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A Biphasic Change in Ribosomal Conformation during Transneuronal
Degeneration Is Altered by Inhibition of Mitochondrial, but Not

Cytoplasmic Protein Synthesis
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Following loss of eighth nerve input, 20-40% of neurons in
the neonatal chick cochlear nucleus, nucieus magnocellu-
laris {NM), undergo cell death. Intracellular changes that pre-
cede the death of NM neurons include increased oxidative
metabolism and mitochondrial volume, decreased cytoplas-
mic protein synthesis, and destruction of ribosomes. Six hours
following afferent deprivation, dying NM neurons demon-
strate complete loss of ribosomes and cessation of protein
synthesis, suggesting that the rapid destruction of ribo-
somes leads to neuronal death. Increased NM neuron death
occurs when mitochondrial upregulation is prevented by
chloramphenicol, a mitochondrial protein synthesis inhibitor.
This finding suggests that increased oxidative capacity is
required for neuronal survival following loss of afferentinput.

To study changes in the ribosomes of afferent-deprived
NM neurons, we obtained a monoclonal antibody to ribo-
somal RNA. This monoclonal antibody, Y10B, labels ribo-
somes of all NM neurons receiving normal synaptic activity.
Following removal of afferent input, NM neurons demon-
strate a biphasic change in their pattern of Y 10B label. During
the initial phase, there is a uniform decrease in the density
of Y10B label. in the second phase, some NM neurons re-
cover the capacity to bind the Y10B antibody while others
remain unlabeled. During this second phase, NM neurons
putatively destined to die, based on their failure to synthe-
size protein, are unlabeled by the Y10B antibody.

New gene expression is not necessary to initiate the change
in ribosomal immunoreactivity that leads deafferented NM
neurons toward cell death. Blocking cytoplasmic protein
synthesis with cycloheximide had no effect on the biphasic
change in Y10B labeling of afferent-deprived NM neurons.
Treating chicks with chioramphenicol, however, prevented
the recovery of Y 10B immunoreactivity in NM neurons during
the second phase of the response to afferent deprivation.
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Neurons in the neonatal chick cochlear nucleus, nucleus mag-
nocellularis (NM), exhibit nearly simultaneous activation of sur-
vival and suicide mechanisms in response to loss of afferent
input from the cighth nerve. Following deafferentation or block-
ade of afferent excitatory activity, NM neurons in young animals
undergo a series of rapid intracellular changes that eventually
result in the death of 20-40% of the population (Rubel et al.,
1990). Decreased protein synthesis, measured by incorporation
of 3H-leucine, is an early response of NM neurons to afferent
deprivation (Steward and Rubel, 1985; Born and Rubel, 1988).
Following loss of afferent input, all NM neurons demonstrate
decreased H-leucine incorporation, but by 6 hr, two distinct
populations of NM neurons can be identified. One population
continues to incorporate *H-leucine at a rate slightly reduced
from normal, while the remainder appear to cease entirely in-
corporation of the amino acid label.

Scveral lines of evidence suggest that those NM neurons that
have ceased protein synthesis 6 hr after cochlea removal are the
cells that will eventually die (Rubel et al., 1991). For example,
electron microscopic evidence shows complete ribosomal de-
struction in those cells that are no longer synthesizing protein
6 hr following deafferentation (Rubel et al., 1991). Despite these
degradative changes, if synaptic activity is restored after 6 hr of
afferent activity blockade, no neuronal death ensues (Born and
Rubel, 1988).

The rapid metabolic and ultrastructural changes observed in
NM ncurons following the cessation of eighth nerve input sup-
port the hypothesis that an active cellular mechanism leading
to neuronal death is negatively regulated by the trophic influence
of afferent activity. Decreased protein synthesis (MacDonald
and Cidlowski, 1982) and degradation of RNA (Cidlowski, 1982;
Al Goul and Miller, 1989) have also been observed early in the
process of developmental or programmed cell death in other
systems. These carly changes may play important roles in the
series of events that eventually culminates in the death of a
neuron.

Recent findings support the theory that developmental neu-
ronal death results from an active process (Oppenheim et al.,
1990; Ellis et al., 1991; Franklin and Johnson, 1992; Martin et
al., 1992). Like many examples of programmed cell death in
non-neuronal cells, neuronal death during chick embryogenesis
(Oppenheim et al., 1990), or in response to trophic factor de-
privation in vitro (Martin et al., 1988; Scott and Davies, 1990),
appears to require new protein synthesis. These findings suggest
that specific genes must be expressed in order for the cell to
differentiate into a dying neuron.

Afferent-deprived NM neurons also exhibit increased activity



of enzymes involved in oxidative metabolism (Durham and
Rubel, 1985; Hyde and Durham, 1990; Durham et al., 1993).
These changes are coupled with an increase in mitochondrial
density, evident 6 hr after cochlea removal (Hyde and Durham,
1993b). Inhibiting mitochondrial upregulation with the drug
chloramphenicol produces an increase in the number of NM
neurons that will die in response to deafferentation (Hyde and
Durham, 1993a) and an increase in the number of neurons
demonstrating degradation of ribosomes 6 hr after afferent de-
privation (Hartlage-Rubsamen et al., 1992). These results are
consistent with the hypothesis that the increase in mitochondrial
density and oxidative function observed in afferent-deprived
NM neurons is an indicator of a survival mechanism involved
in arresting or reversing the ccll death process. Mechanisms that
prevent lymphocyte apoptosis (Hockenbery et al., 1990) or pro-
grammed cell death during invertebrate neuronal development
(Ellis et al., 1991) have also been described. Overexpression of
the bcl-2 gene product prevents neuronal death triggered during
normal development (Vaux et al., 1992) or trophic factor de-
privation (Garcia et al., 1992). Little is known about the mo-
lecular or enzymatic function of the bcl-2 gene product. The
localization of this protein to mitochondria, however, suggests
that the cell survival program that it promotes may involve that
organelle system.

Bidirectional regulation of the cell death phenotype is sug-
gested by the existence of a survival mechanism. In such a
scheme, the ultimate fate of a cell is determined by the balance
between the influences of the suicide program and of the op-
posing survival mechanisms. To elucidate further the biochem-
ical mechanisms involved in the theorized survival and suicide
programs, inhibitors of cytoplasmic and mitochondrial protein
synthesis could be employed. However, marking the neuronal
death process in NM entailed cumbersome *H-leucine autora-
diography to demonstrate decreased ribosomal function or elec-
tron microscopic evidence of ribosome degradation or disso-
ciation. We hypothesized that an antibody to ribosomal RNA
(rRNA) may be a more useful marker of the extent of rRNA
degradation in these cells. A monoclonal antibody to rRNA,
Y 10B, had been generated from a genctic mouse model of au-
toimmune disease (Lerner et al., 1981). The Y10B antibody
immunoprecipitates whole ribosomes as well as all sizes of phe-
nol-extracted rRNA, indicating that it recognizes a nucleic acid
motif common to many rRNAs (Lerner et al., 1981; G. Garden,
E. Rubel, and M. Bothwell, unpublished observations). Using
the Y10B antibody as a marker of those cells undergoing ri-
bosome degradation, we addressed three questions regarding
the process of afferent-deprivation-induced cell death in NM
neurons. First, we examined whether altered Y10B immuno-
reactivity could be used to identify neurons undergoing the met-
abolic sequence of events leading to cell death. Second, we ex-
amined whether the changes in rRNA immunoreactivity resulted
from the induction of genes not constitutively expressed in these
neurons. Third, we examined whether blocking mitochondrial
protein synthesis with chloramphenicol treatment would alter
the pattern of change in Y 10B immunoreactivity normally ob-
served in afferent-deprived NM neurons.

Materials and Methods

Animals

All experimental and control animals were 10-14-d-old White Leghorn
chickens. Eggs, obtained from a local supplier (H&N, Redmond, WA),
were incubated and hatched at the University of Washington vivarium
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in AAALAC-approved facilities. Food and water were freely available
to the animals at all times. To characterize the level of Y10B immu-
noreactivity in NM neurons following afferent activity deprivation, three
to five animals were sacrificed 3, 6, 9, or 12 hr following cochlea removal
and one to threc animals were sacrificed 3 or 6 hr following afferent
activity blockade by tetrodotoxin (TTX) placement in the cochlea (Can-
ady and Rubel, 1992). Three animals were sacrificed as unoperated
controls. The cycloheximide and chloramphenicol treatment studies
each contained three to five cxperimental animals and three to five
controls for each time point at which animals were sacrificed. All pro-
cedures involving experimental animals were reviewed and approved
by the University of Washington Animal Care Committee.

Cochlea removal. Afferent deprivation of NM neurons on the right
side of the brainstem was produced in most cxperimental animals by
unilateral removal of the right basilar papilla (cochlea). The left cochica
remained intact so that the left NM could serve as a within-animal
control. The right cochlea was removed according to the method of
Born and Rubel (1985). Briefly, chicks were deeply anesthetized with
ketamine (80 mg/kg body weight) and sodium pentobarbital (15 mg/kg
body weight). Two 5 mm incisions were made to widen the external
ear canal. With a pair of #5 Dumont forceps the tympanic membrane
was punctured, the middle ear ossicle removed and the cochlea pulled
out through the oval window. The cochlea was examined under a dis-
secting microscope to ensure the complete removal of the receptor organ.
The middle ear cavity was then filled with Gelfoam, and the external
incisions were cleaned and closed with cyanoacrylate adhesive. This
procedure leaves the cell bodies and proximal axons of cighth nerve
ganglion cells intact. The ganglion cells begin to degencrate 12-18 hr
later (Born and Rubel, 1985).

Eighth nerve activity blockade. Electrical activity in the eighth nerve
was silenced unilaterally by intralabyrinthine placement of TTX ac-
cording to the method of Canady and Rubel (1992). Briefly, chicks were
deeply anesthetized with ketamine (80 mg/kg body weight) and sodium
pentobarbital (15 mg/kg body weight). An incision was made to expose
the thin bone overlying the vestibule and 0.1 mg of a TTX suspension
in the slow-release compound Elvax (Du Pont) was placed into the
perilymph through this bone. The skin was then closed over the wound.
Effectiveness of the TTX activity blockade was assessed in each exper-
imental animal by monitoring auditory evoked potentials prior to and
following TTX injections (Born and Rubel, 1988; Canady and Rubel,
1992).

Protein synthesis inhibition. To determine the proper dose of the
protein synthesis inhibitor cycloheximide for this age chick, test animals
(n = 2) were lightly anesthetized by halothane inhalation. Varying doses
of cycloheximide were administered by intracerebral injection. Control
animals were similarly anesthctized and injected with an equal volume
of sterile saline. A 250 ug dose of cycloheximide produced a 95% in-
hibition of incorporation of *H-leucine into brainstem protein precip-
itated with trichloroacetic acid for at least 3 hr. Once this dose was
determined, two groups of animals were examined for an effect of protein
synthesis inhibition on deafferentation-induced changes in Y10B im-
munoreactivity. The first group was injected with cycloheximide im-
mediately following removal of the cochlea and these animals were
sacrificed 3 hr later. The second group was injected with cycloheximide
6 hr following cochlea removal under light halothane anesthesia and
sacrificed 3 hr later. Untreated, control animals received intracerebral
injections of sterile saline on the same schedule. At the appropriate
death time, control and cycloheximide-treated chicks were deeply anes-
thetized and transcardially perfused with 0.9% saline for 1-2 min fol-
lowed by 4% paraformaldehyde for 10 min.

Mitochondrial protein synthesis inhibition. Three experimental groups
of chicks were treated with chloramphenicol, an inhibitor of mitochon-
drial protein synthesis and proliferation. The experimental groups were
sacrificed 3, 6, and 12 hr after unilateral cochlea removal. For the 6
and 12 hr survival groups, chloramphenicol was administered according
to the protocol of Hyde and Durham (1993a). Osmotic pumps (Alza
Corp., Palo Alto, CA) were loaded with chloramphenicol in aqueous
solution to deliver the compound at a rate of approximately 1000 mg/
kg/d. Thirty minutes prior to cochlea removal, chicks weighing 90-110
gm were deeply anesthetized and the osmotic pump placed subcuta-
neously. Saline filled osmotic pumps were placed subcutaneously in
control animals 30 min before cochlea removal. Experimental and con-
trol animals in the 3 hr survival group were treated with hourly intra-
muscular injections that administered chloramphenico! or saline at the
same rate as the osmotic pumps. At 3, 6, or 12 hr following cochlca
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removal, control and chloramphenicol-treated animals were deeply
anesthetized and transcardially perfused with chick Ringer’s (154 mm
NaCl, 6 mm KCl, 8.4 mm MgCl,, 5 mm HEPES, 8 mm glucose) for 1-
2 min. The brainstem was then removed and fixed by immersion in a
modified Carnoy’s fix (6 parts ethanol, 2 parts chloroform, | part glacial
acetic acid, and 1 part 10x chick Ringer’s) for 6-8 hr at 4°C.

Amino acid incorporation. Changes in protein synthesis in NM neu-
rons following cochlea removal were examined by studying the incor-
poration of tritiated amino acid (*H-leucine) according to the method
described in Steward and Rubel (1985). Six hours following removal of
the cochlea, 0.5 mCi of *H-leucine was administered by intracardiac
injection. The animals were allowed to survive for an additional 30
min, then deeply anesthetized and transcardially perfused with 0.9%
saline for 1-2 min to wash out unincorporated *H-leucine, followed by
4% paraformaldehyde for 10 min.

Histology

Tissue preparation. The heads of paraformaldehyde-perfused animals
were postfixed in a large volume of 4% paraformaldchyde for 12—18 hr.
Fixed brainstems were dissected, blocked, thoroughly dehydrated in
graded alcohols, cleared in methyl salicylate, and embedded in paraffin.
Modified Carnoy’s fixed brainstems were washed with threc to five
changes of 70% ethanol to remove the chloroform and then dehydrated
and embedded in paraffin. Brainstems werc serially sectioned in the
coronal plane on a rotary microtome at a thickness of 10 um for im-
munohistochemistry or 6 um for autoradiography. Sections werc mount-
ed on chrome-alum-subbed glass slides and thoroughly deparaffinized
prior to immunohistochemistry or autoradiography.

Autoradiography. Slides with 6 pm sections from animals labeled with
3H-leucine were dipped in Kodak NTB-2 emulsion diluted 1:1 in dou-
ble-distilled water. After drying for at least 4 hr, emulsion-coated slides
were stored in light-proof boxes at 4°C for 3—4 weeks. After the appro-
priate exposure time, the slides were processed as previously described
(Steward and Rubel, 1985). Slides that were not double labeled with
Y 10B immunochistochemistry (sec below) were stained with thionin
after developing the emulsion and washing for [ hr.

Immunohistochemistry. A monoclonal antibody to ribosomal RNA
(rRNA) (Lerner et al., 1981) was obtained from Dr. Joan Steitz, Yale
Univ. Initially, ascites generated by Dr. Steitz’s lab was used for im-
munohistochemistry. In later studies, the Y10B hybridoma was ob-
tained and a large quantity of supernatant with a high concentration of
antibody was gencrated in cell culture facilitics at the University of
Washington. All solutions in the immunohistochemistry procedure were
prepared in PBS with 1% bovine serum albumin (BSA) and 0.1% sodium
azide. Deparaflinized sections were rehydrated through graded alcohols
then incubated with 4% horse serum for 1 hr and then incubated with
a 1:5000 dilution of Y10B ascites or a 1:500 dilution of supernatant
from cultures of the Y10B hybridoma. Incubation with the primary
antibody was carried out overnight at room temperature in a humidified
chamber. After three washes (10 min) in PBS, sections were incubated
with a 1:200 dilution of biotinylated horse anti-mouse secondary an-
tibody (Vector Labs, Burlingame, CA) for 1 hr. The secondary antibody
was removed with three washes (10 min) in PBS and the sections werc
incubated with an avidin—peroxidase conjugate (Vectastain ABC Kit,
Vector Labs, Burlingame, CA) in PBS without sodium azide. After
washing the sections, diaminobenzidine (DAB) (0.25 mg/ml) with hy-
drogen peroxide (0.1%) in Tris buffer, pH 7.6, was added for 10 min.
The reaction was stopped by washing the sections with PBS. Tissue
labeled with *H-leucine was carried through the immunohistochemical
procedure detailed above. Slides were then thoroughly dehydrated with
graded alcohols, dried, dipped in autoradiographic emulsion, and de-
veloped according to the procedures described above.

Data analysis

Densitometry. To quantify the difference in Y10B immunolabel present
in afferent-deprived NM neurons versus intact control neurons on the
other side of the same tissue section, the density of the DAB reaction
product in each cell was analyzed using the BIOQUANT image analysis
system (R&M Biometrics, Nashville, TN). One section from each an-
imal that contained 50-80 NM neurons on each side and was from the
middle (30-70% of the rostrocaudal axis) of the nucleus was selected
for analysis. Every NM neuron on both the afferent-deprived and control
sides of the brainstem of the selected section was visualized under a

100 x objective on a Leitz Aristoplan microscope using Nomarski optics
to visualize the outline of the cytoplasmic membrane. A video camera
(Dage-MTTI, Michigan City, IN) transferred the image to the computer
for digitizing and to a video monitor. The unstained nuclear area of
each cell was outlined on the video image and the BIOQUANT program
was directed to exclude the nuclear area from analysis. The cytoptasmic
area was then outlined and the average optical density (OD) of im-
munolabel in the cytoplasm of each NM neuron was measured by the
BIOQUANT program on a scale from 0 to 255. At one seating, the ex-
perimenter measured the cytoplasmic optical density from all NM neu-
rons on the experimental side and all neurons on the control side of the
tissue section. Care was taken to make certain that the background light
intensity did not change over the measurement period.

To quantify the difference in Y10B immunolabel between neurons
that lose the capacity to synthesize protein and those that continued to
incorporate *H-leucine in the afferent-deprived NM, tissue that had been
double labeled for *H-leucine incorporation and the Y 10B antibody was
also analyzed. Sections {rom double-labeled tissue were selected ac-
cording to the criteria mentioned above and imaged in the same manner,
but without Nomarski optics (silver grains were enhanced by Nomarski
optics, which would decrease the area of immunolabel available for
analysis). The BIOQUANT image analysis program was first set to a density
threshold that recognized only the black area of the digitized image,
which represented the silver grains. The DAB reaction product was
represented in the digitized image by grays with a density below the
threshold sct for the silver grains. Both the nuclear arca and the area of
the silver grains were then subtracted from the area used to determine
the optical density of the Y10B label in the cytoplasm of cach NM
neuron in both sides of the section.

Statistical analysis. The quantitative and statistical analyses are sim-
ilar to those described in detail in earlier publications (Born and Rubel,
1988; Hyde and Durham, 1990). Optical density (OD) scores generated
by the BIoQUANT program could not be compared across animals because
of interanimal differences in the density of immunohistochemical re-
action product and differences in light level from section to section
analyzed by our image analysis system. Therefore, for each section
analyzed, all of the OD scores for each NM neuron on both sides of the
section were normalized according to the following procedure. A stan-
dard score (z-score) was generated for each NM neuron by normalizing
all of the OD scores obtained from a given animal to the mean and
standard deviation OD for intact, control NM neurons on the side of
the section opposite the manipulation. A z-score was determined for
each cell according to the formula (OD — mean of the control ODs)/
standard deviation of the control ODs. This formula provides a z-score
that is equal to the number of standard deviations a particular OD
varies from the mean OD of NM neurons from the contralateral (control)
side in the same tissue section. By normalizing the OD of each neuron
to the mean OD of control NM neurons in the same tissue section,
comparisons across animals or even between tissue sections in the same
animal are possible since cach cell is given a score on the same scale.

To determine if there was a significant effect of afferent deprivation
on Y10B immunoreactivity at various times following cochlea removal
and following various treatments, the mean z-scorc for afferent-deprived
neurons from each animal was treated as a single observation and com-
bined with the mean afferent-deprived z-scores for all animals in that
group. Significant differences between the mean afferent-deprived z-
score between each time point, and between experimental and unoper-
ated contro! animals were detected by a one-way ANOVA. In order to
analyze the effect of a drug treatment on the proportion of afferent-
deprived neurons that displayed decreased Y 10B immunoreactivity, we
established a cutoff point below which a neuron was considered Y10B
negative. Neurons with a z-score of less than — 2.0 (2 standard deviations
below the mean) were designated as Y 10B negative. This criterion was
chosen because +2.0 z-scores approximates the 95% confidence interval
for labeling of NM neurons on the control side of the brain. The mean
percentages of afferent-deprived NM neurons designated as Y'10B neg-
ative were averaged within each treatment group and compared using
a two-way ANOVA. To assess the reliability of our analytical proce-
dures, we made repeated measurements on scveral animals. Analysis
of several tissue sections from a given animal demonstrated that the
mean z-score and percentage Y 10B-negative cells in a single animal did
not vary by more than 10% between tissue sections. Additionally, at
the later survival times, when the bimodal populations have developed,
the percentage of NM neurons designated as Y 10B negative by z-score
correlated well with the percentage of NM neurons that can be identified
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Figure 1.

Y 10B staining in intact NM neurons. Note the homogeneous level of staining in neuronal cytoplasm and the absence of label in the

nucleus or nucleolus. Glial cells (arrows) are visible as thin rings of cytoplasmic staining surrounding an unstained nucleus. Scale bar, 10 ym.

visually as unstained by Y 10B immunohistochemistry and the propor-
tion of NM neurons that will eventually be lost from the nucleus.

Results

Two phases of change in YI0B immunoreactivity

To examine the ability of an antibody that recognizes rRNA to
label the structural changes in ribosomes seen in NM neurons
following afferent deprivation, tissue from animals killed 3, 6,
9, or 12 hr following cochlea removal was stained with the Y10B
antibody using conventional DAB immunohistochemistry. The
Y10B antibody labels the cytoplasm of every neuron in the
normal brainstem with a granular pattern indicative of ribo-
somal staining (Fig. 1). Many glial cells, choroid cells, and men-
ingeal cells are also labeled by this antibody. There are differ-
ences in the amount of YI0B label in different neuronal
populations, but the neurons within specific nuclei are usually
labeled to a similar extent. Neuronal and glial nuclei are not
labeled by the Y10B antibody and one paradoxical aspect of
the staining pattern is that the nucleolus, which contains a high
concentration of rRNA, also does not label. Intact NM neurons

demonstrate a fairly uniform amount of Y10B immunoreactiv-
ity.

Following the removal of afferent input, NM neurons undergo
a biphasic change in their staining for the Y 10B antibody (Fig.
2). During the first phase, 3 hr after cochlea removal, nearly
every afferent-deprived NM neuron demonstrates decreased
rRNA immunoreactivity, while in the second phase, 6-12 hr
following cochlea removal, two distinct populations of afferent-
deprived NM neurons develop. Photomicrographs of Y10B
stained NM neurons 3 and 12 hr following cochlea removal are
shown in Figure 2. The bottom photomicrograph of each pair
is of NM neurons from the side of the brain ipsilateral to the
cochlea removal, and pictured above are cells from the intact
NM of the same tissue section (contralateral to the cochlea
removal). At the 3 hr time point (Fig. 24, B), nearly all afferent-
deprived NM neurons exhibit a decrease in Y 10B immunolabel.
The pattern of the remaining immunoreactivity is limited to a
thin rim along the cytoplasmic membrane. By 12 hr after cochlea
removal (Fig. 2C, D), there is a new pattern of Y10B staining in
the deafferented NM. Two distinct populations of NM neurons
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Figure 2. NM neurons immunolabeled with the Y10B monoclonal antibody to rRNA in unilaterally deafferented animals. The tissue sections
are from animals killed 3 hr (4, B) or 12 hr (C, D) after cochlea removal. Control NM sections, contralateral to the cochlea removal (4, C),
demonstrate uniform Y 10B label. A uniform decrease in Y10B label occurs 3 hr after cochlea removal (B). Twelve hours after cochlea removal
(D), a subset of NM neurons are Y 10B negative (arrows). Scale bar, 10 um.

have developed; one population appears to have regained nearly
normal levels of Y10B immunoreactivity while the remaining
cells are unlabeled by the Y10B antibody.

Representative distribution plots (Fig. 3) from individual an-
imals killed 3, 6, and 12 hr following cochlea removal illustrate
how the OD of Y10B immunolabel in NM neurons changes
after loss of synaptic input. These distribution plots were con-
structed by binning the number of NM neurons within an OD
z-score range of 0.5 and plotting the number of neurons in each
bin on the y-axis against the z-score of that bin on the x-axis.
In each animal it can be seen that the contralateral NM neurons
(solid bars) demonstrate a normal distribution of z-scores cen-
tered around the mean, which has a z-score of zero. The dis-
tribution of OD z-scores for deafferented NM neurons (shaded
bars) is shifted to the left at 3 hr after cochlea removal but
remains normally distributed. The dramatic loss of Y10B im-
munoreactivity from the large majority of afferent-deprived NM
neurons only 3 hr after cochlea removal (Figs. 28, 3) was sur-
prising in light of only modest ultrastructural evidence of ri-
bosome destruction at this time point (Rubel et al., 1991). Thus,

loss of Y10B immunoreactivity can precede the destruction of
ribosomes. During the second phase of change in ribosomal
immunoreactivity, as early as 6 or 12 hr after cochlea removal,
some afferent deprived NM neurons regain Y10B immuno-
reactivity. By 12 hr after cochlea removal, some NM neurons
continue to shift to more negative z-scores, making the distri-
bution appear rectangular or bimodal.

To determine if the shift in the distribution of Y10B im-
munoreactivity following cochlea removal occurs similarly across
several animals, the OD z-scores from each animal killed 3 or
12 hr after cochlea removal (n = 4 and 5, respectively) were
grouped to generate the OD distribution plots in Figure 4. Over
200 neurons are represented in the afferent deprived and con-
tralateral sides in each plot of grouped data. The distribution
plots of the grouped data demonstrate that the general pattern
of change in OD of Y10B immunolabel is consistent between
animals. Bimodality of the afferent-deprived distribution at 12
hr following cochlea removal is less evident in the grouped
distribution because the nadirs seen in individual distribution
plots do not occur at the same z-score. In Figure 5, the mean
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Figure 3. Distribution plots of the relative OD of Y10B immunolabel in NM neurons from individual animals killed at 3, 6, or 12 hr following
cochlea removal or 6 hr of TTX blockade of eighth nerve activity. The distribution of immunolabel in control neurons from the contralateral NM
is represented by the solid bars, and the distribution of the deafferented neurons is represented by the shaded bars. Each bar represents the number
of neurons obtaining a z-score within 0.5 z-scores of the assigned value for the bin. Three hours after cochlea removal, most NM neurons on the
affected side have lost Y10B label. Some affected neurons have recovered Y10B staining by 6 hr after cochlea removal. By 12 hr following cochlea
removal there are two distinct populations of neurons, labeled and Y10B negative.

z-scores for Y10B immunolabel in deafferented NM neurons 3,
6, 9, and 12 hr following loss of synaptic activation are plotted.
The peak in generalized loss of Y 10B immunoreactivity occurs
3 hr after cochlea removal, with a mean z-score of —2.38. A
one-way ANOVA demonstrated a significant decrease in mean
z-score compared to unoperated controls at all four time points
following deafferentation (p < 0.001).

Synaptic activity blockade

To determine whether the changes in Y10B immunolabel of
NM neurons following cochlea removal were due to loss of

electrical activity or due to some damage mechanism that is
specific to cochlea removal, a slow-release compound embedded
with TTX was unilaterally implanted in the inner ear of several
animals. Intralabyrinthine TTX blocks electrical activity in the
eighth nerve without anatomically disrupting the auditory path-
way (Born and Rubel, 1988). The activity blockade was sus-
tained for 3 or 6 hr, at which time the animals were sacrificed.
The shift in distribution of Y10B label in activity-deprived NM
neurons mirrored the OD distribution shift seen following uni-
lateral cochlea removal (Fig. 3). Mean z-scores for Y10B im-
munolabel of NM neurons subjected to 3 or 6 hr of eighth nerve
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Figure 4. Grouped distribution plots of the OD of Y10B immunolabel
in NM neurons from four animals killed 3 hr following cochlea removal
and from five animals killed 12 hr following cochlea removal. The
distribution of immunolabel in intact neurons from the contralateral
NM is represented by the solid bars, and that of the afferent-deprived
neurons is represented by the shaded bars. Each bar represents the
percentage of the total number of neurons analyzed that obtained a
z-score within 0.5 z-scores of the assigned value of the bin. The devel-
opment of two populations of NM neurons (labeled and Y 10B negative)
by 12 hr after cochlea removal occurs reliably in all animals as dem-
onstrated by the grouped distribution plots.

activity blockade (—1.25 and —0.99, respectively) were not sig-
nificantly different from those obtained 3 or 6 hr following coch-
lea removal (Student’s ¢ test, p > 0.5). These findings demon-
strate that decreased Y10B immunoreactivity results from the
loss of synaptic activation, and not from degenerative changes
in the eighth nerve axons.

Mean Z-score

*

control 3hours 6hours 9hours 12 hours

Experimental Group

Figure 5. OD z-score means of Y10B immunolabel in NM neurons
ipsilateral to cochlea removal at 3, 6, 9, and 12 hr survival. Negative
z-scores reflect the decreased Y10B immunolabel in deafferented NM
neurons at all four death times. Error bars represent the SEM; asterisks
indicate significant decreases as demonstrated by one-way ANOVA (p
< 0.001).

Dying neurons are marked by absence of Y10B label

Previous studies have suggested that deafferented NM neurons
that will degenerate over the next 2 d are marked by their failure
to incorporate *H-leucine 6-12 hr following cochlea removal
(see Discussion and Rubel et al., 1991). To determine if those
neurons that are no longer synthesizing protein are the same
NM neurons that have lost their rRNA immunoreactivity, im-
munohistochemistry with the Y10B antibody was performed
on sections from animals that had been labeled for *H-leucine
incorporation. Following the immunolabeling procedure, the
sections were coated with autoradiographic emulsion and ex-
posed for 3—4 weeks. Figure 6 shows NM neurons deprived of
afferent input for 6 hr that have been double-labeled by *H-
leucine autoradiography and Y 10B immunohistochemistry. NM
neurons that no longer incorporate amino acid into protein are
unlabeled by the Y10B antibody. This finding is consistent in
every section analyzed from these animals. However, as dem-
onstrated in Figure 6, there is also a subset of NM neurons that
incorporated the *H-leucine label but stained lightly for the
Y 10B antibody. These findings do not address whether those
cells that label for *H-leucine incorporation but not for Y10B
will eventually regain their immunolabel or lose their ability to
synthesize protein.

The mean OD z-score of the Y10B label in deafferented NM
neurons that fail to incorporate *H-leucine was calculated from
sections of three double-labeled animals. This subset of afferent-
deprived NM neurons comprised 10-15% of the neurons in the
experimental nucleus. In Figure 7, the average of the mean
z-scores for NM neurons not incorporating *H-leucine from the
three animals is compared with the average of the mean z-scores
for those deafferented NM neurons from the same tissue section
that continue protein synthesis. Those cells that incorporate *H-
leucine are modestly decreased in the level of rRNA immu-
noreactivity compared to neurons in the contralateral NM (av-
eraged mean z-score = —0.95). On the other hand, Y10B label
in cells not making protein is dramatically decreased (averaged
mean z-score = —4.76) compared to contralateral neurons, and
is also significantly less than the amount of immunolabel in
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Figure 6. Neurons that have lost protein synthetic capacity are uniformly Y 10B negative, while some cells with decreased Y 10B immunoreactivity
continue to synthesize protein. NM neurons were metabolically labeled for protein synthesis by *H-leucine incorporation 6 hr after cochlea removal
and then stained with the Y10B anti-rRNA antibody. Some cells that fail to incorporate the *H-leucine label (no protein synthesis) are also Y10B
negative (short arrows). Neurons that have incorporated *H-leucine (active protein synthesis) and are lightly labeled by the Y10B antibody are

identified by the long arrows. Scale bar, 10 gm.

ipsilateral neurons that do incorporate the *H-leucine (p < 0.02).
These findings suggest that neurons that will eventually undergo
cell death following loss of afferent input are among the pool of
neurons that fail to regain rRNA immunoreactivity during the
second phase of the response to afferent deprivation.

The effect of cycloheximide

To determine if the biphasic change in rRNA immunoreactivity
resulted from the impact of new gene expression that might be
stimulated by loss of synaptic activity, we systemically inhibited
protein synthesis with the drug cycloheximide. One group of
animals was treated with cycloheximide immediately prior to
cochlea removal and sacrificed 3 hr later. This experiment was
designed to address whether new gene expression was necessary
to bring about the initial loss of rRNA immunoreactivity. A
second group of animals was treated with cycloheximide begin-
ning 6 hr after cochlea removal and sacrificed 3 hr later. By
preventing protein synthesis during this phase, we hoped to
determine if newly synthesized proteins were required for the
development of a bimodal distribution of Y10B label. Figure
84 shows the results of both experiments with mean z-scores
for cycloheximide-treated and untreated controls 3 or 9 hr after
cochlea removal. Student’s ¢ tests show no significant difference
between mean z-scores for cycloheximide-treated and untreated
animals at either time point.

In order to examine the population of neurons with very low
Y 10B immunoreactivity, the percentage of neurons unlabeled
with the Y10B antibody was determined for each animal by

-21

=31

Mean Z-score

-4

7
leucine labeled leucine unlabeled

Figure7. The mean OD z-score for Y 10B immunolabel of deafferented
NM neurons that fail to incorporate *H-leucine 6 hr after cochlea re-
moval is compared to the menn OD z-score of those deafferented NM
neurons that continue to synthesize protein. Error bars represent SEM.
Asterisk indicates a significant decrease in mean OD z-score (Student’s
t test, p < 0.02) for NM neurons that do not incorporate *H-leucine.
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Figure 8. Cycloheximide treatment does not affect either the initial
loss of Y 10B immunoreactivity in afferent-deprived neurons or the later
development of Y 10B-positive and Y 10B-negative populations of neu-
rons. A, OD z-score means of afferent deprived NM neurons from
animals treated with cycloheximide for 3 hr prior to death are compared
to those from untreated animals 3 or 9 hr after cochlea removal. B, The
percentage of Y 10B-negative NM neurons among the deafferented NM
neurons does not change with cycloheximide treatment 3 or 9 hr fol-
lowing cochlea removal. Error bars represent SEM.

designating any neuron with an OD outside the 95% confidence
interval of the contralateral distribution (z-score < —2.0) as a
Y 10B-negative cell. Figure 8B displays the portion of Y10B-
negative neurons in NM 3 or 9 hr after cochlea removal from
cycloheximide-treated and untreated animals. There was no ef-
fect of cycloheximide treatment on the proportion of Y10B-
negative neurons at either time point. These experiments dem-
onstrate that cycloheximide treatment had no effect on either
the initial decrease in total Y10B immunolabel or the eventual
distribution of that label into two populations of deafferented
NM neurons. These findings indicate that the decrease in rRNA
immunoreactivity following loss of synaptic input does not de-
pend on changes in gene expression. Additionally, the ability of
some NM neurons to regain rRNA immunoreactivity during
the second phase of the response to afferent deprivation was not
inhibited by cycloheximide treatment.

]

1

Figure 9. Chloramphenicol treatment prevents the recovery of Y10B
immunoreactivity during the second phase of the response to afferent
deprivation. NM neurons contralateral (4) and ipsilateral (B) to cochlea
removal from an animal treated with chloramphenicol (1000 mg/kg/d)
beginning 30 min prior to cochlea removal and sacrificed 12.5 hr later
(modified Carnoy’s fixation). The brainstem has been labeled with Y10B
anti-rRNA antibody. Note the abundance of Y 10B-negative neurons
persisting 12 hr after cochlea removal (arrows) as compared to Figure
2D. Scale bar, 10 um.

The effect of chloramphenicol

To study the impact of inhibiting the upregulation of mito-
chondria (Rubel et al., 1990; Hyde and Durham, 1993a) on the
temporal pattern of change in rRNA immunoreactivity in af-
ferent-deprived NM neurons, chicks were treated with chlor-
amphenicol, an inhibitor of mitochondrial protein synthesis.
Chloramphenicol or vehicle was administered continuously at
the rate of 1000 mg/kg/d until the animals were sacrificed 3, 6,
or 12 hr after deafferentation. Figure 9, 4 and B, demonstrates
Y 10B-labeled NM neurons from the intact (4) and afferent-
deprived (B) sides of the auditory brainstem 12 hr following
cochlea removal from an animal treated with chloramphenicol.
Compared to animals receiving cochlea removal and no drug
treatment (Fig. 2), there is a dramatic increase in the number
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Figure 10. Chloramphenicol treatment prevents the development of
a Y10B labeled population of afferent-deprived NM neurons at 6 or 12
hr after cochlea removal. Shown here are distribution plots similar to
those in Figure 3 from individual animals treated with chloramphenicol
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Figure 11.  The percentage of deafferented NM neurons that are Y10B
negative 3, 6, or 12 hr following cochlea removal in chloramphenicol-
treated animals is much greater than in untreated control animals. Error
bars represent SEM; asterisks indicate that chloramphenicol-treated an-
imals differ significantly from untreated controls (6 hr, p < 0.001; 12
hr, p < 0.01).

of neurons that fail to regain Y10B immunoreactivity. Chlor-
amphenicol treatment prevents the development of a bimodal
OD distribution. OD distribution plots from representative an-
imals in the chloramphenicol treatment groups are displayed in
Figure 10. Three hours after cochlea removal, the shift to the
left in the OD distribution of afferent-deprived NM neurons is
similar to the shift in untreated animals (see Fig. 3). The only
change from the 3 hr OD distributions of untreated animals is
that the afferent-deprived OD distribution is further shifted to
more negative z-scores. The OD distributions from chloram-
phenicol-treated animals 6 and 12 hr following cochlea removal,
however, are markedly different from the OD distributions of
untreated animals (Fig. 3). The 6 and 12 hr OD distribution
plots from chloramphenicol-treated animals demonstrate that
very few cells are able to regain normal rRNA immunoreactiv-
1ty.

In Figure 11, the mean percentage of Y 10B-negative cells (z-
score < —2.0) from animals treated with chloramphenicol and
sacrificed 3, 6, or 12 hr following cochlea removal is compared
to the mean percentage of Y10B-negative neurons in vehicle-
treated controls. The portion of NM neurons that remain un-
labeled by the Y10B antibody 6 and 12 hr after cochlea removal
is significantly elevated by the chloramphenicol treatment (two-
way ANOVA showed a reliable effect of treatment; p < 0.02).
Post hoc comparisons using Duncan’s New Multiple Range test
showed a significant elevation in the number of Y10B-negative
neurons at both 6 hr (p < 0.001) and 12 hr (p < 0.01) following
cochlea removal. Chloramphenicol treatment produced no sig-
nificant change in the percentage of Y10B-negative ncurons 3
hr after cochlea removal. These findings suggest that chloram-
phenicol treatment, which is known to increase the amount of
deafferentation-induced neuronal death in NM neurons (Hyde
and Durham, 1993a), may act by preventing NM neurons from
recovering rRNA immunoreactivity and allowing a greater por-
tion of the cells to continue along the cell death pathway.

—

and killed at either 3, 6, or 12 hr following cochlea removal. Note failure
of most ipsilateral neurons (solid bars) to recover enough Y 10B label
to obtain an OD z-score in the normal contralateral distribution at 6
or 12 hr following cochlea removal.
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Discussion

In this study we report a new measure of the cell death process
in neurons of the afferent-deprived chick cochlear nucleus and
explore how it is affected by cytoplasmic or mitochondrial pro-
tein synthesis inhibition. Our findings indicate that in response
to loss of synaptic input, NM neurons demonstrate an initial
decrease in immunoreactivity for the rRNA epitope recognized
by the Y10B antibody. In the second phase of this response,
some NM neurons are capable of regaining rRNA immuno-
reactivity, while others become completely Y 10B-negative. The
correlation between the lack of YI10B label and failure to in-
corporate *H-leucine supports the hypothesis that cells destined
to dic are among those that fail to regain rRNA immunoreac-
tivity 6 hr after cochlea removal. Preventing new gene expres-
sion through inhibition of cvtoplasmic protein synthesis had no
impact on the extent of initial loss or eventual recovery of rRNA
immunoreactivity in afferent-deprived NM neurons. Chlor-
amphenicol blockade of the upregulation in oxidative capacity
normally observed following loss of synaptic input to NM neu-
rons prevents the recovery of rRNA immunoreactivity during
the second phase of the response to afferent deprivation.

The remainder of this discussion will address several issues
related to these data. First, the questions of what role changes
in ribosome structure, as reflected by Y10B immunoreactivity,
play in the cell death process and how these changes may relate
to other types of neuronal death will be addressed. Second, the
hypothesized cell survival process evoked in NM neurons by
afferent deprivation will be discussed. Third, the intracellular
signals that may be involved in initiating the changes in rRNA
immunoreactivity will be considered. Finally, wec will present
our current working model of the intracellular responscs to loss
of afferent input in NM neurons.

The role of ribosomes in neuronal death

Immunolabeling afferent-deprived NM neurons with a mono-
clonal antibody to rRNA, Y10B, demonstrates an intriguing
temporal pattern in the immunoreactivity of ribosomes. There
is an initial shift in the entire population of NM neurons to
decreased levels of rRNA immunoreactivity 3 hr after cochlea
removal. Ultrastructural studies have shown only a modest loss
of ribosomes from endoplasmic reticulum at this time point, in
only a small portion of NM neurons (Rubel et al., 1991). Our
findings indicate that decreased ribosomal immunorcactivity
precedes ultrastructural evidence of ribosome destruction in most
afferent-deprived NM neurons. This suggests that some discrete
modification of rRNA that alters the Y 10B epitope occurs prior
to the actual destruction of the ribosome. Alternatively, de-
creased nuclear production of rRNA might contribute to a slow
loss of rRNA immunoreactivity in the presence or normal or
accelerated ribosome turnover.

In addition to marking an alteration of ribosome structure in
afferent-deprived NM neurons, the loss of Y10B immunoreac-
tivity- seems to mirror the decrease in ribosome function that
has been observed in previous studies. Protein synthesis initially
decreases in all afferent-deprived NM neurons with an eventual
segregation into two populations of cells: those that incorporate
slightly less amino acid than control NM neurons, and those
that cease protein synthesis entirely (Steward and Rubel, 1985;
Born and Rubel, 1988; Rubel ¢t al., 1991). The initial decrcase
in protein synthesis is secondary to a loss of synaptic input from
the eighth nerve and cannot be reversed by antidromic depo-

larization of NM neurons (Hyson and Rubel, 1989). Likewise,
Y 10B immunorcactivity is specifically regulated by afferent syn-
aptic activity, and antidromic electrical stimulation will not
prevent the loss of immunoreactivity associated with afferent
deprivation (Hyson and Rubel, 1992). These parallel changes
in ribosome structure and function suggest that the structural
alteration of the ribosome recognized by the Y10B antibody
may produce the change in ribosome function measured by *H-
amino acid incorporation.

By 6 hr after cochlea removal, NM neurons have segregated
into two populations based on rRNA immunoreactivity, ribo-
somal ultrastructure (Rubel et al., 1991), and the capacity to
synthesize protein (Steward and Rubel, 1985; Born and Rubel,
1988). Two lines of evidence suggest that regulation of ribo-
somal structure and function may be an important component
of'the neuronal death process in NM. First, failure to incorporate
*H-leucine 6 hr following cochlea removal is also strongly cor-
related with eventual cell loss (Steward and Rubel, 1985; Rubel
et al,, 1991; E. W. Rubel and O. Steward, unpublished obser-
vations), suggesting that ribosome dissociation and lack of rRNA
immunoreactivity may be markers of the dying population of
afferent-deprived NM neurons. Second, chloramphenicol treat-
ment, which increases the amount of neuronal death in the
afferent-deprived NM (Hyde and Durham, 1993a), also increas-
¢s the portion of NM neurons that demonstrate lack of rRNA
immunoreactivity and ribosome dissociation (Hartlage-Rub-
samen et al., 1992),

Ribosome dissociation and destruction have been rcported
in several other types of neuronal death, including deafferen-
tation-induced cell death in olfactory cortex of rats (Heimer and
Kalil, 1978), developmental neuronal death in chick motor neu-
rons (Chu-Wang and Oppenheim, 1978), chick ciliary ganglion
neurons (Pilar and Landmesser, 1976), and rat retina (Cun-
ningham, 1982) and the ventral ganglia of the moth Manduca
sexta during adult metamorphosis (Stocker et al., 1978). There
are also reports of ribosome dissociation in neurons undergoing
delayed neuronal death following ischemia (Petito and Pulsineli,
1984; Yamamoto et al., 1990) or exposure to toxic levels of
glutamate in the absence of serum growth factors in vitro (Dux
ct al.,, 1992). None of these reports has directly linked early
changes in the ultrastructure of neuronal ribosomes to eventual
cell death by what has been labcled an apoptotic mechanism,
which includes chromatin condensation and DNA cleavage
(Wyllie et al., 1984; Clarke, 1990). However, ribosome disso-
ciation has been reported as an early step in the cell death process
of a preglial cell line, serum-free mouse embryo cells, which
eventually die by a process that closely resembles the nuclear
changes seen in apoptosis (Rawson et al., 1991). Additionally,
chromatin condensation produces pyknotic nuclei, which are
commonly observed in developing chick ventral spinal cord
during developmental motor neuron death when some of these
neurons also exhibit a loss of ribosomes (Chu-Wang and Op-
penheim, 1978; Oppenheim et al., 1990).

Our approach has been to study the earliest events following
the loss of synaptic activation in order to establish whether a
neuron’s initial response may be to turn on a cell death program.
Causal links between early changes in dying neurons like ri-
bosome degradation and the later development of an apoptotic
morphology or the eventual death of the neurons may be even
more elusive to identify. Application of the Y10B antibody to
additional neuronal populations and during other types of neu-
ronal death. such as occurs during normal development, after



growth factor deprivation and following ischemic or excitotoxic
injury, may help to answer many questions about the role of
ribosomes in neuronal death.

Cell survival mechanisms

A second phase in the response of NM neurons to afferent de-
privation involves recovery of rRNA immunoreactivity in a
subpopulation of ncurons. Recovery of rRNA immunoreactiv-
ity appears to mark NM neurons that will survive deafferen-
tation. This is suggested by the ability of all Y 10B-positive cells
to incorporate *H-leucine 6 hr after cochlea removal. In addi-
tion, the size of the Y10B-negative population after 12 hr of
afferent deprivation approximates the size of the population that
will eventually die.

We find that the recovery of rRNA immunoreactivity can be
prevented by using chloramphenicol to block the ability of a
deafferented neuron to increase oxidative metabolism and mi-
tochondrial density. Previous studies from our laboratory have
demonstrated that chloramphenicol treatment for the first 12
hr of afferent deprivation will produce a large increase in the
number of NM ncurons that have degenerated by 5 d after
cochlea removal (Hyde and Durham, 1993a). Ultrastructural
studies of afferent-deprived NM neurons from chlorampheni-
col-treated animals have also demonstrated that there is a sig-
nificant increase in the number of cells that demonstrate com-
plete ribosomal degradation at 6 or 12 hr following cochlea
removal (Hartlage-Rubsamen et al., 1992).

There are two implications of the finding that chloramphen-
icol treatment produces an increase in the proportion of NM
neurons that display the same early changes as those seen in
neurons subjected to afferent deprivation alone. First, the lack
of a pathologic process separate from the one seen with afferent
deprivation alonc suggests that the increased cell death induced
by chloramphenicol results from the mechanisms associated
with afferent deprivation, and not through a separate toxic in-
teraction between chloramphenicol and loss of synaptic input.
Second, these findings suggest that the cell death process in-
volving ribosome destruction and the cell survival process in-
volving mitochondrial upregulation are two distinct and op-
posing responses to deafferentation. This hypothesis is supported
by the finding that the cell survival process can be attenuated
by inhibition of mitochondrial upregulation while the cell death
process continucs.

Two issues are raised by a putative cell survival program
involving the upregulation of mitochondrial function. The find-
ing that mitochondrial function is an important component of
the cell survival process is intriguing in light of reports that the
proto-oncogene bc/-2, which prevents programmed cell death,
is localized to mitochondria (Hockenbery et al., 1990; Mon-
aghan ct al., 1992). The normal cellular function of bc/l-2 is
unknown. However, overexpression of A¢/-2 can prevent apop-
totic cell death even in the absence of mitochondria (Jacobson
et al., 1993). Several authors have demonstrated that bc/-2 is
also associated with nuclear membrane and endoplasmic retic-
ulum (Chen-Levy et al., 1989; Alnemri et al., 1992; Jacobson
et al., 1993). It is possible that the two organelle systems most
prominent in NM neuronal death may be linked by the function
of bel-2. Efforts to determine if bcl-2 expression is altered by
deafferentation arc ongoing in our laboratory.

The second issue suggested by the presence of a cell survival
program concerns the function that this program plays during
the critical period of development when neurons arc susceptible
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to loss of afferent input. It has been recognized for many years
that neurons in young animals appear to be more susceptible
to afferent deprivation, target cell removal, axotomy, or other
insults (Cowan, 1970; Globus, 1975; Kalil, 1980; Hashisaki and
Rubel, 1989; Snider et al., 1992). Future studies should address
the question of whether an increase in the relative influence of
the cell survival program with maturity may account for the
differential effects of afferent deprivation or other insults in
young versus adult animals.

Intracellular effectors of a neuronal death signal

Several investigators of neuronal death during development or
following trophic factor deprivation in vitro have found that
inhibition of transcription or translation may prevent cell death
(Martin et al., 1988; Oppenheim et al., 1990; Scott and Davies,
1990; Edwards et al., 1991). These studies suggest that the cell
death signal is transduced at the level of the nucleus through
alterations in gene expression. However, there are several recent
examples of other cell types in which physiologic ccll death and
survival are regulated independent of macromolecular synthesis
(Rukensteinetal., 1991; Owens and Cohen, 1992). In this study,
we demonstrate that new protein synthesis is not necessary to
induce the initial changes in ribosome immunoreactivity or for
the eventual recovery of rRNA immunoreactivity. Thus, the
dramatic changes in ribosomal structure and function during
the first 3-9 hrafter afferent deprivation are initiated by enzymes
constitutively expressed in NM neurons of young animals. These
findings, in conjunction with other examples of physiologic cell
death that are not dependent on protein synthesis, suggests that
transduction of a cell death signal may take place outside of the
nucleus in some cell types.

Several signal transduction mechanisms that do not directly
involve alteration of gene expression have been implicated in
the physiologic death of neuronal cells. cAMP and cAMP an-
alogs can promote neuronal survival of NGF-deprived PC12
cells (Rukenstein et al., 1991), cultured retinal ganglion cells
subjected to a blockade of afferent synaptic activity with TTX
(Kaiser and Lipton, 1990) and NGF-deprived, cultured sym-
pathetic neurons (Edwards et al., 1991; Martin ct al., 1992).
Another second messenger involved in preventing neuronal death
is cytosolic frec Ca®' (Franklin and Johnson, 1992). Ca?* influx
through voltage-dependent Ca?* channels or Ca?' release from
intracellular stores can prevent the death of NGF-deprived sym-
pathetic neurons in culture (Kioke et al., 1989). The ras proto-
oncogene also promotes neuronal survival, even in the absence
of neurotrophic factors, when an oncogenically activated form
is introduced into cultured ncurons (Borasio et al., 1989). These
three intracellular effectors, cAMP, Ca?- and ras, can influence
the activity of intracellular protein kinascs. It is possible that
removal of afferent activity from NM neurons produces a change
in the activation of protein kinases, and that the subsequent
alteration of protein phosphorylation induces the early changes
observed in ribosomes during the cell death process.

A model of an NM neuron’s response to afferent deprivation

The findings presented here, in conjunction with previous stud-
ies of afferent-deprived NM neurons, support a general model
of the carly response in NM neurons to the loss of afferent
innervation. Figure 12 is a schematic summarizing intracellular
changes found in young NM ncurons following afferent depri-
vation. The initial changes, schematized in the second cell of
Figure 12, are observed in ncarly all afferent-deprived NM neu-
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Figure 12. Model of neuronal responses to afferent deprivation in the chick cochlear nucleus (see Discussion).

rons. Changes associated with the initial response to afferent
deprivation include decreased incorporation of amino acids into
protein (Steward and Rubel, 1985; Born and Rubel, 1988; Hy-
son and Rubel, 1989), modest structural change in the organi-
zation of ribosomes on rough endoplasmic reticulum (Rubel et
al., 1991), and the decreased immunoreactivity for rRNA re-
ported in this study. During the second phase of the response
to afferent deprivation, NM neurons tend to segregate into two
populations. We have designated the two populations of neurons
as exhibiting type S (survival) or type D (degeneration) re-
sponses, shown schematically in the 6-12 hr column of the
diagram.

A type S response involves the return of immunoreactivity
for rRNA, attenuation of the loss of protein synthetic capacity,
increased activity of oxidative enzymes and increased mito-
chondrial density. A cell’s ability to mount a type S response is
altered by the action of chloramphenicol. Chloramphenicol
treatment prevents two components of the type S response:
mitochondrial upregulation and return of rRNA immunoreac-
tivity, and increases the portion of afferent-deprived NM neu-
rons that eventually die. These findings suggest that the type S
response represents the path toward survival of an afferent-
deprived NM neuron.

The type D response includes cessation of protein synthesis,
continued loss of rRNA immunoreactivity, and complete ri-

bosomal degradation. It should be noted that up to 12 hr after
afferent deprivation is initiated, the return of synaptic input
(broken arrows in Fig. 12) can “save” cells that have already
mounted a type D response (Born and Rubel, 1988). If the
functional deafferentation is extended beyond approximately 12
hr, we hypothesize that neurons that demonstrate a type D
response will eventually die and be removed from the nucleus,
presumably by phagocytic action of surrounding non-neuronal
cells. Currently, there is little knowledge of what occurs between
12 hr after cochlea removal and 48-72 hr when the dying neu-
rons disappear from the nucleus.

If an NM neuron survives deafferentation, rRNA immuno-
reactivity returns to normal levels (G. A. Garden and E. W
Rubel, unpublished observations) whereas oxidative enzyme
activity is permanently decreased (Durham and Rubel, 1985;
Hyde and Durham, 1990; Durham et al., 1993). Mitochondrial
density in deafferented NM neurons decreases to a level below
control NM neurons by 2 weeks following cochlea removal (Hyde
and Durham, 1993b). These changes in oxidative metabolism
and mitochondria probably reflect the decreased metabolic ac-
tivity required for electrically silent and atrophied neurons. An-
other lasting change in NM neurons that survive the loss of
synaptic activity is a reduction in perikaryal volume by ap-
proximately 30-40% (Born and Rubel, 1985).

Loss of synaptic input to NM neurons causes all of the cellular



events outlined above. The extent to which the mechanism for
any of the changes demonstrated in afferent-deprived NM neu-
rons is recapitulated in other neuronal death paradigms is not
known. However, it is unlikely that this question can be ade-
quately addressed until more specific knowledge is generated on
the molecular events involved in producing the changes in ox-
idative metabolism or ribosome structure and function. With
markers of these changes that have been developed recently or
are currently being developed, the avian brainstem auditory
system appears well suited for investigating the interaction be-
tween cellular events leading to neuronal death and neuronal
survival following afferent deprivation.
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