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Abstract
Approximately 20–30% of neurons in the avian cochlear nucleus (nucleus magnocellularis) die
following deafferentation (i.e. deafness produced by cochlea removal) and the remaining neurons
show a decrease in soma size. Cell death is generally accepted to be a highly regulated process
involving various pro-survival and pro-death molecules. One treatment that has been shown to
modify the expression of these molecules is chronic administration of lithium. The present
experiments examined whether lithium treatment can protect neurons from deafferentation-induced
cell death. Post-hatch chicks were treated with LiCl or saline for 17 consecutive days, beginning on
the day of hatching. On the 17th day, a unilateral cochlea ablation was performed. Five days following
surgery, the nucleus magnocellularis neurons were counted stereologically on opposite sides of the
same brains. Lithium reduced deafferentation-induced cell death by more than 50% (9.8% cell death
as compared with 22.4% in saline-treated subjects). Lithium did not affect cell number on the intact
side of the brain. Lithium also did not prevent the deafferentation-induced decrease in soma size,
suggesting a dissociation between the mechanisms involved in the afferent control of soma size and
those involved in the afferent control of cell viability. A possible mechanism for lithium’s
neuroprotective influence was examined in a second set of subjects. Previous studies suggest that
the pro-survival molecule, bcl-2, may play a role in regulating cell death following deafferentation.
Tissues from lithium- and saline-treated subjects were examined using immunocytochemistry.
Chronic administration of lithium dramatically increased the expression of bcl-2 protein in nucleus
magnocellularis neurons. These data suggest that lithium may impart its neuroprotective effect by
altering the expression of molecules that regulate cell death.
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Cell death is a regulated process that is common during normal development of the nervous
system, but can be initiated by a variety of events including deafferentation, disease, or injury.
Neuronal cell death can also be induced during development in many sensory systems
following the loss of sensory input. For example, mitral and tufted cells of the olfactory system
die following unilateral naris occlusion (Frazier and Brunjes, 1988; Meisami and Safari,
1981), and in the visual system, the survival of tectal neurons depends on activity-dependent
release of trophic factors from retinotectal axon terminals (Catsicas et al., 1992). In the auditory
system, cell death can occur in the cochlear nucleus following deafness (Born and Rubel,
1985; Hashisaki and Rubel, 1989; Tierney et al., 1997). Although cell death following sensory
deprivation has been widely studied in a variety of systems, little work has gone into efforts
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to protect neurons from deafferentation-induced cell death. A limited number of treatments
have been shown to protect spiral ganglion cells from cell death following cochlear damage
(Yamagata et al., 2004). For brain stem auditory neurons, the only promising manipulations
reported to date involve either embryonic treatment with receptor antagonists (Solum et al.,
1997) or genetic manipulations (Mostafapour et al., 2002).

The present experiments examine the control of cell death in the brain stem auditory system
of the chick following deafness. In this system, the auditory nerve projects unilaterally to a
relatively homogeneous population of neurons in the avian cochlear nucleus, nucleus
magnocellularis (NM) and provides the only source of excitatory drive to those neurons (Parks
and Rubel, 1978; Rubel 1978). This arrangement is ideal for studies of the role of sensory
experience in development because unilateral manipulations of auditory nerve activity will
affect afferent input to the ipsilateral NM but leave input to the contralateral NM intact, thus
providing a within-subject control population of neurons. The most extreme manipulation of
auditory input is deafness, which results in a complete cessation of activity in the ipsilateral
NM (Born et al., 1991). Consequently, a common approach has been to remove one cochlea,
thereby removing all excitatory afferent input to NM. Previous studies have shown that
deafferentation by cochlea removal results in the death of 20–30% of the neurons in the
ipsilateral NM and the remaining neurons show a decrease in soma size (Born and Rubel,
1985; Edmonds et al., 1999; Hyde and Durham, 1994).

Several events leading toward the deafferentation-induced cell death in NM have been
documented. A robust decrease in both RNA and protein synthesis is observed as early as one
hour after deafferentation (Garden et al., 1995; Steward and Rubel, 1985). In addition,
intracellular calcium levels gradually rise in the absence of afferent activity (Zirpel et al.,
1995). In vitro analyses of the early effects of deafferentation on NM neurons have shown that
the maintenance of calcium homeostasis and ribosomal structure and function requires activity-
dependent release from the auditory nerve and subsequent activation of metabotropic glutamate
receptors (Hyson, 1997, 1998; Hyson and Rubel, 1989; Nicholas and Hyson, 2004; Zirpel and
Rubel, 1996; Zirpel et al., 2000). However, these earliest changes occur across the entire
population of activity-deprived neurons and it is still unclear what factors lead to the
differentiation of NM neurons into living and dying populations. This segregation clearly
emerges by 6–12 h after deafferentation, at which time most of the cells show a partial recovery
of protein synthesis, but approximately 20–30% of the neurons show a complete cessation of
protein synthesis (Steward and Rubel, 1985). Presumably the recovering neurons will go on
to survive while those that had a breakdown in protein synthesis will die.

Despite the massive reduction in total mRNA synthesis (Garden et al., 1995), there is a robust,
but transient, upregulation of mRNA for bcl-2 following cochlea removal. This upregulation
is observed 6–12 h after cochlea removal in approximately 20–30% of the neurons (Wilkinson
et al., 2002). The bcl-2 protein is thought to be cytoprotective and therefore one would expect
that it would be in the living population of cells and not in the dying population. However,
given that there is approximately the same percentage of neurons dying as there is expressing
bcl-2 mRNA, it is likely that bcl-2 mRNA is being expressed in the dying population of cells.
One possible explanation for this unusual finding is that perhaps the deafferentation-induced
expression of the bcl-2 mRNA is incapable of being translated in dying cells because their
protein synthesis machinery has been broken down by the time that the message has been
expressed. Wilkinson et al. (2002) were unable to detect an upregulation of bcl-2 protein
following cochlea removal, only an upregulation of mRNA. They suggested that the initiation
of cell death cascades may have signaled the nucleus to make more pro-survival molecules,
but the mRNA could not be utilized to make the protein and the cell goes on to die. If this
hypothesis is correct, then bcl-2 might be able to rescue the cell from deafferentation-induced
cell death if it is expressed as a protein. One treatment that has been shown to increase bcl-2
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protein expression in neurons is chronic treatment with lithium (Chen et al., 1999). If chronic
lithium can increase bcl-2 expression, and if bcl-2 expression is capable of rescuing
deafferented NM neurons, then chronic lithium treatment may have a neuroprotective effect
on NM neurons following cochlea removal.

Lithium is the major treatment of choice for bipolar disorder, yet the precise mechanism for
how lithium works is not clearly understood. For the present purposes, it is important to note
that lithium has been found to reduce neuronal death in animal models of neurodegenerative
diseases such as Huntington’s disease (Wei et al., 2001), and it reduces death induced by
ischemia or stroke (Nonaka and Chuang, 1998). Lithium’s efficacy is long lasting, requires a
long term pretreatment and occurs at concentrations that are therapeutic in humans. The present
experiments first test the hypothesis that chronic pre-treatment with lithium protects NM
neurons against deafferentation-induced cell death. Secondly, a possible mechanism of this
neuroprotection, the upregulation of the pro-survival molecule bcl-2, is evaluated using
immunocytochemistry.

EXPERIMENTAL PROCEDURES
All subjects were post-hatch chicks (Ross×Ross) hatched and reared at Florida State
University. The surgical procedures used in these experiments were approved by the Animal
Care and Use Committee at Florida State University and conform to the guidelines set forth
by the National Institutes of Health. All efforts were made to minimize the number of animals
used and their suffering.

Procedures
Post-hatch chicks, of either sex, received daily injections of either lithium chloride (LiCl) or
saline for 17 days prior to unilateral cochlea removal. Cell size and cell death in NM were
examined 5 days following surgery (n = 8 per group). A second set of subjects (n = 11 per
group) was examined 7 h after the final injection of lithium and levels of the pro-survival
molecule bcl-2 were measured.

Daily injections—Post-hatch chicks (P0) were started on a LiCl or saline injection regimen.
Both groups of animals received a daily s.c. injection for a total of 17 days. The dose of LiCl
was gradually increased across age, beginning at 1.5 mM/kg for the first four days, followed
by 2.3 mM/kg for seven days, and finally, 3.0 mM/kg for the last six days. This schedule was
adapted from the protocols of both Wei et al. (2001) and Nonaka and Chuang (1998). The
volume of each injection was 0.01 ml/kg. Control subjects received daily 0.01 ml/kg injections
of saline. Subjects received unilateral cochlea removal surgery one hour after the last daily
injection on P16. For two subjects, lithium treatment was continued at the 3.0 mM/kg dose for
the 5 day survival period following cochlea removal. The lithium treatment for the remaining
subjects was terminated on the day of cochlea removal.

Plasma lithium levels—One group of animals (n = 6) received the chronic lithium injection
regimen and serum samples were taken at the end of the 2.3, and 3.0 mM/kg treatments (P10,
and P16 respectively). The blood was collected from a wing vein while the bird was under
halothane anesthesia. The collected blood was then centrifuged using Becton Dickinson
Compact II Centrifuge (Becton Dickinson, Franklin Lakes, NJ, USA) and the lithium and
sodium concentrations of the plasma fractions were analyzed using an Electrolyte Analyzer
(Beckham Coulter Synchron EL-ISE; Beckham Coulter, Fullerton, CA, USA). The plasma
levels were measured 1 h postinjection on P10 (the last day of the 2.3 mM/kg treatment), and
1 and 6 h postinjection on P16 (the last day of the 3.0 mM/kg treatment), and on P17 (24 h
post last injection). Fig. 1 shows the average plasma lithium concentrations at these time points.
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As expected, the plasma concentration of lithium increased with increasing dose, reaching a
level approximately 2.5 mmol/l following the 3.0 mM/kg dose. Plasma levels of lithium were
reduced by approximately 80% by 6 h postinjection, indicating that lithium is rapidly excreted.
No lithium was detected in the plasma 24 h after the last injection.

Body weight—Lithium treatment had no noticeable effects on the overall health of the
subjects. This is evident from the similar growth rates in the saline- and lithium-treated subjects.
As can be seen in Fig. 2, there is no difference between the groups in weight gain across age
(P = 0.906).

Cochlea removal surgery—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 placed in water and 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.

Tissue preparation—Five days following cochlea removal, subjects were deeply
anesthetized with pentobarbital and perfused with 0.9% saline followed by ice cold 4%
paraformaldehyde. Brainstems were removed from the cortex and post-fixed in 4%
paraformaldehyde for 1–2 h 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 (Leica Microsystems Inc., Bannockburn, IL, USA). Sections for cell counting
were cut at 60 μm and were either mounted directly to slides or collected into ice cold PBS for
later mounting. Every section containing NM was collected. Mounted sections were then dried
overnight and stained for Nissl. To assure adequate staining throughout the relatively thick
section, slides were rehydrated in dH2O for a relatively long period of time (approximately
20–30 min). The slides were then transferred to Thionin for 10 min, rinsed twice with distilled
water for 2 min each, followed by two changes of 70% ethanol for five minutes each. The slides
were placed into 95% ethanol for a time period that varied depending on the darkness of the
stain (approximately 20 min) and then they were transferred through two 3 min changes of
100% ethanol. Finally, sections were cleared after xylene. Slides were coverslipped in DPX
mounting medium and allowed to dry overnight.

Immunocytochemistry—Pairs of subjects, one treated with LiCl 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. Perfusion
and cryoprotection were identical to that described above. Cryosections (20–30 μm) 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 10 minutes. Following three 10 min rinses in PBS, sections were placed in a blocking
solution containing 2% bovine serum albumin (BSA), 1% normal goat serum (NGS), 0.1%
Triton X-100 in PBS for an hour. Sections were then transferred to a 1:500 concentration of
the primary antibody Bcl-2 (n-19: sc-492, epitope mapping of amino acids 4–21 of the N-
terminus of human origin of Bcl-2, Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) in
blocking solution and incubated on a rotator overnight at 4 °C. Control sections receiving the
same treatment but with no primary antibody were processed to ensure specificity of the
reaction. The following day the sections were then removed from 4 °C and allowed to incubate
at room temperature for two hours. Sections were washed 3×10 min in PBS. Sections were
then incubated in a 1:200 concentration of goat anti-rabbit secondary antibody in blocking
solution (BSA, NGS, and Triton) for one hour. Following three 10-minute washes with PBS,
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sections were incubated in avidin–biotin–peroxidase complex (ABC; Vector Laboratories,
Burlingame, CA, USA) for one 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 cleared using graded alcohols and xylenes and
coverslipped in DPX mountant.

Stereology—Sections containing NM neurons were analyzed using a stereological program
(Stereo Investigator, Microbrightfield, Inc., Williston, VT, USA) to compare the number of
neurons on the deafferented side versus the intact side. The optical fractionator, an unbiased
and efficient stereological method, was used. Cell counts using this method are unaffected by
tissue shrinkage and the objects are counted in an objective, systematic way. Each cell has an
equal chance of being counted and the optical fractionator reduces the chance of double
counting cells. The end result is an estimate of cell number in the nucleus. The Gundersen
coefficient of error for these estimates was <0.05 in each case. The parameters of the program
were set such that a grid of 40×40 μm boxes separated by 100 μm were randomly placed over
user-generated outlines of NM and the investigator counted the number of cells in each box.
A cell was counted if its right-most portion was located inside the box or was touching the
right side or top line of the box. Typical section thickness after processing was approximately
18–21 μm. To avoid double counting, only cells whose right-most portion was located between
3 μm and 18 μm from the top of the section were counted. A 1:2 series of the entire extent of
NM was included in the analysis. The investigator performing the counting was blind to
treatment condition. Once all sections were counted, the data were sorted into their respective
LiCl or saline treatment groups and the effects of deafferentation and lithium were analyzed
using analysis of variance (ANOVA).

Cell size of NM neurons was also measured on opposite sides of the same brains. These
measurements were made using a video image analysis program (Neurolucida,
Microbrightfield, Inc.). All measurements of cell size were from NM neurons located midway
in the anterior-to-posterior extent of the nucleus. Cell size was determined by outlining the
stained portion of the cell body, its the largest diameter visualized under a 100× objective. Only
neurons with a clearly distinguishable nucleolus were included in the analysis. At least 50
neurons were measured on both sides of the brain.

Analysis of immunocytochemistry—Tissues from both the lithium-treated and control
groups were processed in the same vials. The level of immunolabeling was objectively
measured using a video image analysis program (NIH Image J). The light levels and camera
settings remained constant for each pair of subjects. The mean gray-scale density over
approximately 20 NM neurons in a given tissue section was measured beginning with cells at
the medial edge of the nucleus and proceeding laterally. Differences in the density of labeling
between saline- and lithium-treated subjects were compared using a t-test. To compare labeling
differences across different pairs of subjects, the labeling density of each cell was transformed
to a z-score based on the mean and standard deviation of the gray-scale density of cells in the
saline-treated member of the pair. This transform provides a measure of the difference in
labeling in terms of the number of standard deviations of labeling density, rather than simply
a percentage change in mean level of the somewhat arbitrary gray scale. The investigator
performing the measurements was blind to treatment condition.
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RESULTS
Lithium reduces deafferentation-induced cell death

Unilateral cochlea removal produced cell death in the deafferented NM. An example of this
effect can be seen in the upper panel of Fig. 3. As seen in the lower panel of Fig. 3, chronic
treatment with lithium reduced the degree of deafferentation-induced cell death. Stereological
analysis of Nissl-stained tissue revealed that cochlea removal produced 22.4% cell death in
saline-treated subjects (Fig. 4). This is in line with previous reports of 20–30% cell death in
NM neurons following cochlea removal (Born and Rubel, 1985). However, only 9.8% cell
death was observed when LiCl was administered for 17 days prior to cochlea removal.
Statistical analyses on these percent difference scores revealed that there was a reliable
difference between the saline and lithium treated groups (t(14) = 3.2, P<0.01). When lithium
was continued throughout the survival period there was a trend toward less cell death (5.1
±2.91%, n = 2) than when it was terminated on the day of cochlea removal (11.43±2.62%, n
= 6), but with this small sample size, the trend was not statistically reliable (P = 0.25).

Fig. 5 displays the raw cell count data as the mean number of cells on each side of the brain.
As can be seen, there is no difference between the lithium and saline-treated groups in the
number of neurons on the intact side of the brain. However, there are more neurons on the
cochlea removal side of the brain in the lithium-treated group than in the saline-treated group.
Statistical analyses confirmed these conclusions. A two-way mixed ANOVA, using drug
treatment as the between variable and side of the brain as the within variable, revealed a main
effect of Side (F(1, 14) = 46.5, P<0.0001), no main effect of Drug Treatment (F(1, 14)<1.0),
but, importantly, a reliable Side× Drug Treatment interaction (F(1, 14) = 6.40, P<0.05). Post
hoc pairwise comparisons (Newman-Keuls, P<0.05) revealed that there were fewer cells on
the cochlea removal side of the brain in the saline-treated group than in the lithium-treated
group, yet there was no reliable difference between saline- and lithium-treated groups in the
number of cells on the intact side of the brain. For both groups of subjects, there were reliably
fewer cells on the cochlea removal side of the brain than on the intact side of the brain.

Unilateral cochlea removal also resulted in a decrease in the soma size of NM neurons on the
deafferented side of the brain (P<0.01 for both saline- and lithium-treated groups). There was
no difference between lithium- and saline-treated groups in the percent difference in cell size
(19.3% versus 19.8% respectively, P>0.85). Analyses of the absolute numbers also revealed
that there was no overall effect of lithium on cell size. Means size of cells on the intact side of
the brain for saline-treated subjects was 302.8±15.3 μm2 compared with 296.1±12.1 μm2 for
lithium-treated subjects (P>0.69). Group means for cells on the deafferented sides were 246.9
±14.3 μm2 and 238.4±14.77 μm2 for saline and lithium, respectively (P>0.56). There was no
significant correlation between the percent change in cell size and the percent change in cell
number in either group (r = −0.33 and −0.06 for saline- and lithium-treated groups,
respectively).

Lithium increases Bcl-2 expression
Chronic lithium administration resulted in darker immunolabeling for bcl-2 in NM. An
example of this effect can be seen in Fig. 6. Objective analysis of the tissue sections using
densitometry confirmed these visual impressions. Fig. 6 displays the average gray scale density
measurements of NM neurons in lithium- and saline-treated subjects. This difference was
statistically reliable (t(10) = 4.15, P<0.01). On average, the lithium-treated subject of the pair
of simultaneously processed tissues was 56±16% greater in gray scale density than the saline-
treated subject. Transforming the data to z-scores revealed that, on average, the gray scale
density of NM neurons in the lithium-treated subjects was 3.1±0.9 standard deviations greater
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than the level of labeling observed in the saline-treated subjects. The pair shown in Fig. 7 is
representative of this difference and had a mean z-score difference of 3.2.

DISCUSSION
Stereological analysis

Stereological analysis of Nissl-stained tissue sections showed that there were approximately
22% fewer cells in NM on the deafferented side of the brain five days after unilateral cochlea
removal. This is in agreement with previous studies, which have shown that cochlea removal
produces 20–30% cell death in NM (Born and Rubel, 1985). However, chronic administration
of lithium prior to cochlea removal reduced cell death. When lithium was administered for 17
days prior to cochlea removal, only 9.8% of the deafferented neurons died. If lithium treatment
was continued throughout the 5 day survival period, a trend toward even less cell death (5.1%,
n = 2) was observed. The reduction in the percentage of cell death following lithium treatment
was due to less cell death in the deafferented NM and not a loss of cells on the intact side of
the brainstem. There was no difference between lithium-and saline-treated subjects in the
number of NM neurons on the intact side of the brain (see Fig. 5). Rather, there were more NM
neurons still present on the deafferented side of the brain in the lithium-treated subjects. Thus,
lithium administration protects the NM neurons from deafferentation-induced cell death.

The amount of cell death detected in the saline-treated animals was within the range of that
has been observed in most of the previous reports on this system. For example, Born and Rubel
(1985) and Edmonds et al. (1999) reported that approximately 25% of the NM neurons die two
to five days after deafferentation in 1–2 week old chickens. In the present study, 22% of the
neurons died 5 days after cochlea removal, which is identical to that reported by Hyde and
Durham (1994). Although the percentage of cell death did match those of previous reports, our
stereological measurements estimated a somewhat higher absolute number of neurons than
previously reported. This may simply be due to variation in the precise strain and age of bird
examined. In most studies previously reported, White Leghorn chicks were analyzed at an age
of 7–10 days. The present study used Ross×Ross chicks at 16 days of age at the time of cochlea
removal. Another possible contributor to the larger number of cells observed in NM is that the
present analysis included much of the posterior region of NM. It appears that this so-called
“hook” region was not included in the previous reports because the amount of cochlear
innervation to this region is uncertain. The addition of this posterior region may have diluted
the level of cell death observed and increased the number of neurons on both sides of the brain.
Finally, the greater number of NM neurons estimated in the present study could be partially
attributable to a difference in the method of counting neurons. The optical-fractionator
stereological method used in the present report has not been used in the past. Despite these
methodological differences, however, the percentage of cell death observed following cochlea
removal was similar to that reported in previous studies. Importantly, the level of cell death
observed in subjects pre-treated with lithium is well below the level of cell death observed in
any published report on this system.

Lithium appears to protect NM neurons from deafferentation-induced cell death, but has no
effect on the deafferentation-induced decrease in soma size. Cell size decreased by
approximately 19% in both saline- and lithium-treated subjects following cochlea removal.
There was no difference between lithium and saline-treated subjects in the size of NM neurons
on the intact side of the brain, indicating that lithium had no overall effect on cell size. The
magnitude of the deafferentation-induced decrease in cell size was comparable to the
previously reported effects of cochlea removal in untreated subjects (Born and Rubel, 1985).
The fact that lithium affects deafferentation-induced death, but not deafferentation-induced
changes in cell size, is not entirely unexpected. Independence of cell size and cell death effects
has also been observed in developmental analyses of the mammalian cochlear nucleus
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following cochlear damage. In the gerbil, for example, cell death following cochlear damage
is only observed in subjects up to 7 days old, but cell size decreases following cochlear damage
are observed at all ages (Tierney et al., 1997). Together, these findings suggest that the
mechanisms involved in the afferent control of soma size are different than those involved in
the afferent control of cell viability.

Plasma levels and general health
Because of the differences in species and route of administration, it is difficult to compare the
effective level of lithium that produced neuroprotection with the level typically used for the
treatment of humans with bipolar disorder or used previously for neurodegeneration studies in
rats. The maximum dose used in the present study in chicks (3.0 mM/kg or 0.12 g/kg) was
higher than that typically given to human patients (0.014–0.028 g/kg) (Silverstone and Romans,
1996), but the protocol for lithium treatment was similar to that used in studies of
neurodegeneration in rats (Nonaka and Chuang, 1998; Wei et al., 2001). Subjects in the present
study did not show any signs of toxicity during the course of this treatment. This conclusion
was further supported by the fact that there was no difference in growth rate between lithium
and saline-treated subjects. The lithium was rapidly excreted in birds. By 6 h postinjection of
the 3.0 mM/kg dose, over 75% of the drug had been excreted from the body and by 24 h there
was no detection of lithium in the serum. The rapid clearance of lithium might account for why
there was a trend toward greater neuroprotection when the treatment was continued throughout
the 5 day survival period compared with when the treatment was terminated on the day of
cochlea ablation. Long term effects of lithium treatment following cochlea removal were not
tested in the present study since previous work has shown that cell death is complete by 2–5
days following surgery. However, it remains possible that lithium merely delays
deafferentation-induced death, and once the lithium is fully cleared from the system, the cells
will begin to die. This hypothesis was not tested in the present study.

Lithium increases bcl-2 expression
Lithium rescued greater than 50% of the dying neurons, but exactly how lithium is having this
neuroprotective effect is not yet clear. One of the possible ways that lithium may be protecting
neurons is by its influence on the levels of bcl-2 protein (Manji and Chen, 2002). In the present
study, lithium substantially increased bcl-2 expression in NM neurons. Bcl-2 has been
implicated in the regulation of deafferentation-induced cell death in the cochlear nucleus.
Wilkinson et al. (2002) reported that bcl-2 mRNA is robustly increased 6–12 h following
deafferentation in approximately 20–30% of the NM neurons on the deafferented side of the
brain. They suggested that the message for this pro-survival molecule was being upregulated
in the dying population of NM neurons following cochlea removal. This led to the obvious
question of why a pro-survival molecule would be upregulated in dying neurons. They
hypothesized that the initiation of some cell death cascade resulted in a cellular signal to
produce molecules that could protect the cell. However, by the time the bcl-2 mRNA is
upregulated, dying neurons appear to have stopped making protein (Steward and Rubel,
1985). Consequently, the bcl-2 mRNA is not translated into protein so it cannot have its
neuroprotective effect. Presumably, if bcl-2 protein was expressed, it could have a
neuroprotective influence. Indeed, bcl-2 has been implicated as having a neuroprotective effect
in mammalian cochlear nucleus neurons following deafferentation (Mostafapour et al.,
2002). Based on these studies, one would expect that if bcl-2 protein were upregulated prior
to cochlea removal, then fewer cells would die. This logic motivated the present study. Since
chronic lithium has been shown to upregulate bcl-2 expression (Chen et al., 1999) then perhaps
lithium could protect neurons from deafferentation-induced death.

In the present study, lithium did upregulate bcl-2 protein in NM and this upregulation was
apparent at the time that cells would typically divide into living and dying populations
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following cochlea removal (6 h). To control for processing variables that could dramatically
influence the darkness of immunolabeling, tissue from pairs of lithium-and saline-treated
subjects were reacted simultaneously. Objective analysis showed that the level of labeling in
NM neurons of lithium-treated subjects was more that 3 standard deviations greater than the
level of labeling in the matched saline-treated subjects. The increase in bcl-2 protein suggests
that upregulation of this molecule prior to cochlea removal can protect neurons from
deafferentation-induced death and provides a possible mechanism for the neuroprotective
action of lithium in this system.

There are several possible cascades by which lithium could lead to the upregulation of bcl-2.
A commonly proposed pathway begins with lithium’s inhibition of glycogen synthase kinase-3
(GSK-3) (Gould et al., 2003; Grimes and Jope, 2001), GSK-3 regulates the activation of a
variety of transcription factors, such as nuclear factor kappa B (Demarchi et al., 2003; Pahl,
1999; Tamatani et al., 1999) and AKT (Chalecka-Franaszek and Chuang, 1999; De Sarno et
al., 2002), which could go on to promote bcl-2 transcription. Lithium also influences the
activation of transcription factors, polyomavirus enhancer binding protein (PEBP-2β), cAMP
response element binding protein (CREB), and mitogen/extracellular regulated kinase (Chen
et al., 1999; Kopinsky et al., 2003; Pardo et al., 2003), and decreases levels of p53 (Chen and
Chuang, 1999). The decrease in p53 and increase in PEBP-2β, and CREB results in an increase
in the expression of bcl-2 protein, ultimately leading to neural protection (Chen and Chuang,
1999; Chuang et al., 2002).

While the results of the present experiment are in agreement with the hypothesis that lithium
may be neuroprotective through the upregulation of bcl-2 protein, lithium’s neuroprotective
action could result from its effect on any of several cellular or molecular events that have been
implicated in the control of cell death. For example, lithium has been shown to decrease the
levels of the pro-apoptotic protein bax thereby increasing the bcl-2/bax ratio in favor of the
anti-apoptotic protein (Chen and Chuang, 1999). Einat et al. (2003) showed that the
phosphorylated transcription factors such as CREB are increased and genes such as Bad are
decreased when given long term treatments of lithium and valproate. Chronic lithium treatment
also protects cultured rat cerebellar, cortical, and hippocampal neurons against glutamate-
induced excitotoxicity by inhibiting N-methyl-D-aspartate receptor-mediated calcium influx
(Nonaka et al., 1998). Given this broad range of effects on molecules known to regulate cell
death, it is not surprising that lithium has a neuroprotective influence in a variety of model
systems, including deafferentation-induced cell death.
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cAMP response element binding protein

GSK-3  
glycogen synthase kinase-3

LiCl  
lithium chloride

NGS  
normal goat serum

NM  
nucleus magnocellularis

PBS  
phosphate-buffered saline

PEBP-2  
polyomavirus enhancer binding protein
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Fig. 1.
Average plasma lithium levels measured at different times during the treatment regimen.
Comparison of the levels measured 1 h after injection of a 2.3 mM/kg dose on P10 with the
levels measured 1 h after injection of a 3.0 mM/kg dose on P16 shows the expected increase
in serum lithium with increasing dose. Lithium is rapidly excreted. By 6 h after injection of
the 3.0 mM/kg dose, serum levels of lithium are reduced by approximately 80%, and no lithium
is detected in the serum 24 h after the injection. Error bars represent standard error of the mean.
Where bars are absent, the error was smaller than the size of the symbol.
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Fig. 2.
Average weights of subjects during drug treatments. No difference in weight gain was observed
between the saline- and lithium-treated groups. Error bars represent standard error of the mean.
Where bars are absent, the error was smaller than the size of the symbol.
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Fig. 3.
Photomicrographs of intact and deafferented sides of saline- (top) and lithium-treated (bottom)
subjects 5 days after cochlea removal. Fewer cells are observed in NM on the deafferented side
of the brain. Fewer cells are lost following cochlea removal in the lithium-treated subjects.
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Fig. 4.
Average percent neuronal loss in NM on the cochlea removal side of the brain compared with
the intact side of the same brain ((intact–deafferented)/intact×100). Fewer cells are lost
following cochlea removal in subjects treated with lithium for 17 days prior to cochlea removal
(n = 8, P<0.01). Error bars represent standard error of the mean.
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Fig. 5.
Total number of neurons in NM on each side of the brain for subjects treated for 17 days with
either saline or lithium. There were fewer neurons on the deafferented side of the brain in the
saline-treated group compared with all other groups, including the deafferented side of lithium-
treated animals (P<0.05). There is no difference between saline- and lithium-treated subjects
in the number of neurons on the intact side of the brain. Error bars represent standard error of
the mean.
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Fig. 6.
Representative photomicrographs of neurons in NM in saline- (left) and lithium-treated (right)
subjects. Tissue sections were immunolabeled for bcl-2 and tissue from the two different
subjects was processed simultaneously. Lithium-treated subjects consistently showed greater
labeling for bcl-2.
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Fig. 7.
Average gray scale density measured over individual NM neurons immunolabeled for bcl-2.
Lithium-treated subjects showed reliably greater labeling than saline-treated controls (P<0.05).
Error bars represent standard error of the mean.
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