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Objectives: To review recent advances in our under-
standing of programmed cell death, or apoptosis, and dis-
cuss implications of these basic science advances in our
understanding of causes and potential treatments of a va-
riety of diseases of the head and neck.

Data Sources: Basic science literature relevant to the
study of apoptosis and its clinical implications.

Conclusions: Apoptosis is now understood to be impor-

tant in the normal development and survival of all mul-
ticellular organisms. Deregulation of this normally tightly
controlled process underlies a variety of disease states, in-
cluding neoplasia, autoimmune disease, and disorders of
the central nervous system. A better understanding of this
process and its regulation may help otolaryngologists bet-
ter understand diseases relevant to this specialty and will
lead to improved therapeutic interventions.
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The accelerated rate of scientific progress
demands not only an expanded vocabulary
but also a willingness to adopt new ideas
and strategies and to readjust basic biologic
concepts. Without this approach, future
surgeons would be in danger of becoming
surgical technicians and would fail their
heritage as major contributors to medical
progress.

Lazar J. Greenfield, MD1

T HE RAPID expansion in
clinical science that has oc-
curred in otolaryngology,
and medicine in general,
has been fueled by a simi-

lar expansion in basic science. Basic and
clinical research have now progressed
to the cellular and molecular levels. As
Greenfield implies in the above quota-
tion, these developments are changing the
fundamental ways we think about injury
and disease. One example of such a fun-
damental change is our new understand-
ing of the control of apoptosis and the
mechanisms by which cells die. This is
demonstrated by the observation that many
articles in the recent otolaryngological lit-
erature directly address the regulation of
cell death in a variety of systems, includ-
ing the auditory system and epithelial
neoplasia. The purpose of this review is
to provide a framework for otolaryngolo-
gists to understand the rapid advances in

our understanding of the mechanisms
of cell death. We hope that with this
will come an understanding of how fun-
damental this process is, and how its
deregulation can result in diseases that
affect all areas of medicine, and otolar-
yngology in particular.

Apoptosis, or programmed cell death,
represents a highly conserved pathway by
which unwanted or unneeded cells are re-
moved efficiently from multicellular or-
ganisms. Apoptosis plays a critical role in
the normal development of all multicel-
lular organisms and is largely respon-
sible for the homeostasis of cell popula-
tions in the adult organism. Deregulation
of apoptosis may result in excessive cell
loss, as in the loss of peripheral or central
auditory neurons, or cell accumulation, as
occurs in various neoplasias, including car-
cinomas of the head and neck. The role
of deregulation of apoptosis in several dis-
eases related to otolaryngology is an ac-
tive area of investigation. A better under-
standing of the molecular mechanisms of
apoptosis may lead to interventions aimed
at preventing cell death in cases of its
excess, as in autoimmune disease, or
accelerating cell death, as in the case of
neoplastic cell accumulations.

In the following review, we will,
first, discuss the concept of control of cell
number as an essential homeostatic mecha-
nism; second, define and compare ne-
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crotic and apoptotic cell death; third, discuss recent
advances in understanding the genetic control of pro-
grammed cell death; fourth, examine a model for pro-
grammed cell death under study in the auditory system;
and, finally, discuss implications of these recent basic
science advances in our understanding of the causes and
potential treatments of a variety of diseases.

CONTROL OF CELL NUMBER:
PROLIFERATION VS CELL DEATH

The concept of homeostasis has been traditionally ap-
plied to the physiologic regulation of the cellular envi-
ronment. We now know that the tight regulation of cell
number can be thought of as similarly essential to the
normal growth and development of multicellular organ-
isms. One model proposes that the control of cell popu-
lations may be thought of as a balance between cell pro-
liferation and cell death.2 As depicted in Figure 1, we
see that for a given group of cells, changes in the rate of
cell death can have profound effects on cell population
size. One can easily imagine that for a given rate of cell
proliferation, a decreased rate of cell death would lead
to the accumulation of cells and neoplasia. This has been
described as the molecular basis for several tumors, in-
cluding follicular lymphoma (see below) and carcino-
mas with mutations of p53, including squamous cell car-
cinomas of the head and neck,3-5 On the other hand,
abnormal activation of the cell death program may lead
to excessive cell loss. Since we now know that this is the
basis of action of many chemotherapeutic agents as well
as radiotherapy, a better understanding of the cell death
pathway may also lead to more efficacious treatments for
cancer, as discussed below.

The importance of the control of cell proliferation
is indicated by its normally strict regulation in develop-
ment and in the adult organism. A number of regulators
of this process have been described. These include the
positive regulators of cell proliferation, such as various
growth factors and proto-oncogenes (eg, platelet-
derived growth factor and c-myc, respectively). Disrup-
tions in proto-oncogenes have been well documented in
human cancers.6 Negative regulators include tumor sup-

pressor genes such as the prototypical tumor suppres-
sor gene involved in the pathogenesis of retinoblas-
toma, Rb-1.6 In this review, however, we will concentrate
on the molecular control of cell death.

The differentiated cells of multicellular organisms
all share the ability to undergo apoptosis through the ac-
tivation of an internally coded “suicide” program. The
central importance of this process is underscored by its
conservation throughout metazoan evolution.7 This pro-
gram is so well conserved that some of the genes in-
volved in its execution may function interchangeably
among species vastly separated on the evolutionary ti-
mescale. For example, the human antiapoptotic gene bcl-2
(discussed below) may substitute for its counterpart in
the nematode Caenorhabditis elegans.8,9 The conserva-
tion of this cell death program is also evident in the pres-
ence of genes homologous to known cell death regula-
tors in some DNA viruses,2 allowing the virus to use the
host’s cell death machinery to its advantage.

It seems that in many or most cells, the machinery
required to cause the death of a given cell is present at
all times, awaiting the proper signal for self-destruction.
Why should cells be so ready to die? To understand the
importance of controlled cell death, it is instructive to
consider the differences between it and uncontrolled or
necrotic cell death.

APOPTOSIS VS NECROSIS

In general, 2 types of cell death occur in multicellular
organisms: necrosis and apoptosis. Necrotic cell death
is a pathologic form of cell death resulting from acute
cellular injury, which is usually manifest ultrastructur-
ally by rapid cellular and organellar swelling and even-
tual cellular disintegration (Figure 2). Cellular lysis
results in the uncontrolled release of lysosomal en-
zymes, which incites a robust inflammatory response in
vivo. Apoptosis, in contrast, can be characterized as a

Excess Cell Death Reduced Cell Death

Figure 1. Regulation of cell number by multicellular organsisms can be
thought of as a homeostatic process. Deregulation of the normally tight
control of cell death can affect this homeostasis. Disorders of excess cell
death have been shown to underlie disorders of development or autoimmune
disease. Disorders of decreased cell death may result in neoplastic
accumulations.
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Figure 2. Necrotic cell death (left) results in cellular and organellar swelling
and lysis. Release of lysosomal contents into the extracellular milieu results
in the activation of inflammatory mediators. Apoptosis, on the other hand, is
characterized by cellular shrinkage, condensation of nuclear DNA, and
cytoplasmic blebbing with the formation of apoptotic bodies. These apoptotic
bodies are phagocytosed by macrophages (or other phagocytic cells) and the
extracellular release of cytotoxic compounds is averted. Thus, apoptosis can
be thought of as a controlled autodigestive process.
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controlled autodigestive process.10 Through the activa-
tion of the well-conserved cell death program, a num-
ber of characteristic morphologic changes occur (Fig-
ure 2). These include cell shrinkage, condensation of
nuclear chromatin into sharply circumscribed masses, and
in the final stages, membrane blebbing with the forma-
tion of so-called apoptotic bodies. These apoptotic bod-
ies are phagocytosed by macrophages and thus no cyto-
solic contents are released. The inflammatory response
typical of necrosis is thereby averted.

It may be useful to consider necrotic cell death an
uncontrolled process that is not directly related to nor-
mal homeostasis and development but rather represents
a direct effect of a pathophysiological insult. On the
other hand, apoptosis represents a controlled process
that allows a multicellular organism to efficiently
remove unwanted, unneeded, or abnormal cells without
inciting an inflammatory response. This process is nor-
mally under tight control; the genes and cytoplasmic
events responsible for its control are the subject of
intense investigation.11-13

MOLECULAR MECHANISMS
OF PROGRAMMED CELL DEATH

The complexity of higher-order vertebrates makes the
study of cells and cell fate during development quite
challenging. The nematode C elegans has provided an
exemplary model in which to investigate programmed
cell death. Much of the work done during the past 20
years to characterize the molecular mechanisms and
genetics of programmed cell death was begun in C
elegans by Robert Horvitz and his group at Massachu-
setts Institute of Technology in Cambridge. The
diminutive size and translucency of this organism facili-
tates accurate tracking of each cell’s fate during the
organism’s development. To be precise, 131 cells die
during the development of the adult organism of 959
cells.14 Much work that has been done on cloning the
genes involved in the cell death pathway in C elegans
seems directly relevant to mammalian cells. In particu-
lar, the genes ced-3, ced-4, and ced-9 in the nematode
have been shown to be critical to understanding pro-
grammed cell death in normal mammalian development
as well as pathologic states.

Programmed cell death in C elegans can be concep-
tualized as occurring in 3 stages. Stage 1 (signal) is gen-
erally characterized as the presentation of a signal to the
cell to trigger the cell death program (Figure 3). This
signal may be intracellular or extracellular. Extracellu-
lar signals include ionizing radiation, hormonal signals,
growth factor withdrawal, or removal of afferent input
in the neonatal nervous system.

In stage 2 (execution), the cell death program is ac-
tually executed (Figure 3) by activation of a family of cys-
teine proteases with aspartate specificity, or caspases; for-
merly known as interleukin 1b–converting enzymelike
proteases.15 These represent a novel class of cell death
regulators. Ten different caspases have been shown to ex-
ist in humans.15

In stage 3 (morphologic changes), caspase activa-
tion leads to the characteristic apoptotic morphologic

changes described above, such as cell shrinkage, con-
densation of nuclear chromatin, and the formation of
“apoptotic bodies.” These morphologic and structural
changes represent the final stage of the programmed cell
death cascade (Figure 3).

In the nematode, the protein product of ced-3 has
been shown to be a caspase.16,17 The protein product of
ced-4 is necessary to activate this caspase, and is homolo-
gous to the human protein apoptotic protease-
activating factor 1 (Apaf-1).18 Thus, ced-4 acts as an up-
stream activating factor for ced-3. The protein coded by
ced-9 has been shown to bind to ced-4 and prevent its
activation of ced-3.19 The human homolog of ced-9 is bcl-
2,7 which is the prototypical member of a family of cell
death regulators.

THE bcl-2 FAMILY OF PROGRAMMED
CELL DEATH REGULATORS

The bcl-2 gene represents the first described member of
a family of genes that has been found to be important in
controlling programmed cell death. It was identified as
the cellular oncogene activated in follicular lymphoma,
a type of non-Hodgkin lymphoma.20 A t(14;18) translo-
cation in most follicular lymphomas indicated the pres-
ence of a then novel oncogene, designated bcl-2 (B-cell
lymphoma/leukemia 2), that was activated by the trans-
location.21-23 Subsequently it was discovered that bcl-2 on
chromosome 18q and the immunoglobulin heavy-chain
locus on 14q are recombined in a balanced transloca-
tion that places the bcl-2 gene under the transcriptional
regulation of the heavy-chain locus. This transcrip-
tional deregulation resulted in the overexpression of wild-
type bcl-2 RNA and protein.24

The function of bcl-2, inhibition of the apoptotic cell
death program, was first demonstrated in 1988 by Vaux
et al25 with the use of a transgenic mouse. By transgenic
we mean a mouse in which the genome has been altered
in some way. For example, a given gene may be manipu-
lated to be placed under a different promoter, as in this
example, resulting in altered expression of its messen-
ger RNA and thus its protein product. Another example
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Figure 3. Molecular control of apoptosis: a current 3-stage model. Fas-L is
an extracellular cell death protein; Fas, its receptor. FADD indicates
Fas-associated death domain protein; Apaf-1, apoptotic protease-activating
factor 1.
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is the “knockout” (see below), in which a given gene is
inactivated or knocked out.

Vaux and colleagues produced a transgenic mouse
in which manipulation of the mouse genome resulted in
the placement of the native bcl-2 gene under transcrip-
tional regulation of the immunoglobulin heavy-chain en-
hancer, similar to the effect of the t(14;18) transloca-
tion in human lymphomas (above). This was found to
cause polyclonal expansion of mature B lymphocytes, con-
firming the suspected mechanism of B-cell accumula-
tion in human follicular lymphoma. Ten percent to 15%
of these animals eventually developed a diffuse immu-
noblastic B-cell lymphoma.26,27 This suggested that over-
expression of bcl-2 resulted in immortalization of a clone
of lymphocytes, resulting in lymphoma. At the time, this
was quite important as it was the first demonstration that
a single gene could block cell death, effectively immor-
talizing a cell. Could this gene be solely responsible for
the regulation of apoptosis?

Evidence of the presence of other genes involved in
apoptosis, particularly in development, again came from
studies on transgenic mice. Interestingly, mice with ho-
mozygous deletions (knockout mice) of bcl-2 develop nor-
mally with the exception of growth retardation and 3 tis-
sue-specific phenotypes28: (1) massive lymphoid
involution within 2 months of birth; (2) graying of the
hair during the second follicle cycle; and (3) polycystic
kidney lesions resulting in the animal’s death (typically
during the third month of life). The otherwise relatively
normal development of bcl-2 knockout mice suggested
that other genes may be involved in regulating apopto-
sis during development.

Subsequently, several genes with varying homol-
ogy to bcl-2 have been cloned. Together, the bcl-2 fam-
ily of genes and their respective protein products seem
to act as a complex, functionally redundant system by
which cells regulate their number. These proteins have
opposing function; some promote cell death while oth-
ers inhibit it. For example, BAX, a protein that is found
to colocalize with bcl-2 in cells, promotes cell death.29

Current evidence suggests that BAX and bcl-2, positive
and negative regulators of apoptosis, respectively, com-
pete with one another to alter cell fate. These proteins
bind to one another to form pairs of either the same (ho-
modimers) or opposing proteins (heterodimers). In this
model, an excess of BAX homodimers promotes activa-
tion of the cell death program, while an excess of bcl-2
homodimers inhibits it.29 The heterodimers are presum-
ably neutral.

To make matters more complicated, other mem-
bers of the family exist, as shown in the tabulation be-
low. For example, another protein, called BAD, has been
shown to be active in promoting cell death in a similar,
competitive fashion.30 Alternative splicing of another fam-
ily member, bcl-x, into long (L) or short (S) forms re-
sults in either promotion of cell survival (bcl-xL) or cell
death (bcl-xS).31 All of these proteins may form het-
erodimers or homodimers with one another to tip the scale
in favor of or against initiation of the apoptotic path-
way. Analysis of the sequences of the protein products
of members of this gene family reveals that 2 regions are
conserved among most family members. These regions

are called BH1 and BH2.32 The functionality of these re-
gions on the molecular level is still unclear.

Members and functions of the bcl-2 family of pro-
teins in humans are as follows:

Gene and/or Protein Product Function
bcl-2 Antiapoptotic
bcl-xL Antiapoptotic
bcl-xS Proapoptotic
BAX Proapoptotic
BAK Proapoptotic
BAD Proapoptotic
BIK Proapoptotic

How the bcl-2 family of cell death regulators acts
to control programmed cell death remains under in-
tense investigation. Recent work indicates that mem-
bers of this family act indirectly to either initiate or sup-
press activation of caspases. It seems that members of this
protein family interact with themselves in the form of het-
erodimers or homodimers (as described above). These
protein complexes, or nondimerized members of the bcl-2
family, may then act by binding with Apaf-1, thus influ-
encing caspase activation, or by influencing mitochon-
drial release of cytochrome c into the cytosol (required
for caspase activation).13,33,34 (Cytochrome c is a cata-
lytic protein [enzyme] that is essential to production of
adenosine triphosphate in aerobic metabolism [oxida-
tive phosphorylation].) Thus the bcl-2 family of cell death
regulators modulates the cell death program, as shown
schematically in Figure 3 and reviewed in detail by
Adams and Cory.35 The localization of members of this
family to the mitochondria and the role of cytochrome c
in apoptosis have pointed toward a central role for the
mitochondria in this process.

MITOCHONDRIA AND CALCIUM
IN APOPTOSIS

Cytochrome c is synthesized in the nucleus in inactive
form (apocytochrome c) and transported across the outer
mitochondrial membrane to the space between this and
the inner mitochondrial membrane, where it combines
with heme to form the active protein, or holoenzyme.13

How cytochrome c is extruded from mitochondria in
apoptosis remains a mystery. Two models for its release
have been proposed: In the first model, mitochondrial
rupture results in release of the enzyme. Evidence for this
is that mitochondrial membrane potential has been shown
to drop from its normally highly negative state in apop-
tosis.36 This is thought to be due to a change in mito-
chondrial membrane permeability37 (called the perme-
ability transition), caused by the opening of a cyclosporin-
inhibitable channel or pore in the inner mitochondrial
membrane.37,38 It is possible that the resultant swelling
of the inner membrane causes rupture of the outer mem-
brane, allowing cytochrome c to escape into the cytosol.
This theory has been supplanted by evidence that the
release of cytochrome c can occur before the mitochon-
drial permeability transition occurs.33,34

A second model proposes that a specific channel al-
lows the release of cytochrome c. In support of this model,
members of the bcl-2 family of proteins share some struc-
tural homologous features with the pore-forming do-
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mains of certain bacterial toxins, such as diphtheria
toxin,39 and bcl-xL and BAX have been shown to have pore-
forming activity.40,41 Furthermore, bcl-2 has been shown
to block the pore-forming activity of BAX and the mito-
chondrial permeability transition.41,42

Another feature noteworthy of apoptotic cells is of-
ten a rise in cytosolic calcium.43 Rises in intracellular cal-
cium are thought to play a primary role in excitatory neu-
rotoxic effects.44 Mitochondria seem to play an important
role in the regulation of calcium in a variety of cell types,
including neurons.45-48 Interestingly, overexpression of
bcl-2 can affect both apoptosis and rises in intracellular
calcium in some cell types.49,50 Taken together, these data
appear to indicate that bcl-2 (and related proteins) act
at the level of the mitochondria to regulate cell death (or
survival). For a detailed review of the relationship be-
tween bcl-2, cytochrome c, and mitochondria in apop-
tosis, please see Green and Reed.51

EXTRACELLULAR CELL DEATH LIGANDS

Other mechanisms for induction of cell death exist. The
non-bcl-2–dependent activation of caspases and thus in-
duction of apoptosis has been demonstrated, and this may
be related to autoimmune disorders.12 In the immune sys-
tem, expression of the extracellular cell death protein, Fas-L,
occurs on the surface of cytotoxic T cells in response to
presentation of foreign peptides by major histocompat-
ibility complex class I on antigen-presenting cells. Fas-L
then binds its receptor, Fas, on the antigen-presenting cell
plasma membrane. This, in turn, causes its association with
the Fas-associated death domain protein (FADD), result-
ing in activation of the caspase cascade.52 This mecha-
nism is responsible for cytotoxic immune-mediated cell
death as well as removal of self-reactive lymphocytes. Dis-
orders of this system may thus lead to diseases of autoim-
munity at 2 levels: First, failure to remove self-reactive lym-
phocytes results in the persistence of cytotoxic cells directed
toward self-antigens. Second, these cells use cytotoxic im-
mune-mediated apoptotic cell death (via the Fas-L-Fas-
FADD pathway) to kill normal host cells. Ashkenazi and
Dixit53 have recently published a detailed review of the ex-
tracellular cell death ligand pathways.

p53 AND APOPTOSIS

A number of other oncogenes may act via the apoptotic
pathway to influence neoplastic processes. For ex-
ample, p53 is believed to function as an oncosuppressor
and plays an important role in repair of DNA damage.6

Mutations of this gene are the most common in human
malignancy.54,55 The p53 gene encodes a transcriptional
activator that is thought to play a role in the cellular re-
sponse to DNA damage and cell cycle progression.56 As
with bcl-2, important insights regarding its function have
come from the analysis of transgenic p53-deficient mice.
These mice show normal development into adulthood,
indicating that the p53 gene is not responsible for regu-
lating apoptosis in development. However, thymocytes
from these mice are resistant to ionizing radiation, which
is usually an apoptotic stimulus in thymocytes possess-
ing the wild-type p53 allele.57,58 Interestingly, p53-

deficient thymocytes show normal apoptosis when ex-
posed to glucocorticoids, T-cell receptor activation, or
high calcium loads.57,58

In the current model, p53 seems to induce cell cycle
arrest and apoptosis in response to DNA damage, as oc-
curs with ionizing radiation,59 by activating genes whose
products generate free radicals, causing damage to mito-
chondria and release of mitochondrial contents.60 As in-
dicated earlier, release of cytochrome c into the cytosol from
the mitochondria may be necessary for the activation of
caspases and the execution of the cell death program.

The clinical implication is that mutations in p53 are
responsible not only for induction of neoplasia, but also
for resistance to radiotherapy. Mutations in p53 have been
demonstrated in carcinomas of the head and neck, and
some have used this as a molecular biologic staging tool.4,5

In fact, overexpression of p53 (a typical response to a
mutation of the allele) has been shown to predict poor
response to radiotherapy in at least 1 recent study.61

Investigation into the possibility of introduction of
wild-type p53 into tumors of the head and neck via
viral-mediated gene transfer look promising.62

THE AUDITORY SYSTEM AS A MODEL
FOR APOPTOTIC CELL DEATH:

MITOCHONDRIA AND CALCIUM REVISITED

While programmed cell death is believed to play a role
in the development of virtually all tissue types, it has been
studied most extensively in the developing nervous sys-
tem. It was within this context that trophic factors such
as nerve growth factor and brain-derived neurotrophic
factor were discovered.14,63 More recently, the impor-
tance of afferent innervation in regulating neuronal sur-
vival has been recognized. Removal of peripheral sense
organs is known to cause degeneration of neurons in the
corresponding central nuclei.63 The auditory system is
no exception, as removal of afferent input via the eighth
cranial nerve has been shown to cause transneuronal de-
generation in the cochlear nucleus.64,65 Such transneu-
ronal degeneration occurs in humans after the onset of
acquired profound deafness, and may ultimately limit the
benefit obtainable from auditory prostheses.66 It is im-
portant to understand the mechanisms involved in tran-
sneuronal degeneration of cochlear nucleus neurons not
only for this reason, but also because this serves as a good
model for understanding the mechanisms underlying neu-
ral control of apoptosis throughout the central nervous
system. Furthermore, since the basic mechanisms of apop-
tosis are so well conserved, information gathered from
this model may be applicable to other systems.

Neurons of the anteroventral cochlear nucleus (or
its homolog in the avian brain, nucleus magnocellularis
[NM]) receive unilateral input from the ipsilateral audi-
tory nerve. Ipsilateral cochlear removal or action poten-
tial blockade of the auditory nerve triggers a series of in-
tracellular events leading to the death of 30% to 80% of
these neurons, depending on the age and species.64,67,68

During this process, these neurons undergo character-
istic metabolic and morphologic changes similar to apop-
tosis.69,70 These changes include (but are not limited to)
an increase in mitochondrial density, an increase in in-
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tracellular calcium, decreased RNA and protein synthe-
sis, and changes in oxidative metabolism.67,71-73

Once again, it appears that mitochondria are of cen-
tral importance in determining cell survival in this model.
Multiple lines of evidence support this hypothesis. Af-
ter deafferentation in the chicken, NM neurons show an
increased number of mitochondria when examined us-
ing electron microscopy.71 When investigated further, it
was found that inhibition of mitochondrial but not cy-
toplasmic protein synthesis specifically potentiates cell
death in NM after afferent deprivation.69,70,74 These ob-
servations indicate a protective role for mitochondria in
determining cell fate after deafferentation.

A second line of evidence comes from examination
of the role of mitochondria in regulating cytosolic cal-
cium. Rises in cytosolic calcium levels are a primary event
in excitatory neurotoxic effects,44 and rises in cytosolic
calcium levels are also a common finding in apoptotic
cells.43 Recently, several groups have found that mito-
chondrial function is critical to the normal regulation of
cytosolic calcium levels in various cell types.46,75,76 It has
been demonstrated that mitochondria are important in
regulating intracellular free calcium in NM neurons in
2 ways: (1) mitochondria may buffer calcium via direct
uptake; and (2) mitochondrial oxidative phosphoryla-
tion provides adenosine triphosphate for adenosine tri-
phosphate–dependent cytosolic calcium clearance mecha-
nisms present in the plasma membrane or elsewhere.47

These independent lines of evidence seem to indi-
cate that mitochondrial function is critical to cochlear
nucleus neuronal survival after deafferentation. Inter-
estingly, changes in mitochondrial function are a pri-
mary event in cell death in other cell types.11,37 Further-
more, mutations in mitochondrial DNA have been found
in a number of cases, including some families with he-
reditary susceptibility to aminoglycoside toxic effects and
some forms of deafness (for reviews, see Jacobs77 and
Suomalainen78). Whether such mutations place cells at
an increased risk for abnormal triggering of the apop-
totic cell death program remains to be shown.

Transneuronal degeneration of mammalian central
auditory neurons has been studied most extensively in the
gerbil and mouse.65,79,80 The sensitivity of cochlear nucleus
neurons to deafferentation changes significantly as a func-
tion of the animal’s age. There is a critical period around
the time of onset of hearing in the gerbil and mouse dur-
ing which a dramatic drop in sensitivity to deafferentation-
induced cell death occurs.81,82 While the molecular basis
for this change remains unknown, the existence of nu-
merous transgenic mutant mice has made this model for
studying the critical period particularly powerful. Prelimi-
nary studies on homozygous bcl-2 knockout mice has in-
dicated that this gene product may have a protective role
in these neurons after removal of afferent input.81

CLINICAL IMPLICATIONS

Cancer

As discussed above, disrupted regulation of cell number
can lead to neoplastic cell accumulations. Nearly all che-
motherapeutic drugs kill tumor cells by activation of the

apoptotic cell death program.83 Altered expression of cell
death regulators may underlie some forms of chemore-
sistance.83,84 For example, increased expression of bcl-2
has been found to occur in multiple myeloma cells that
survive exposure to the chemotherapeutic agent, doxo-
rubicin.85 This may be a mechanism for selection of che-
moresistant cells in vivo. Increased expression of bcl-2
has been found in patients with chemoresistant forms of
breast cancer.86 Oncologists hope to use information about
the biochemical mechanisms of action of the bcl-2 pro-
tein and other members of the bcl-2 family to overcome
the cytoprotective effects of bcl-2 overexpression in che-
moresistant cancers. A study on the expression of mem-
bers of the bcl-2 family in squamous cell carcinomas of
the larynx found altered expression of these proteins but
did not evaluate the prognostic significance of these al-
terations.87 Future studies will presumably more closely
examine the prognostic value of studying the expres-
sion of these cell death regulators in determining
response to chemotherapy.

Radiation also induces apoptosis in tumor cells.
Mutations in regulators of apoptosis may underlie
radioresistance. For example, p53 is thought to induce
apoptosis in response to DNA damage from ionizing ra-
diation (as described above). Therefore, tumors with mu-
tations in p53 may be less sensitive to radiotherapy. One
preliminary study has indicated that p53 may be a use-
ful predictor of outcome in potential radiotherapy can-
didates with squamous cell carcinomas of the head and
neck.61 Recently, Spafford et al88 examined the expres-
sion of p53 and bcl-2 in patients with squamous cell car-
cinoma of the larynx. They found that increased expres-
sion of p53 correlated with poor survival, while bcl-2 was
not a prognostic discriminator. However, the detection
of p53 by immunochemical means (as in this study) has
its limitations. For example, this technique does not nec-
essarily discriminate mutant (nonfunctional) from wild-
type (functional) proteins. Detection of mutation by poly-
merase chain reaction is both expensive and time-
consuming. Since it has been shown that mutations in
p53 result in accumulation of the protein, the presence
of increased levels of the protein detected by immuno-
histochemical analysis has been interpreted as synony-
mous with mutation in the gene. However, recent work
(reviewed in Prives89 and Steele et al90) has demon-
strated that increased levels of p53 may not necessarily
represent mutations in the p53 gene, but instead in other,
related proteins. Second, even increased expression of this
cell death regulator in its wild-type form may be unable
to overcome the effects of disrupted expression of other
members of the apoptotic cell death pathway, such as bcl-2
or caspase (see Figure 3). This redundancy in the cell
death machinery has been shown in head and neck tu-
mor cell lines in vitro.91 Thus, a basic knowledge of the
cell death pathway is requisite to critical reading of such
literature.

Autoimmune Disease

Defective regulation of apoptosis may play a role in the
development of autoimmune diseases. As discussed above,
expression of the extracellular cell death ligand, Fas-L,
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occurs on the surface of cytotoxic T cells in response to
presentation of foreign peptides by major histocompat-
ibility complex class I on antigen-presenting cells. This
pathway is responsible for cytotoxic immune-mediated
cell death as well as removal of self-reactive lympho-
cytes. Disorders of this system may thus lead to diseases
of autoimmunity at 2 levels: First, failure to remove self-
reactive lymphocytes results in the persistence of cyto-
toxic cells directed toward self-antigens. In this case, lym-
phocytes recognize a particular self-antigen as foreign,
and incite an inflammatory response. Second, these cells
use cytotoxic immune-mediated apoptotic cell death (via
the Fas-L-Fas-FADD pathway) to kill normal host cells.

Autoimmune diseases are often systemic and have a
number of manifestations in the head and neck. For ex-
ample, dysregulation of Fas and Fas-L and bcl-2 has been
found to underlie development of Hashimoto thyroid-
itis.92,93 Furthermore, inhibition of Fas-mediated removal
of thyrocytes may underlie the development of goiter in
patients with Graves disease.94 Peripheral blood cells from
patients with a variety of vasculitides (such as Wegener
granulomatosis) demonstrate accelerated rates of apopto-
sis when compared with controls.95 As we learn more about
the role of cell death regulators in the pathogenesis of au-
toimmune diseases, novel drug therapies may be devised.

Olfaction

The olfactory epithelium is unique in that continual nerve
cell turnover occurs. Neuronal precursor cells differen-
tiate into olfactory receptor neurons from embryonic de-
velopment through adult life.96,97 This continual turn-
over has made the olfactory system a valuable model for
studying how neurogenesis and apoptosis interact to regu-
late neuron number during development and regenera-
tion.98 For example, unilateral nasal occlusion results in
a significant reduction of olfactory bulb size in neonatal
rats.99 This loss of central neurons is reminiscent of the
loss of cochlear nucleus neurons after removal of eighth-
nerve input, as discussed above. While not examined in
humans, it implies that prolonged loss of sensory input
to the olfactory epithelium may result in a reduction of
central olfactory neurons in humans as well. Whether this
mechanism is responsible for the hyposmia or anosmia
observed in some patients after correction of chronic na-
sal obstruction remains to be investigated.

Auditory and Vestibular Systems

Disorders in the regulation of apoptosis may affect the
auditory and vestibular systems in a variety of ways, from
anomalies of development to hair-cell death. For ex-
ample, expression of cell death regulators and apoptosis
are thought to be critical to normal development of the
inner ear.100,101 Overexpression of bcl-2 has been shown
to result in morphologic abnormalities of the otic cap-
sule.102 Disordered craniofacial development is seen in
bcl-2 knockout mice, including abnormal development
of the external ear.28 The inner ear has not been exam-
ined in these mice.

Examination of normal human inner ear sensory
epithelia has revealed little to no apoptosis.103 This find-

ing is not surprising, given that this epithelium is nonre-
generative. Gentamicin has been shown to induce apop-
tosis and hair-cell degeneration in mammalian vestibular
hair cells.104,105 These findings suggest the potential for
therapeutic (or preventative) intervention since specific
inhibition of apoptosis within the inner ear may prevent
chemotherapeutic or antibiotic-associated ototoxic
effects.

Removal of peripheral sense organs is known to cause
degeneration of neurons in the corresponding central nu-
clei.63 Within the auditory system, removal of afferent in-
put via the eighth cranial nerve has been shown to cause
transneuronal degeneration in the cochlear nucleus in
animal models.64,65 Such transneuronal degeneration oc-
curs in humans after onset of acquired profound deaf-
ness.66 Clinically, this becomes particularly important as
a variety of therapies to compensate for loss of cochlear
input are on the horizon. For example, the loss of cen-
tral auditory neurons may limit the benefit obtained from
cochlear prosthesis implantation. A better understand-
ing of the timing, extent, and functional consequences
of central auditory neuronal cell death after deafferen-
tation is critical to the future of such therapies.

CONCLUSIONS

Apoptosis represents a highly conserved pathway by
which unwanted or unneeded cells are removed effi-
ciently from multicellular organisms. Apoptosis plays a
critical role in the normal development of all multicel-
lular organisms and is largely responsible for homeosta-
sis of cell populations in the adult organism. Deregula-
tion of apoptosis may result in excessive cell loss, as in
the loss of central auditory neurons in sudden-onset
deafness in humans, or cell accumulation, as occurs in
various neoplasias, including carcinomas of the head
and neck. A better understanding of the molecular
mechanisms of apoptosis may lead to interventions
aimed at preventing cell death in cases of its excess, or
accelerating cell death in the case of neoplastic cell
accumulations.

We have attempted to provide a brief overview of
the current state of knowledge in the study of apoptosis
in a manner that is valuable to otolaryngologists, includ-
ing both those with primarily clinical interests and those
with an investment in basic science. We hope we have
provided some insight into the potential clinical applica-
tions of this information. It is only by continuing to
update our armamentarium of knowledge that we will
be able to keep up with the rapid expansion in funda-
mental cellular science and use this to the benefit of
patients.

Accepted for publication December 14, 1998.
Financial support was provided by grants DC00395

and DC02854 from the National Institute of Deafness and
Communicative Disorders, the Department of Otolaryn-
gology–Head and Neck Surgery, and the Virginia Merrill
Bloedel Hearing Research Center at the University of Wash-
ington, Seattle.

The authors would like to thank Ernest A. Wey-
muller, Jr, MD, George A. Gates, MD, and Elizabeth Mo-

ARCH OTOLARYNGOL HEAD NECK SURG/ VOL 125, JULY 1999
735

©1999 American Medical Association. All rights reserved.



stafapour, PhD, for the critical reading of the manuscript.
Reprints: Edwin W Rubel, PhD, Virginia Merrill Bloe-

del Hearing Research Center, Box 357923 CHDD CD176,
University of Washington, Seattle, WA 98195 (e-mail:
rubel@u.washington.edu).

REFERENCES

1. Greenfield LJ. Surgery, Scientific Principles and Practice. Philadelphia, Pa: JB
Lippincott: 1993:xv.

2. Thompson CB. Apoptosis in the pathogenesis and treatment of disease. Sci-
ence. 1995;267:1456-1462.

3. Gleich LL, Li YQ, Biddinger PW, et al. The loss of heterozygosity in retinoblas-
toma and p53 suppressor genes as a prognostic indicator for head and neck
cancer. Laryngoscope. 1996;106:1378-1381.

4. Brennan JA, Mao L, Hruban RH et al. Molecular assessment of histopathologi-
cal staging in squamous-cell carcinoma of the head and neck. N Engl J Med.
1995;332:429-435.

5. Zhang LF, Hemminki K, Szyfter K, Szyfter W, Soderkvist P. p53 Mutations in
larynx cancer. Carcinogenesis. 1994;15:2949-2951.

6. Knudson AG. Antioncogenes and human cancer. Proc Natl Acad Sci U S A. 1993;
90:10914-10921.

7. Yuan J. Evolutionary conservation of a genetic pathway of programmed cell death.
J Cell Biochem. 1996;60:4-11.

8. Hengartner MO, Horvitz HR. C. elegans cell survival gene ced-9 encodes a func-
tional homolog of the mammalian proto-oncogene bcl-2. Cell. 1994;76:665-
676.

9. Vaux DL, Weissman IL, Kim SK. Prevention of programmed cell death in Cae-
norhabditis elegans by human bcl-2. Science. 1992;258:1955-1957.

10. Kerr JF, Wyllie AH, Currie AR. Apoptosis: a basic biological phenomenon with
wide-ranging implications in tissue kinetics. Br J Cancer. 1972;26:239-257.

11. Golstein P. Controlling cell death. Science. 1997;275:1081-1082.
12. Hetts SW. To die or not to die: an overview of apoptosis and its role in disease.

JAMA. 1998;279:300-307.
13. Reed JC. Cytochrome c: can’t live with it—can’t live without it. Cell. 1997;91:

559-662.
14. Ellis RE, Yuan JY, Horvitz HR. Mechanisms and functions of cell death. Annu

Rev Cell Biol. 1991;7:663-698.
15. Alnemri ES, Livingston DJ, Nicholson DW, et al. Human ICE/CED-3 protease

nomenclature [letter]. Cell. 1996;87:171.
16. Miura M, Zhu H, Rotello R, Hartwieg EA, Yuan J. Induction of apoptosis in

fibroblasts by IL-1 beta-converting enzyme, a mammalian homolog of the C.
elegans cell death gene ced-3. Cell. 1993;75:653-660.

17. Yuan J, Shaham S, Ledoux S, Ellis HM, Horvitz HR. The C. elegans cell death
gene ced-3 encodes a protein similar to mammalian interleukin-1 beta-
converting enzyme. Cell. 1993;75:641-652.

18. Zou H, Henzel WJ, Liu X, Lutschg A, Wang X. Apaf-1, a human protein homolo-
gous to C. elegans CED-4, participates in cytochrome c-dependent activation
of caspase-3. Cell. 1997;90:405-413.

19. Chinnaiyan AM, O’Rourke K, Lane BR, Dixit VM. Interaction of CED-4 with
CED-3 and CED-9: a molecular framework for cell death. Science. 1997;275:
1122-1126.

20. Hockenbery DM. bcl-2 in cancer, development and apoptosis. J Cell Sci Suppl.
1994;18:51-55.

21. Bakhshi A, Jensen JP, Goldman P et al. Cloning the chromosomal breakpoint
of t(14;18) human lymphomas: clustering around JH on chromosome 14 and
near a transcriptional unit on 18. Cell. 1985;41:899-906.

22. Cleary ML, Sklar J. Nucleotide sequence of a t(14;18) chromosomal break-
point in follicular lymphoma and demonstration of a breakpoint-cluster region
near a transcriptionally active locus on chromosome 18. Proc Natl Acad Sci U
S A. 1985;82:7439-7443.

23. Tsujimoto Y, Finger LR, Yunis J, Nowell PC, Croce CM. Cloning of the chro-
mosome breakpoint of neoplastic B cells with the t(14;18) chromosome trans-
location. Science. 1984;226:1097-1099.

24. Seto M, Jaeger U, Hockett RD et al. Alternative promoters and exons, somatic
mutation and deregulation of the Bcl-2-Ig fusion gene in lymphoma. EMBO J.
1988;7:123-131.

25. Vaux DL, Cory S, Adams JM. Bcl-2 gene promotes haemopoietic cell survival
and cooperates with c-myc to immortalize pre-B cells. Nature. 1988;335:
440-442.

26. McDonnell TJ, Korsmeyer SJ. Progression from lymphoid hyperplasia to high-
grade malignant lymphoma in mice transgenic for the t(14; 18). Nature. 1991;
349:254-256.

27. McDonnell TJ, Deane N, Platt FM, et al. bcl-2-immunoglobulin transgenic mice
demonstrate extended B cell survival and follicular lymphoproliferation. Cell.
1989;57:79-88.

28. Veis DJ, Sorenson CM, Shutter JR, Korsmeyer SJ. Bcl-2-deficient mice dem-
onstrate fulminant lymphoid apoptosis, polycystic kidneys, and hypopig-
mented hair. Cell. 1993;75:229-240.

29. OltvaiZN,MillimanCL,KorsmeyerSJ.Bcl-2heterodimerizes invivowithaconserved
homolog, Bax, that accelerates programmed cell death. Cell. 1993;74:609-619.

30. Yang E, Zha J, Jockel J, Boise LH, Thompson CB, Korsmeyer SJ. Bad, a het-
erodimeric partner for Bcl-XL and Bcl-2, displaces Bax and promotes cell death.
Cell. 1995;80:285-291.

31. Boise LH, Gonzalez-Garcia M, Postema CE, et al. bcl-x, a bcl-2-related gene that
functions as a dominant regulator of apoptotic cell death. Cell. 1993;74:
597-608.

32. Park JR, Hockenbery DM. BCL-2, a novel regulator of apoptosis. J Cell Bio-
chem. 1996;60:12-17.

33. Kluck RM, Bossy-Wetzel E, Green DR, Newmeyer DD. The release of cyto-
chrome c from mitochondria: a primary site for Bcl-2 regulation of apoptosis.
Science. 1997;275:1132-1136.

34. Yang J, Liu X, Bhalla K, et al. Prevention of apoptosis by Bcl-2: release of
cytochrome c from mitochondria blocked. Science. 1997;275:1129-1132.

35. Adams JM, Cory S. The Bcl-2 protein family: arbiters of cell survival. Science.
1998;281:1322-1326.

36. Zamzami N, Marchetti P, Castedo M, et al. Reduction in mitochondrial poten-
tial constitutes an early irreversible step of programmed lymphocyte death in
vivo. J Exp Med. 1995;181:1661-1672.

37. Petit PX, Susin SA, Zamzami N, Mignotte B, Kroemer G. Mitochondria and pro-
grammed cell death: back to the future. FEBS Lett. 1996;396:7-13.

38. Zamzami N, Marchetti P, Castedo M, et al. Inhibitors of permeability transition
interfere with the disruption of the mitochondrial transmembrane potential dur-
ing apoptosis. FEBS Lett. 1996;384:53-57.

39. Muchmore SW, Sattler M, Liang H, et al. X-ray and NMR structure of human
Bcl-xL, an inhibitor of programmed cell death. Nature. 1996;381:335-341.

40. Minn AJ, Velez P, Schendel SL, et al. Bcl-x(L) forms an ion channel in synthetic
lipid membranes. Nature. 1997;385:353-357.

41. Antonsson B, Conti F, Ciavatta A, et al. Inhibition of Bax channel-forming
activity by Bcl-2. Science. 1997;277:370-372.

42. Marchetti P, Hirsch T, Zamzami N, et al. Mitochondrial permeability transition
triggers lymphocyte apoptosis. J Immunol. 1996;157:4830-4836.

43. Trump BF, Berezesky IK. Calcium-mediated cell injury and cell death. FASEB J.
1995;9:219-228.

44. Choi DW. Calcium: still center-stage in hypoxic-ischemic neuronal death. Trends
Neurosci. 1995;18:58-60.

45. Budd SL, Nicholls DG. A reevaluation of the role of mitochondria in neuronal
Ca2+ homeostasis. J Neurochem. 1996;66:403-411.

46. Herrington J, Park YB, Babcock DF, Hille B. Dominant role of mitochondria in
clearance of large Ca2+ loads from rat adrenal chromaffin cells. Neuron. 1996;
16:219-228.

47. Mostafapour SP, Lachica EA, Rubel EW. Mitochondrial regulation of calcium
in the avian cochlear nucleus. J Neurophysiol. 1997;78:1928-1934.

48. Werth JL, Thayer SA. Mitochondria buffer physiological calcium loads in cul-
tured rat dorsal root ganglion neurons. J Neurosci. 1994;14:348-356.

49. Marin MC, Fernandez A, Bick RJ, et al. Apoptosis suppression by bcl-2 is cor-
related with the regulation of nuclear and cytosolic Ca2+. Oncogene. 1996;12:
2259-2266.

50. Murphy AN, Bredesen DE, Cortopassi G, Wang E, Fiskum G. Bcl-2 potentiates
the maximal calcium uptake capacity of neural cell mitochondria. Proc Natl Acad
Sci U S A. 1996;93:9893-9898.

51. Green DR, Reed JC. Mitochondria and apoptosis. Science. 1998;281:1309-
1312.

52. Muzio M, Chinnaiyan AM, Kischkel FC, et al. FLICE, a novel FADD-homologous
ICE/CED-3-like protease, is recruited to the CD95 (Fas/APO-1) death-inducing
signaling complex. Cell. 1996;85:817-827.

53. Ashkenazi A, Dixit VM. Death receptors: signaling and modulation. Science. 1998;
281:1305-1308.

54. Hollstein M, Sidransky D, Vogelstein B, Harris CC. p53 Mutations in human can-
cers. Science. 1991;253:49-53.

55. Levine AJ, Momand J, Finlay CA. The p53 tumour suppressor gene. Nature.
1991;351:453-456.

56. Hooper ML. The role of the p53 and Rb-1 genes in cancer, development and
apoptosis. J Cell Sci Suppl. 1994;18:13-17.

57. Lowe SW, Schmitt EM, Smith SW, Osborne BA, Jacks T. p53 Is required for ra-
diation-induced apoptosis in mouse thymocytes. Nature. 1993;362:847-849.

58. Clarke AR, Purdie CA, Harrison DJ, et al. Thymocyte apoptosis induced by p53-
dependent and independent pathways. Nature. 1993;362:849-852.

ARCH OTOLARYNGOL HEAD NECK SURG/ VOL 125, JULY 1999
736

©1999 American Medical Association. All rights reserved.



59. Fisher DE. Apoptosis in cancer therapy: crossing the threshold. Cell. 1994;78:
539-542.

60. Polyak K, Xia Y, Zweier JL, Kinzler KW, Vogelstein B. A model for p53-induced
apoptosis. Nature. 1997;389:300-305.

61. Raybaud-Diogene H, Fortin A, Morency R, Roy J, Monteil RA, Tetu B. Markers of
radioresistance in squamous cell carcinomas of the head and neck: a clinico-
pathologic and immunohistochemical study. J Clin Oncol. 1997;15:1030-1038.

62. Clayman GL, Liu TJ, Overholt SM, et al. Gene therapy for head and neck can-
cer. Comparing the tumor suppressor gene p53 and a cell cycle regulator WAF1/
CIP1 (p21). Arch Otolaryngol Head Neck Surg. 1996;122:489-493.

63. Purves D, Lichtman JW. Principles of Neural Development. Sunderland, Mass:
Sinauer Associates Inc; 1985.

64. Born DE, Rubel EW. Afferent influences on brain stem auditory nuclei of the
chicken: neuron number and size following cochlea removal. J Comp Neurol.
1985;231:435-445.

65. Hashisaki GT, Rubel EW. Effects of unilateral cochlea removal on anteroventral
cochlear nucleus neurons in developing gerbils. J Comp Neurol. 1989;283:5-73.

66. Moore JK, Niparko JK, Perazzo LM, Miller MR, Linthicum FH. Effect of adult-
onset deafness on the human central auditory system. Ann Otol Rhinol Laryn-
gol. 1997;106:385-390.

67. Lachica EL, Zirpel L, Rubel EW. Intracellular mechanisms involved in the affer-
ent regulation of neurons in the avian cochlear nucleus. In: Auditory System
Plasticity and Regeneration. New York, NY: Thieme-Stratton Inc; 1996:333-
353.

68. Rubel EW, Hyson RL, Durham D. Afferent regulation of neurons in the brain
stem auditory system. J Neurobiol. 1990;21:169-196.
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