Microsurgical solutions to male infertility

By Sherman . Silber, MD

What causes male
infertility? Look to
the Y chromosome,
says this leading
expert. Among the
high-tech solutions
worth considering:
testicular sperm
extraction (TESE),
microsurgical
epididymal sperm
retrieval (MESA),
and intracytoplasmic
sperm injection
(ICSD).
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seause most delects in sperm

are actually genetic in origin,

conventional therapy for
male infertility would seem doomed
to fail." Only 10 years ago, sterile
men had no hope of ever fathering a
child—until modern microsurgical
technigques revolutionized the field
of infertility. We discussed interpret-
ing semen analysis in the October
2004 issue of this magazine. In Part
2 of this two-part series, I'll discuss
genetic causes of infertility, specifi-
cally chromosomal errors revealed
by the recent sequencing of the *Y"
chromosome, We'll also explore the
latest techniques to circumvent
these defects, including testicular
sperm extraction (TESE), micro-
surgical epididymal sperm retrieval
(MESA), and intracytoplasmic
sperm injection (ICSI). The lat-
ter—performed alter one of these
types of sperm retrieval—is now
the most effective treatment for
even the most severe cases ol male
infertility.”

Karyotype abnormalities

Chromosomal errors abound in
sterile men, as an analysis compar-
ing karyotypes of infertile men

with normal newborns has shown.*
In fact. the incidence of balanced
translocations {see glossary) in
infertile males (abow 2%) is more
than four times that found in nor-
mal newborns ((.25%).% Some lype
of autosomal chromosome anom-
aly—either balanced Robertsonian
translocations, balanced reciprocal
translocations, balanced inversions,
or extra markers—is found in
almost 3% of oligospermic males
(those having low concentrations
ol sperm in the ejaculate). Sex
chromosomal anomalies, such as
Elinelelters, are found in abour 4%
ol azoospermic men (see glossary).

Since 2% of oligospermic infer-
tile males have chromosomal
translocations (compared o 0.25%
in a control population), it should
come as no surprise that 0.9% of
1CSE offspring inherit such a
translocation from their fathers.*”
But it's somewhat reassuring that
only 10% ol those inherited
translocations were unbalanced
Conly 0.1% of 1CSI1 offspring).
However, the other translocations
that were transmitted in a balanced
fashion, with “normal” offspring,
are very likely to have the same

DR. SILBER, a pioneer in microsurgery and infertility, is & leading authority on IVF, egg and embryo
freezing, sperm retrieval, and ICS1. He performed the world's first microsurgical vaseciomy reversal,
the first testicle transplant, and first ovary transplant, The authar of Tour best-selling baoks for the
layman as wall as over 250 scientific papers on infertility and repraduction, he is Director of the
Infertility Center of 5t Louis, 51, Luke's Hospital, St Louis, Mo



Take-home
messages

® As long as their spouses don't have
serious fertility problems, most men
with azoospermia can have healthy
children using the sperm retrieval
method of testicular sperm extraction
(TESE) along with intracytoplasmic
sperm injection (ICSI).

m All of the ICSI-derived sons of these
infertile men have been shown to carry
the same Y chromosome deletions as
their infertile fathers.

® Provide genetic counseling to all infertile
males, even if no abnormality is
detected or a Y deletion assay isn't
done. Routine lab studies pick up only a
fraction of the genetic causes of male
infertility.
= The author’s microsurgical TESE
technique avoids the potential damage
of multiple biopsies and a “hit or miss"
approach. It minimizes tissue loss,
damage, pain, and permits future
attempts at retrieval.

infertility defect as the offsprings’
fathers (0.83%). Based on crude
cytogenetic studies, we can there-
fore anticipate that almost 2% of
1CSI offspring will be infertile or
sterile, which is over fivefold what
you'd expect in normal newborns.

Even so, the karyotypic study of
these offspring is more reassuring
than alarming. Fortunately, the
- incidence of congenital abnormal-
ity in 1CSI children is no greater
than in every normal population
studied.*®

Even the few reported ICSI off-
spring of Klinefelter's patients
have been chromosomally normal.
- Arguably, there’s no greater inci-
. dence of autosomal aneuploidy fol-
lowing ICSI than one would pre-
dict from maternal age. Even sex
chromosome aneuploidy (0.7%) in
1CSI offspring, which is four times
that of controls, isn't really very
worrisome. Thus, despite the possi-
ble occurrence of infertility and sex
chromosomal disorders in a very
small percentage of cases, the evi-
dence from cytogenetic and pedi-
- atric follow-up of 1CSI offspring
is otherwise quite reassuring.
Molecular study of the Y, however,
is of far greater concern regarding
the future fertility of these children.

Y chromosome deletions

Using molecular chromosomal
mapping techniques (which have
much greater resolution than cyto-
genetics), we originally reported
microdeletions encompassing the
AZFc region of the Y chromosome
(a critical sperm production region)
in 13% of azoospermic men and 7%
of severely oligospermic men.®
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However, these Y deletions may
represent only the tip of the iceberg,
since even these subtle “microdele-
tions” on the Y chromosome repre-
sent gross dropouts of many hun-
dreds of thousands of nucleotides.
(GR-GR deletion takes out only hall
of the genes in the AZFc region,
and therefore results in lesser
degrees of oligospermia. Thus, most
GR-GR deletions are transmitted
naturally, whereas it is very rare for
the larger AZFc deletion to be
transmitted naturally.) The usual
molecular mapping methods can-
not yet pick up smaller mutations.
That's why we made such a huge
investment in actually sequencing
every nucleotide of the Y chromo-
some, not just settling for crude
mapping, as many labs currently
perform on the Y chromosome.*"?

Clearly, 1CSI's current success in
treating male infertility will lead 1o
greater infertility in future genera-
tions.'"”"” However, the X chromo-
some and the autosomes are also
involved. There are at least nine
testis-specific gene families and 60
genes located on the Y chromo-
some that interact to affect sper-
matogenesis; and this most likely
represents only one third of male
germ cell-specific genes.

Many are on chromosomes other
than the Y. Another one third of
testis-specific germ cell genes are
likely on the X chromosome.'®
Because of the multiple copies that
exist for most of the genes located
on the Y, smaller point mutations,
which may be much more common
than these reported “microdele-
tions,” are naturally much more
difficult to find. Nor would current



sequence tagged site (5TS) map-
ping pick up smaller (or partial)
deletions of major regions of Y, yet
they've been found in abundance
by actual sequencing of the Y chro-
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Why did sperm-producing genes
move to the “Y” chromosome?
Over the course of the last 300 mil-
lion years of mammalian evolution,
the X and the Y chromosomes have
evolved from what were originally
two ordinary autosomes. During
that evolution, spermatogenesis
genes have transposed (or retropo-
sitioned) themselves from auto-
somes to Y, and there amplified into
multiple palindromic copies.'""!
These spermatogencsis genes
include DAZ and CDY, but we've
discovered many more (at least 60)
by actually sequencing Y. Some
spermatogenesis genes—REM, for
example—have persisted from their
original position on X and achieved
greater prominence on Y. Indeed,
even the SRY gene (the male sex-
determining locus) began on the
ancestral X chromosome. Genes
associated with the nonrecombining
SRY region on the evolving Y chromo-
some that were specifically beneficial
for male function flourished there as
a “safe harbor™

Our emphasis on the Y chromo-
some for locating spermatogenesis
genes to help in elucidating the
causes of male infertility makes
sense, because the Y has “col-
lected” genes that otherwise
would be hidden throughout the
genome. Since most of the Y chro-
masome is not subject w meiotic
crossover events such as oceur in
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Glossary
Azoospermia: A cause of male infertility in which no sperm are present in the ejaculate,

Balanced vs. unbalanced translocations:
Unbalanced translocation: there is either too much or too litthe chromasomal material;

it's caused by a part of a chromosome being broken off from its usual location. Such
tranglocations are either lethal or cause abnormalities.

Balanced translocation: there is & piece of one chromosome located on another
chromosome, but there is no obvious genetic material missing. Such “balanced”
translocations are found in normal individuats, but their meiosis is abnormal and
offspring may suffer "unbalanced” ranslocations.

Obstructive azoospermia: The type caused by vasectomy, congenital absence of vas,

epididymal scarring from infections.

Nonobstructive azoospermia: The absence of sperm in the ejaculate, which results
from low or seemingly no sperm production, so that no sperm reach the ejaculate.

ICS| (intracytoplasmic sperm injection): A microsurgical VF procedure that follows
sperm retrieval (usually via TESE or MESA), in which a single sperm cell is injected
directly into the cytoplasm of an egq 1o help overcome male factor infertility.

MESA (Microsurgical Epididymal Sperm Aspiration): A microsurgical technique for
obtaining sperm from the epididymis that enables individual epididymal tubules o be
dissected under direct vision and the proximal mast sperm with the best motility to be

refrieved in cases of obstructive azoospermia.

Dligospermia: Deficiency in the number of sperm in the ejaculate, causing male

infertility.

Palindrome: A sequence of DNA or RNA that reads the same in either direction. New
research shows that large sections of the ¥ chromosome repeat in reverse order.

TESE (testicular sperm extraction): TESE s a microsurgical approach that avoids

the need for multiple biopsies from every area of the testis and the risks of invasive
procedures. It consists of opening the vaginalis, and exteriorizing the testicle before using
the operating microscope. After microdissection and analysis via tubular dilation,
numerous sperm can often be microscopically retrieved through just a single dilated

fubule.

all other chromosomes, molecular
defects cannot be readily repaired.
This “instahility” of the Y chromo-
some suggesis an inexorable
decline in sperm production in the
evolution ol any species with a
Y-chromosome cquivalent, unless
there’s either sperm competition
within the species’ mating pattern
Or new spermatogenesis genes
are continually recruited to the
Y chromosome with subsequent
amplification belore ultimately
degenerating, "%

Because of the effectiveness and
widespread adoption of 1CSI, ster-
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ile men are now becoming lathers.
All ol the ICSI-derived sons of
these infertile men have been
shown to carry the same Y chromo-
some deletions as their inferile
ralhl'.‘l‘j.] 102,14 06,30

Clearly, a negative Y microdele-
tion assay doesn't rule out genetic
abnormality. Furthermore, most
causes of nonobstructive azoosper-
mia are likely related to genetic
abnormalities that current routine
lab testing isnt sophisticated
enough to pick up. Therefore, in my
view, genetic counseling should be
provided to all infertile males,

whether an abnormality is detected
and whether labs even bother to do
Y deletion assays. Currently, routine
lab studies pick up only a fraction of
the causes of male infertility, most of
which clearly must be genetic.

Interestingly, our scrutiny of the
“¥" chromosome seems 10 have
also shed light on a scientific mys-
tery of another kind (see "Human
male infertility and dinosaur
extinction™),

testis-specific genes on “Y"

There's a parallel accumulation of
genes on the Y chromosome that
control sperm production, along
with the decay of most of the
ancestral autosomal genes on
the heterogametic sex chromosome
controlling GSD (the Y chromo-
some in mammals). That’s inevi-
table because the region adjacent to
the testis-determining gene—one
that doesn’t recombine during
meiosis—provides a “safe harhor”
for genes that are helpful 1o the
male but detrimental to the female.
These “sexually antagonistic” male-
benefit genes enhance male fertility
because they're testis-specilic. And
they've been accumulating and
amplifying on the nonrecombining
region of the Y for 300 million
years,

In this way, a functionally coher-
ent concentration of 1estis-specific
genes has arisen on a labile Y chro-
mosome thats subject 1o deletions
and inversions caused by massive
direct and inverted regions of
nucleotide identity (amplicons and
palindromes), and is a significant
cause of human male infertility. A



Human male infertility and dinosaur extinction

Serendipitously, while studying the sex chromosomes 1o better
understand the molecular genetics of male infertility, we stumbled
upon the probable mechanism of dinosaur extinction."” While a full
discussion of the topic is beyond the scope of this article, essentially we
looked at the evolution of temperature-dependent sex determination
(TSD) and genetic sex determination (GSD). Evolution favors the
eventual and repeated re-appearance of GSD because animals (like
dinosaurs) who don't use this mechanism are at risk of extinction due
1o a skewed sex ratio that massive global environmenial temperature
changes could bring about. We found that the drawback to an evolving
sex-determining chromosome (which guarantees a balanced sex ratio)
is its eventual decay due to the lack of meiotic recombination during
gametogenesis—and in humans, the s ent loss of genes that trigger
sperm production, causing male infertility.>” We've spelled this out in
male inferﬁlit{ studies and with the complete sequencing of the Y
chromosome.™"

Despite the protection that GSD affords from global temperature
shifts, there’s a rise in male infertility because of the accumulation on
the Y chromosome of a dense concentration of spermatogenesis genes
in a chromosomally unstable region (because of failure of chromosomal
recombination during meiosis).
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delicate balance exists between
“gene conversion” with chromo-
some repair by recombination
between the palindrome arms and
their [requent deletion due to a
mistaken homologous recombina-
tion between massive ampliconic
repeal sequences on Y. That's why
human males (whose mating
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behavior involves scant sperm
competition to weed out deleted
chromosomes) have such poor
sperm production.

The recurring, independent
emergence of sex determination
based on genes located on sex
chromosomes is a foolproof way 1o
ensure a balanced ratio of males 10

females in subsequent genera-
tions—despite the risk to ferility.
The potential reduction in sperm
production due 1o deletions of the
shrinking Y chromosome (in the
absence of sperm competition) is
balanced by the assurance of a sta-
ble sex-ratio, protected from shifis
in environment, '

Sperm retrieval and
Congenital absence of the vas del-
erens (CBVAD) afflicts about 1%
of infertile couples.” Up until the
last decade, it was a [rustrating
and dismal problem with very
poor prognosis for treatment. Ever
since the first successful use of
MESA and IVF for CBVAD, 1CSI
has now made it possible for all of
these men to father children.**
In fact, with 1CSL, the pregnancy
rate with MESA is related only to
female factors ¥ ##

There's virtnally no case of
obstructive azoospermia that can-
not be successfully treated with
sperm retrieval methods and 1CSI,
as long as the woman hersell
doesn't have insurmountable
fertility problems. For obstructive
azoospermia we prefer to use epi-
didymal sperm, although testicular
sperm works just as well. The
advantage of epididymal sperm is
that it freezes so easily and repre-
sents such a simple, clean, easy,
and indefinite supply of sperm for
the laboratory 1o use for that par-
ticular patient, without any need
for future invasive procedures. To
sum up, it’s better than testicular
sperm for three reasons: (1) You
get more sperm with better motility
that therefore freeze better, for liter-



ally an unlimited supply for any
future 1CSI1 procedure; (2) It’s
much easier for the lab, requiring
essentially no prep at all; (3) In
truth, its less painful than “invad-
ing” the testes.

Microsurgical epididymal sperm
aspiration is performed entirely
under local anesthesia. In fact,
the patient can watch the entire
procedure on a video monitor.
Both the cord and the anterior
scrotal skin are infiltrated with
marcaine using a 27-gauge needle.
A small anterior scrotal window
incision is carried down to the
tunica vaginalis, and the epididy-
mus is exposed under the operat-
ing microscope, It is important to
retrieve sperm most proximally,
either from the caput or even
from vas efferentia, because in an
obstructed state the distal sperm
will be most senescent and the
proximal sperm the most recently
produced with the best motility.
Poorly motile distal, senescent
epididymal sperm do not give
results as good as a more proxi-
mal sperm.

Microsurgical TESE

Experts continue to debate the best
way to collect epididvmal or testic-
ular sperm for ICSI from patients
with obstructive azoospermia.
There's no doubt, however, abowt
the best approach for nonobstruc-
tive azoospermia (NOA). There are
a minute number of sperm sparsely
present in an extensive testicular
biopsy of most such patients, and
these occasional testicular sperm
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can be used for 1CSL***** We first
coined this procedure testicular
sperm extraction (TESE), basing
this approach on quantitative
studies of spermatogenesis dating
back to the late 1970s.*** Exam-
ination of the testicular histology of
azoospermic, oligospermic, and
normospermic men shows that the
number of sperm in the ejaculate is
directly correlated 10 the number of
mature spermatids found quantita-
tively in the testis.

Il the testis are producing

extremely small amounts of sperm,
the ejaculate will contain no sperm
at all.”* A minimum threshold of
sperm production is necessary
before any sperm can actually spill
over into the ejaculate. With this in
mind, severe oligospermia, which
is readily treated with ICSL, is just a
quantitative variant of azoosper-
mia. Actually, there's minute pro-
duction of sperm in 60% of
azoospermic men.
Hit-or-miss sperm collection
is outdated. The initial approach
to TESE for nonobstructive azoo-
spermia was very crude, often
involving numerous extensive
biopsies from several areas in the
testis until sperm were located.

When surgeons perform exten-
sive multiple biopsies from every
area of the testis in an effort to find
sufficient sperm for TESE, a great
deal of testicular damage can result
and that may limit “successful”
patients to only one attempt,”***
And while well-intentioned, elforts
to minimize damage by using mul-
tiple needle sticks rather than open
biopsy to obtain sperm for 1CSI are
just as invasive and quite risky as

well.”® Furthermore, controlled
studies have shown that for dil-
ficult cases of nonobstructive
azoospermia, where spermatogene-
sis is very meager, needle biopsy is
much less likely to find the rare
foci of spermatogenesis than open
biopsy.”" ™

We studied the distribution of
spermatogenesis in azoospermic
men and have outlined a micro-
surgical approach to TESE that
minimizes tissue loss and pain
and makes it very easy to repeat
TESE for an indefinite number of
cycles. Knowledge of the distri-
bution ol spermatogenesis and of
microsurgical technique helps to
prevent testicular damage and
postoperative pain, making multi-
ple repeat TESE procedures sale
and reliable. "™
Using a targeted approach. All
microsurgical TESE cases are per-
formed under local anesthesia. Just
like for MESA or for diagnostic
testis biopsy, the procedure is truly
painless. After opening the tunica
vaginalis and exteriorizing the tes-
ticle, we then use the operating
microscope under 16 to 40X mag-
nification. Alter microdissecting
and evaluating how dilated each
specific seminferous tubule is (the
more dilated, the more sperm are
present), we can often retrieve large
numbers of sperm just by removing
a single dilated wbule microscopi-
cally (Figure 1).

After meticulous hemostasis
with microbipolar forceps (Figure
2), the tunica albuginea is closed
with 9-0 nylon interrupted sutures.
This prevents any increase in
intratesticular pressure, resulting in



minimal pain, noe subsequent atro-
phy, and mo westicular damage.

Chromosomal errors,
embryo guality, and more

FISH analyses ol embryos from
1CS1 eyeles for nenebsiructive
azoospermia (requining TESE) ver-
s LES] evicles for -:'-||:._'|h]:||':r|n:|. LM
obstructive azoospenmia show that
embeves derved from TESE have a
significantly higher rate of chromo
come mospiclsm.™ For example,
ICSE eveles with ejaculared sperm
|1-|n|,||,u'|;1_| 30 cmbrvos, ol which
41.8% were normal, 26, 2% werne
ancyuphowl, and 26.5% were mosale.
In contrst, 1S cveles with TESE
for nonobsiructive azoespermia
'|'-l'|l1||,|q;-,-,| a0 embrvos of which
only 22X were normal, 17% were
ancuplod, amd 53% were mosaic
That's a highly signilicant diller-
enee in mossicism rae between the
Ewo oS (PsULOeN ),

Maost of the mosake embryos
were chaotic, {Chromosemally
chaotic embryvos display a varicry
of chromosomal abnormalinics in
dillerent blastomeres |cell<] tha is
different from classic aneuploidy,
{like trisomies), Furthermaore,
these chaotic embryos are more
likely 10 result in embryos with vis.
ihly abnormal morphology, such as
|,||1|.'|,|_||.1|-'\.i.14'|:|. cells and extensive
[ragmentation. ) Sperm derived
from TESE [or nonohsiructive
pzogspermia have o higher e of
compromiscd or Immature centros
some sirwciures, and this may be
'||_'u||-:'|||-.||tlu Fovr inereised mites ol
chastic chromosome errors in the
subsequently denved embrvos

In contrast, for oligospermia, the
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rate of chromosome abnormalities
found in embryos produced by
ICS1 is similar to that found with
conventional IVE So the good
news is that the 1CSI procedure
itsell does not appear to be a
teratogenic agent.” ™ It's only the
severity of spermatogenic defect
that causes this increase in chro-
““}Hl}mﬂl Error,

Pregnancy rates. Researchers have
found a modestly lower clinical
pregnancy rate for testicular sperm
derived [rom men with non-
obstructive versus obstructive
azoospermia.”™ There is also a
slightly increased incidence of
chromosomal anomalies in 1CSI
ollspring compared to normal new-
borns.”** In addition, there are
more abnormalities found in
peripheral lymphocytes of males
who require 1CSL**™ Even if the
infertile male is chromosomally
normal in his peripheral lympho-
cyles, meiotic disruption nonethe-
less generates higher rates of sperm
chromosome abnormalities.” Thus,
these few sperm in TESE cases
have a higher rate of chromosomal
errors, Nonetheless, il the wile is
fertile and has many eggs, this
sperm problem can be overcome
and good pregnancy rates still
obitained, because there will usually
be (out of a large group) some nor-
mal embrvos,

Sperm aneuploidy. We've ob-
served a slightly higher rate of
aneuploidy in testicular sperm
from men with nonobstructive
azoospermia than in ejaculated
sperm from men with oligosper-
mia. However, this increased aneu-
ploidy in azoospermic men cannot
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easily explain the dramatic increase
in chaotic chromosomal abnor-
malities of TESE embryos. That's
why we suspect that other sperm
abnormalities are the cause, like
the centrosome.

It's known that aneuploidy ol
embryos is not closely linked or
correlated with embryo morphol-
ogy. As women age and the rates
ol ancuploidy rise, abnormalities
in embryo morphology don’t
increase.” However, mosaicism,
chaotic mosaicism, and polyploidy
are associated with more morpho-
logic embryo abnormalities and do
not increase with age, Aneuploidy
appears Lo increase with maternal
age and is related 10 defects in the
egg, but mosaicism and chaotic
mosaicism may be more related 1o
sperm defects and may result in a
high percentage ol chaotic mosaic
embryos derived from 1CSI with
nonobstructive azoospermia. Be-
cause the spermatozoon centro-
some controls the first mitotic
divisions, there may be abnormal
chromosome distribution among
sister cells.™

Severe spermatogenic defects, as
in nonobstructive azoospermia,
may result in higher rates of mosaic
and chaotic mosaic embryos,
resulting in less efficient implanta-
tion, but delivered pregnancy rates
can still be very high il either
preimplantation genetic diagnosis
or other methods of embryo selec-
tion are used to pick out the
normal embryos [rom the larger
number of abnormal ones, Cor-
respondingly, the live birth rate
for TESE with nonobstructive
azoospermia is somewhat lower

than for obstructive azoospermia
(normal spermatogenesis).

Thus, despite the dramatic suc-
cess of TESE-1CSI for azoospermic
men with severe spermatogenic
defects, in these severe cases, post-
meiotic sperm factors adversely
impact results. However, the nega-
tive impact of sperm factors is only
a maodest one (causing mosaicism),
compared 1o the negative impact of
a wile’s age (causing ancuploidy).
The good news, then, is that most
men with a severe spermatogenic
defect causing azoospermia can
have healthy children using TESE
and 1CS1, However, the success rate
is somewhat reduced compared o
1CSI for oligospermia.

Conclusions

Defects in spermatogenesis result-
ing in oligoasthenospermia are for
the most part genetic in origin and
not amenable 10 correction with
any current treatment methods
other than 1CS1. Severe delects
such as azoospermia are caused by
new mutations (1o which humans
are very prone), and milder sper-
matogenic defects are usually
inherited from parents. Male-lactor
infertility is thus likely to be trans-
mitted 1o 1CS1 offspring, but this
has not dissuaded infertile couples
with male factor from seeking their
own genetic child. However, please
note that obstructive azoospermia
caused by CF gene mutations will
only be transmitted to the next
generation il the oflsprings spouse
also has a CF mutation (5%). 1CSI
with or without testicular or epi-
didymal sperm retrieval can thus
allow the vast majority of couples



with severe male infertility to now
have their own genetic child, and
the only negative consequence is
the transmission of male infertility
to the next generation. [
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