed to offer some
basis for expectation of differentiating spermatozoan
chromatin before and after aging. The antigenic material
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used for injection into rabbits was the DNA isolated from
spermatozoa by the techniques mentioned above, including
the treatment with trypsin for the separation of the DNA
from protein.65 In spite of this treatment, it was later
found that the DNA contained about T to 8 percent protein.
The results of these techniques showed that the DNA-protein
complex isolated from aged spermatozoa was, in fact, diffe-
rent from that isolated from fresh spermatozoa.

Using the gel double-diffusion precipitation test dis-
closed that at least two proteins were involved with the
DNA isolated from aged spermatozosa, while only one was
found with the isolate from fresh spermatozoa. The anti-
gens of aged spermatozoa when pretreated with ribonuclease
and deoxyribonuclease were completely destroyed but not
when they were treated with either enzyme alone. The anti-
genic property of the DNA-protein isolated from fresh sperm-
atozoa was not influenced by either enzyme or the two com-
bined. Immunoelectrophoresis techniques applied to the
same materials confirged the larger number of proteins for
the aged gpermatozoa. > These two studies led Salisbury
and Hart”’® to the conclusion that the DNA-protein complex
of spermatozoa did change on aging, even though the DNA
per se could not be shown to have_changed by the melting
point technique employed earlier.

Graves and his student, Beil, have continued examina-
tion of this discrepancy to find that the earlier conclusion
by Berchtold et gl.” to the effect that a reduction in the
ionic strength of the solvent used for the determination of
the temperature at DNA denaturation (Tm) resulted in a
decreased temperature directly related to the logarithm
of the salt concentration was not correct. By use of the
same solvent, but a lower ionic strength of it, they have
found differences between the Tm of DNA-protein isolated
from fresh and aged spermatozoa. These differences have
been reduced by drastic proteolysis with pronase5 and by

repetitive protein extraction with sodium dodecyl sulfate.
They strongly support the contention that the spermatozoan

chromatin is altered during aging. The change they found
is an increase in the intensity of sulfide binding in the
chromatin.

Although the studies in our laboratory have not yet
provided chemical data proving an alteration of the DNA
per ge during storage, we do have, we believe, irrefutable
evidence that there is a potential for such alteration in
the metabolic turnover of the DNA in the nucleus of livi
spermatozoa incubation at 37°C and T-day storage at Z°C.2
Spermatozoa have been so stored in the presence of 1%¢c-
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labeled glycine with the results shown in Figure 10.
Earljier the same authors®’ had studied the incorporation
of 14C from glycine labeled either in the 1-C or 2-~C
position. Most of the carbon labeled in the 1~C (carboxyl)
position was found in the respired carbon dioxide, and a
major part of that labeled in the 2-C position was found
in the isolated thymine base as shown in Table 6.

The parallelism of the biological data on fertility
and early embryonic losses in cattle from spermatozoa
stored for varying limits of time at each of several tem~
peratures varying through a range of 200°C indicate that
the same kinds of biological events occur with the passage
of time, temperatures in this wide range influencing only
their rate of occurrence, Dgcreasing the temperature
serves to delay senescence,?

An important question is whether or not it does so at
a fixed and standard rate throughout the entire temperature
range., We have earlier concluded that senescence in the
cold occurs at rates "far higher than would be character-
istiec of a metabolic process having a temperature coeffi-
cient of 2" (@ o» & doubling for each 10° upward increment
in the range of 5° to 37°C), as is the case for energy

FIGURE 10 Radioautograph of bull spermatozosa incubated
for 4 h at 37°C in a diluent containing radioactive

glycine,26
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TABLE 6 Incorporation of radioactivity from Glycine into
the Bases of Bovine Sperm DNA After Spermatozoan Incuba-~
tion for 4 H at 37°C

Glycine 1-~ClY Glycine 2-~clh
Base (dpm) : (Gpm)
Adenine 22 30
Cytosine 37 62
Quanine 36 Th
Thymine 52 320

SOURCE: Graves and Salisbury25

exchange for spermatozoan motility at above freezing tem-
perature.ll A @ of 2, inverted for decreasing the tem-
peratures, suggests that at -196°C events in maturation
and senescence would occur only (1/2)20 as fast as at L°C.
Optimum fertility occurring after 24 h or so of L° to 5°C
storage would thus occur 25 or so centuries later for
semen storage at -196°C. The appearance of biological
change as measured by fertility and embryonic loss seems
not to take so long. Based on such calculations, however,
it had been assumed that metabolic chemical changes occur-
ring in semen during relatively short storage at <196°C
would be too small to measure. Thus there are not much
data on this issue. However, our colleague Graves®* has
data indicating that carbon turnover does occur in frozen
bull semen held in a closed system of glass ampules and
stored for 1 yr at -196°C, The results are shown in
Table T.

The bull spermatozos were provided a substrate of
randomly labeled fructose after slow cooling to 5°C and
before the freezing in ampules to «196°C in N> vapor began,
After freezing, aliquote numbers of ampules were dropped
into a mortar containing the barium hydroxide-zinc sulfate
solution used for precipitation of protein and the ampules
quickly crushed by pestle to minimize change during such
a thawing process. A similar process was used a year
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TABLE T Organic Acids Produced by Bovine Spermatozoa During 12-Mo Storage at -=196°C (n = 2)

Amount Radioactivity

(u eq/109) (apm/109)
Acid Control Stored Control Stored
Valerie 12.01 40,48 9,953 5,780
Butyric 3.69 18.72 6,274 6,436
Propionic 3.16 26.64 56,278 5,975
Acetic 0.35 31.34 43,423 133,589
Formic 32.20 69.33 169,250 97,689
Lactic 69.52 76.38 92,352 5T,555
Succinic 116.13 84.59 37.942 51,418
Glycolic 155.L4 59.88 81,305 41,245
Oxalic 11.:2% 55.33 9,522 48,720
Malic 219.45 312.79 36,397 83,332
Citric 5,11k4.28 906.16 19,489 67,827

SOURCE: Graveseh


http://www.nap.edu/catalog.php?record_id=19916

115

later in preparing samples for analysis.Eh Clearly turn-
over of the organic acids has occurred. Graves has other
of these treated samples under continuous storage and
intends to make similar analyses on them later.

After preparation of two recent reviews57’58 on
various aspects of spermatozoan life and aging, the pre~
sent authors are inclined to the view that final resolution
of the problem of the decrease in the fertility of sperma«
tozoa and the increase in the proportion of embryonic and
developmental anomalies that they produce in their progeny
as they age has been narrowed to the veracity of the gene«
tic message they transmit to their potential progeny.

Perhaps the best evidence demonstrating the effect of
spermatozoan aging on the integrity of the genetic message
they transmit are the data of R. G. Hart in treatment of
the frog embryos produced by aged spermatozoa, a large pro=
portion of which ceased embryonic development at the gas-
trula stage.2? He isolated ribonucleic acid (RNA) from
frog embryos at the gastrula stage of development from
normal gastrulae produced by fresh spermatozoa and from
those produced by aged spermatozoa, about 35 percent of
which would be expected to cease development at that stage.
Some of both RNA samples was subjected to RNase. He
injected gastrulae produced by aged spermatozoa with RNA
from normal gastrulae and shifted dramatically that por-
tion that went on through development to hatching. The
RNA from gastrulae produced by aged spermatozoa or that
treated with RNase did not do so well in carryi the
development beyond the gastrula stage. The data 9 are
presented in Table 8.

Clearly, however, the genome of some of the arrested
gastrulae had been affected by the aging of the male ga-
metes that produce them. In spite of the fact that the
RNA from embryos produced by fresh spermatozoa was able to
assume completion of embryogenesis, many of those that
hatched were anomalies of development (Figure 11), sug-
gesting genetic alteration of a very serious nature.

That these anomalies are in fact caused by mutations in
the aged male genome is suggested by the data shown in
Table 9 for mutations observed some years ago in that
paragon for gegetéc gtudy of mutations, Drosophila
melanogaster,10s3 o

SUMMARY AND CONCLUSIONS

This paper has reviewed our research and that of others
with a variety of species on the effect of time and the
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TABLE 8 The Effect of Injecting Gastrula RNA into Frog
Zygotes Arising from the Fertilization of Fresh Eggs by
Fresh or Aged Spermatozoa. Gastrula Arrest Was Scored
T2 H After Insemination. Percent Represents Mean 3
Standard Deviation

No. of Eggs No, Cleaved % Arrest

Treatment Injected Normally at Gastrula
Control

10% Holtfreter's 175 122 5.0 4.1
RNA control gas-

trulae 100 73 5.6 X 3.}
Aged

10% Holtfreter's 250 207 30.9 ¥ 3.9
RNA control gas- &
trulae 360 270 13.3 = 3.4
RNA arrested gas- +
trulae 275 196 32.7 - 3.7
RNA control gas- "
trulae plus RNase 150 115 28.5 = 2.6
RNA cogtrol gas-— i
trulae 100 69 1.y T 2.7@

SOURCE: Hart29
@ P < 0.01 that the mean deviations shown in comparison

with eggs inseminated by aged sperm and injected with
oltfreter's are due to chance.
RNA treated as described for RNase digested RNA, except
RNase digestion was not carried out.

interaction with temperature on spermatozoan fertility
and their ability to produce viable offspring. Data
painstakingly obtained from planned experiments and from
statistical studies of many artificial insemination rec-
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FIGURE 11 Photographs of frog embryos arising from the
fertilization of fresh eggs by fresh spermatozoa (A) or
by aged spermatozoa and subsequently injJected with RNA
extracted from normal control gastrula (B,C,D).2

ords of cattle indicate that, with the passage of time
after the collection of spermatozoa before insemination
and at rates dependent largely but not entirely on their
handling and the temperature at which the spermatozoa are
stored, a pattern of fertility increase, a plateau, and a
decrease in fertility follows in sequence. Fertility is
defined as the nearest possible estimate to calving rate
for large numbers of cattle. Highly but inversely corre-
lated with fertility is the proportion of embryonic and
fetal losses exhibited in the population of cows insemina-
ted. The higher the fertility of the bulls producing the
spermatozoa, the lower is the proportion of eggs fertilized
in the population that exhibit embryonic mortality.

Such patterns of biological behavior occurred for all
temperatures of spermatozoan storage over a range of about
200°C, but at a later and later time as the temperature
decreased. Evidence was presented indicating that sperma-
tozoan metabolic processes occur during a l-yr period of
storage at the lowest temperature employed. Seguential
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TABLE 9 Effect of Age of Drosophila melanogastor Spermatozoa on Spontaneous Mutation of Sex-
Linked Lethals

Investigators Sperm Cell Age Number of Flies Mutations, %

Rajewsky and

Timofeef-Ressovsky 0 Fresh 13,481 0.104 ¥ 0.028
Aged (20 days at 22°C) 18,659 0.263 * 0.038
Kaufmann36 1-2 days (22°C) 3,545 0.141 * 0.063
16-17 days (22°C) 3,471 0.317 ¥ 0.095
32-33 days (22°C) 5,248 0.572 X 0.104
Byers and Mullerl6 21 days at T°C 8,312 0.168

21 days at 27°C 3,490 0.k01
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events in manifestations of sperm senescence seem to occur
more rapidly at the very low temperatures than would be
expected from calculations of 10°-interval temperature
coefficients for energy utilization at above freezing tem-
peratures.

Direct observations of events in experiments on
spermatozoan aging with laboratory animals confirm the
biological inferences drawn from the cattle data. Avail-
able evidence points to nuclear rearrangements in sperma-
tozoa during storage and aging. These spermatozoan nuclear
changes include measurable changes in immunological reac-
tions, changes in sulfide linkages between DNA and protein,
and increased chromosome anomalies in developing embryos
they produced. The RNA message transmittal systems of
frog spermatozoa is altered by senescence.

DISCUSSION

WILLIAM N. FISHBEIN: It is essential to segregate the
experiments presented according to storage tempera-
ture. Most describe deterioration of sperm stored
at 0 to 37°C, which, of course, only illustrates the
reason for freeze-storage. The evidence for deteri-
oration at -196°C seems entirely based on a statis-
tical inference of a moderate decrease in fertility
in bovine field-trial AI, where many complicating
factors are present. The data showing 14 incorpo-
ration into sperm metabolites after storage at -196°C
would be convincing only if the incorporation is
shown not to occur in sperm frozen and thawed with-~
out storage, since concentration effects and membrane
damage during freeze-thaw may be responsible, rather
than storage.

J. K. SHERMAN: Latent cryoinjury, the accentuated loss
in functional and structural integrity of cells with
time after thawing, is an established phenomenon in
cryobiology (Sherman, J. K., Low temperature research
on spermatozoa and eggs, Cryobiology 1:103, 1964).
This should not be interpreted, however, as a contra-
indication for cell banking, especially if the func-
tional activity for which the cells are preserved
still is expressed normally after frozen-storage.
Reported alterations in biochemical and physiological
activities, as well as in ultrastructure of cryopre-~
served human spermatozoa, therefore, have proved
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compatible with retention of their ability to ferti-
lize and induce embryonic development (Sherman, J.
K., Synopsis of the use of frozen human semen since
196L4: State of the art of human semen banking,
Fertil. Steril. 24:397, 1973). It is possible that
such latent cryoinjury may result in a decrease in
percent fertility with fresh semen because of an
accentuated fall off in motility, but proper timing
of insemination relative to ovulation should obviate
this relatively innocuous possibility.
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MOLECULAR FACTORS AFFECTING GAMETIC INTEGRITY
DURING STORAGE AT LOW TEMPERATURES

J. T. Mullhaupt

INTRODUCTION

Routine cryopreservation of mammalian spermatozoa is a
practical reality. Enough is known of the relevant che-
mical and physical factors that sperm can be frozen, stored,
and thawed without excessive damage. In spite of this, data
presented in this volume provide evidence both for and
against gametic injury in long-term cryostorage. These data
express the problem in biological terms; in this paper, the
problem will be examined on a molecular scale. The purpose
here is (1) to identify additional chemical and physical
factors that may affect cryopreservation and (2) to contri-
bute to a better fundamental understanding of the events
that occur and the empirically successful methods for con-~
trolling them. To achieve these ends, the processes that
can occur at cryogenic conditions will be examined from two
points of view: +the energetics of such processes and the
molecular mechanisms involved.

ENERGETICS OF PROCESSES AT CRYOGENIC CONDITIONS
Effect of Temperature on Rates

At the typical cryostorage temperature (77°K), the rates
of biological processes are so slow that they are usually
taken to be zero. These processes involve relatively com-
plex series of chemical and physical processes, each of
which will be slowed with decreasing temperatures. The
rates of these individual molecular processes may not be
negligible, however, The effect of temperature can be
estimated by assuming that the rate constant is described
by the Arrhenius law. In Table 1, the calculated ratios

126
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TABLE 1 Effect of Temperature on Rate Constant

Rate Constant Ratio: k(T)/k(298°K)
Activation o o o
27T°K 195°K 143°K TT°K
Energy i o _120° ~10K°
(kcal/mol.) (k°c) (-78.5°C) (-130°C) (-196°C)
10 2.6 x 1071 8.4 x 10~ 5.4 x 1077 -
5.0 4.9 x 1071 7.4 x 10~3 5.1 x 10~ 7.8 x 10712
2.0 7.2 x10°Y  1.09 x 1071 1.25 x 1072 1.60 x 10~
1.0 8.2 x 107t 2.7 x 107% 7.7 x 102 2.0 x 10~3
0.5 8.8 x 1071 y.2 x 10°% 1.92 x 1071 2.3 x 1072
0.2 9.1 x 10°1 5.5 x 10~1 3.3 x 107t 9.8 x 1072
Assumptions:

1. Arrhenius law describes rate constant.
2. Preexponential factor proportional to temperature.
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of rate constants at various subambient temperatures

to that at 298°K are presented for different values of acti-
vation energy. The assumptions used are indicated; these
were chosen to Erovide better estimates over the large tem~
perature range. Values of activation energy were selected
to represent both chemical and physical processes.

The rate constant ratios illustrate the expected de-
cline in rate with decreasing temperature or increasing
activation energy (AE). For AE = 2.0 kcal/mol, the rate
constant ratio decreases slowly with temperature, then
rapidly between 143° and T7°K to a value that could be
measured over several months. Similarly, the rate constant
ratio at 143°K, for example, decreases with increased AE,
at first slowly, then rapidly for AE25.0 kcal/mol.

To gauge what values of rate constant ratio are measu-
rable and therefore are relevant to long-term storage, a
ratio of reaction times can be estimated from the inverse
of the rate constant ratio. Thus, a rate constant ratio of
5 x 10~5 corresponds to a time ratio of 2 x 10%. If the
characteristic reaction time at 298°K is 10 min, then the
time to reach the same extent of reaction at the low tem~
perature is about 5 mo. Thus, during months of storage,
one can expect processes with AE<2.0 keal/mol to occur to
an appreciable extent at TT7°K.

Equilibrium Distribution of Energy

Thermally activated reactions are driven by energy extracted
from molecular collisions. To be effective, the available
energy must exceed certain threshold values. In a gas at
equilibrium under isothermal conditions, a relatively small
fraction of the molecules have high energies. For a

Boltzmann distribution of translational energy,2*3 the
fractions of molecules with energies in excess of selected

values have been calculated at three temperatures. These
data are shown in Table 2. For comparison, the energy
values used were selected from the activation energy values
in Table 1.

As illustrated in Table 2, the fraction of molecules
with excess energy at each temperature decreases with
increasing energy threshold, slowly at first, then rapidly.
For a fixed energy, the fraction decreases with temperature
in a similar manner. Some measure of what is a significant
fraction of energetic molecules is given by the values for
5.0 kcal/mol at 298° and 195°K. Thus, at T7°K significant
fractions obtain only below energy values of 2.0 kecal/mol,
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TABLE 2 Effect of Temperature on Energy Distribution

Fraction of Molecules with Energy 2 E

Energy

(kcal/mol) 298°K 195°K TT°K

5.0 b.2 x 100% 1.0 x 1075 4.2 x 10714
2.0 9.0 x 102 2 x 1072 9 x 1076
1.0 3.4 x10°1 1.63x 107t 5 x 1073
0.5 6.5x10F 49 x10t 9.0 x 1072
Assumptions:

1. Boltzmann distribution.
2. Translational energy only.

and these fractions will be considerably reduced in con-
densed phases.

From energy considerations, one can see that molecu-
lar processes are slowed, but not stopped, at cryopreser-~
vation temperatures. Processes with relatively low acti-~
vation energies can be driven thermally at T7°K, although
the rates will be slow by conventional measures of reaction
time. However, the increases with temperature in rate con-
stant and in the fraction of energetic molecules illustrated
in Tables 1 and 2 show why most chemical and physical pro-
cesses are expected to occur on cooling and warming rather
than during storage.

MOLECULAR PROCESSES AT CRYOGENIC CONDITIONS
Chemical Reactions

Although chemical reactions, at 195°K for example, are not
unusual, reactions at or below 90°K are not normally consi-
dered in cryobiology. Examples of some of the reactions
that do occur are outlined in Table 3 and will be described
briefly in what follows. The purpose of this cursory review
is to demomnstrate that reactions involving covalent bonds
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TABLE 3 Chemical Reactions at Cryogenic Temperatures

I. Radiation-Induced Reactions

A. Polymerization of solid CH) at TT°K bg Y rays
B. Addition of carbene to multiple bonds
1. Photolysis of CHpN, in solid matrices
2. Additions to:
a. CO or CoH) in N, at 20°K
.2 8
b. CoHp in Ar at 4°K
C. Formation and trapping of radical ions in agueous
or organic glasses at TT°K; Xrays or Y rays

L

II. Reactions of Atoms with Molecules

A. Dehydrogenation of CoHE or CoHL in liquid Ar at
879K by O atoms generated photolytically in situl
B. Oxidative addition of 0 atoms from molecular beam
to ﬁgans-2—butene in solid solution (C3H8) at
e

IIT.Reactions of "Energy-Kich" Molecules

A. Addition of (NOY) (N03_) to isobutylene in alkane
solutions at T77°

B. Chemica} detonation of oe—hydrocarbon solutions
at 90°k10

can take place at these low temperatures and that from
these examples evidence can be obtained of diffusion under
cryogenic conditions.

The reactions outlined in Table 3 have been grouped
to show three ways to supply energy other than by thermal
activation. (The superscript numbers used in the table are
literature references.) The use of radiation to initiate
cryochemical reactions is a common and convenient method
that can be used for a variety of reactions. Irradiation
of solid CH) by Y rays leads to the formation of a polymer
of composition CppH) g, possibly by a carbonium-ion chain
reaction initiated by a single ¥ ray. The photolysis of
CHpN2 in N2 or Ar matrices leads to the formation of ketene,
cyclopropane, or allene, depending on the substrate. These
studies show that at extremely low temperature an actiye
species like carbene can diffuse so distance (—~ 10 H )
in order to react. Whelan's review® describes the irradia-
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tion of systems of more direct interest to cryobiology.
In systems with hydrogen-bonding, such as neutral ice, both
trapped electrons and OH have been observed. Organic
glasses comprising molecules having low-lying orbitals have
also been studied, including polycrystalline amino acids in
which the species RC(0-)OH is formed. Radical cations and
anions can be formed from organic sulfur compounds. In
the case of thioureas, these ions can be trapped at L4.2°K,
but not at T77°K, indicating relatively rapid recombination
rates at the higher temperature.

Reactive species can also be used to initiate cryo-
chemical reactions. Examples of oxygen-atom reactions are
given in Table 3 for both liquid and solid states. In the

liquid case, O atoms from O, remove hydrogens to form water
as well as unsaturated hydrdcarbons; in the solid, epoxy-

butanes, butanone, and isobutyraldehyde are formed. Meta~
stable species such as an ionic, reactive form of NoO) can
be generated im situ for addition to olefins, or such as
0-s Which can trigger explosive oxidations. The examples
Bgown in Table 3 show that, once initiated, chemical reac-
tions can occur at very low temperatures, even in solids.
Migration of chemical species can also take place. The
facility with which radiation can initiate reactions indi-
cates that biological samples should be protected from
radiation during cryopreservation. Data presented by
Prof. Foote at the conference provide experimental evi-
dence for the degradative effects of visible radiation on
bovine spermatozoa.

Physical Transformations

The events outlined in Table L4 have been cited to illus-
trate the physical transformations that can occur in con-
densed phases at cryogenic temperatures. Although it is
useful as a rule of thumb to regard 123°K as "absolute
zero" in biology, there are a variety of physical trans-
formations that occur well below this temperature and that
alter molecular environments significantly. The most
obvious examples are the phase transitions of simple mole-
cules such as Op. The temperatures and heats of two trans-
itions are given in the Table 4 that characterize inter-
molecular rearrangements in pure, condensed Op. In solid
solutions with Ar containing 1-20 percent O,, athermal
martensitic transformations from hexagonal o cubic close-

packed phases have been observed at 80°-10°K, depending
on the 0o content. These remarkable transitions are more
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TABLE 4 Physical Events at Cryogenic Temperatures

Ls Phase Transformations of Simple Molecules (e.g.,
Oxygen)
A. Liquid-solid; first_order, relatively rapid;
54.50°K, 106 cal/molll
B. ©Solid-solid: first or higher order, fast or
slow
1. Thermal transformations: U3.77°K, 178
cal/mo112
2. Athermal (martensite) transformations;
Ar-0o solutionsl3

II. Transformations of Complex Molecules and Polymers

A, Glass transitions: hiﬁher order, gradual
1. Ethanol: 90°-96°K
2. trans-2-hexene; 85°K1>
3. poly(dimethylsiloxane): 150°ki6
B. Crystallization of glasses
C. Intramolecular rearrangements
1. Higher order, small thermal effects
2. Amorphous polystyrenelT
a. Phenyl group motions: 38°-48°K
b. "Crankshaft" motion: 130°K

III. Molecular Reorientations and Diffusion

A. Site mgtions: rotation of HpO trapped in Ar at
L, 20kt

B. Diffusion of energetic species
1. Electrons and ions: irradiation of solids

at b.2°gt9

2 Radicals6a58 atoms: reactions in solid
matrices™?

3. Proton tunneling: proton transfer reactions
at 150°k21

commonly observed in metals, are very rapid, and can be
induced either thermally or mechanically.

Of more direct relevance to cryopreservation are the
transformations characteristic of complex molecules and
polymers at low temperatures. Many of these species
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exhibit glass transitions, which are second order or
higher thermodynamically. Three examples of unusually

low glass-transition temperatures are shown in Table 4.
Biological samples to be stored cryogenically typically
contain three types of glass-forming substances; aqueous
solutions of electrolytes, hydrogen-bonded molecules, and
polymers. In the glass, certain molecular arrangements
are "frozen in," the extent and kind depending on the
cooling rate. The approach to equilibrium (crystalliza-
tion) may continue very slowly. Experimental studies of
devitrification at storage temperatures appear to be lack-
ing, owing to relatively short storage times and the more
immediate problem of avoiding crystallization on warming.
For very long storage times (years), isothermal crystalli-
zation of glasses at cryostorage temperatures will become
more important and merits experimental investigation.

" Closely related to the glass transitions are the
intramolecular rearrangements observed with many polymers
below the glass-transition temperatures. These are ther-
modynamic transitions of second order or higher and are
characterized by small (often negligible) thermal effects,
The transitions are most easily detected by nuclear spin
resonance or dynamic mechanical measurements, and they
correspond to internal polymer chain motions rather than
those of entire molecules. Amorphous polystyrene has been
well studied. Below its glass-transition temperature
(373°K), three types of chain motions have been observed:
torsional phenyl group vibrations at 325°K and the two
other motions cited in Table 4. Of special interest is
the "crankshaft" motion attributed to rotations about sin-
gle bonds in the grouping (CHp)), observed at 150°K in
polyethy.lene.lT

Glass transitions and intramolecular rearrangements
of polymers have special significance for cryopreservation.
One must expect motions of biological polymer chains at
storage temperatures, especially rotation and flexing of
side chains. Such changes in configuration may be coupled
or hindered and could alter local chemical enviromments.
In this way, the local configuration and composition at
specific sites on a membrane surface or within a cell
might vary with time during storage.

In addition to transformations of phases, motion and
transport of individual species have also been observed
at cryogenic temperatures. A dramatic illustration of
molecular reorientation is cited in Tsble 4. Rotational
lines observed in the infrared were observed, indicating
nearly free vib-rotors for Ho0, HDO, and D50 trapped in
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solid Ar at 4,2°K. As one would expect, diffusion at low
temperatures is more difficult in solid than in liquid
phases and is most often observed with energetic species.
Kasai's review!? describes the irradiation of Ar matrices
containing small amounts of electron donors (such as Na
atoms) and electron acceptors (such as HI or furan). Elec~
trons generated by photoexcitation with visiple or near
ultraviolet light migrated distances of 7-8 A before being
captured and dissociating covalent bonds in the host spe-
cies. In some cases, the products moved apart as evidenced
by the character of the electron spin resonance signals
used to detect them.

Other evidence for diffusion in condensed phases at
cryostorage temgeratures is derived from chemical reactivity.
Whelan's review” cited earlier in this respect, also des-
cribes results from experiments in which neutral ices were
irradiated with Y rays. H atoms could be trapped and de~
tected at 20°K, but not at T7°K; it was concluded that H
atoms were free to diffuse in the solid at T7°K. In a
separate study,20 the products observed when H and D atoms
reacted with solid propylene at TT7°K indicated that isopro-
pyl radicals were rather free to diffuse in the solid.
Finally, indirect evidence for quantum mechanical tunneling
was observed in a study of proton transfer in the liquid
phase.?l 1In ethanol-ether solutions at -60° to ~124°C, the
kinetics of proton transfer from L-nitrobenzyl cyanide to
the ethoxide ion were interpreted in terms of quantum me-
chanical effects at the lower temperatures. Thus, although
the evidence for transport is qualitative rather than quan-
titative, diffusion of small or energetic species can occur
at low temperatures, even in solids. Electron transfer and
quantum mechanical tunneling of protons have special signi-
ficance for cryopreservation of biological substances, such
as proteins, for example.

ADDITIONAL EVENTS IN EXTENDED CRYOPRESERVATION

The present understanding of the factors affecting cryopre-
servation is based upon a considerable body of previou522 25

research that has been the subject of periodic reviews.
Both chemical and physical effects have been examined, pri-

marily from a biological point of view, including ice forma-
tion (both mechanical effects and concentration of solutes),
osmotic effects, ionic strength and pH changes, and tempe-

rature changes (both extent and rate). It has also been
recognized2 that these factors are interrelated; not only


http://www.nap.edu/catalog.php?record_id=19916

135

do they act in combination, but some can alter the suscepti-
bility of biological systems to other, subsequent stresses.
The purpose of the following discussion is to examine events,
not discussed or emphasized in previous reviews, that occur
on a molecular scale and may have biological conseguences.
For reference, these are outlined in Table 5.

Events Occurring During Cooling

Most earlier studies have focused on the cell wall as a
protective enclosure og a barrier separating phases. Ho,
Doebbler, and Rinfret? suggested that the action of cryo-
protective agents involves the binding of these species to
sensitive sites on the cell membrane. Greiff and Seifert?
presented experimental evidence for this hypothesis in a
study of mucopolysaccharide sites on red cell membranes
protected by glycerol and dimethyl sulfoxide solutions. 1In
addition to chemisorptive effects, physical adsorption on

TABLE 5 Additional Events in Extended Cryopreservation

L., Events Occurring During Cooling
A. Adsorption of ions or cryoprotective agents on
cell walls
B. ©Separation of proteins and lipids in cell mem-
brane

C. Mesophase transitions of lipid regions
D. Conformation changes: secondary, tertiary

II. Events Occurring During Storage

A, Crystallization of glassy regions
B. Conformation changes: tertiary
C. Electron transfer and proton tunneling

ITT. Events Occurring During Warming

A. Reversal of cooling events (listed above)
B. Chemical reactions
1. Rearranged molecular segments
2. Increase in chemical rate constants faster
than increase in physical rate constants
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cell walls is highly probable; both the increasing solute
concentrations and the decreasing temperature provide
effective driving forces. Adsorbed layers may alter mem-
brane properties.

A recent review of the Egysical state of cell membranes
and its relation to function<" described evidence for late-
ral separation of proteins and lipids within the cell mem-
brane from electron microscopic examination of freeze-
fractured membranes. Although these lateral phase transi-
tions occur above 0°C, they bring about the association of
globular proteins and ordering of lipid regions, resulting
in changes in local environment composition and molecular
arrangement. Concurrent with this separation are physical
changes in the lipid regions. Changes between liquid and
crystalline states have been observed using calorimetric,
X-ray diffraction8 and electron spin resonance (spin label-

ing) techniques.?
Individual lipids exhibit thermotropic mesomorphism,

and mixtures of them with water and cholesterol form lyo-
tropic mesophases near ambient temperature. The latter
exist in biological systems, and their relationship to
function, especially in the cell membgane, has recently
become the subject of intense study.2 »29 " Water induces
the formation of lamellar and hexagonal mesophases, while
cholesterol organizes lipids into single phases and pre-
vents crystallization. The naturally occurring cholesterol
is thought to control the fluidity of the hydrocarbon chains
of the lipids and provide an ordered system that is stable
over a fairly wide temperature range. Experimental evidence
has been obtained using model systems and some microorga-
nisms by means of thermal, spectroscopic, and structural
measurements,2? In addition to transitions between liquid
and solid phases, mesophase transitions involving these
"liquid crystals" have also been observed.

Lipid mesophases are found in many biological systems,
often crucially associated with life processes, e.g., in
myoglobin, cell membranes, mitochondria, and the Golgi
apparatus. 0 The explicit role of mesophases, and the
transitions they undergo, is still controversial, but
changes in the physical states of these mesophases can
cause the death of the organism. A relation has been esta-
blished between mesgQphase state and B-glucoside transport
in cell membranes.® Mesophase state may control the cell
permeability to ions in the cell suspension during cooling.
The other effects in sperm cryopreservation are likely to
be indirect. Mesophase transitions can change the molecular
arrangement in the lipid regions both in the membrane and


http://www.nap.edu/catalog.php?record_id=19916

137

within the cell. Whether a given arrangement is quenched
in or bypassed on cooling may determine the local chemical
environment during storage or warming.

Events B, C, and D of Part I in Table 5 deal with
physical effects that lead to changes in arrangement and
order on an increasingly smaller scale: separation of
regions, transitions within a region, and finally changes
in molecular orientation. Calorimetric, spectroscopic,
and X-ray diffraction studies of lipids in the solid, as
well as the liquid, state2d provide evidence for intra-
molecular rearrangements like those cited in Table L4 for
polymers. These are associated with motions of the hydro-
carbon chains of the fatty acid residues. Chain motions
persist on cooling solid lipids; the more unsaturated the
hydrocarbon chain, the lower the temperature at which the
chains "freeze." Water and cholesterol tend to lower these
temperatures to below ambient.

The possibility that conformation changes in enzymes
on cooling could effect changes in specific catalytic
activity was examined by Ta.ppel.3l The kinetics of the
peroxidase-catalyzed oxidation of guaiacol in CHL0H from
+25° to -25°C were interpreted in terms of a distribution

of conformational isomers of the enzyme that changed with
temperature. The need to consider other factors, such as
the association of enzymes (see I.B in Table 5), was also
recognized. In frozen systems involving enzyme catalysis,
the concentration of ionic solutes accompanying cooling
can have the greatest effect. Salts that denature proteins
also deactivate enzymes, Thus, the cooling step in cryo-
preservation can induce conformation changes in the larger
molecules of biological systems, whether by temperature
change or by solute concentration. Local environmments in
both lipid and protein regions may change as a result.

Events Occurring During Storage

Since cooling is crucial to achieving cryopreservation,
experimental studies have been concentrated on this step,
with somewhat less attention to the warming step. The
anticipation of extended storage periods requires conside-
ration for this step of physical and chemical processes
analogous to those described under "Molecular Processes at
Cryogenic Conditions" in this paper. Crystallization of
glassy regions in biological systems is to be expected,
but at very slow rates. Measurement of these rates would
be difficult and are worth considering only because of the
catastrophic effects of devitrification.
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Conformation changes in the form of intramolecular
rearrangements can be expected during storage, because the
rapid cooling rates quench temporarily conformations cha-
racteristic of higher temperatures. Whether these driving
forces can surmount the energy barriers described in Table
1 for appreciable rates has not been tested experimentally.
As previously discussed, motions of polymer chains are pos-
sible, specifically of side groups or rotation about single
bonds. The following studies based on experiments near
ambient temperatures suggest that such rotation is likely
at cryostorage temperatures.

Hindered rotation about single bonds is a basic mecha-
nism by which proteins change conformation, In the calcu-
lation of conformational energies, Poland and Scheraga
have used experimental values of rotational barriers about
single bonds in ethanelike molecules that have values from
<1 kcal/mol to 4.0 kcal/mol. These have been supplemented
by other barriers arising from steric effects, as well as
hydrogen and hydrophobic bonding. Such calculations have
been used primarily to predict helix-coil transition ener-
gies for polyamino acids at ambient temperatures in water.
Enthalpies for these transitions in the range -1.2 to +l1.1
kcal/mol of residue have been reported.33*3 The magnitudes
of these values provide estimates of the minimum energy
barriers expected at cryogenic temperatures.

Experiments with polymer solutions provide evidence
that energy barriers determined for relatively small mole~
cules may be extrapolated to those of biological interest.
The purpose was to investigate the extent to which rotation
about a single bond is hindered by being incorporated into
the backbone of a polymer.3? "Crankshaft" type motions
were anticipated, which require correlation of several
motions, and an increase in the energy barrier was antici-
pated but not observed. Rotations about the amide bond in
relatively small amides were compared with those in poly-
amides. Neither the activation energies for rotation
measured by nuclear spin resonance nor the cis«transisome~
rization rates differed significantly for the two types of
molecules, Thus conformation changes at cryostorage
temperatures seem possible--side~chain rotations in parti-
cular.

In Table 5, Event II.C, two simple "chemical" reac~
tions are suggested as possible in unperturbed biological
systems, most likely between nearby specific groups if
they occur at all. As previously discussed, these reace
tions, as well as more complex ones, are readily initiated
by radiation at very low temperatures. Exposure to ionizing
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radiation must of course be avoided, but the evidence pre-
sented by Professor Foote at the conference indicates that
visible light may also be effective.

Events Occurring During Warming

On warming, one expects the reversal of those physical pro-
cesses that occurred during cooling, including those out-
lined in Table 5. The rate of warming for cryostored sperm-
atozoa is susually fast so that ice crystallization can be
avoided. It is unlikely that a sperm sample on warming
follows the same thermodynamic path that it did on cooling.
Not only will the temperature-time program and heat transfer
be different, but, for example, the system may also have
been altered during storage by conformation changes. During
rapid warming, thermodynamic equilibrium will not be achieved.
Thus, the reversal of a series of conformation changes can
lag behind the temperature rise,

It is proposed that the physical and chemical changes
that occur during cooling and storage can also alter the
composition and arrangement of local environments in such
a way that chemical reactions might take place on warming
that were not possible or anticipated on cooling. For
example, it is suggested that these reactions could involve
specific groups brought into proximity by rearrangements
of molecular segments on protein chains. In the following,
the conditions favoring chemical reactions at low tempera-
tures during warming will be discussed, and some evidence
from the literature will be cited.

The relative kinetics of physical and chemical pro-
cesses on the molecular scale can be viewed in terms of
the activation energies, which are frequently higher for
chemical reactions. As a result, the rate constants for
chemical steps decrease more rapidly with temperature on
cooling, so that reactions can often be guenched readily
by fast cooling. However, during rapid warming, the rate
constants for chemical steps will increase faster with
temperature than those for physical processes. For this
reason, two specific groups, each on a separate protein
side chain, might interact chemically before a series of
rotations could move them apart. _

The factors favoring reactions on warming can be iden-
tified more specifically by examining the results of expe~
rimental investigations of chemical kinetics in partially

frozen systems. Recently, Pincock3® reviewed reactions in
frozen systems and developed a phenomenological description


http://www.nap.edu/catalog.php?record_id=19916

1ko

of fairly general validity. This formalism can account

for kinetic effects observed when liquid phase reaction
systems are cooled to the region of the phase diagram bet-
ween the liquidus and solidus curves, where both solid
solvent and concentrated solution phases are present.
Examples of rate increases in frozen systems cited included
the base-catalyzed hydrolysis of penicillin, the hydroxyam-
monolysis of some amino acid esters, Tappel's work, 1 and
investigations by Pincock and his associates of nonaqueous
systems.

The occurrence of maxima in rates on cooling, changes
in kinetic order, and inhibition by inert solutes could be
accounted for by a simple model. It assumes that reaction
occurs only in the liquid phase and that the observed rate
can be described by solution kinetics derived at ambient
temperature, if the temperature dependence of the rate con-
stant and the change in reaction volume are accounted for.
Thus, the observed rate depends on reactant concentrations,
which in frozen systems change both by reaction and by
reduction of liquid phase volume. In dilute solutions, it
is usually the pure solvent that solidified; in concentrated
solutions, solid mixtures can be expected.

This model has been successfully tested with frozen
systems and suggested for application to molten systems
above ambient temperature. It is proposed here that it is
also appropriate to describe conditions for reactions on
warming cryostored biological samples. As melting occurs,
the first-formed liquid is likely to have relatively high
concentration of solutes, corresponding to some eutectic
composition. In this case, both thermal and concentration
driving forces act together, favoring reaction with species
dissolved in or in contact with the liquid phase.

Some experiments reported in the literature might be
explained in these terms. Levitt's review3! of winter
hardiness in plants outlines the sulfhydryl-disulfide
theory of frost injury and resistance, in which injury is
attributed to denaturation of proteins on warming. Denatu-
ration is thought to occur by the unfolding of proteins due
to strong disulfide bonds formed as a result of freezing to
temperatures in the range 0° to -30°. Levitt proposed that
disulfide bonds were formed during freezing by oxidation
or exchange reactions between sulfhydryl groups brought
together in the process of freezing. Progress toward quan-
titative confirmation of this mechanism might be made by
applying Pincock's formalism, not only to the freezing, but
also the thawing of plant proteins. The events outlined in
Table 5 provide explicit molecular mechanisms for bringing
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together sulfhydryl groups, and the concurrence of chemical
driving forces during warming suggests that disulfide bond
formation, as well as protein unfolding, could occur on
thawing.

The study by Greiff and Kelley38 on the effects of
freezing on lactic dehydrogenase (LDH) solutions provides
some additional, though less direct, evidence. LDH activity
was lost by freezing, the extent increasing as the minimum
temperature decreased from -20° to -192°C. Loss in activity
was attributed to enzyme conformation change resulting from
denaturation processes analogous to those occurring in ther-
mal degradation at superambient temperatures. Retention of
LDH activity was greater for slow freezing, high enzyme
concentration, added protein present, and isothermal pauses
during cooling, that is, those conditions leading to pro-
tection of the enzyme by the solvent or dissolved salts.

It was possible to describe the losses in LDH activity
observed after multiple freeze-thaw cycles in the same way
as thermal denaturation. The results of this investigation
are also consistent with the views presented here and summa-
rized in Table 5. Thus, the molecular rearrangements occur-—
ring during cooling can be beneficial or deleterious,
depending on the presence of a protective agent. In addi-
tion, the effects of minimum temperature and multiple freeze-
thaw cycles may in fact be due to reaction on warming.
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MAINTENANCE OF FERTILITY OF SPERMATOZOA AT -196°C

R. H. Foote

INTRODUCTION

"Time marches on." When aging is defined in terms of time,
then aging is a simple fact of life. What is important are
the possible changes with time. Furthermore, there is no
question but what changes may take place in cells, includ—-
ing spermatozoa, at low temperature. Low-temperature sto-—
rage reduces measurable changes per unit of time, and
biological consequences may not be manifested after low-
temperature storage for a given period of time. For exam-
ple, if a specific change is not critical to the spermato-
zoon, the change may not be detected by the particular test
criterion employed. Secondly, if the change is minimal,

it may be below the sensitivity of the assays used to
assess change. Thirdly, if not all cells are affected
equally and if there is a possibility for selection of cere
tain types in the sample obtained, the result may not be
representative of the original population. Such a selec~
tion may occur in the female reproductive tract. It is
possible that sufficient selective filtration occurs to
eliminate most defective sperm cells before they reach the
egg, thereby mitigating, essentially, any aging damage that
would contribute to embryo mortality.

Conditions of Storage

Obviously the conditions under which spermatozoa are stored
will influence the outcome of storage.—? These conditions
include (a) temperature; (b) outside energy sources that
may reach the cell, such as light; (c¢) storage media; and
(d) the liquid, gaseous, and solid phases in the environ-
ment. Also, the storage conditions must be imposed rigidly

1hk
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on a continuous basis because a fluctuating environment
may be detrimental.l»@

Conditions under which spermatozoa have been stored
have not always been well defined. The studies easiest to
interpret, and perhaps the only valid ones, are those in
which well-defined conditions have been imposed continuously
throughout the storage period.

Criteria to Evaluate Aging

It is desirable that criteria selected to evaluate aging of
spermatozoa have at least three characteristics in common
as follows: (a) have high sensitivity, (b) be highly re-~
peatable and little affected by possible changes in test
conditions over extended periods of time, and (c) be of
biological significance. No doubt the most import biologi-
cal characteristic of a spermatozoon is its ability to fer-
tilize an egg and initiate normal development. Unfortu-
nately, it is virtually impossible to rigidly control con-
ditions under which an egg is fertilized and develops in
species where most information is available on stored
semen--namely cattle. The conditions in utero of indivi-
dual females certainly vary. However, if conditions of
storage im vitro can be rigidly controlled, and they can
be, then various morphological and biochemical tests on
spermatozoa during prolonged storage can be compared with
their fertility.

REVIEW OF LITERATURE

This report is based primarily on cattle. Popular reports
and unsubstantiated observations are not included in this
review. However, not all studies cited had the best possi-
ble controls.

Storage at -79°C

Stewart3 diluted bull semen 1:10 with an egg yolk-~citrate~
glycerol medium containing antibiotics and stored the
spermatozoa in glass ampules in a chamber of solid carbon
dioxide at approximately ~T9°C. Results over a 9-yr storage
period are summarized in Table 1. Fertility was measured by
a 112-day nonreturn rate, The nonreturn rate (NR) simply is
the proportion of cows that are not reinseminated by a
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TABLE 1 Fertility of Bull Spermatozoa Stored at ~79°C in
Glass Ampulesa

Storage No. of 1st 112-Day,

Time Services % NR
1-4 wk 209 66.5
1lyr 272 61.8
2 yr 298 6L4. L
4 yr 276 62.0
9yr 255 58.0
aMixner.h

certain time and are assumed to be pregnant. The nonreturn
rates are higher than the true pregnancy rates. The fertil-
ity of spermatozoa stored at -T79°C in this study by Stewart
" decreased 8.5 percentage units over a 9-yr period.

Mixnerh stored bull semen frozen in an egg yolk~citrate-
glycerol medium at -79°C for 8 yr and in liquid nitrogen L
more yr. The fertility of the semen used initially after
freezing was 65.6 percent (on a 60~ to 90-day nonreturn
basis), and after 0.5, 1, 2, 4, and 8 yr it was 69.8, 66.2,
56.1, and 59.2 percent. The proportion of motile spermato-
zoa declined from 63 to 9 percent during the 12 yr. Thus,
solid CO, does not provide suitable conditions for prolonged
storage of bull semen.

Storage at -196°C

Many researchers have reported -196°C storage to be more
satisfactory than —79°Cl on both practical and theoretical
bases. The remaining results are based upon storage of
bull spermatozoa in li%uid nitrogen at -196°C.

Clegg and Pickett” analyzed 21,488 first inseminations
resulting from semen stored in glass ampules for 1 to 2 yr.
The 60~ to 90-day nonreturns were 69.l4 percent for semen
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stored less than g mo versus T1l.9 percent for semen stored
1l to 2 yr. Strom® analyzed 55,378 inseminations with semen
stored in pellet form and found no decline in 56~day non-
return rates over a period of 1 to 2 yr.

Cassou! analyzed 104,368 first inseminations in France
with semen stored in straws and found no change in the 60-
to 90-day nonreturn rate for spermatozoa stored up to 66 mo
(69.8 percent at the beglnnlng versus 69 1 percent at the
end of the study).

These three studies in three countries with three
types of packaging all yielded results supporting the con-
cept that semen can be stored at -196°C for considerable
time without loss of fertility. These results seemingly
are somewhat in conflict with the extensive studies of
Salisbury and colleagues, »9 who found a decline after an
initial rise in fertility (nonreturn rate) of bull semen
stored for various periods.

Part of the difference may be accounted for by the
interval at which the fertility was computed,10 particu~
larly if the age at which an embryo dies is affected by
storage of the sperm cell. However, most of the studies
referred to so far are based primarily on routine use of
bull semen by artificial insemination organizations. Most
of the inseminatiorsare with semen stored for a short
period of time. The oldest semen tends to be from those
bulls and ejaculates that, in our experience, are in least
demand. Therefore, a number of potential biases arise,
some of which may not be recognized or, if recognized, do
not permit statistical corrections to be made by new or
"age-0ld" techniques.

In fact, the perfect experiment, testing aging effects
on spermatozoa, while holding everything else still, of
course is impossible. Instead, we have the practical
dilemma of trying to hold the spermatozoa constant and
measuring any inconsistencies in these cells, while every-
thing else may be changing.

EXPERIMENTAL STORAGE OF BULL SPERMATOZOA
At -196°C for up to 2 Years

Because of the many problems previous encountered, a
trial was undertaken in our laboratory 1 in 1968 to come~
pare semen frozen in both summer and winter and used
simultaneously over a period of 2 yr. The summer and
winter components were included because of previous re-
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port,se"12 that seasonal fertility of cows and bulls
differed. Semen was extended with egg yolk~citrate medium,
plus glycerol and antibiotics, and frozen in glass ampules
containing 12 million motile spermatozoa before freezing.
Every ejJaculate received a distinctive code, and each was
used for insemination after continuous storage under liquid
nitrogen for various intervals, regardless of the number of
surviving spermatozoa. The bulls aged during the trial,
and the percentage of motile spermatozoa collected and
frozen at the end of the trial averaged 26 percent, where-
as the spermatozoa collected at the start and stored for
2 yr averaged 36 percent progressively motile,

The fertility results are summarized in Tables 2 and
3. Fertility of the semen frozen in the winter tended 5013

L]

be higher after 6 mo of storage, as reported by others.
However, this was not statistically significant and the

trend was not repeated in the semen collected and frozen
in the summer. Fertility of semen obtained in summer,
based upon 150~ to 180~day nonreturns, was 2.9 percentage
units lower than semen frozen in the winter. Throughout
this time period 12,779 inseminations with freshly frozen
semen averaged 66 percent on a 150~ to 180-day basis,.l

The major point is that none of the storage intervals
were significantly different. Detailed regression analyses
revealed that storage time contributed nothing to the level
of fertility. The conclusiont! was that with continuous
storage at -196°C in the dark "there was no demonstrable
impairment of spermatozoan fertilizing capacity or ability
to sustain pregnancy."

The possible increase in fegtility during the first 6
mo of storage reported by others »13 recently was investi-
gated in our laboratory. A carefully controlled field
trial was conducted in which semen was frozen, held cen-
trally at -196°C in 6 aliquots, and released into the field
each month for 6 mo. The fertility results are given in
Table 4. The statistical analysis revealed that there was
no effect of storage. Part of the monthly fluctuations
reflected fluctuations in fertility in the field, which
affected ejaculates of semen collected and used with mini-
mal storage. Therefore, the deviation from breed average
also is given in Table L. From these data it is concluded
that no pronounced changes in fertility, such as those
reported previously,l3 occur during the first 6 mo when
semen is stored under carefully controlled conditions,
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TABLE 2 Fertility of Bull Semen Frozen in the Winter and Stored in Glass Ampules at

-196°c%

% Nonreturns
Storage No. Decrease:
Time of 1st 30-60 60-90 150~180 30-60 to
(mo) Services Days Days Days 150-180 Days
1 4,130 79.5 T1.5 67.3 11.2
6 1,201 82,5 76.9 73.8 8.7
12 1,120 Tt-5 70.6 67 b 10.1
18 9Ll 80.8 4.0 Tri3 9.5
TOTAL OR MEAN T,399 79.9 73.3 T0.0 9.9

AFoote . 11
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TABLE Fertility of Bull Semen Frozen in the Summer and Stored in Glass Ampules at
-196°

% Nonreturns

Storage No. = Decrease:
Time of 1st 30~60 60-~90 150-180 30-60 to
(mo) Services Days Days Days 150-~180 Days
1 2,840 77.8 72.1 65,2 12.6

6 1,460 79.7 71,0 66.3 13.k
12 1,253 79.2 72.6 68.1 1.1
18 1,197 75.6 69.6 65.8 9.8

24 1,084 80.2 73.4 70,0 10.2

TOTAL OR MEAN 7,834 78.5 TL.T 67.1 11.4

Foote ' 11
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TABLE 4 Fertility of Bull Semen Stored Centrally in
Straws at -196°C and Used Each Month?

60~ to 90-Day NR

Storage

Time No. of 1st Deviation from
(mo) Services % Breed Average
1 1,515 73.3 L.h

2 2,600 75.0 3.9

3 2,660 73.4 2.2

4 3,348 76.7  L.T

5 3,463 73.8 1.2

6 3,220 75.6 2.4

%Foote, unpublished data, 1975.

At -196°C for up to 5 Years

Pellets. 1In Scandinavia and several other countries semen
from young bulls is frozen as pellets. The bulls are
slaughtered while still young, and pellets of semen are
stored for use aftﬁr these bulls have become progeny tested.
Coulter and Footel" have reported that this actually may
improve fertility because of a greater aging effect in
bulls than in frozen spermatozoa.

Lindstrom!® reported results of two trials in Finland
with pelleted semen frozen in an egg yolk~lactose medium,
In Study 1 (Table 5) young and old stored semens (collected
at different times ) from the same bulls, were used simul-
taneously. There was a significant difference in favor of
the semen used within 10 mo after collection. The author
believes the difference may be due to better methods of
pellet processing of the semen stored for a shorter period
of time. In Study 2 the same source of semen was used in
1968 and 1971l. The significantly higher fertility with
semen stored more than 3 yr (1971) may reflect, in part,
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TABLE 5 TFertility of Spermatozoa After Storage at -~196°C in Pellets?

Nonreturns, %

Study Storage No. of 1lst

No. (mo) Services 60~Day 90-Day 120-Day

1 <10 2,784 e B~ 69.1 67.5
>36 4,603 69.9 66.3 65.1

TOTAL OR DIFF. 7,387 +3.30 +2.8° +2.4¢

2 <12 4,477 69.9 66.6 65.4
>36 12,363 72.9 69.8 68.8

TOTAL OR DIFF. 16,840 -3.0° 3P ~3.0

%Lindstrom.1?
bp < 0.01.

¢p <0.05.
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better reproductive rates among the cows in 19T71l. In both
tests the tendency was for old semen to decline less in
nonreturn rate between 60 and 120 days than was true of
semen used within 1 yr of collection. This figding is
opposite of the results obtained by Salisbury. Lindstrdm
concluded that "pellets maintain their fertilizing ability
to a high degree after threg years of storage."

Andersen and Pedergenl processed bull semen with egg
yolk-lactose by the pellet method in 1969. The semen was
stored immersed in liquid nitrogen for up to 5 yr (Table
6). The 60- to 90-day nonreturns were 0.8 percentage units
lower after 5 yr of storage, but control pelleted frozen
semen used within a few months of collection was 3.l4 per-
centage units lower the fifth year. Thus, it would appear
that the test conditions had declined slightly in 5 yr and
that semen stored for 5 yr was at least equal in fertility
to semen used with minimal storage.

Ampules

The Milk Marketing Board in England has reE$r{§d on two
trials with semen stored in glass ampules.”'? In the
first trial semen was distributed to 24 inseminators after
immersion in liquid nitrogen for 1, 6, 12, and 24 mo. The
proportion of cows requiring reinsemination after various
intervals up to 84 days was not affected by storgge time
of the gpermatozoa regardless of whether 20 x 16° or

40 x 10° spermatozoa were packaged per insemination dose
of 1 ml.

In a second trial bull semen was again frozen in glass
ampules and distributed to six technicians 2, 3, and 5 yr
later (Table 7). Two technicians had to be replaced at 5
¥r by two with equivalent records. There was no detectable
effect of storage on fertility during the 5 yr.

Straws

Andersen and Pedersen16 also studied 0.5 ml-capacity straws
as a packaging system for banking bull semen in Denmark
(Table 8). Remarkably good fertility (60- to 90-day non-
return rates) was obtained over a period of 5 yr. Whereas
the general level of fertility in this artificial breeding
unit appeared to be about 3 percentage units lower in 19Tk
than in 1969, the semen stored for 5 yr partially reversed
this trend, being 2.9 percentage units higher than the re-
cently frozen control in 19Th.
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TABLE 6 Fertility of Bull Spermatozoa Stored as Pellets at =196°C for 5 Yr%

Stored Semen Frozen Control
Years No. of 1st 60~ to 90-Day No. of lst 60~ to 90-Day
Stored Services % NR Services % NR Difference
0-1 2,582 66.3 8,801 66.1 0.2
1-2 2,398 67.3 8,861 66.0 Ty
5 2,034 65.5 8,123 62.7 2.8
Difference - 0.8 - 3.0

16

aAnderson and Pedersen.

bp < 0.01.
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TABLE T Fertility of Bull Spermatozoa Stored in Glass
Ampules at -196°C for 5 Yrd

Years No. of 1st 84~Day
Stored Services % NR
2 692 69.9
3 729 68.5
5 T02 T1.0

AMilk Marketing Board Report.l8

RESULTS OF STUDIES

The results of using bull spermatozoa packaged in three
systems and stored experimentally, immersed in liquid
nitrogen, for 5 yr provide compelling evidence that the
fertility of these stored cells is not reduced during this
period of "aging." A limited number of inseminations with
ram spermatozoa frozen in pelleted form and stored for up
to 5 yr also has given as good lambing ratesl9» as
freshly frozen ram semen (2 wk = 54 percent and after 5

yr = 53 percent lambing).

At the same time Salisbury and colleaguesa'g have
reported that several biochemical changes occur in bull
spermatozoa at -196°C. Our laboratory (Coulter and Foote,
unpublished, 1973) found oxygen consumption of spermatozoa
to be higher after 6 mo of storage (P < 0.01) than after
0 and 18 mo of storage (Table 9). Exposure to light
(4,800-11,800 1lux) for 60 min at 5°C prior to freezing had
a detrimental effect (P < 0.01). The proportion of motile
spermatozoa also declined during storage in the egg yolk-
citrate medium (P < 0.01).

These studies were carried out simultaneously in
glass ampules as well as straws. There were several sig-
nificant interactions (P < 0.01) among storage time,
extenders, and packaging for the various criteria used to
assess storage effects (motility, acrosomal normality, and
actinomycin-D binding). These results provide evidence
that varying storage conditions within the same temperature
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TABLE 8 Fertility of Bull Spermatozoa Stored as Straws at -196°C for 5 Yr4

Stored Semen

Frozen Control

Years No. of 1st 60~ to 90-Day No. of 1st 60~ to 90-Day
Stored Services % NR Services 4 NR Difference
0-1 2,035 68.9 5,884 67.6 L%
1-2 2,016 67.2 5,717 65.5 1.7
2-3 1,917 66.7 6,303 64.7 2.0

5 2,035 67.5 8,708 64.6 2.9
Difference - 1.4 - 3.0b

16

Qpndersen and Pedersen.

bp <o.01.
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TABLE 9 The Effect of Light and Storage on Op Consumption of B

-196°C in Different Extending Media (expressed as ml of 05/h/10° cells)?

'Spermatozos Stored at

Yolk~-Citrate Promine-Db
Months ——— B ——
Stored Control Light Control Light
0 Fresh 19,2 ¥1.2¢ 1h,2 ¥ 2.1 16.1 ¥ 1.2 1k.1 * o.7
0 Frozen 9i6 % 1.3 T.8%1.2 6.5 1.0 5.6 ¥ 0.8
6 Frozen 14.8% 1.5 14.6 ¥ 1.6 10.9 £ 1.1 10.6 ¥ 0.8
18 Frozen 9.7 % 0.8 9.2 % 0,6 8.4%1.0 T 7266

9Coulter and Foote, unpublished data, 1973.

bPromine-D is an extender containing soybean protein.

CMeans ¥ SEM.
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range can affect the biochemical and morphological charac-
teristics ‘of spermatozoa.

Another study was done on acrosomal proteinases in
cooperation with Duane Garner, then at the University of
Illinois (Gerner and Foote, unpublished, 1972). Bull semen
stored in standard egg yolk-citrate at -196°C for 6 yr was
compared with semen collected from the same bulls and pro-
cessed in the same way, but examined within a year of
freezing. Careful isolation of the acrosomal pellet by
repeated density gradient centrifugation was followed by
disc gel electrophoresis. The pattern of bands on 6~yr-old
semen was slightly different from semen held less than 1 yr.
Whether or not this has any biological significance remains
to be determined.

Salisbury® reported that the nonreturn rate tended to
remain high or even rise until spermatozoa has been stored
at -196°C for 11 mo. PFertility declined thereafter.
Sullivan2l compared the fertility of bull spermatozoa pro-
cessed to provide 5, 10, or 15 million motile cells per
insemination. Fertility during the l-yr trial only de~
clined with the low sperm numbers (P < 0.01), and Sullivan
attributed this to the loss of motile cells below the cri~
tical number required for optimum fertility. This seems
reasonable, but it is surprising that the fertility (60~
to 90~day nonreturn rate) was declining within 6 mo of
freezing. In the trial by Fbote%l no decline was found
during 2 yr ghen the glass ampules contained an average of
about 7 x 10° motile sperm per insemination dose.

We also examined fertility of bull spermatozoa stored
in inseminators' field units (Oltenacu and Foote, unpu~
blished, 1976) for periods ranging from less than 2 mo to
more than 14 mo (Table 10). All semen samples in the
cooperating AI organization (Eastern A. I. Coop., Inc.)
have the exact collection date and bull identified on each
breeding unit. The semen was processed in a manner similar
to the experimental field trial,ll but the frozen semen for
the present study was stored in the field. The uncorrected
nonreturn rates suggest that a marked decline has occurred
in the field. However, when the data are corrected for
certain changes in procedure, and particularly the fact
that the bulls with lower fertility tend to be in less de-
mand and remain in the field units longer, the storage
effect becomes very small (Table 10). Under field handling
conditions of possible brief multiple exposures to ambient
temperatures and light, a real handling effect rather than
a true_ unbiased age effect at low temperature may be pro-
duced.l»2 1In this field data there is a small residual
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TABLE 10 Fertility of Semen Stored in Field Units with
Potential Exposure to a Variety of Handling Problems?

Months No. of 1lst 60- to 90-Day Extraneous
Stored Services % NR Influences
<2 13,769 75 1. Unequal use of
bulls
3-4 28,713 T5
5-6 26,357 T4
7-8 19,345 T2 2. Extender change
9-10 19,225 T1
11-12 13,518 T0 3. General rise in
NR rate
13-14 10,516 T2
>1h4 8,84k 69 !

AWhen appropriate corrections were made for known sources
of variation most (but not all) of the change in nonreturn
rate was eliminated.

effect that may be a real effect of aging under field-
handling stresses. These results emphasize the hazards of
using field data obtained outside of rigorously conducted
experiments with suitable controls.

Although data are scarce on this topic, no increase
in frequency of abnormal calves have been observed by orga-
nizations breeding cattle with frozen semen.

CONCLUSIONS

1. Fertility of bull semen stored in liquid nitrogen
under routine use in the field is influenced potentially
and practically by intermittent exposure to undesirable
storage conditions. Thus, such data are unsuitable for
estimating true age effects on fertility of spermatozoa
attributable to storage per se.
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2. Experiments designed to keep bull semen contin-
uously protected at -196°C for up to 5 yr consistently
and conclusively reveal no decline in fertility, as mea~
sured by nonreturn rate.

3. The biochemical changes reported during storage,
and apparent slight loss of motile spermatozoa during stor-
age without a concomitant reduction in fertility, is a
scientific puzzle. These results have led the author to
suggest that some of the changes monitored may have little
significance for fertilization or the developing embryo.
Secondly, and perhaps more importantly, it is postulated
that any cells damaged by the storage process may not par-
ticipate in fertilization. It is conceivable that the
female tract acts as a selective filter, and such sperma-
tozoa may not be transported to the vicinity of the egg.
Any cells that are transported may be at a competitive dis-
advantage in penetrating the investments of the egg, at
least in cattle. Thereby, fertility of stored bull sperm-
atozoa would be unimpaired, given a sufficient number of
spermatozoa initially.

These conclusions are supported by controlled field
trials with bull spermatozoa stored for 5 yr. Extrapola-
tion always is dangerous, but these data give no hint of
any precipitous decline for extended periods of storage.
Also, sporadic surveys and monitoring of births by cattle
inseminating organizations have not uncovered any increase
in "birth defects" resulting from the use of frozen semen.
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DISCUSSION

E. S. E. HAFEZ: We must ask ourselves what is the biolo-
gical definition of "aging of spermatozoa"? Various
authors use the term differently. In my opinion aging
of spermatozoa is biological injury without killing
the sperm, so the sperm can participate in fertiliza-
tion with subsequent embryonic mortality or birth
defect. Spermatozoa that die during the freezing are
not biologically significant, because they do not
participate in fertilization.
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THEORETICAL AND PRACTICAL SIGNIFICANCE OF
FROZEN SEMEN BANKING
IN THE ANIMAL BREEDING INDUSTRY

F. I. Elliott

At the outset, I should say that this discussion will be
limited largely to consideration of the bovine spermato-
zoan. We have had a significant amount of experience with
equine sperm cells and a limited amount with those of some
other mammalian species. In our estimation, extending
media and procedures have not yet been fully elaborated
with those species, nor are we aware of storage data of
significance with them.

Our first significant attempt to study the effect of
storage on viability of bovine sperm cells was conducted
in 1955 by Dr. Jerry Sherman, who was with us at that time
in Madison. Semen from 20 bulls was included in the trial,
and the frozen ampules were stored in one of the original
Linde containers with a 1}%-in neck, with the nitrogen being
replenished weekly. This means that most of the ampules
were at liquid nitrogen temperature most of the time, but
not necessarily all of the time. This treatment was com-
pared with semen stored in dry ice-alcohol at approximately
78°C, and a third treatment involved storage at approxi-
mately -103°C, in a mechanical refrigeration box (Figure 1).

Al]l post-thaw evaluations were by means of dark-field
time-exposure photography as reported by us at Milan in
1973.2 We believe the photographic method to be the most
practical method of obtaining reasonably objective motility
information.

Worthy of note is the fact that the ampules were
attached to fiberglass canes. This means that probably,
as nitrogen level dropped in the liquid nitrogen container,
the top ampules on the canes tended to warm more than would
have been the case had they been stored on metal canes.
There is practically no warm-up of top ampules on metal
canes in a well-insulated nitrogen container if those canes
are standing in the liquid itself, even if the tops of the

163
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FIGURE 1 Effect of storage temperature on post-thaw
motility., J. K. Sherman and F. I, Elliott, 1955, unpu-~
blished data.

canes are in the vapor. The same is not necessarily true
with respect to fiberglass canes.

Note in Figure 1 the loss of motility in the semen
stored at dry-ice temperature is more rapid than has gene-
rally been reported to be the case. We believe this is a
reflection of the greater accuracy of our photographic
technique of measuring motility. The intermediate tempe-~
rature gave intermediate results,

In liquid nitrogen there was no loss until after 6 mo.
The first significant drop in motility appeared at the
eighth month observation, and Dr. Jim Torrie, of the Uni-
versity of Wisconsin, our statistical consultant, told me
that we must assume that something happened after 6 mo
resulting in the decrease in motility of the nitrogen-
stored semen.

We have recently completed a much larger trial, in
connection with other studies, involving LLil4 samples
(Figure 2). 1In this case, semen was stored in an MVE
A3500 container, at least the bottom of each cane was
always bathed in liquid nitrogen, and this time the canes
were made of tinplate. Note that we detected no change
in percent progressively motile cells over a period of 1
yr.

Our current computer program does not make it simple
to obtain fertility data as related to the age of the se-
men. As a matter of fact, it makes it practically impos=
sible to do so! Early experience made us confident that
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FIGURE 2 A further study of storage time
and motility. Storage at liquid nitrogen
temperature,

carefully stored semen could be used with impunity, and
we process 10,000 to 15,000 separate batches of semen per
year. Such volume taxes our data storage, especially on
the IBM 1400 we used for several years, and we elected to
drop each collection at a certain point. Data after that
point were so few as to be unimportant anyway.

I was able to go back to the years of 1957 and 1958,
when this type of information was recorded by hand from
monthly IBM reports. Figure 3 shows the nonreturns ob-
tained with semen used during the first 6 mo after collec~
tion as compared to the nonreturns where semen from the
same bulls was used from T to 12 mo after collection.
There was no detectable change in the nonreturn level.

Seventeen of the 29 bulls that were in this first
group also had a significant number of services where the
semen was from 13 to 18 mo of age. This involves a total
of approximately 200,000 services, and still there is no
detectable change in nonreturn rate.

Four of the bulls involving 55,000 services also had
semen used in all three of the aforementioned periods, plus
the period of 19 to 24 mo. A total of about 900 services
were involved in the 19 to 24 age block. I would attach
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FIGURE 3 Time in storage and 60- to 90-day nonreturns.
Routinely-used semen, 1957-1958,

no significance to the fact that the curve seems to go up
at this point.

We think this lends further support to the belief that
there is no loss in fertility with time when the semen has
been carefully stored at liquid nitrogen temperature and
where the live or motile cell count is above minimums. In
this case, the average6motile cell count was in the range
of 12 x 108 to 1k x 10 per insgminating unit. The total
cell count per unit was 35 x 10° to 4O x 10°.

It is our belief that if semen is to be stored for a
long time, especially under conditions where it may be
beaten up a bit, it is important to have a generous supply
of motile cellss (Figure k).

Note ghat the semgn which was packaged at an average
of 10 x 10” or 15 x 10" progressively motile cells per unit
shows no loss in nonreturn rate through a period of 12 mo.
On the other hand, semen packaged at 5 x 10" progressively
motile cells shows a somewhat gradual loss in nonreturn
rate through the period of the year, although that loss
would not appear to be a tremendously large one, These
date are taken from a field trial involving some 57,000
first services, all in the Holstein breed.
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Our reporting system does not readily give us inform-
ation on late nonreturns or embryonic losses, Again, our
early experience led us to the conclusion that there was
no serious problem in this area. Our Veterinary Department
did establish a reporting system for abnormal calves, and
our representatives and customers have been encouraged to
report all instances of this kind.

When such & report comes in, and it has been esta-
blished beyond reasonable doubt that the calf actually was
sired by the bull in question, a black mark goes up against
that bull's name. If the abnormality is a generally recog-
nized, simply inherited recessive lethal or its equivalent,
and one or more additional reports are received, the bull
goes to slaughter. Examples of these abnormalities are
porphyria, syndactylism, dwarfism, etc. These cases of
abnormalities have been removed from the report I am going
to discuss.

Figure 5 shows number of first services reported by
age of semen in months after the semen was collected and
frozen. Month 1 is month of collection. The data were
taken from the years 1957 and 1958, the same years used
earlier for the nonreturn information. A total of approx-
imately 500,000 first services were involved.

Note that approximately 96 percent of the services
were made within the first 12 mo, Note also that of the
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abnormal calves reported as having come from semen pro=
duced during these 2 yr, which abnormalities were not
classified as hereditary in the conventional sense, five
occurred as a result of insemination with semen that was
less than 12 mo of age and one occurred with semen that
was 14 mo of age when used,

Of further interest is the fact that among the total
of 54 such reports of abnormal calves produced with semen
frozen during the years 1957 through 1972, inclusively, 46
or 85 percent resulted from semen that was less than 12 mo
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FIGURE 5 Number of birth defects as related to age of
semen.
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of age and 8 or 15 percent resulted from semen that was
more than 12 mo of age.

I should warn that these are based on a reporting sys-
tem that we recognize to be substantially less than 100
percent efficient. We have plans for improving the report-
ing, but these are the data we have at the present time.

In our opinion, there is no support here for substantial
concern for an increase in the percentage of abnormal
calves born at term as the result of the use of semen that
has been stored for a considerable period of time.

What I have said to this point refers to bovine semen
only. It has occurred to me that we should have some equine
semen in storage that has been there for a substantial pe-
riod -of time. Figure 6 compares the percent progressively
motile cells in stallion semen immediately after freezing
and after storage periods of 2 and 3 yr. You will note that
semen from four stallions is involved. Each point on the
chart represents the mean of three or four separate collec-
tions of semen, the same collections being examined at both
intervals.

There would seem to be little doubt that there is loss
of motile cells in equine semen that has been stored in
liquid nitrogen for periods of up to 2 or 3 yr in tris-
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buffered extender. This points up a problem to which we
readily admit: We do not yet have a completely satisfactory
extender nor optimum procedures for equine semen. We know
fertility to be suboptimal even where the semen was used
reasonably soon after it was frozen. BSeveral hundred foals
resulting from the use of ABS frozen equine semen have been
reported, however, and we have had no reports of abnormal
foals.

Now to turn briefly and more specifically to the,theo-
retical and practical significance of frozen semen banking.
As I have pointed out, most of the semen is used, in our
case, within the first year. While this statement is based
on experience dating back a good many years, I do not believe
more recent data or data from other North American AI orga-
nizations would be grossly different. On the other hand, a
minimum storage time of some weeks or months provides real
advantages to a frozen semen operation: It provides the
necessary time for biological, microbiological, and clinical
testing. It permits delivery of the viable product to prac-
tically any point in the world, and it permits the develop-
ment of necessary working inventories. In the case of our
company, a Holstein bull has to have produced in the range
of 5,000 ampules before we have enough semen to fill the
distribution pipelines and deliver semen to the ultimate
consumer. A smaller artificial insemination organization
might require a smaller inventory in hand before distribu-
tion can begin, hence their maximum usage might be at 2 to
4 mo instead of 5 to 6 mo.

On the other hand, long-time storage of bovine semen
plays a very minor part in the industry in North America.
Because of the upward genetic trend in the cattle industry,
a bull that was an outstanding herd improver 10 yr ago tends
to be a very average bull today. An example is our bull
Cottonade Emmet, whose last collection was frozen on
November 19, 1953. His predicted difference was about +500
pounds of milk in 1953. The times have passed him by,
although we still have a few ampules in storage 22+ yr later.

There is thus no need for long-time storage of the se-
men of a very large majority of the bulls in use today.
There are, of course, exceptions, probably of the order of
1 bull in 100 or maybe even 2 or 3 in 1,000. For the most
part, however, those bulls cannot be identified as the se-
men is being frozen and stored.

Most of the progressive AI units are continually making
the planned matings for the next generation of bulls. 1In
these planned matings they are primarily using semen from
the outstanding bulls of the day, but in some cases bulls
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that are already dead. Only in rare cases is the semen of
a bull long dead used for this purpose. These services make
up a very small percentage of semen requirements, and the
geneticists who do the planning report no obvious problem
with fertility, late returns, or abnormal embryos.

Substantial selection pressure is applied as the off-
spring of the bulls complete their first lactation records.
Normally, one in five or six of the young bulls started in
the testing program graduates to take part in the routine
operations in the AI unit. A minimum interval of 4 to 5 yr
transpires between the time the young bull's semen is first
used in the field and production information on his daughters
is available.

Several European countries are using a system whereby
semen is collected and stored from young bulls during this
interval. Once enough semen has been produced, the bull is
sacrificed. When production information from the daughters
is available, the semen from those bulls selected is put into
use, and the semen from the culled bulls is discarded.

Coulter and Footel have made an economic study of this
system for use in North America. They have shown that theo-
retically there should be some savings and further that one
would be taking advantage of the bull's peak reproductive
years to produce his quota of semen.

This system works satisfactorily, apparently, in some
European countries where often by law a certain maximum
number of cows may be bred to any one particular bull. Our
North American geneticists have not registered concern about
too extensive usage of individual sires in the large North
American cattle population.

In our hands, the average Holstein bull remains in ser-
vice something like 3% yr after he "graduates," and during
that time, on the average, he will produce about 180,000
ampules. The maximums we have thus far obtained are in the
range of 460,000 to 490,000 ampules. In those cases the
bulls continued in service for substantially longer than
3% yr.

Coulter and Foote have calculated that a bull might be
expected to produce 200,000 to 300,000 ampules during the
interval between completion of production of semen for the
progeny test and the time production information is avail-
able on the bull's daughters. Since ABS tests in the range
of 125 young Holstein bulls each year, plus substantial
numbers of other breeds, we are talking about adding in the
range of 600 to 800 bulls to the roster to be collected
from each week. At the present time, we collect from about
150 bulls per week. The housing and labor requirements for
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such a program boggle the imagination. While our young
bulls are in waiting, they are group housed. If we were to
collect from them regularly they would have to be individu-
ally housed and we would have a tremendous increase in labor
requirements to collect, process, freeze, and store the
semen.

The situation could be different with respect to minor
breeds or possibly to smaller AI units. Where the lifetime
requirements of semen from a bull are lower, it could make
sense to freeze and store that number of ampules, acknowl-
edging that a majority of the semen will have to be dis-
carded when tests data are available.

In addition, geneticists have improved substantially
their ability to predict from pedigree information which
bulls should be outstanding when progeny data become avail-
able. For this reason, in addition to the bulls of the
minor breeds (which really in effect means all breeds ex-~
cept Holsteins), it might be feasible to freeze and store
semen from a select number of young Holstein bulls who
offer particularly outstanding promise based upon the pedi-
gree index.

In any case, I think you would get pretty general
agreement that were this to come about we do not have a
serious concern about storing the semen for those 5 yr or
more.
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MICROBIAL CONTAMINANTS IN FROZEN SEMEN

David E. Bartlett

My associate, Dr. F. I. Elliott, whose paper dealt with
the subject of frozen semen banking in animal breeding,
and I accept the label of pragmatists. However, it is
reasonable that this label be as pragmatists with expe-
rience gince our orggnization has processed between

4o x 10° and 50 x 10° of the frozen bovine semen ampules
of the 200 x 10* produced and used in the United States
during the past 20+ yr. Additionally, it was in our orga-
nization that the use of liquid nitrogen for the preserva-~
tion of frozen bovine semen was first conceived, and it
was our organization that paid the Linde Company to deve-~
lop the prototype of all modern liquid nitrogen refrigera-
tors.

From the purely technical standpoint, the problem of
microbial hitchhikers in frozen human semen seems rela-
tively simple as compared with the technological problems
that have confronted us with pathogens in frozen bovine
semen.

A review of the subject of pathogens and potential
pathogens in frozen bovine semen was recently presented
by my colleagues and me and will appear in the forthcoming
Proceedings of the VI Technical Conference on Reproduction
and Artificial Insemination of the National Association of
Animal Breeders.

I will begin with a basic statement that I believe,
the principal for which was established by MacPherson and
Fish in 1954: As a working concept for the purpose of
this discussion, it seems reasonable to accept that micro-
organisms contaminating semen will survive processing,
freezing, and storage at least as well as sperm cells.

Differing from frozen bovine semen, use of human semen
implies a relatively small infection potential. The human
semen donor-to-recipient infection potential ratio is very
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close, i.e., one to one, or perhaps, occasionally, one to
a very few. Also, it is probable that human semen will be
used at only one location.

For bovines, a single frozen ejaculate may be used
for insemination of hundreds or, sometimes, more than a
thousand females-~-in 50 states, on several continents, in
many countries, extending over several years.

Ejaculates collected from one bull during one month
may be used in several thousands of females. Ejaculates
collected during 1 yr from one bull will be used in tens
of thousands of females and sometimes in more than a hun-
dred thousand females (Figure 1).

In men the typical venereal diseases are usually asso~
ciated with obvious symptoms or lesions. The clinical his-
tory to be elicited from the semen donor is wvaluasble. With
one possible exception, the venereal diseases of humans are
easy to diagnose and treat.

In bulls the typical venereal diseases are asymptomatic
upon clinical examination. The history to be elicited from
the owner or manager is too often worthless. The bovine
venereal diseases are all difficult to diagnose and all

One Bull in Natural Service
50-75 cows per year

All Bulls in Al in United States
5,000 per year

Average for Dairy Bulls
of One A1 Organization
25,000 per year

Top Bulls in One Year of Al
125,000 or more per year

FIGURE 1 Animal contacts—~-natural service and artificial
insemination.
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difficult to treat. Several of the diseases aberrantly
transmissible venereally are not treatable.

The placement of semen at AI of the human female is
at the externmal cervical os. In the bovine female, place-
ment of semen at AI is through the internal cervical os at
the body of the uterus. This location affords lessened
opportunity for the natural forces of resistance to act.

Human semen donors present themselves as individuals
and on few occasions. Typically, it is necessary to deal
with bulls as members of populations of considerable size-~
from, sometimes, approximately 50 to several hundred. Semen
may be collected from bulls repeatedly, often twice-a-week,
over a period of several years.

‘The number of human diseases venereally or aberrantly
venereally transmissible is relatively few (Table 1) as
compared with the number of such diseases in cattle.

For the purposes of orderly consideration, the bovine
AI/frozen-semen-borne diseases may be placed in four cate-
gories in recognition of the procedures and/or techniques
with which they must be dealt.

Relative to Table 2, List III, it should be noted that,
in contrast to a bull, a human male is not only psychologi-
cally but anatomically better adapted to the simple and
effective procedures of thorough washing of the external
genitalia. The glans penis of the bovine is maintained in

TABLE 1 Humen Pathogens, Potentially AI /Frozen-Semen-
Borne

1. Treponema pallidum Syphilis

2. Netsseria gonorrhea Gonorrhea

3. Herpes virus hominis I and II Genital herpes
L. Hemophilus ducreyi Chancroid

5. Chlamydia (Bedsonia) Lymphogranuloma

venereum

6. Donovania granulomatis Granuloma inguinale
T. Mycoplasma hominis Mycoplasmosis
8. "Virus?" . Genital warts
9. Diseases aberrantly venereally transmissible.
10. Vagrant, nonspecific, opportunistic, ubiquitous

microorganisms, i.e., staphylococcus, streptococcus,
E. coli, yeasts/molds/fungi.
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a cavernous prepuce ideal for the harboring of a swarming,
microbial menagerie.

Relative to the use of antibiotic additives, Table 2,
List IV, it should be specifically pointed out that bovine
artificial insemination is not antibiotic dependent for
effective disease control. Antibioties have been tested

TABLE 2 Bovine Pathogens, Potentially AI/Frozen-Semen-
Borne

I. Specific Pathogen-Free (SPF) List
A. SPF by Territorial Status (United States only)
1. Virus of foot and mouth
2. Virus of rinderpest
3. Mycoplasma mycoides
(contagious pleuropneumonia)
B. SPF by Programmed Test and Retest to Reprove
SPF Herd Status
1. Mycobacterium bovis
. Mycobacterium paratuberculosis
. Brucella abortus
. Trichomonas foetus
. Vibrio fetus var. venerealis
. Leptospira spp. pomona, hardjo, canicola,
ieterohemorrhagiae, grippotyphosa

2
3
h
5
6

II. Control by Surveillance List
1. Virus of infectious bovine rhinotracheitis/

infectious pustular vulvovaginitis/infectious
pustular balanoposthitis-IBR/IPV/IBP
Virus of bovine virus diarrhea
Virus of parainfluenza
Virus of fibropapillométosis
Virus of blue tongue
Virus of bovine leukemia

(probaebly not AI transmissible)
Chlamydia/Bedsonia/Miyagawanella
Agent of psittacosis~lymphogranuloma-venereum
group
Agent of psittacosis~lymphogranuloma-trachoma
group

(epizootic/enzootic/sporadic bovine abortion)

(genital bedsoniasis)
8. Coxiella burnetii (Q fever)

[oAR W BN — UV I b
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TABLE 2 (Continued)

III. Control by Sanitation/Hygiene List
1. Pseudomonas aerugiosa

. Corynebacterium pyogenes

. Staphylocoeetl spp.

. Streptococet spp.

. Escherichia coli

. Molds/yeasts/fungi

v\ Fwo

IV. Control by Antibiotic Additives List

1. Vibrio fetus var. venerealis
(SPF procedures should supersede control by
antibiotics)

2. Leptospira spp.
(SPF procedures should supersede control by
antibiotics)

3. Myecoplasma bovogenitalium and agalactiae
(Experimental: bacteriostatic not bacteriocidal)

4. Miscellaneous/unknown antibiotic sensitive
organisms

and found effective in control of only two organisms,
Vibrio fetus var. venerealis and Leptospira pomona. How-
ever, there is no longer excuse for either of these orga-
nisms to be present in bull populations used for AI, since
technology has so advanced as to make readily possible
coping with these two infections on an SPF basis. Anti-
biotic additives have no value against protozoa or viruses.
The antibiotics that should be employed in bovine semen
processing are penicillin, streptomycin, polymyxineB
sulfate, lincomycin, and spectinomycin. The latter two
have been included experimentally for their activity
against mycoplasma., However, it has recently been deter-
mined that lincomycin and spectinomycin are mycoplasma-
static and not mycoplasmacidal.

To us it seems that the solution of the problem of
microorganisms in semen, human or bovine, involves the
establishment of a rigid program of surveillance. This
must involve the development of a system combining clini-~
cal monitoring and laboratory testing. There must be a
firm commitment to the system and rigid adherence to the
established principles. All scientific and technical facts
available must be used diligently. DNew facts must be con-
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tinually sought in order to improve upon the available
technology.

In operating a bank of frozen semen, it is imperative
to keep in mind that it has been repeatedly demonstrated
that most microorganisms contaminating liquid nitrogen
readily survive, even though unprotected in this medium.
More attention needs to be paid to this phenomenon than
has been provided in the past.

In closing, I must state that I am more than a little
confused by a paradoxical attitude evident within govern-
ment. The expressed concern by the U.S. Department of
Health, Education, and Welfare's Food and Drug Administra-
tion regulators at this meeting in respect to human semen
is in marked contrast to the attitude of the U,S. Depart-
ment of Agriculture's (USDA) Animal and Plant Health
Inspection regulators toward bovine semen.

In the animal field, we have not been successful in
developing a discriminating public attitude, differentiating
well-ordered semen banks from poorly run semen banks. Five
states-~Washington, Virginia, Montana, Wisconsin, and
Mississippi--have established specific health regulations
in respect to bovine semen. There are no federal or inter-
state regulations governing the movement of bovine semen
within the United States.

The Animal and Plant Health Inspection Service of the
USDA has elected for at least 15 yr to ignore AI and its
potential for disease transmission. Their attitude has
been consistently indifferent, and actions taken have been
ineffective. It should be pointed out that the import regu-
lations into the United States for frozen bovine semen from
western Europe concentrate unilaterally on foot and mouth
virus and ignore other pathogens. In fact, semen legally
entering the United States under the USDA regulation may
not be qualified for use in the regulating states. To the
USDA regulators, this subject of frozen bovine semen seems
to lack political sex appeal.

K. W. Sell, in his discussion of blood and other tissue
banks, indicated his philosophy that industry guidelines
should precede governmental regulations and that the con-
cepts should be developed by peer groups. With this we
agree completely, and such steps are consistent with histo-
rical fact. Recognizing that there was need for simple,
minimal, practical standards, beginning in the early 1950's
a code of standards for bovine AI was established within
the American Veterinary Medical Association. This code
was adopted by the National Association of Animal Breeders.
A model regulation for states was developed in 1962 by a
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special committee within the Infectious Diseases of Cattle
Committee of the U.S. Animal Health Association. Begin~
ning in 1968, a subcommittee of the Infectious Diseases of
Cattle Committee, combining scientific and technical parti-
cipants within industry and USDA, has endeavored to develop
a suitable regulation for the industry. This regulation,

in principal, has been repeatedly endorsed by the Infectious
Diseases of Cattle Committee and the entire body of the U.S.
Animal Health Association, with its recommendation submitted
to the Secretary of Agriculture for action. The proposed
regulation has been endorsed by the Sire Health Committee

of the National Association of Animal Breeders, by the Board
of Directors of the National Association of Animals Breeders,
and by the entire body of the National Association of Animal
Breeders, with communication of its resolution of support to
the Secretary of Agriculture. The proposed regulation has
received the endorsement of the American Association of
Bovine Practitioners. These steps seem to qualify as peer
involvement.

DISCUSSION

R. H. FOOTE: Would you comment on the incidence of shedding
IBR virus in bull semen and the relationship of virus
shedding in semen to stress and experimental treatment
of bulls with ACTH or corticoids.

DAVID E. BARTLETT: This is a fascinating phenomenon. Under-
standing seems to have followed recognition that in
humans the herpes simplex virus resides permanently,
quietly, in the trigeminal ganglion. Under stress,
there is migration down the nerve fibers to the lips
where vesiculation or "cold sores" develop. Experi-
mentally, IBR carrier bulls have been found to shed
virus in many secretions/excretions under the simulated
stress induced by ACTH treatment. As with herpes sim-
plex in humans, it appears similar with IBR/IPV/IBP in
bovines that those infected remain permanently so. It
is of interest to note, however, that the two laborato~
ries (N.Y. State Veterinary Diagnostic Laboratory at
Cornell University and Central Animal Health Laboratory,
Madison, Wis.) with most experience in monitoring indi-
vidual semen collections for virus presence have yet to
recover IBR virus from the semen of serologically posiw~
tive bulls in regular semen production upon routine
tissue culture of their semen.


http://www.nap.edu/catalog.php?record_id=19916

CURRENT CLINICAL APPLICATIONS OF SPERM BANKING

Joseph Feldschuh

Sperm banking and artificial insemination in the field of
animal husbandry is a majJor method of reproduction. At

the present time, sperm banks play only a small role in
human reproduction. Approximately 5 yr ago, it was thought
that sperm banks would have widespread growth and also have
significant commercial impact. In point of fact, sperm
banking is not a commercial success, and the few commercial
sperm banks in existence are primarily supported by other
activities of their parent companies. Noncommercial sperm
banks are usually also sustained by university and research
funding. For practical purposes, therefore, at the present
time there is little to distinguish so-called commercial
sperm banks from the nonprofit variety.

The following presentation is intended to provide some
information about the current clinical status and utiliza-~
tion of sperm banks. I draw upon my experience as Medical
Director of IDANT, which is believed to be the world's
largest human sperm bank.

It was originally thought that sperm banks would prima-
rily provide services for men undergoing vasectomy. At the
present time, there are over 1 million males who have under-
gone voluntary sterilization in the United States. The
storage of frozen semen, it was felt, would provide these
men with a form of "fertility insurance'" for what is consi-
dered to be essentially an irreversible operation. Because
of the large number of males undergoing vasectomy, it was
thought that there would be a widespread utilization of
sperm banks. This, in fact, was the primary motivation
behind the commercial sperm banks that were founded. This
widespread utilization never developed, and probably less
than 2 percent of all males undergoing sterilization
actually store sperm, despite the low annual storage fee of
$22.00. This is unfortunate in view of the many attempts
currently under way to perfect surgical techniques to re-
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verse vasectomy. At the present time there is only very
limited success in reversing vasectomies.

The main reason for the very low rate of utilization
of sperm banks in vasectomy can primarily be attributed to
the belief by physicians and clinics performing vasectomies
that these men have definitely decided not to have any addi-
tional children. At the present time, the withdrawal rate
at IDANT would indicate that about 5 percent of those men
storing semen will attempt to repeat paternity. This would
appear to be corroborated by the experiences of physicians
who are prominent in the field of surgical reversal of
vasectomies. There has thus been a serious failure of com-
munication between that part of the medical profession that
performs sterilization and the patient--in terms of clearly
stating to the patient the options available for fertility
insurance.

Another group of patients who are utilizing the sperm
bank in increased numbers are men who are undergoing partial
or total sterilization as a result of their therapy for
malignant disease. These patients are almost invariably
under 35 yr of age and usually in their twenties. They
encompass patients with both curable and incurable malig-
nancies. There has been a growing awareness by oncology
specialists, especially those at Sloan-Kettering Memorial
Hospital in New York and New York Hospital, that it is pos-
sible to preserve fertility for some of these men where it
would otherwise be irrevocably lost. This, however, is
another situation where communication at a professional
level is still inadequate. A significant number of patients
are unfortunately referred after therapy has been initiated,
when the sperm count may be too low for effective fertiliza~
tion.

Where oligospermia is a factor in the infertility pro-
blem of a couple, a sperm bank may be of use. Tt is possi-
ble to freeze and store several ejaculates of the husband
and then combine and concentrate them for use at a later
date. The wife may be inseminated during her most fertile
reriod. There has been only very limited success with this
procedure, and fertilization depends on the presence of nor-
mal sperm cells.

A sperm bank may also be of use in other cases where
artificial insemination with the husband's semen (AIH) is
performed. Namely, if the husband travels or is not avail-
able during the wife's fertile periods, he may bank his
semen and the gynecologist may inseminate at the appropriate
time. Where anatomical anomolies preclude normal sexual
relations, sperm banking may be used.
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The other major function of the sperm bank is to pro-
vide semen for anonymous artificial donor insemination
(AID). This has been a continuously growing area of utili-
zation. The change in abortion laws in the United States
has caused a marked decrease in adoptable babies. This has
resulted in heightened interest in treating male infertility.
An estimated 10 percent of males are either sterile or mini-
mally fertile. The use of anonymous donor semen has been
one of the methods used to overcome male sterility as the
cause for infertility. At the present time, IDANT has had
over 40O known births since 1971 from semen supplied from
its bank. The actual number of pregnancies is higher,
because not all physicians utilizing these services have
responded to the questionnaires submitted. There have been
varying estimates ranging as high as 50,000 babies born in
the United States from the use of anonymous donor semen.
This would indicate that the use of fresh semen is probably
the major source at the present time when donor semen is
used with effectiveness.

The use and effectiveness of frozen semen has been
amply demonstrated in animal breeding. There have been
questions raised about the effectiveness of frozen semen
as opposed to fresh semen in human infertility. One of
the problems in this area is that there are multiple tech-
niques for freezing and storing semen. Comparison of the
results of frozen versus fresh sperm depends heavily on
the effectiveness of the freezing technique. The method in
use at IDANT was developed by Dr. Jerome Silbert and is a
modification of basic techniques developed by Dr. Jerome R.
Sherman. In our hands, these methods, which do not involve
the use of egg yolk diluent, have resulted in highly satis-
factory living sperm recovery in the order of 50 percent to
T5 percent per normal specimen. The factors responsible
for variable results from different investigations relates
to the multiplicity of freezing techniques in use. An
additional variable often not mentioned is the adequacy of
the frozen storage systems. Even limited thawing and re-
freezing will change the specimen. At IDANT a 24-h alarm
system will be activated to the Holmes central alarm system
in New York City in the event of a drop in the liquid nitro-
gen system and will result in an immediate response by on-
duty personnel, This precaution assures that specimens
frozen for years will not be exposed to even small tempera-
ture fluctuations prior to use.

The paper presented by G. W. Salisbury of the Univer-
sity of Illinois shows definite evidence for an "aging"
effect on sperm populations as evidenced by a decreased
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ability to produce conception in animals over a period of
12 to 18 mo. R. H. Foote of Cornell University has also
presented evidence that semen stored in liquid nitrogen
for periods of up to 5 yr showed no detectable loss of
potency. These two papers might appear contradictory and
demonstrate a very important point. Dr. Salisbury's data
derives from semen data from technicians inseminating in
the field and storing their specimens in small portable
nitrogen containers. Dr. Foote's data derives from work
with specimens stored at a central facility under carefully
controlled conditions and not removed until ready for use.
I believe that this difference in results provides dramatic
proof of the necessity that long-term storage be maintained
only under the type of strict careful standards that have
been described. Even without thawing, considerable cumula~
tive damage can be done to cell populations that are sub-
Jjected to moderate temperature fluctuations occurring over
long periods of time.

There are several important aspects to the question
of frozen versus fresh semen. There is no doubt that for
a given specimen to be frozen and thawed results in a re-
duction of living sperm. The question may be considered
from another point of view. If one has the time to pre-
pare a group of highly fertile sperm specimens, freeze and
store them, and then match these specimens against a group
of so~called average, normal, fresh specimens, what will be
the result? To the best of my knowledge, this type of com-
parison has not been done, but I believe that under these
circumstances the frozen specimens would be at least as
effective, if not more so, than the fresh semen. This
question assumes great importance when it is realized that
the use of a sperm bank such as IDANT enables a physician
to obtain a specimen-from over 500 donor profile types.
It thus becomes possible for the first time to match effec-
tively a donor with the sterile father's physical charac-
teristics. This is obviously not the case where fresh
semen is used and a gynecologist's "pool" of donors may
consist of two or three males who can be available at the
convenient time. An additional advantage of the use of
frozen semen is the physician's ability to inseminate his
patient on three successive days with a highly fertile spe-
cimen each day, thus increasing the probability of concep-
tion. In cases where a woman's ovulation is irregular,
frozen semen can be maintained in the doctor's office and
used only if, after examination, the physician feels that
this is an optimal time for fertilization.

The question of physician responsibility and the law


http://www.nap.edu/catalog.php?record_id=19916

184

in regard to artificial insemination is important, A
growing number of states have enacted laws regarding the
legality of children conceived by artificial insemination.
In New York State, where IDANT is the only licensed sperm
bank, laws have been enacted regarding the testing and
selection of donors. One of these laws pertains to the
culture of semen donor specimens at least 1 wk prior to
use, In the case of frozen semen, it is possible to cul-
ture the actual specimen to be used for insemination. 1In
the case of fresh donors, because a separate specimen
would be required for culture, the procedure is usually
not performed--although legally it should be. It is well=-
known that venereal disease is not limited in any group or
subgroup, such as medical students, and the legal require-
ment for culturing semen donors is a correct one. I am
personally aware of two cases of gonorrhea that have re-
sulted from the use of fresh semen. We have, among our
own donor population, occasionally discovered gonorrhea
in asymptomatic donors who had previously been negative.
This illustrates the necessity for continuous testing of
all specimens and the inadequacies of occasional testing
of donors.

Most of the donors at IDANT are obtained from the New
York City university community, which provides an unusually
diverse group of ethnic backgrounds. Potential donors have
medical and physical examinations and are given blood-
screening tests. At the present time, the combination of
standards in use results in only 15 percent of all candi-
dates who apply being accepted. All donors are paid $20
per acceptable specimen. Physicians utilizing the semen
are charged $35 per specimen, plus shipping costs. All
specimens are subjected to a logging system with six cross-
check labeling points to insure proper identity. All donor
names are kept separate and known only to the Medical
director. Donors are known to the staff by a code number.
Recipient physicians who wish to use a donor for repeat
insemination do so by the code number. This insures confi-
dentiality. This is most important, as this arrangement
assures that the recipient is unknown to the sperm bank
and the donor is unknown to the administering physician and
his staff. In some instances, where fresh semen is used,
the administering physician and some of his staff know the
identity of the donor, which may lead to a break in confi-
dentiality.

It is our feeling that in due course, the obvious
advantages of appropriate semen selection will become more
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widely accepted, and this may become the prime method of
artificial insemination.

The laws regarding the operation of sperm banks have
not been clarified in most states. The lack of commercial
success of sperm banks has resulted in a lack of interest
in further commercial development. It is important that
the public be protected. IDANT uses FDA-approved containers
and inseminators. IDANT operates under the laboratory laws
of New York City and New York State-~possibly the strictest
in the United States. There is a Medical Director and a
Medical Board consisting of physicians certified in the
specialties of gynecology, urology, pathology, and oncclogy.
This Board, with the addition of two lay members, comprises
an ethics committee, which deals with policy decisions on
matters not clarified by existing standards.

The IDANT experience in sperm banking will illustrate
the problems faced by commercial pioneers in this field.

At one time, IDANT had six branches in different cities.
Between 1971 and 197hk it lost approximately $1 million of
its original capital. It was saved by the efforts of seve-
ral physicians and scientists who provided services without
monetary remuneration. The sperm bank was restructured:
Its branches were reduced to two outside New York City, and
additional laboratory services were provided at a central
facility in New York.

One of these branches is in Buffalo, N.Y., which
serves the southern Canadian region and upper New York
State area. This branch was established in conjunction
with the Erie Medical Center, which specializes in gyneco-
logy. This branch, which provides an insemination service
at a low cost, has recently completed its first year of
service and has provided us with an effective model of how
services might be expanded to other areas of the country.
The Center has a Medical Director who supervises, a regis-
tered nurse who performs the inseminations, and a social
worker with an M.S.W. degree who provides counseling assis-
tance to the couples. The Center accepts referrals from
physicians within its region for insemination services.

The fee for a series of three inseminations per month
is $135, which includes the cost of the semen. In addition,
processing services and facilities are maintained. Pro-
cessed frozen semen is shipped for permanent storage to New
York City. The processing service is particularly important
because of its physical proximity to the Rosewell Park Memo-
rial Hospital, which specializes in oncology. Because of
its link to the central bank in New York City, the local
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branch is able to offer the full donor profile of the cen-
tral bank. This arrangement has also afforded us with an
opportunity to control other variables, such as techniques
of insemination. (We plan to publish our findings at a
future date.) At the present time, I would merely wish

to comment that we have discovered significant variability
in insemination technique from physician to physician.
This is an important variable in analyzing success rates
from different sources.

The Erie Medical Center and Sperm Bank combination
has also allowed us a closer follow-up of patients. Al-
though the number of cases seen are small, results are very
promising. In the year that sperm banking has been insti-
tuted (February, 1975-March, 1976), 21 patients have been
inseminated. Eight became pregnant; three have already
delivered, (two boys and one girl); one miscarried; four
are awaiting delivery. Six women are still in treatment,
five of which have only been inseminated for one cycle and
one for two cycles. Four women have been referred for fur-
ther testing to determine a possible female component to
the infertility problem. Two women were found to have
definite fertility problems. One discontinued due to per-
sonal problems, and one woman was lost to follow-up. Of
the eight conceptions, four took place in the first cycle,
two in the second cycle, and one each in the fourth and
fifth cycle. These results were achieved at a low cost to
the public by the skillful use of physician-directed para-
medical personnel. We feel that this clinic has provided
us with a possible model to provide similar services in
other areas of the country.

In summary, while sperm banking has not been a commer-
cial success at this preliminary phase, it has been a
scientific success. The major changes in the abortion
laws of the past few years have focused attention on the
necessity for advancement in the therapy of infertility.
Sperm banking would appear to be a most hopeful area for
treatment of otherwise insoluble infertility problems.
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DISCUSSION

FOOTE; Testicular tumors may cause a reduction of
semen quality through local and/or systemic effects.
In cooperation with Dr, McEntee we have observed
unilateral tumors that have reduced sperm numbers
and increased the proportion of abnormal spermatozoa
on the affected side. The contralateral side can be
normal. Perhaps spermatozoa could be ejaculated
from the normsl side in cases of unilateral tumors
by compression of the ductus deferns on the affected
side.

WILLIAM N. FISHBEIN: It appears that, despite the clear

efficacy of frozen-thawed sperm in producing ferti-~
lization, 20 to 50 percent sperm motility is lost
after a single freezing cycle. To me this indicates
that motility is a much more sensitive indicator of
damage than is fertility (as presently assessed) and
that there is much more room for improvement in proe=
cedures for the freeze preservation of spermatozoa.
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A COMMUNITY'S HUMAN TISSUE RESOURCES AND THE
ROLE OF THE COMMUNITY BLOOD BANK--
CUSTODIAL OR DEVELOPMENTAL?

Vietor H. Muller

It has now been Just over half a century since the trans-
fusion of blood has become an acceptable and useful pro-
cedure. Less than 4O yr have elapsed since the first
blood bank was established and only about 30 yr since the
first community blood bank was formed. In that time span
the use of whole blood and/or its component red cells
has grown to a national figure of between 8 and 9 million
half-liter units annually. Data from the National Heart
and Lung Institute Blood Resource Study indicates that of
the 8,799,700 units of blood for transfusions drawn in
1971, 6,038,700, or 69 percent, were recruited, drawn,
stored, processed, and subsequently shipped to transfusion
service units by regional or community blood centers.
Three points well established then are: (1) current medi-
cal practice requires extensive use of homologous tissue,
(2) the requirement for homologous tissue is growing in
amount and in kind, and (3) community blood banks are
already playing a major or even a dominant role in the
solution of the logistical problems encountered in the
procurement, storage, and distribution of the tissue and
cells used at present.

What factors operate in community blood banks as they
exist or as they soon might be expected to exist in res-
ponse to the Department of Health, Education, and Welfare
proposal for a National Blood Policy? Factors that might
lead one to believe that a community blood bank is uniquely
suited to a broadened role in the area of cell, tissue, and
organ banking. First of all, it is the organization of the
community blood bank itself. This is generally a not-for-
profit but self-supporting corporation. It stands free of
local differences in those areas in which competing health
care facilities develop strong but divisive loyalties. It
is not just @ community organization, but it is the commu~
nity organization in relation to its own specific activity.
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Secondly, the community blood banks are already rela-
ted to each other so as to form a basis for regionalization.
Even though regionalization is not yet universal in a geo-
graphical sense, it is better developed than many realize
in that national organizations of community blood centers
already exist and that through these organizations univer-
sal policies, standards of operation, and use of technical
methods are already in effect. Voluntary acceptance of
certain inspection and accreditation programs is widespread,
and, at the risk of being presumptuous, I say that most
blood bank personnel are comfortable with licensing require-
ments and procedures. Communication in the field is rapid
and effective through existing Jjournals and newletters.
There is a definite, although not unlimited, tendency to-
ward a cooperative sharing of resources.

Governance of the progressive community blood bank is
broadly based and representative of both professional and
lay view points. It provides an open view of operation to
the community it serves and thereby enlists community sup-
port.

At the functional level the typical community blood
bank brings administrative, medical, technical, and volun~
teer help to bear upon the work to be done. Through these
various disciplines the necessary activities related to
public (donor) education and motivation can be effected.
The problems of informed consent and donor recruitment are
well known. The community blood bank employee who inter-
faces with the donor is trained and suited to the develop-
ment of the special bond that forms between them. At the
administrative level, common language allows data sharing
and comparison studies,

Additionally, the community blood bank is already
staffed by the professionals with the knowledge (or with
a background that allows for its development) of cell and
tissue collection and storage. The entire story of donor
recruiting, record keeping, identification, confidentiality,
uninterrupted service, quality control, precision process-
ing, controlled and monitored storage, and shipping is
repeated daily. Equipment for refrigerated and frozen
storage is standard, and because of the bank's organiza~
tional free-standing structure the community is able to
draw upon the entire range of talent available in the
community .

In short, all of the mechanisms that need to exist to
bring about the willing donation of an individual's own
tissue and the proper acceptance of that donation are al~
ready present, although perhaps not fully developed,in the
community blood bank.
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The institution now generally recognized as a commu-
nity blood bank or regional blood center represents a
logical repository for a community's cell and tissue dona-
tions. It does so because of its free-standing, community-
owned nature and governance and because of the ease with
which regionalization could be affected. It does so be-
cause its development has been oriented to the purpose of
tissue collection and storage. It does so because it has
a staff attuned to the need for public information and
education in the area of volunteer donation, and it does
so because of its existing professional and technical staff.

The role of the community blood bank should be both
custodial and developmental,
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SEMEN BANKING TODAY: A REVIEW OF CURRENT
TECHNOLOGY :N EQUIPMENT FOR THE STORAGE OF
SEMEN AT LIQUID NITROGEN TEMPERATURE

R. R. Conte and K. A. Rensberger

CRYOGENIC REFRIGERATOR CHARACTERISTICS

A cryogenic refrigerator is designed to store products in
sealed packages (Figure 1) such as glass ampules, plastic
straws, or specimen cans (blood, tissue, culture, etc.).
The storage capacity of a container for any particular
package obviously depends upon the package shape and the
method of racking individual samples for inventory pur-
poses. A portable cryogenic refrigerator generally
utilizes cylindrical storage canisters, which are lowered
through a small neck opening (less than 5 in.) into the
ligquid nitrogen reservoir. The storage capacity of a por-
table container thus is a function of the neck tube open-
ing, for any given package and rack combination (Figure 2).
A1l cryogenic refrigerators use a liquified gas
(usually nitrogen) as a refrigerant. They also consume
the cryogen at a relatively constant rate, which maintains
the cold-storage temperatures. The magnitude of the con-
sumption rate (usually expressed in liters per day) is a
result of the thermodynamic heat leak reaching the fluid
by a combination of conduction, convection, and radiation

transfer. The most effective method of insulating
cryogenic reservoirs is by superinsulation, because this
method minimizes all three modes of heat transfer. Super-
insulation consists of alternating layers of paper and
foil in an evacuated annular space. Solid conduction is
reduced by the paper until almost all heat transferred by
conduction travels down the neck tube. The evacuation
eliminates convection, with only a small amount of free
molecular conduction remaining. Highly reflective foil
is chosen, and these layers act as barriers to radiative
energy. The most critical aspect of superinsulation is
the maintenance of the wvacuum; this is accomplished by
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FIGURE 1 Cryobiological packages.

depositing quantities of molecular absorbents and getters
in the annulus, which trap or react with outgassing mole~
cules for many years.

Storage temperatures inside a cryogenic refrigerator
are not constant. The reservoir always has a level of
cryogenic fluid under a column of vapor, and the fluid
maintains a constant temperature by continually boiling
away more vapor. The vapor has a temperature gradient
due to loss of sensible heat as it travels upward and out
of the refrigerator.

There are three points of constant temperature in
cryogenic refrigerators: the top neck, the bottom neck,
and the liquid surface. Between these relatively con-
stant points, the vapor temperatures vary, as shown in
Figures 3 and k.

SEMEN BANKING AT LIQUID NITROGEN TEMPERATURE

There are four fundamental components necessary to equip
a semen bank (Figure 5) for safe, long-term storage at
liquid nitrogen temperatures: a bulk liquid nitrogen
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supply, cryogenic transfer lines, the bulk capacity cryo-
genic refrigerator, and liquid nitrogen level control and
alarm equipment.

The bulk liquid nitrogen container is usually a low~
pressure liquid withdrawal vessel with a capacity large
enough to maintain refrigerator liquid levels for practi-
cal lengths of time. Optimum storage efficiency can be
obtained if consideration is given to the balance between
liquid nitrogen delivery costs and losses during the sto-
rage and transfer of liquid nitrogen.

Bulk liquid nitrogen containers most often are
located outside of buildings to facilitate delivery of
liquid nitrogen; this location requires some form of
insulated transfer system for carrying the liquid to the
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refrigerators, either a foam or vacuum-jacketed line
being the most common.

Bulk capacity cryogenic refrigerators are characte-
rized by large neck openings (15 in. or more) and very
large liquid nitrogen reservoirs to permit bulk semen~
storage capacity. Their liquid nitrogen consumption
allows operations for several weeks between refills of
fluid. However, safety considerations demand that a con-
trol system maintain maximum liquid nitrogen levels at
all times. Systems now available are tied into the sto-
rage and supply circuit and provide automatic liquid-
level control with high- and low-level alarms (Figure 6).
Low-level alarms are absolutely necessary because of the
possibility of sudden vacuum loss, in which case the
semen bank has approximately 24 h before a superinsulated
bulk refrigerator without vacuum will consume all its
liquid nitrogen.*

*MVE A-9000 w/o vacuum loses 100 liter/dsy.
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A comprehensive inventory control system is neces-
sary in any banking operation. Sealed glass ampules on
marked canes are an example of a proven system in bull
semen banking (Figure T).

Distribution of semen is made with portable ship-
ping containers and stored in portable refrigerators.
Dewars of this type need only be refilled with liquid
nitrogen once in 8 to 16 wk (Figure 8).

The science of thermodynamic efficiency in cryogenic
refrigerators has changed by a factor of 10 in as many
years, Minnesota Valley Engineering can trace the his-
tory of technological improvements over the years in con~
tainers offering similar refrigerant and product storage
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FIGURE 6 VPS-3500 with liquid level
controller,
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FIGURE 7T A-8000 with glass ampules on canes.

FIGURE 8 Apollo SX-34 portable refrigerator
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capacities to illustrate this evoluation. Decreases in
nitrogen consumption results in comparably lower expen-
ses and maintenance costs (Figure 9).

Along with the advances in refrigeration efficiency,
better refrigerators have lowered the operating costs of

storing semen at liquid nitrogen temperatures (Figure 10).

THE CURRENT SITUATION

Complete systems can be supplied at this time to provide
liquid nitrogen storage and transfer equipment, ligquid-
level control and alarm circuitry, bank refrigerators,
sub-bank refrigerators, and distribution containers for
shipment or storage. The sizing of vessels and piping is

FIGURE 9 Static LN, consumption vs. year of production.
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well known in the bull semen industry, and optimum sys-
tems can be assembled for human semen banks with consi-
deration given to the inherent differences.

The logistics of handling human semen, as well as
its wvalue, represent peculiar characteristics in semen
banking. Distribution of small quantities of semen is
probably going to be done often. TFor this application
the Mini-Cryo has been developed by Cryo Diffusion of
Lery, France, for shipping small doses in vapor phase
(Figures 11 and 12).

It should also be emphasized that safety consider-
ations are very important; a level control and alarm
system should be a fundamental component rather than an
accessory item in the bank facility. An additional com-
ponent that is in developmental stages is a maximum tem~
perature indicator designed for cryogenic storage, and
this will certainly have many possibilities when perfected.
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HISTORY OF ARTIFICIAL INSEMINATION AND
THE DEVELOPMENT OF HUMAN SEMEN BANKING

J. K. Sherman

ARTIFICIAL INSEMINATION

The introduction of semen or spermatozoa into the genital
tract of a female, for the purpose of progeny production,
by means other than that used in natural coitus, is re-~
ferred to as artificial insemination or AI.

The principle of AI is part of Hebrew heritage, writ-
ten into the ancient Talmud in the third century (Hag. 15a).
It evolved from a hypothetical case presented to a Hebrew
sage regarding the adultery status of a virgin who was
impregnated by semen ejJaculated earlier into water in
which she innocently bathed. It was the opinion of the
wise man, in this the first literary reference to either
human or animal artificial insemination, that this unnatu-
ral event, without coitus, did not constitute an act of
adultery. It was not a Jew but an Arab, however, who was
the first practitioner of this art with animals, not humans,
much later, in the fourteenth century. Under the cover of
silence and darkness, the Arab in 1322 induced the ejacu~
lation of a rival's prize stallion into a cloth. He then
introduced the semen-laden cloth into his mare's vagina
with subsequent successful pregnancy and foaling. This
was the shady beginning for what has developed into a res-
pectable international multimillion dollar breeding industry.

In 19L9 the accidental discovery of glycerol as a cryo-
protective agent was the key to the future development of
banks for animal, primarily bovine, semen. Cryobanking has
permitted frozen storage of semen from thousands of prize
sires for the genetic improvement of millions of animals
annually within a country and of thousands through shipment
of frozen semen by common carriers between countries,

John Hunter, a Scottish surgeon, is credited with
being the original practitioner of AI with humans, in
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England, sometime between 1776 and 1779. Ten births from
AI were reported in France in a paper by Girault in 1833.
It was not until 1866, however, that the practice was
introduced into the United States, through a description
of the procedure in a publication by Marion Sims. Docu~-
mented cases of insemination in all countries up to the
latter part of the nineteenth century were with husband
semen (AIH), with few if any known attempts made with
donor semen (AID). It was the clandestine clinical prac-
tice of Robert Dickerson, however, who used donor semen
in cases of male sterility, which initiated AID in this
country in 1890. Since that time there has been gradual
evolution of acceptance and use of AID throughout the
world, especially in the United States.

Today the overwhelming majority of inseminations are
performed with donor semen, a therapeutic medical practice
for infertility, which is approved by the American Medical
Association. An estimated 10,000 to 100,000 births per
year results from AID, a figure that reflects but a sur-
prisingly small percentage of use by couples with infertile
male partners. It is said that this performance, which is
far removed from universal acceptance, reflects the same
approach many patients and some doctors had to contracepe
tion about 50 yr ago. The negative reaction of many people
to AID is still largely emotional or religious, in spite of
its documented beneficial effects on family life.

DEVELOPMENT OF HUMAN SEMEN BANKING

The history of frozen human semen is intimately related to
the initiation and development of the field of cryobiology.
Human spermatozoa were among the first cells to be observed
as to effects of freezing. The events in the establishment
of cryobanks closely parallel the sequence, if not the
degree, of those with bull semen, which provided such a
stimulus to the growth of low-temperature biology. High-
lights of these events are summarized in Tables 1 and 2.
Spellanzani in 1776 was perhaps the first to report
observations on the effects of freezing temperatures on
human spermatozoa, and Montegazza in 1866 was the first to
suggest banks for frozen human semen. During the period
of 1938 through 1945, it was observed that a small number
of human spermatozoa could survive freezing and storage at
temperatures as low as ~269°C. The possibility of preser-
vation by freezing of significant numbers for prolonged
periods subsequently arose from the successful use of
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TABLE 1 Development of Human Semen Bryobanking (1776«196L)

Date Contributor Contribution
1776 Spallanzani First low-temperature observations
1886 Mantegazza First suggestion of frozen semen bank
1938 Jahnel -269°C. survival; storage at ~T9°C.
1940 Shettles Individual variation, aging, and thawing
1942 Hoagland and Pincus Vitrification principle; foam freezing
1945 Parkes Survival better in greater volumes
1949 Polge, Smith, and Parkes Glycerol as cryoprotective agent
1953-55 Sherman Freezing rates; glycerol; preservation
1953-55 Bunge, Keettel, and Sherman First progeny from stored spermatozoa;
dry ice method
1954-59 Keettel et al. Sixteen births with stored spermatozoa
1958-59 Sawada et al, Six births with stored spermatozoa
1962-63 Sherman Survival factors; banking applications;
nitrogen~vapor technique
1964 Perloff, Steinberger, and Sherman Four births with nitrogen-vapor technique
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TABLE 2 Development of Human Semen Bryobanking (196L-present)

Date Contributor Contribution
1964 Sherman DMSO unsuitable (toxic) as cryoprotectant
1968 Iizuka et al, More births from semen with egg yolk
extender
1968 Ackerman Metabolic effects: temperature shock,
freeze-thawing
1969 Matheson et al.; Trelford Births from semen stored in plastic straws
and Mueller
1969 Fjallbrant and Ackmerman Fertility after 3-yr storage; mucus test
1968-T70 Ackerman and Sod~Moriah Stability of DNA, hyaluronidase level and
citric acid in frozen storage
1970 Sherman Normal progeny from semen stored over 10 yr
1972-T73 Sherman Motility and Y chromosome fluorescence
unaltered after 13 yr of frozen storage
1974 Barkay, Zuckerman, and Heiman Pellet freezing of diluted semen: births
1976 Sherman About 1,500 births worldwide; fewer abnor-

malities and abortions than in normal
population
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glycerol as a cryoprotective agent, first with fowl and
then with mammslian spermatozoa, starting in 19L49.

The emphasis of attempts at cryopreservation, though,
was placed upon semen of farm animals, with the coincident
neglect of research on developing techniques for man. It
was not until 1953 and 1954 that reports of successful
research with human semen at "dry ice" temperatures, along
with the first demonstration that frozen~thawed human
spermatozoa were capable of fertilization and induction of
normal embryonic development, were made. About 25 births
resulting from frozen human semen were reported in the next
9 yr. During the period of 1953 to 1963 various factors
of cryosurvival were evaluated in the development of a
liquid-nitrogen-vapor technique for the cryopreservation
of human semen and other cells. The method was successful
in clinical application with the reported births of four
healthy children in 196L4. The state of the art at this
time was expressed as follows, "We now have available a
simple efficient and clinically proved method for frozen-
storage of human spermatozoa, suitable for immediate but
planned application."

Today, as in 1964 and in 1973 when the topic was re-
viewed, one has reason to ask why there has not been con-
siderably more activity in human semen banking, especially
in view of research that confirmed principles and extended
clinical findings (Tables 1 and 2). There were improve-
ments since 1964 both in frozen-storage methodology and in
medical acceptance, as well as in the accompanying increased
clinical use of donor insemination with fresh semen. The
advantages of semen banking for applications in infertility
and population control have been reviewed again here. Their
benefits to mankind have not been realized to an appreciable
degree, mainly because of the following reasons:

1. Conditions in medical practice, especially the
requisite demand for clinical application of frozen-stored
semen and the economic balance of time and effort in infer-
tility cases, even with fresh semen, still are not conducive
to a favorable rate of development.

2. Commercial banks have not developed as well as
anticipated in the predicted dependent relationship between
increased demand for semen by men who will undergo vasectomy
and the success of commercial banking. Most men have shown
little interest or motivation in maintaining their seed by
prevasectomy collections of their ejaculates for frozen
storage.

3. Most important to the restriction of progress is
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that both the lay and medical publics are not convinced
that frozen storage of human spermatozoa, with subsequent
AT either in infertility or population control, is a safe
and efficacious clinical procedure. Unsubstantiated and
unscientific published warning and expressed fears by
certain medical groups have raised doubts concerning the
genetic stability of frozen-stored spermatozoa with pos-~
sible induced production of malformed progeny. Aspects
of this problem, especially in manifestations of aging

in vitro, have been discussed earlier in the volume.

Current tabulation of available results of AI with
frozen-stored human semen show about 1,500 births with
fewer abnormalities and spontaneous abortions than in the
normal population (Table 3). With rare exceptions, how-
ever, storage time was no more than a year. In spite of
the appreciable evidence against cryo-induced genetic
mutations during short-term storage of human semen and
long-term storage of bull semen and other mammalian cells,
it is essential to have data on fertility and births with
human semen stored for much longer periods. Future deve-
lopment of banking human semen will depend heavily upon
the establishment of an absence of such possible adverse
aging effects during prolonged storage for-periods of 5
to 10 yr.

TABLE 3 Births From Frozen-Stored Human Semen?

No. of normal children born 1,464
No. of abnormal children born 11
No. of spontaneous abortions 113
No. of pregnancies still unreported as births T1

Longest period of cryopreservation of fertility

Asia (Iizuke; Japan) 13 mo
Europe (Lebech; Denmark 5 yr
United States (Sherman) 10 yr
Before international shipment (Sherman, U.S.) 6 yr

Apregnancies for births reported followed, on the average,
a protocol of 2 inseminations of 0.5 to 1 ml of semen in
each of L cycles, aside from results of one clinician who
routinely inseminates 14 times per cycle.
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There is little doubt that the use of frozen-stored
semen will continue, but progress toward realizing its
potential will be extremely slow unless it receives
authoritative approval. In the interim, guidelines and
controls, especially in ethical and safe methods and prac-
tices of commercial banks, are needed both to protect the
public and to give proper medical status to this important
area of development in modern medicine. As I suggested
in the Tissue Bank Symposium in 1975, peer group input on
standards for such guidelines or regulations is of criti-
cal importance to realize this goal.
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A PLAN FOR THE CONTROLLED GROWTH
AND DEVELOPMENT OF TISSUE BANKS#*

K. W. Sell and G. E. Friedlaender

The desire to transfer healthy tissues from a donor for
the purpose of replacing or replenishing diseased, injured,
or insufficient tissues in a recipient has existed for
hundreds of years. Transplants of bone and transfusions
of blood between animals led to successful human allografts
during the nineteenth century, and this approach has become
a routine in modern medicine. Artificial insemination like-
wise has a long and similar history. Of all potentially
useful tissue allografts, however, blood and blood products
have received the closest scrutiny, resulting in comprehen-—
sive guidelines, regulations, licensing, and accreditation.
The evolution of controls and constraints within the field
of blood banking over the past 30 yr should serve as an
important example for other areas of human transplantation.
Guidelines and regulations serve to protect the tissue reci-
pient as well as the individuals involved in donor selection,
tissue procurement, processing, distribution, and patient
care. Standards and quality are assured. It would be a
mistake, however, for these same regulations to stifle basiec
science and clinically related research concerned with im-
proved technological development and patient care.

It should become readily apparent that the most intel-
ligent guidelines, ensuring high standards and quality but
avoiding unreasonable and repressive constraints, can best

*¥This work was supported by the Naval Medical Research
and Development Command, Work Unit No. MPNO6.01.0003AAJ2.
The opinions or assertions contained herein are the pri-
vate ones of the authors and are not to be construed as
official or reflecting the views of the U,S. Navy Depart-—
ment or the naval service at large.
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be developed by the peer group, that is those technicians,
scientists, and clinicians involved in the varied aspects
of the tissue's banking and clinical application. It was
in this manner that the field of blood banking first
developed guidelines that could, whenever necessary, be
adopted as regulations and enforced by the federal govern-
ment (FDA) and that led to a basis for accreditation and
licensure.

Today a variety of viable and nonviable cells, tise~
sues, and organs have demonstrated potential and/or rea-
lized clinical efficacy. Certainly the problems of tissue
banking extend far beyond blood and semen and so must the
development of reasonable guidelines. The use of skin
allografts and xenografts has become standard for the
treatment of major burns; over 200,000 bone grafts are
performed in this country each year with an increasing
proportion involving preserved allografts; and the widely
publicized and accepted transplantation of corneas and
kidneys also require attention.

None of these other tissues are presently governed by
guidelines or regulations. There are no standards for
their selection, procurement, or processing, and no control
over their clinical application. In the case of kidney
transplants, the federal government may pay as much as
$3,000 to $5,000 to acquire an organ for a patient, but
not a single guideline or regulation exists for donor
selection, organ perfusion, or any other aspect of the
transplant process.

The Navy has been involved in tissue banking since
1950 and recognizes the importance of allografts in the
field of reconstructive and reparative surgery. It was
for this reason that the Naval Medical Research Institute
Jointly cosponsored the second day of this conference
along with the Bureau of Biologics.

It has also become apparent to those of us 1nvolved
in research and clinical application of various tissue
allografts that many of the problems related to the bank-
ing of one particular tissue may have important applica-
tions or implications for other transplantable tissues.

In addition, those individuals responsible for technologi-
cal advances include those involved in all levels from
donor selection and tissue procurement to preservation to
clinical care. In order to develop the most widely based
and responsive peer group for discussion and definition of
guidelines, it is necessary to include input from all of
these individuals. It is equally important that peers
involved with any one transplantable tissue work closely
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with those involved with all other efficacious grafts.
This will ensure the broadest input concerning common
problems and hopefully common solutions, and it will also
avoid guidelines in one field that may unnecessarily slow
technological progress in another.

An appropriate forum for this type of peer group
interaction may be the American Association of Tissue
Banks. Within this framework, individuals involved in
all phases of tissue banking and transplantation may
interact and develop the guidelines required for the safe
and efficient continued growth in this field. These guide~
lines may then, when necessary, be used by the federal
government as a basis for regulations, and accreditation
by the AATB may serve as a basis for licensure. Hopefully
what took over 30 yr for the blood bank can be efficiently
shortened for the remaining areas of tissue banking and
transplantation and yet preserve the most important element
of peer group input.

DISCUSSION

J. K. SHERMAN: It is particularly significant that the
concept of peer group as the source for the derivation
and input of guidelines and controls for cryobanking
of human semen introduced in our last year (Sherman,
Graham, and Walters, 1976) was so enthusiastically
endorsed by Dr. Sell. His experience and contribu-
tions in tissue banking, along with the proposed
establishment of the American Assocation of Tissue
Banks, should prove valuable in our attempts at orga-
nizing a peer group of researchers and practitioners
in frozen semen banking. The aim would be to develop
a close working relationship of this peer group with
the FDA in the evaluation of standards, guidelines,
and controls, as needed, in this sensitive area of
medicine.

MORRIS SCHAEFFER: About voluntary versus regulatory
approaches to the maintenance of standards: As one
with long experience in the development of a clinical
laboratory improvement program by regulation and
inspection, I have come to the following conclusion.
Voluntary methods make good laboratories better. They
do nothing for the bad laboratories. To emphasize Dr.
Feldschuh's remarks, so long as the activity is small
and there is little profit, the groups control
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themselves well. As soon as there is money to be
made, the entrepreneurs get in to make it, by hook
or crook. Then regulation becomes necessary.

GARY FRIEDLANDER: The development of guidelines and/or
regulations for semen (and tissue) banking should
rely heavily upon peer group input. This peer group
must include individuals knowledgeable about all
transplantable tissues for at least two reasons., Clie~
nical and basic research related to donor selection,
tissue procurement, processing, distribution, and eva-
luation of results represent common concerns and have
produced data that often is of relevance to all tissue
"bankers" and "users." In addition, a peer group
developing guidelines or regulations in one specific
field should be aware of the potential implications
these statements will have on the basic science and
clinical research programs associated with other
transplantable tissues.

RUNE ELTIASSON: In my opinion there is a need for regula-
tions related to: (a) Donor selection. Minimal
requirements for the selection of donors should in-
clude a physical examination. (b) Selection of
couples. Should one accept couples when it is obvious
that the man cannot be the father because of a condi-~
tion such as hypogonadism? With the increase in bio-
logical education, can we foresee that the children
will find out that the father has a condition such as
Kleinfelter's syndrome or severe testicular atrophy? .
(¢) Follow-up. At the present time those in favor of
ATD are gynecologists, while those in opposition to
it or who question the "beneficial effects" are psy-
chiatrists. I regard it unfortunate if one physician
is responsible for the selection of couples and follow-
up. This should be a joint project to guarantee objec~
tivity.
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ARTIFICIAL INSEMINATION IN CLINICAL PRACTICE

Joseph Feldschuh

The change in abortion laws in the United States has re-
sulted in a sharp decrease in available infants for adop-
tion. Male infertility, where the female is normal, is

a potentially treatable condition by the use of anonymous
donor semen. At the present time, an estimated 50,000
infants are conceived by anonymous donor insemination.
Only approximately 1,500 are known to be from the use of
frozen semen. The remainder, therefore, are primarily
from fresh human semen.

Sources for this donor semen vary depending on locale.
In many instances, a gynecologist will have a small pool
of two or three donors who must be available during office
hours to provide a fresh specimen. Donor matching under
these circumstances is often related to race. The use of
fresh semen necessitates a donor who can be available at
the precise day and hour when the recipient woman is to be
inseminated. Because of this logistics problem, it is
difficult to develop a stable population of donors who
have been evaluated both from the medical-genetic point of
view and who have reasonably consistent semen of good
quality. In New York State there is a law requiring semen
culture 1 wk prior to use of a fresh specimen to rule out
gonorrhea. In actual clinical practices, fresh semen
donors rarely have cultures performed, even in New York
State where it is mandated by law. Where frozen semen is
used, the actual specimen may be cultured. In addition to
possible transmission of gonorrhea or syphilis, there is
the problem of confidentiality.

In most cases, the physician performing the insemina-
tion knows both the donor and the recipient. The identity
of the donor may also be known to the physician's staff.
These problems do not occur where the physician selecting
donors at a sperm bank is separate from the physician

2l2
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performing the insemination. Adopted children have identity
problems that vary from minimal to serious ones requiring
psychotherapy. When anonymous donor insemination is used
these identity traumas need never occur. Children born this
way are natural children of their mother, who, of course,
goes through a full pregnancy and childbirth. Under these
circumstances, no one need ever know that this particular
child is not the natural child of a particular set of pa-~
rents. Confidentiality is therefore very important to pro-
tect parents and child.

The advent of sperm banking has for the first time
permitted the development of a broad profile of donors.
Where hundreds of donors are available, it is possible to
obtain a relatively close match. It is important that there
be recognition of the "recipient father's'" problem. It has
been my observation that there is much less of an identity
problem on the part of the potential father when he feels
that the donor is very similar to him. Interestingly
enough, though, occasionally parents will request a slight
improvement over the father in some physical characteristiec,
such as where there is short stature. Of course any genetic
or undesirable traits are eliminated when a donor is
selected. The sperm bank can then be used when both pa~
rents carry sickle-cell trait or Tay~Sachs. Blood types
can also be matched when there is a large number of donors.

At the present time it is possible to ship semen via
air freight to any area in the United States. It thus be-
comes possible to provide the resources of a central sperm
bank to a broad area of the country. At the present time
the use of sperm banks for donor insemination has been
limited. There has been the additional problem that sperm
banks have not been able to maintain themselves financially
without outside assistance.
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THE CONJOINT ARTIFICIAL INSEMINATION TECHNIQUE

Leon Zussman

I wish to describe the practice of the "Conjoint Artifie
cial Insemination" technique to introduce humanistic
methods and mitigate the cold and impersonal connotation
of using frozen sperm for human reproduction. This is a
major problem.

Ten percent of all males are sterile. There are
still questions concerning the legal status of babies
born through artificial insemination. The State of New
York licenses the practice of artificial insemination,
nevertheless the legal requirement for culturing semen
specimens is 95 percent ignored. Only 15 percent of the
donor candidates are accepted and are paid $20 for an
acceptable specimen (100 million cells). The charge to
the recipient is $35 plus shipping costs.

The scientific and technological advances made in
preserving the integrity of human spermatozoa in the fro-
zen state are remarkable. However, the real resistance
to its acceptance by the public is emotional. The "Con-
joint Artificial Insemination" technique facilitates cli-
nical practice by introducing humesnistic methods whereby
we hope to mitigate the sometimes cold and impersonal
connotation of using frozen sperm for human reproduction.
In this method, the recipient is not merely the woman,
but the couple. The guilt, the fear, the ego depreciation
that a man feels when he cannot impregnate his wife could
be devastating. To help overcome this feeling, he is
encouraged to be an active participant in the process of
artificial insemination.

The husband should be told that without his help and
cooperation this baby could not be created. He is instrue~
ted to take the basal body temperature of his wife daily
and to bring her to the office just before ovulation. The
husband is urged to be present during the insemination and
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assist in the procedure. If he is adept, he is asked to
draw up the semen in the syringe and inject it into the
cervix. Of course, the doctor is present and carefully
supervises every move. At every step the husband is made
to feel that he is in the driver's seat, and this is to
be his baby: ethically, morally, legally, socially, and
economically, if not biologically.

The "Conjoint Artificial Insemination" technique is
a logical corollary of the conjoint examination that has
been utilized in the treatment of couples with sexual
dysfunction at the Human Sexuality Center at the Long
Island Jewish-Hillside Medical Center. Modifications of
this method are used prenatally, premaritally, and during
consultations for contraception, abortion, or menopause.

The guiding principle is that the couple is the pa-
tient, not one individual., Couples have been overwhelmingly
enthusiastic with this approach.

The advances made by scientists in the preservation
of human semen are outstanding. Their utilization by a
couple who wants a baby can be accelerated when those con-~
cerned adopt a warm, humanistic attitude, and by encouraging
active participation by the husband.
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MICROBIAL CONTAMINATION OF HUMAN SEMEN

Philip D. Noguchi, Joseph E. Kiss, and
John C. Petricciani

INTRODUCTION

This paper will introduce briefly the broad subject of
microbial contamination of human semen, with particular
emphasis on bacteria. The medical implications of such
contamination also will be discussed.

In order for bacteria to survive and grow they must
be provided with a nutritive medium. Semen offers such
a milieu in that it contains a variety of emnergy sources,
as well as other substances necessary for the support of
spermatozoa. Table 1 lists the most important biochemical
constituents of human semen and suggests that it is not
only sufficient to maintain spermatozoa, but it should be
able to support the growth of bacteria as well. And in-
deed, a variety of microorganisms have been isolated suc~
cessfully from human semen. These organisms include
chlam%dia,2 mycoPlasmas,3 viruses such as cytomegalovirus
(CMV)™ and herpes simplex virus type II,5 and hepatitis
antigen B. In addition, it has been demonstrated recently
that the gonococcus, long thought to be a rather fragile
organism, can be cultured from human semen kept at room
temperature for up to 8 days and can be recovered from
semen frozen at -196°C.7T

Because of these reports and our interest in semen as
a biological product, we recently initiated a small study
to confirm for ourselves, the presence of various contami-
nating microorganisms in human semen.

METHODS AND MATERIALS

Table 2 outlines our general procedure for semen collection
and processing. Volunteers were recruited from among the
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TABLE 1 Some Representative Biochemical Constituents of
Human Semen?

Sugars Concentration
Fructose 225 mg %
Inositol 50 mg %

Nitrogenous bases

Spermine 50-350 mg %
Vitamins
Vitamin Blé 300-600uug/ml

Amino acids

Glycine 59 mg %

Serine 112 mg %
Metal ions

zntt 14 mg %

ann, 1964 .1

TABLE 2 Semen Collection and Processing

Wash hands and penis with soap and water X2
Rinse with isopropyl alcohol X2
Masturbate

Collect semen in sterile glass Jar
Semen liquification (1/2-1 h)
Microbial isolations:

GC (0.2 ml)

other bacteria (0.2 ml)
mycoplasmas (0.4 ml)

hepatitis B Ag and Ab (0.2 ml)
viruses (cell culture) (0.2 ml)

(2R B = PV VI

(o =i e T = i
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male patients of a private physician. Donors were instruc-
ted to wash hands and penis thoroughly with soap twice and
then rinse with isopropyl alcohol twice. Semen was collect-
ted by masturbation into sterile glass containers. After
the semen had liquified, portions of the ejaculate were
tested for gonococcus,“ other bacteria,g mycoplasmas,lo
hepatitis antigen B, and antibodyll and viruses.l

RESULTS

Table 3 summarizes our findings. A total of 26 donors gave
36 specimens. Of 29 specimens tested for bacteria other
than gonococcus, 26 were positive, chiefly skin flora such
as Staphylococcus epidermidis or enterococcus. From our
26 donors, 1 had Neisseria gonorrheae in his semen, while
another had a nonpathogenic neisseria present. Our myco-
plasma isolations are currently in progress, and we can-
not report on them. One of six specimens tested for
hepatitis B antigen was positive; and finally, 2 donors
proved to have cytomegalovirus in their semen.

CONCLUSIONS

The finding that nearly all samples were contaminated with
skin flora illustrates the inherent difficulty in maintaining
bacterial sterility of semen collected by masturbation.

The presence of hepatitis antigen in one sample was some-
what surprising since that patient's serum was negative

for antigen. This may represent a situation similar to

TABLE 3 Summary of Findings

Results:
1. 26 donors/36 specimens
2. Bacteria; 26/29 specimens
3. Neisseria gonorrheae; 1/26 donors
4. Nonpathogenic neisseria; 1/26 donors
5. Mycoplasmas: in progress
6. Hepatitis antigen B: 1/6 specimens
7. Cytomegalovirus (CMV): 2/26 donors
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that described for CMV where the concentration of virus
was highest in semen when compared with blood or urine.
The finding that 2 of 25 donors had CMV in their semen
and were asymptomatic at the time of testing is consistent
with already published data. The isolation of N, gonor-
rheae was from a patient with a urethral exudate containing
gram-negative diplococci. The growth of classical gono-
cocci from that specimen was, therefore, not surprising.
The other neisseria isolate, however, was from an asympto-
matic patient. At first, the growth of the organism on
Thayer-Martin medium and the characteristic gram-negative
diplococcal morphology led us to believe that we had
uncovered a case of asymptomatic gonorrhea. However, be-
cause of the patient's history of having had only one
episode of oral sex 6 mo prior to testing, we did addi-
tional tests. The organism was oxidase positive, but it
fermented maltose, which the pathogenic organism V.
gonorrheae does not. N, meningiditis does ferment maltose,
but it does not produce yellow colonies as this organism
did.

N

This last finding emphasizes several salient points:
(1) asymptomatic donors can harbor "latent' agents, and
(2) neisseria isolated from semen are not automatically
gonococci. These findings show that a variety of orga-~
nisms can be cultured from semen samples of a private
patient population that included law students, physicians,
and other professionals in addition to nonprofessionals.
Whether these findings can be extended to the more usual
populations of semen donors, such as medical, dental, or
graduate students, is at present unknown; but such data
should be developed. In a recent article on artificial
insemination, it was suggested that since the donor popu-
lation consisted of medical and dental students in stable
marriages, they should be at low risk for venereal dis-~
ease. Such a statement begs the question: How do you
know if you don't look?

The implications of the above findings warrant fur-
ther discussion. The hazards, if any, of skin flora in
semen used for artificial insemination (AI) are largely
unknown. One could speculate on both sides of the ques-
tion; but what is needed far more than speculation is
data on the frequency of such contaminants in actual AI
semen specimens and their relationship to disease. Even
if found to be innocuous, however, it is reasonable to
attempt to obtain and use semen that is free of avoidable
extraneous agents including skin bacteria.

The potential dangers of nonpathogenic neisseria in
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semen are also not known, but of interest is a recent re-
port that showed that both pathogenic and nonpathogenic
neisseria can adhere to sperm in vitro.1% Whether this
adherence might alter sperm fertility or provide a means
of entry for neisseria into the femal genital tract is
speculative, but studies should be made to answer these
questions.

The finding of Neisseria gonorrheae in semen presents
a more substantive problem. There is already one published
case report of gonorrhea transmitted to the husband of a
woman who had received AI; the donor proved to have gonor-
rhea.1> Perhaps a more distressing problem is that gonor-
rhea can_he asymptomatic not only in females but in males
as well.l® The potential for inadvertently increasing the
silent reservoir of gonococcal carriers by use of semen
from asymptomatic males is obvious. In addition, asympto-
matic gonorrhea in women can ironically lead to infertility
from fibrosis of the fallopian tubes, while both men and
women with asymptogatic genital gonorrhea may develop gono-~
coccal arthritis.t

From our discussion of the frequency of microbial con-~
tamination of semen and its possible consequences, it might
seem desirable to screen every sample of semen for microbial
contaminants. While considerations for freedom from adven-
titious agents are of obvious importance, it is also of
very real significance to recognize that the size of any
given semen sample places practical constraints on just how
much testing can be done without Jeopardizing the clinical
value of the sample. For example, in the studies we are
now conducting from 0.2 ml to 0.4 ml of semen is used per
microbial isolation for a total of 1.2 ml per sample. To
suggest that a substantial portion of an ejaculate be
tested for a number of organisms in addition to the usual
tests for physical parameters would now be impractical; and
yet, the potential dangers of gonococcus, mycoplasmas, and
viruses in semen certainly cannot be ignored. Clearly,
further effort is needed to minimize the amount of semen
required for the various isolations. For example, specific
fluorescent antisera to various organisms could be used to
screen smears made of semen samples. Another possibility
is the development of sensitive radioimmunoassays for
various organisms.

As with many scientific endeavors, if one looks for
something, very often it will be found. In this case,
microbial contamination of semen was found, To take the
further step of clarifying its significance and eliminating
or reducing its incidence is much more difficult. We are
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now only beginning to raise our foot in the first step
along that road.

DISCUSSION

A. BENDICH: Are any semen specimens ever absolutely
microbe-free? Can 10 bacterial cells in an ejaculate
be detected, for example? Is the urethra ever abso-
lutely bacteria- or microbe-free?

PHILIP NOGUCHI: Three of 29 specimens were sterile at
least by our tests. I don't know the lower limit of
sensitivity for our bacterial tests. Semen was inocu~
lated into transport medium to amplify any bacteria
present, so the actual number of original bacteria
present is unknown. We have not looked at urethral
swabs for bacteria or other microorganisms.

RONALD MAYNER: I would like to comment on the isolation
studies described this morning by Dr. Noguchi. 1In
screening the specimens in WI-38 cell cultures, the
appearance of clones of epithelial cells was noted,
also yeast and fungal contaminants were not uncommon.
Of the two donors in which virus was isolated, one
donor was repeatedly found to have CMV in semen spe-
cimens over a 2-mo period. During this time appro-
ximately 4 log;y foci-forming units/ml were recovered.
On the other hand, the second donor had one positive
CMV isolation in which only one focus/0.2 ml semen
was observed. This isolate was identified as CMV by
neutralization, fluorescent antibody, and acridine
orange. The data raises some questions about the
sensitivity of present viral isolation techniques to
screen semen for CMV.

NOGUCHI: Recently an asymptomatic hepatitis B antigen
carrier gave birth to two consecutive infants who
died with fulminant hepatitis (P. A. Shurin et al.;,
N. Engl. J, 293:5, 1975). Thus, hepatitis B antigen
in semen could conceivably eventually affect the
fetus, as CMV possibly can.

RICHARD DIGIOIA: Are semen samples being cultured for
Chlamydia? Considering the role of Chlamydia tracho-
matis in NSU and trachoma, should this not be routine?
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NOGUCHI: I agree that Chlamydia trachomatis is an impor-
tant pathogen. It may be a cause of nongonococcal
urethritis (K. Holmes et al., N. Engl. J. Med.
292:1199, 1975) and its prevalence as & venereal
disease is increasing worldwide (J. T. Grayston and
S. Wang, J. Infect. Dis. 132:87, 1975). It is also
the leading cause of blindness in countries other
than the United States, although its prevalence is
decreasing (J. Infect. Dis. 132:87, 1975). We are
not presently testing semen for Chlamydia, but we
plan to do so in the near future.

JAMES HILL: From your talk we realize that you are con-
cerned about the introduction of known pathogenic
sexually transmitted bacteria such as gonococeci into
recipients of semen from donors and you express some
concern as to possible unknown harmful effects of
some of the skin contaminants.

Since you are still in the early stages of study-
ing the microbial ecology of donor semen samples and
trying to identify possible problem areas, I would
like to mention the importance of the group B beta-
hemolytic streptococci, which may have been included
in your skin contaminant category, and encourage you
to give this organism special attention in your stu-
dies of human semen samples.

This decade has seen the emergence of the group B
streptococci as a very important cause of serious
neonatal disease, which has been the source of alarm
in many hospitals, particularly those with large
number of deliveries. Approximately 3 infections per
1,000 deliveries occur in some of the large hospital
studies. The disease exists as "early onset" and
"late onset" disease, and the mortality of early on-
set disease is about 50 percent. Most early onset
disease is caused by serotype III, one of the five
recognized serotypes, and it seems to possess a spe-
cial virulence factor. Early onset disease results
from intrapartum transmission of the organism from
the maternal genital tract. It is estimated that 25
to 30 percent of pregnant women come to term carrying
group B streptococci, and approximately one~third of
those are type III. From unpublished studies by
Carol J. Baker and others, colonization appears to
be sexually acquired but not sexually transmitted in
the same sense as those organisms that we commonly
regard as sexually transmitted (i.e., mycoplasma and
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gonococci). Females with some sexual experience do
show significantly higher colonization, but this does
not correlate with promiscuity as with mycoplasma
infection and gonorrhea.

Studies by Franciosi have shown the same group B
serotype in the urethras of 45 percent of male part-
ners of women from whom vaginal isolates were obtained.
Dr. Baker in other unpublished studies found isolation
rates of 50 and 20 percent, respectively, from females
and males in a VD clinic study. Studies in England
have given similar results. This may not be highly
relevant, as your donor population may be at lower
risk. The elimination of group B streptococei from
semen samples would not, of course, guarantee that
colonization may not occur either from the sexual
partner or from some other source that may come into
play, but it seems warranted to make every effort
economically and logistically feasible not to intro-
duce a dangerous neonatal pathogen such as type III
group B streptococcus into an artificial insemination
recipient.

Also, recent data indicate that 50 percent of NGU
may be due to Chlamydia. These should also be moni~
tored in semen samples.
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MYCOPLASMA CONTAMINATION OF HUMAN SPERMATOZOA

Michael F. Barile

The purpose of this paper is to briefly discuss (a) the
properties used to identify and classify mycoplasmas, (b)
some of the pertinent mycoplasma-host cell interactions,
(c) mycoplasma colonization of the human genital mucosal
tissues, and (d) mycoplasma contamination and/or infection
of human seminal tissues. The reviews and other refer-
ences cited were selected by the author.

HISTORICAL ASPECTS

The first mycoplasma, designated later as Mycoplasma
mycoides, was isolated in 1898 and shown to be the cause
of contagious pleuropneumonia_of cattle, an economically
important veterinary disease.l The organism was filtera-—
ble and was first thought to be a virus. Subsequently, it
was grown on agar medium-producing microscopic colonies
with characteristic "fried egg" appearance. During the
1930's, a number of organisms were: isolated that produced
similar microscopic colonies, and these became known as
the pleuropneumonialike group of organisms, or PPIO.2

CLASSIFICATION OF MYCOPLASMAS

In 1956, Edward and Freundt3 proposed a system of classi-
fication that was universally accepted, and PPLO were
designated as mycoplasmas. In 1967, the mycoplasmas were
raised to class status, Mbllicutﬁs, which separated them
taxonomically from the bacteria. Presently, there are
one order (Mycoplasmatales), three families (Mycoplasma-
taceae, Acholeplasmataceae, Spiroplasmataceae), six genera
(Mycoplasma, Ureaplasma, Acholeplasma, Spiroplasma,

226
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Thermop lasma, and Anaeroplasma), and ag least 60 distinct
species.” The Mycoplasma, Ureaplasma,® and Acholeplasmal
species are agents of man and animals. The Spiroplasma

are pathogens of plants and insects; the Anaeroplasma

are strict anaerobes found only in the rumen of ruminants;
and the Thermaplasma, which prefer to grow at 56°C and at

pH 3, have only been recovered from hot-burning coal piles.T
There are 50 species of Mycoplasma,® 6 species of Achole-
plasma (A. axanthum, A. equifoetale, A. granularum, A.
laidlawii, A. modicum, and A. oculi); 2 species of Anaero-
plasma (A. bactoeclasticum and A. abactoclasticum); and 1
species each of Ureaplasma (U. urealyticum), Spiroplasma

(5. eitri), and Thermaplasma (T. acidophilwm). In esddition,
there are at least 12 distinet human serotypes of Ureaplasma
urealyticum,

MYCOPLASMA SPECIES OF MAN

Of the 10 human species recognized, the only proven patho-
gen is M, pneumoniae, the cguge of cold-agglutinin positive,
primary atypical pneumonia.®>“ However, M. pneumoniae has
been associated with other disorders, seen either alone or
as a complicating feature of primary atypical pneumonia,
including bullous myringitis, acute pancreatitis, and
various neurologic diseases, such as meningitis, meningo-
encephalitis, and cerebellar ataxia. In addition, M.
prneumoniae has been isolated from tissues of the aborted
human fetus.

Because Mycoplasma hominis, M. fermentans, end
Ureaplasma urealyticum are frequently isolated from the
normal genital mucosal tissues of healthy, asymptomatic
subjects, these mycoplasmas are generally considered to
be a part of the normal genital microbial flora of men and
vomen .6 However, there is evidence to suggest that there
may be difference in strain virulence, and on occasion,

M. hominis and Ureaplasma urealyticum have been isolated
from patients with various genital diseases. These findings
have stimulated study, and there has been debate on the pos-
sible role of mwcoglasmas in the biology of some human
genital disorders. =11 For example, mycoplasmas have been
isolated, occasionally in pure cultures, from tubo-ovarian
abscesses,12 from the blood of Eatients with postpartum
fever,l from amniotic fluids,l and from the aborted human
fetus.2T Some of the patients with spontaneous abortions
and postpartum fever developed increEEEETa&aibody titers

to the genital mycoplasmas isolated. 2 Human genital
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mycoplasmas have also been isolated from infants with fatal
congenital pneumonias.ll,24,27 Mycoplasmas and especially
U. ure Igticgn ﬂawe been associated with fetal waste dis-
ease,l 515,10,2% 1oy birth wEights of newborns,20“2 infer-
tility of men and women,23:2% and chorioamnionitis.l¥»15,2k,
25. 1In addition, mycoplasmas have been associated with
variouisreproductiﬁg disorders of animals, including

cattle™ and mice.

The remaining six Mycoplasma species are commonly iso-
lated from the human oral and/or genital mucosal tissues
and have not been associated with any disease. These in-
clude Mycoplasma orale, M. buccale, g Bfauciwn, M. saliva-
rium, M. primatun and M, Llipophilum.®:

'
IDENTIFICATION OF MYCOPLASMAS

Mycoplasmas are identified on the basis of their cellular
and colonial morphology and, in Earticular, their size,
filterability, and pleomorphism. Unlike bacteria, they
lack a cell wall and are bounded by a three-layered unit
cell membrane. Their size ranges from 200 to 1,000 um,
and a small portion, about 1 percent of each culture is
filterable. Mycoplasmas have both DNA and RNA, GC base
ratios frog 20 to 40 percent, genome sizes from 4.5 x 10
to 10 x 10° daltons, can code for 600 to 1,000 proteins,
and represent the smallest free-living prokaryote. Colo-
nies are microscopic, ranging in diameter from about 20u
for the tiny T strains (ureaplasmas) to 500u for some of
the Mycoplasma and Acholeplasma species. All mycoplasmas
are resistant to penicillin and to other antibiotics that
inhibit cell wall synthesis. Most mycoplasmas are resis-
tant to streptomycin, and mogt are susceptible to the
broad-spectrum antibiotics.? However, mycoplasmas can
develop antibiotic resistance. The salient properties and
the procedures recommended for characterizing new species
of mycoplasmas have been progoaed by the Subcommittee on
Taxonomy of Mycoplasmatales. 9

DIFFERENTIATING MYCOPLASMAS FROM OTHER PROKARYOTES

Mycoplasmas are differentiated from other microorganisms
by their growth on cell-free medium, absence of a cell
wall, and independence of host cell nucleic acids for
multiplication.5 Mycoplasmas can synthesize proteins and
obtain energy from their own enzymes. They contain both
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DNA and RNA, and some require cholesterol for growth.
Although they are filterable, mycoplasmas can be visual-
ized by optical microscope at 1,500 magnifications. They
are inhibited by certain antibiotics and are neutralized
by specific antiserum. There are exceptions, however,
for example some strains of Mycoplasma hyorhinig cannot
grow on broth or agar media, and currently can only be
detected by cell culture procedures.30=3l

MYCOPLASMA-HOST CELL INTERACTIONS

The pathogenicity of mycoplasmas is dependent, in part,
upon their interactions with host cells.l For example,
Mycoplasma pneumoniae, the human pathogen, can produce
hemolysis, hemadsorption, hemagglutination, and is proba-
bly responsible for causing both the antigenic changes in
the red blood cell membrane (development of antigen-I
negative cells) and the production of cold agglutinins,
which develop during primary atypical pneumonia. Because
M. pneumoniae initiates infection by attaching to the
bronchial ciliated epithelial cells,32 it may also be res-
ponsible for the development of lung tissue autoantibodies,
as well as brain tissue autoantibodies, which are also pro-
duced during a mycoplasma pneumonia. Primary atypical
pneumonia would probably be regarded as an autoimmune dis-
ease if the cause of this infectious disease had not been
shown to be a mycoplasma.

MYCOPLASMA SPERMADSORPTION

A number of pathogenic mycoplasmas can adsorb tﬁ various
tissue cells, including the human 5permatozoa.3 »35
Spermadsorption is dependent, in part, on the species and
age of the mycoplasma culture; the reaction temperature;
and upon the Eotility, viability, and host source of the
spermatozoa.3 Taylor-Robinson and Manchee3* examined
colonies of five pathogenic hemadsorbing and two nonpatho-
genic nonhemadsorbing mycoplasmas for spermadsorption.

Both human and bovine s