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Abstract
The avian brainstem serves as a useful model system to address the question of how afferent activity
influences viability of target neurons. Approximately 20–30% of neurons in the avian cochlear
nucleus, nucleus magnocellularis (NM) die following deafferentation (i.e., deafness produced by
cochlea removal). Previous studies have identified cellular events that occur within hours following
cochlea removal, which are thought to lead to the ultimate death of NM neurons. We have recently
shown that chronic lithium treatment increases neuronal survival following deafferentation. To assess
where in the cell death cascade lithium is having its effect, we evaluated some of the early
deafferentation-induced cellular changes in NM neurons. Lithium did not affect deafferentation-
induced changes that occur across the entire population of NM neurons. There were still
deafferentation-induced increases in intracellular calcium concentrations and early changes in the
ribosomes, as indicated by Y10b immunolabeling. Lithium did, however, affect changes that are
believed to be indicative of the subpopulation of NM neurons that will eventually die. Ribosomes
recovered in all of the deafferented NM neurons (as assessed by Y10b labeling) by 10 hours following
cochlea removal in subjects pretreated with lithium, while a subpopulation of the NM neurons in
saline-treated subjects showed dramatic reduction in Y10b labeling at that time. Lithium treatment
also prevented the robust upregulation of Bcl-2 mRNA that is observed in a subpopulation of
deafferented NM neurons 6 hours following cochlea removal.
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It is generally accepted that sensory experience plays an important role in the development of
the brain. This idea is supported by studies showing changes in innervation patterns, or even
cell death, following the loss of sensory experience in young animals (e.g. Catsicas et al.,
1992; Pope and Wilson, 2007; Meisami and Safari, 1981). The effects of sensory deprivation
have been extensively studied in the brainstem auditory system of the chick (Rubel et al.,
1990). Loss of sensory input, produced by cochlea removal, results in the death of
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approximately 20–30% of the neurons in the ipsilateral cochlear nucleus, nucleus
magnocellularis (NM) (Born and Rubel, 1985).

The brainstem auditory system of the chick has proven to be a fruitful model system for
examining the effects of sensory deprivation, in part, because of its relatively simple
organization. In this system, the ipsilateral auditory nerve provides NM neurons with their sole
excitatory input (Parks and Rubel, 1978; Rubel 1978; Born et al. 1991). Consequently, a
unilateral manipulation of the auditory periphery affects input to ipsilateral NM, yet leaves
input to contralateral NM intact. This allows for within-subject comparisons of deprived and
intact NM neurons following unilateral manipulations of auditory nerve activity. The most
common procedure for examining the effects of auditory deprivation in this system has been
to induce deafness by removing one basilar papilla (cochlea) and then compare the NM neurons
on the deafened and intact sides of the brain.

A second advantage of studying the chick brainstem is that the effects of altering sensory input
are relatively rapid. This allows one to track the sequence of events that occurs between the
onset of deafness and the ultimate death of the neurons. As noted, approximately 20–30% of
NM neurons die within two days following deafness (Born and Rubel, 1985). The remaining
neurons show decreased soma size and reduced metabolism, but survive. Cellular changes in
NM are observed, however, much earlier following deafferentation. As early as one hour
following cochlea removal, all deafferented NM neurons show a rise in intracellular calcium
(Zirpel et al., 1995; 1996) and a reduction in overall protein synthesis (Steward and Rubel,
1985). At later time points (6–12 hours post cochlea removal), deafferented NM neurons divide
into two populations based on changes in ribosomal structure and function. The majority of
neurons show some recovery of protein synthesis, but 20–30% of the neurons appear to show
a complete disruption of protein synthesis (Steward and Rubel, 1985) that appears to be
attributable to a disassociation of their polyribosomes (Rubel et al., 1991; Garden et al.,
1994). The cells that show a complete disruption of their ribosomes are believed to be those
that will eventually die within the next 48 hours. The rapid changes in ribosomal function that
are observed after cochlea removal are mirrored by changes in antigenicity for a ribosomal
epitope that is recognized by the antibody Y10b (Garden et al., 1994; Hyson and Rubel,
1995; Hyson, 1997; 1998).

Analyses of molecular changes that may regulate the death or survival of NM neurons following
deafferentation revealed that some molecules known to be involved in the control of traditional
apoptotic cell death (cytochrome-c and caspase-9) are also regulated by deafferentation
(Wilkinson et al., 2003). Unexpectedly, however, Wilkinson et al. (2002) found an increase in
mRNA expression for the neuroprotective protein Bcl-2 in the, presumably, dying population
of deafferented NM neurons. They suggested that although mRNA for this neuroprotective
molecule increased, the protein synthesis machinery had broken down by the time the mRNA
was expressed. Consequently, it was too late for Bcl-2 to have its known neuroprotective
influence.

Bush and Hyson (2006) hypothesized that if Bcl-2 protein was upregulated prior to cochlea
removal, then NM neurons might be protected from deafferentation-induced cell death. To test
this hypothesis, they chronically administered lithium to posthatch chicks prior to cochlea
removal. Chronic lithium has been shown to increase expression of Bcl-2 (Chen et al., 1999)
and to increase neuronal survival in a variety of animal models of disease and stroke/ischemia
(Chuang et al., 2002; Leegwater-Kim and Cha, 2004; Manji et al., 2002; Martin et al., 1998).
Additionally, lithium has been shown to be effective in preventing toxic increases in
intracellular calcium (Okamoto et al., 1994). Bush and Hyson (2006) found that chronic lithium
administration was effective at increasing Bcl-2 protein expression in NM neurons and that
this treatment protected the neurons from deafferentation-induced cell death.
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Although upregulation of Bcl-2 protein following lithium administration is correlated with cell
survival in NM neurons, it is possible that lithium could be influencing other aspects of the
cell death cascade. Lithium’s neuroprotective effect could be working by preventing the
triggers for cell death, or by preventing cell death cascades that are downstream of the initial
trigger. The present series of experiments examines different events in the cell death cascade
in NM neurons. Early occurring (calcium levels), mid-occurring (Y10b immunolabeling), and
late-occurring (Y10b immunolabeling and Bcl-2 mRNA expression) events are investigated
in an attempt to determine which aspects of the cell death cascade are being influenced by
lithium treatment.

EXPERIMENTAL PROCEDURES
Subjects

All subjects were Ross × Ross chickens. Eggs, obtained from a local supplier, were incubated
and hatched at the Florida State University.

Calcium imaging
Saline or 0.15M lithium chloride (LiCl) was administered onto the chorioallantoic membrane
through a hole drilled into the shell. A single injection was given at 60 hours after the beginning
of incubation. The method was identical to that used by Ikonomov et al., 2000, with the dose
based on their dose-response studies. Since lithium is not metabolized and cannot be excreted
in ovo, a single administration results in a chronic lithium environment. The egg is a closed
system, so any lithium that is “excreted” is continuously reabsorbed. The lithium dose was
based on egg weight, assuming 80% water content, to bring the final concentration to 0.3mM
LiCl (see Ikonomov et al., 2000). Incubation was continued until E18.

Tissue from eight subjects (5 lithium and 3 saline-treated) was prepared for Fura-2 ratiometric
imaging as described by Zirpel et al. (1995; 1996). The embryo was anesthetized by cooling
and decapitated. A 300 µm thick coronal section that was midway between the rostral and
caudal extent of NM was obtained as previously described (Hyson and Rubel, 1995; Hyson,
1997; 1998). This procedure results in bilateral deafferentation of NM neurons and changes in
these deafferented neurons can then be tracked over time in vitro. NM neurons were loaded
with Fura-2 by incubating slices in oxygenated artificial cerebral spinal fluid (ACSF)
containing 6 µM of Fura-2 AM (Molecular Probes, Eugene, OR), 1.7% anhydrous
demethylsulfoxide (DMSO), and 0.03% Pluronic (Molecular Probes, Eugene, OR) for 20–30
minutes at room temperature. ACSF contained (in mM) sodium chloride, 130; sodium
bicarbonate, 26; potassium chloride, 3; calcium chloride, 2; magnesium chloride, 2; sodium
phosphate, 1.25; and D-glucose, 10. ACSF was oxygenated using a 95% oxygen/5% carbon
dioxide gas mixture. Slices were then placed in an imaging chamber where they were
superfused with oxygenated ACSF for 5 minutes before data acquisition. Fura-2 loaded
neurons were alternately excited with 340 nm and 380 nm wavelengths of light from a xenon
source using a computer controlled shutter and filter wheel. Paired 340/380 excitation images
were acquired every 5 minutes for 1 hour and analyzed with Metafluor software. At the end of
this test period, ACSF containing 75 mM KCl was applied to the slice. Only cells showing a
reliable response to KCl were included in the final analyses (see Zirpel et al, 1995). All cells
for a given slice were averaged and that average measure was used to pool data across different
slices for statistical analyses. Data was analyzed as the change in ratio over time by ANOVA
using SPSS software.

Daily injections
All procedures were in accordance with Animal Care and Use Committee guidelines. Post-
hatch chicks (P0) of either sex, received daily sub-cutaneous injections of either LiCl or saline
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for 17 days, prior to unilateral cochlea removal surgery. The dose of LiCl was gradually
increased across age, beginning at 1.5 mEq/kg for the first four days, followed by 2.3 mEq/kg
for seven days, and finally, 3.0 mEq/kg for the last six days. This schedule was identical to that
used by Bush and Hyson (2006) and adapted from the protocols of both Wei et al. (2001) and
Nonaka and Chuang (1998). The volume of each injection was 1 ml/kg. Control subjects
received daily 1 ml/kg injections of saline.

Cochlea removal surgery
One hour after the final injection, subjects were anesthetized with Halothane. A small incision
was made to widen the ear canal and the tympanic membrane was punctured. The columella
was removed, followed by the extraction of the basilar papilla (cochlea) through the oval
window using forceps. The extracted tissue was viewed under a dissection microscope to ensure
complete cochlea removal. The middle ear cavity was packed with Gelfoam and the external
incision sealed with surgical adhesive. Subjects were then allowed to survive for 3, 6, or 10
hours prior to perfusion and subsequent tissue processing (n per drug treatment group = 5, 3,
and 5, respectively). Subjects processed for in situ hybridization survived 6 hours post cochlea
removal (lithium n = 5 and saline n = 3).

Tissue preparation
At the predetermined survival period following cochlea removal, subjects were deeply
anesthetized with pentobarbital and perfused with 0.9% saline followed by ice cold 4%
paraformaldehyde. Brainstems were blocked and post-fixed in 4% paraformaldehyde for 1–2
hours followed by overnight cryoprotection at 4°C in phosphate buffered saline (PBS)
containing 20% sucrose. The tissue was rapidly frozen in 2-methylbutane on dry ice and
embedded in TBS tissue freezing medium for cryosectioning using a Leica CM 1850 cryostat.

Immunohistochemistry
Sections for Y10b immunoreactivity were cut at 20–25 µm and were collected into ice cold
PBS. Every section containing NM was collected. Pairs of subjects, one treated with lithium
and one treated with saline, were processed simultaneously. Puncture marks were made in the
ventral portion of the brain stem to identify treatment condition following the simultaneous
processing. Sections containing NM were placed in a vial containing PBS. Sections were then
washed 2 × 10 minutes in PBS and endogenous peroxidase activity was quenched by incubating
in 0.03% H2O2 in methanol for 20 minutes. Following 3 10-minute rinses in PBS, sections
were placed in a blocking solution containing 1% Normal Horse Serum (NHS) in PBS for 1
hour. Sections were then transferred to a 1:500 concentration of the primary antibody, Y10b,
in blocking solution. The Y10b antibody recognizes a ribosomal epitope (Garden et al.,
1994; Hyson, 1998). A series of sections were run without the application of the primary
antibody in order to ensure specificity of the reaction. Following overnight incubation on a
rotator, sections were washed 3 × 10 minutes in PBS. Sections were then incubated in a 1:200
concentration of horse anti-mouse antibody in blocking solution for 1 hour. Following 3 10-
minute washes with PBS, sections were incubated in avidin-biotin-peroxidase complex (ABC;
Vector Laboratories, Burlingame, CA, USA) for 1 hour. After another round of washes with
PBS, sections were reacted with diaminobenzidine (DAB) tetrahydrochloride and H2O2 for
visualization. Following a final round of washes, sections were mounted on slides and allowed
to dry overnight. The following day, slides were dehydrated in a graded series of alcohols and
cleared in xylenes for 10 minutes. Slides were coverslipped in DPX mounting medium and
allowed to dry overnight.
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In situ hybridization
The in situ hybridization methods were identical to those used by Wilkinson et al. (2002).
Briefly, cryosections (30 µm) were collected in ice-cold diethyl-polycarbonate (DEPC)-
treated, 2× sodium chloride, sodium citrate buffer (SSC) in autoclaved scintillation vials. After
the buffer was removed, the tissue was covered with prehybridization buffer containing 3.25
ml formamide, 2× SSC, 10% dextran, 1× Denhardts, 50ml DTT and 250µl of salmon sperm
DNA (about 1ml/40 sections). The Bcl-2 oligonucleotide probe (Invitrogen) was
complementary to nucleotides 1147–1191 of the chicken Bcl-2 sequence. The oligonucleotide
was end-labeled with 35S, and was added to the prehybridization buffer after 1 hour and
incubated at 39°C overnight. The following day, sections were washed with diluted serial
concentrations of SSC (2×, 1×, and 0.5× for 15 minutes at 39°C). Sections were then mounted
onto slides with gelatin and dried. Sections were exposed to x-ray film (Amersham) for 2 days
and then dipped in photographic emulsion (Kodak NTB2) and stored in light-tight boxes for
a period ranging from 2–4 weeks. The slides were then developed (Kodak D-19) and fixed
(Kodak fixer), counterstained with thionin, and coverslipped.

Objective analysis of anatomical tissue
Immunolabeling of NM neurons was objectively analyzed using densitometry (NIH Image J).
For some of the experiments, the staining densities on the intact side of the brainstem were
compared to those on the deafferented side of the same tissue section. When the comparison
was between lithium- and saline-treated subjects, the tissue was processed simultaneously in
the same reagents to prevent processing variables from affecting the results. The light levels
and contrast settings remained the same for all tissue sections analyzed. On average, 40–50
neurons in each nucleus (intact and deafferented; saline and lithium) were measured. All
neurons with a clear intact visible cell membrane were included in the analysis. Neurons were
measured starting from the most medial edge of the nucleus and proceeding laterally until either
no other neurons were present in NM or the criterion number of cells was reached. One to 4
sections were analyzed per brain. To prevent bias, the identity of whether the subject was treated
with lithium or saline was not revealed until all measurements were completed.

For analysis of in situ hybridization, emulsion dipped slides were analyzed using NIH Image
J. A gray scale threshold was visually set to identify developed silver grains. This threshold
remained constant for all measurements. The grain density, defined as the percentage of soma
area that was covered by silver grains, was measured for approximately 40 cells within each
NM in a given tissue section. The data were analyzed using Microsoft EXCEL and SPSS.

RESULTS
Calcium ratiometric imaging

Intracellular calcium levels increased over time in the deafferented NM neurons maintained
in vitro (see also Zirpel et al., 1995). This was true for both lithium- and saline-treated subjects.
For statistical analysis, ratios during a baseline 10 minute period were compared to those after
60 minutes in vitro (Figure 1). A mixed ANOVA, using time as the within-subject variable
and drug treatment as the between-subjects variable, revealed a reliable effect of time (F(1,7)
= 14.6, p < 0.01), but no reliable effect of treatment, nor a treatment × time interaction (F(1,7)
= 2.5 and 0.7, respectively, p > 0.1). Although there was a trend for lithium-treated subjects to
have a higher baseline ratio, this effect was not statistically reliable. Regardless of starting
ratio, however, subjects in both groups showed increased ratios over time (paired t(4) = 3.0
and 2.96, for saline and lithium groups, respectively, p < 0.05).
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Immunohistochemistry
As expected, saline-treated control subjects showed lighter immunolabeling for the ribosomal
epitope recognized by the Y10b antibody on the deafferented side of the brain. Although
chronic lithium had a tendency to increase the overall antigenicity for Y10b, it did not prevent
the initial deafferentation-induced reduction in immunolabeling (Figure 2). At later time points,
however, the effects of lithium became apparent such that by 10 hours after cochlea removal,
there was no longer a difference in immunolabeling between the intact and deafferented sides
of the brain. Objective analyses of the gray scale values confirmed these visual impressions
(Figure 3). A 3-way mixed ANOVA, using drug treatment and survival time as between-
subjects variables and side of the brain as a within-subject variable, showed that there was a
reliable difference between sides (F(1, 20) = 118.5, p < 0.001), a marginal overall effect of
survival time (F(2,20) = 3.3, p = 0.058) and no main effect of drug treatment (F (1,20) = 2.6,
p = 0.12). Importantly, however, there was a reliable side × time interaction (F (2,20) = 14.7,
p < 0.001) and a reliable 3-way interaction of side × time × drug (F(2,20) = 5.9, p < 0.01). This
means that the effect of cochlea removal depended on both survival time and drug treatment.
Post-hoc Newman-Keuls pairwise comparisons revealed that there were reliable effects of
cochlea removal only in the 6 hour survival time for both drug treatment groups and in the
saline treated group at the 10 hour survival time. More powerful individual paired t-tests
between the intact and deafferented sides of the brain showed reliable differences for each
group (p < 0.05) except for the 10 hour survival time, lithium-treated group.

To compare the effects across the population of NM neurons, each density measurement score
was converted to a z-score based on the mean and standard deviation of labeling density
measured on the intact side of each individual section. These z-scores were then compiled
across brains and are presented in Figure 4 as the percent of cells on each side falling within
the 0.5 bins of z-score values. By definition, the distribution of z-score values for the intact
side are relatively normal with a mean of zero and a standard deviation of 1. As can be seen in
Figure 4, the distributions of labeling densities for cells on the deafferented sides of the sections
shifted towards lighter labeling with the greatest shift observed at 6 hours following cochlea
removal. Note that in the lithium treated groups, there was a shift in the distributions at the
early time points but that there was no apparent difference in the distributions by 10 hours
following cochlea removal.

In situ hybridization
As reported previously (Wilkinson et al., 2002), there was an increase in labeling for Bcl-2
mRNA in deafferented neurons in the saline-treated subjects (Figure 5). This deafferentation-
induced difference appeared to be blocked by chronic lithium treatment. Objective analyses of
grain densities measured over individual NM neurons confirmed these visual impressions. A
two-way mixed ANOVA on the grain density measurements, using side of the brain as a within-
subject variable and drug treatment as a between-subjects variable, revealed a reliable effect
of side (F (1, 6) = 15.5, p < 0.01), a marginal effect of drug treatment (F (1, 6) = 5.26, p <
0.062) and importantly, a side × drug treatment interaction (F (1, 6) = 9.9, p < 0.05). Post-hoc
pairwise comparisons (Newman-Keuls, p < 0.05) revealed that the grain densities on the
deafferented side of the saline-treated group were reliably higher than the grain densities of
the intact side on the saline-treated group and higher than either side of the lithium-treated
group. No other comparisons showed reliable differences. Since processing variables
dramatically influence overall levels of labeling, the raw grain density scores for each brain
were converted to z-scores based on the mean and standard deviation of the distribution of
grain densities measured on the intact side of the tissue section. The pooled distributions of
these z-scores for the deafferented sides of the saline- and lithium-treated groups are shown in
Figure 6. As can be seen, the distribution for the saline-treated group is broader and many cells
fall several standard deviations (z) away from the mean labeling density of cells on the intact
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side of the brain. Using the criterion of 4 standard deviations above the mean (see Wilkinson
et al., 2002), 23.9% of NM neurons would be considered “heavily-labeled” in the saline-treated
subjects. This same criterion would account for only 0.8% of deafferented neurons in the
lithium-treated subjects.

DISCUSSION
Previous work (Bush and Hyson, 2006) showed that chronic lithium administration protected
NM neurons from deafferentation-induced cell death, but did not prevent the deafferentation-
induced reduction in soma size. The present sets of experiments examined different events that
occur in the cell death cascade in deafferented NM neurons to determine which of these events
are influenced by chronic lithium administration. This work focused on a subset of the known
array of effects that occurs following cochlea removal (Rubel et al., 1990). Chronic lithium
did not appear to block the rise in intracellular calcium levels that occurs within one hour
following cochlea removal, nor did it appear to block the early changes in ribosomes (decreased
Y10b immunolabeling) that are observed across the entire population of NM neurons in the
first few hours following cochlea removal. At later times, however, the affects of lithium
became apparent. Deafferented NM neurons in lithium-treated subjects appeared to recover
their Y10b antigenicity. In addition, lithium appeared to prevent changes in gene expression
(increased Bcl-2 mRNA) that are observed predominately in a subpopulation of cells 6–12
hours following cochlea removal.

Intracellular calcium
Zirpel and colleagues (Zirpel et al., 1995) have shown that intracellular calcium levels in NM
neurons rise within an hour following cochlea removal. This rise can be observed over time
in vitro and is not observed if the auditory nerve is electrically stimulated (Zirpel et al.,
1996). The rapid change in intracellular calcium levels following cochlea removal suggests
that calcium could be an early trigger in the cell death cascade, as observed in other systems
(Brauchi et al., 2006; Doonan and Cotter, 2004). One difficulty with this simple hypothesis,
however, is that calcium levels rise in all deafferented NM neurons, but only a subset (20–
30%) of the neurons die. Thus, although it is possible that increases in calcium play a role in
cell death following deafferentation, it does not appear that an increase in calcium commits
the cell to die. The present studies replicated the work of Zirpel et al. (1995) in showing a rise
in intracellular calcium in deafferented NM neurons in vitro. Although it is possible that lithium
is having subtle effects on calcium levels that were not detected in these experiments, the main
point is that there was still a rise in calcium in deafferented NM neurons even when the subject
was pretreated with lithium. If the rise in calcium is important for initiating cell death, then
lithium is not preventing this cell death “trigger”, and therefore must be affecting a later
downstream consequence of this trigger.

Conclusions based on the present results must also be qualified to some extent by one technical
limitation. It appears that only embryonic NM neurons reliably load with the Fura-2 AM
calcium indicator dye. This required that lithium be administered in ovo for the calcium imaging
studies, while all other experiments examining the effects of lithium in this system have been
following chronic injections in post-hatch birds. Although the concentration of lithium used
in ovo is known to have effects in other systems (Ikonomov et al., 2000), one cannot be certain
that embryonic and post-hatch NM neurons respond identically to lithium treatment.

Y10b immunolabeling
One of the first changes in the cellular functions observed in NM neurons following cochlea
removal is a decrease in protein synthesis (Steward and Rubel, 1985). This decrease in
ribosomal activity appears to correspond with decreases in antigenicity to the antibody Y10b,

Bush et al. Page 7

Neuroscience. Author manuscript; available in PMC 2009 November 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



which recognizes a ribosomal epitope (Garden et al., 1994). The present studies replicated
previous reports showing a decrease in Y10b labeling within the first few hours following
cochlea removal. Chronic administration of lithium did not affect this early difference between
deafferented and intact NM neurons. Once again, it appears that deafferentation-induced
changes that occur across the entire population of NM neurons are not affected by lithium
pretreatment.

Garden et al. (1994) reported that two populations of neurons can be distinguished based on
Y10b immunolabeling at 6–12 hours following cochlea removal; one population that is within
the normal distribution of immunlabeling density of intact NM neurons, and one population
that shows a substantial loss of antigenicity. It has been suggested that the population of neurons
that show the substantial loss of antigenicity, the so-called “ghost cells”, are those that will
eventually die. While our data did not show a clear bimodality in antigenicity, it was clear that
the distribution of gray-scale densities was broader for NM neurons on the cochlea removal
side of the brain in saline treated animals at both 6 and 10 hours following deafferentation (see
Figure 4). Many of these cells were 2–5 standard deviations below the average labeling density
observed in cells on the intact side of the section. In lithium-treated subjects, however, the
labeling distribution at 6 hours following cochlea removal was shifted towards lighter labeling,
but the distribution was not broader than that on the intact side of the section. There were very
few cells that showed substantial decreases in antigenicity in the lithium-treated group. By 10
hours following cochlea removal, the distributions on the intact and deafferented sides of the
section overlapped in the lithium-treated group. Together, this pattern of results suggests that
lithium is having its greatest effect by preventing the dramatic changes in the subpopulation
of NM neurons that will eventually die.

Bcl-2 mRNA
Approximately 20–30% of the deafferented NM neurons die within 2 days following cochlea
removal. Indicators of which cells will die and which will survive, however, can be observed
as early as 6–12 hours following deafferentation. At this time, a subpopulation of neurons
appear to have a complete cessation of protein synthesis (Steward and Rubel, 1985) and
substantial loss of Y10b antigenicity (Garden et al., 1994). In addition, changes in gene
expression also appear to dissociate NM neurons into two populations 6–12 hours after cochlea
removal. Wilkinson et al. (2002) reported that approximately 20–30% of the NM neurons show
a dramatic upregulation of Bcl-2 mRNA expression. They suggested that signaling
mechanisms in the dying subpopulation of neurons leads to an upregulation of this potentially
neuroprotective molecule, but that all these cells go on to die anyway, partly because they are
unable to translate the message into protein by this time. The present experiments replicated
the upregulation of Bcl-2 mRNA in deafferented neurons in saline-treated subjects. Wilkinson
et al. (2002) used the criterion that a “labeled” cell was one with a grain density that was greater
than 4 standard deviations above the mean grain density measured over neurons on the intact
side of the brain section. They reported that, on average, 26.4% of the deafferented NM neurons
would be considered “labeled” by this criterion in tissue processed 6 hours following cochlea
removal. The present data set did not visually appear as distinctly bimodal as that of Wilkinson
et al. (2002), but using the same criterion, 23.9% of the deafferented cells would be considered
“labeled” in the saline-treated subjects. Importantly, chronic administration of lithium
prevented this upregulation in Bcl-2 mRNA expression. Only 0.8% of the deafferented NM
neurons would be considered labeled in brains from lithium-treated subjects. The 0.8% of
labeled cells may seem somewhat low since Bush and Hyson (2006) did report some cell death
in the lithium-treated subjects. One possible explanation of this discrepancy is that the effects
of lithium in the present experiment were evaluated on the same day as cochlea removal. In
the Bush and Hyson (2006) report, lithium treatment was discontinued in most of the animals
at the time of cochlea removal. Thus it is possible that cells showed a delayed response to
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deafferentation, resulting in some cell death over the 5 day survival period as lithium levels
decreased over time. Indeed, Bush and Hyson (2006) reported only 5% cell death in a subset
of animals that were treated with lithium throughout the survival period. The correspondence
between the effects of lithium on cell death (Bush and Hyson, 2006) and Bcl-2 expression
supports the hypothesis that upregulation of Bcl-2 mRNA is an indicator of cells that are likely
to die.

Synthesis
The present results blend well with previous work showing that chronic lithium administration
protects NM neurons from deafferentation-induced cell death, but does not prevent the
deafferentation-induced reduction in soma size. The rapid deafferentation-induced changes
that occur in all NM neurons, including increased calcium levels and changes in Y10b
antigenicity, were still observed in lithium-treated subjects. On the other hand, the substantial
loss of Y10b antigenicity at 6–12 hours following cochlea removal, and the upregulation of
Bcl-2 mRNA, a change that is observed when cells begin to divide into surviving and dying
populations, were both prevented by chronic lithium administration. Chronic lithium did not
prevent the presumed initial trigger (influx of calcium) that occurs following cochlea removal.
Perhaps the changes in gene expression produced by chronic lithium administration results in
higher levels of neuroprotective molecules (e.g., Bcl-2) in the NM neurons at the time of
cochlea removal. This might allow more of the neurons to survive challenges, such as a rise in
intracellular calcium levels. Changes in the expression of proteins that are known to influence
apoptosis may also account for the neuroprotective effects of lithium in other systems (Chen
et al., 1999; Rowe and Chuang, 2004). Lithium can result in changes in the activity of various
transcription factors, thereby providing a wide range of possible mechanisms for
neuroprotection (Bush and Hyson, 2008; Grimes and Jope, 2001). It has been suggested that
this neuroprotective influence may be part of the mechanism underlying the therapeutic effects
of lithium on bipolar disorder (Chuang et al., 2002). Such changes in gene expression would
take time to be effective and this may explain why lithium is therapeutic only following chronic
administration.
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Figure 1.
Percent change of average 340/380 ratios over Fura-2 loaded NM neurons from saline- and
lithium-treated subjects. Both groups showed an increase of intracellular calcium over time (p
< 0.01), but there was no reliable difference between lithium- and saline-treated groups. Error
bars represent standard error in the mean.

Bush et al. Page 12

Neuroscience. Author manuscript; available in PMC 2009 November 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Representative photomicrographs of intact and deafferented sides of saline- (top) and lithium-
treated (bottom) subjects 6 hours after cochlea removal. Tissue sections were immunolabeled
with the antibody Y10b, which recognizes a ribosomal epitope. A.) saline intact side. B.) saline
deafferented side. C.) lithium intact side. D.) lithium deafferented side. There was greater
labeling in the lithium-treated subjects compared to saline-treated subjects (Panel C compared
to Panel A), but cochlea removal decreased labeling in both groups (Panel B and D compared
to A and C, respectively).
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Figure 3.
Percent change of average gray scale density measured over individual intact and deafferented
NM neurons immunolabeled for Y10b either 3, 6, or 10 hours post cochlea removal (100*
(mean deafferented-mean intact)/mean intact). Negative numbers indicate that the labeling was
lighter on the deafferented side of the section. There was a robust difference in labeling
densities between deafferented and intact sides of the section at 6 hours following cochlea
removal in both saline- and lithium-treated subjects, but this difference was no longer apparent
in lithium-treated subjects at 10 hours following cochlea removal. Asterisks indicate reliable
(p < 0.05) differences between sides (Student Newman-Keuls following 3-way ANOVA).
Error bars represent standard error of the mean.
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Figure 4.
Frequency distributions for labeling densities of individual cells in subjects 3 hours (A, B), 6
hours (C, D), or 10 hours (E, F) following cochlea removal. Labeling densities are expressed
as z-scores based on the mean and standard deviation of gray scale labeling densities measured
over NM neurons on the intact sides of the tissue. Distributions on the left (A, C, E) are data
from saline-treated control subjects and distributions on the right (B, D, F) are data from the
lithium-treated subjects. Note that for saline-treated subjects, the distribution of labeling
densities for deafferented neurons shifts towards lighter labeling and becomes broader. The
distributions for labeling densities for the deafferented NM neurons in the lithium-treated
subjects, however, shows an initial shift towards lighter labeling, but it does not appear to get
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broader. This shift in labeling density is no longer apparent by 10 hours following cochlea
removal in the lithium-treated subjects.
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Figure 5.
Photomicrographs of intact (A) and deafferented (B) sides of the same tissue section processed
for Bcl-2 in situ hybridization. Slides were emulsion-coated and counterstained with thionin.
In saline-treated subjects, there was an upregulation of Bcl-2 mRNA on the deafferented side
of the brain, with some cells (arrows) showing dramatic upregulation.
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Figure 6.
Grain density distribution of deafferented NM neurons from saline- and lithium-treated
subjects processed for Bcl-2 in situ hybridization 6 hours following cochlea removal. Grain
density measurements were converted to z-scores based on the mean and standard deviation
of grain densities measured over NM neurons on the intact sides of the tissue. There were
higher silver grain densities on the deafferented side of the saline-treated subjects (p < 0.01),
with many cells showing a robust upregulation of Bcl-2 mRNA. There was no reliable
difference between intact and deafferented sides in the lithium-treated subjects.
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