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ABSTRACT
Approximately 20-30% of neurons in the avian cochlear nucleus, nucleus

magnocellularis (NM) die following deafferentation (i.e., deafness produced by cochlea

removal) and there is no known treatment to prevent this cell death. Cell death is

generally accepted to be a highly regulated process involving a variety of pro-survival

and pro-death molecules.  One treatment that has been shown to modify the expression of

these molecules is chronic administration of lithium, which has been shown to reduce

neuronal death in animal models of neurodegenerative disorders and death induced by

ischemia.  Cell death following deafferentation has been shown to share some, but not all

of the molecular events observed following other death-inducing insults. The present

experiment 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 17
th

 day, a unilateral

cochlea ablation was performed to produce cell death on one side of the brain.  Chicks

were then allowed to survive for 5 days, brains were sectioned coronally, stained for

nissl, and the NM neurons were stereologically counted on opposite sides of the same

brain.  Birds treated with lithium prior to cochlea removal showed only 9% cell death in

the deafferented NM (n=8) as compared to approximately 22% cell death observed in the

saline treated controls (n=8).  Lithium did not affect cell number on the intact side of the

brain.  We hypothesize that the reliable neuroprotective effect of lithium may result from

an up-regulation of pro-survival molecules in NM neurons.

Supported by NIDCD grant RO1 DC 00858 and NIH jointly-sponsored grant T32

NSO7437
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INTRODUCTION

Cell death is a regulated process that can be initiated by many events including

deafferentation, disease (Huntington’s and Parkinson’s), or injury (stroke or trauma).

Neuronal cell death is also a common event during the normal development of the

nervous system.  Neuronal cell death can 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 & Brunjes, 1988;

Meisami & 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 & Rubel, 1985).

Cell death

There are various ways in which a cell can die.  Based on the sequence of events

that result in the death of a cell, the form of cell death is commonly categorized as either

“apoptotic” or “necrotic”. Apoptosis, which means dropping off, is commonly used to

describe the type of cell death that takes place during normal development.  Apoptosis is

a highly regulated processed believed to be critical for the elimination of supernumerary

cells and inappropriate synaptic connections in the developing nervous system

(Oppenheim, 1991; Jacobson et al., 1997).  However, some of the cellular and molecular

events that take place during naturally-occurring developmental cell death are also

observed during cell death associated with disease states such as Huntington’s disease or

following injury such as stroke or deafferentation.  Hence, cell death under those

conditions is also commonly labeled as apoptotic.

    It should be noted that many instances of cell death cannot be clearly classified

into the discrete categories of either apoptosis or necrosis, but rather, have only some of

the typical features of both categories (Martin et al, 1998).  The form of cell death used in

the proposed studies, deafferentation-induced cell death of NM neurons, shares features

with typical apoptosis, because cells shrink in size and do not appear to show membrane

rupture.  However, nuclear condensation and cytoplasmic blebbing are not commonly

observed in this system.  Several events leading towards the deafferentation-induced cell

death in NM have been documented.  As early as one hour after deafferentation a

decrease in both RNA and protein synthesis can be seen (Steward & Rubel, 1985).  By 6-

12 hours after deafferentation most of the cells regain some synthesis, albeit at a reduced

level, but approximately 30% of the neurons show a complete cessation of protein

synthesis.  The assumption is that the recovering neurons will go on to survive while the

ones that had a breakdown in protein synthesis will die.  The neurons that will die also

show a decrease in labeling for an antibody, called Y10B, which recognizes ribosomal

RNA.  Rubel et al (1991) saw a complete degradation of polyribosomes as observed with

the electron microscope at this same time point.
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Despite the massive reduction in total mRNA synthesis, Wilkinson et al (2002)

reported a robust upregulation of mRNA for Bcl-2 in approximately 30% of the neurons

6-12 hrs after cochlea removal.  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 the

dying population.  Yet 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 there is a deafferentation-induced expression of the Bcl-2 messenger RNA that is

incapable of being translated in dying cells because their protein synthesis machinery has

broken down before the message has been expressed. 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 the hypothesis is

correct, then Bcl-2 might be able to rescue the cell from deafferentation-induced cell

death if it is able to be expressed as a protein. One treatment that has been shown to

increase Bcl-2 protein expression in neurons is chronic treatment with lithium. 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.

Cytoprotective Role of Lithium

Lithium is the major treatment of choice for bipolar disorder yet the precise

mechanism for how lithium is working is not clearly known.  Lithium is also used in

conditioning taste aversions (CTA) studies as the unconditioned stimulus used to

condition the avoidance response.  For the present proposal, it is important to note that

lithium has been found to reduce neuronal death in animal models of neurodegenerative

diseases such as Huntington’s, Parkinson’s, and it reduces death induced by ischemia or

stroke (Nonaka & Chaung, 1998; Wei et al, 2001).  Lithium’s efficacy is long lasting,

requires a long term pretreatment and occurs at therapeutic concentrations that are below

those required to elicit a CTA.  Lithium has been shown to have neuroprotective effects

both in vivo and in vitro.  Chronic lithium treatments protects cultured rat cerebellar,

cortical, and hippocampal neurons against glutamate-induced excitotoxicity by inhibiting

NMDA receptor mediated calcium influx (Nonaka and Chuang 1998).

Chen and colleagues (1999) reported that lithium and valproate (another bipolar

disorder treatment) robustly increase the levels of Bcl-2 in frontal cortex.  This implies

that lithium may be a therapeutic drug for neurodegenerative disorders. The upregulation

of Bcl-2 protein was done by increasing the transcription factor PEBP-2_ mRNA.

Lithium has also been seen to suppress excitotoxicity-induced striatal lesions in rat model

of Huntington’s disease.  Since glutamate excitotoxicity has been found in the

pathogenesis of neurodegenerative disorders, it was determined that lithium protects

cultured CNS neurons against glutamate that was mediated by NMDA receptors (Wei et

al, 1998).  Kopinsky and Chaung (2003) saw that CREB protein, a transcription factor

which normally functions in learning and memory, can function as a cell survival protein

by promoting the expression of pro-survival proteins.  They showed that chronic

treatments of lithium suppressed the glutamate-induced decrease in pCREB levels in cell

cultures.  Einat et al (2003) suggests that the pro-survival effects of lithium may account
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for its effectiveness as a mood stabilizer. They showed that the phosphorylated

transcription factors such as CREB is increased and genes such as Bad are decreased

when given chronic treatments of lithium and valproate.  The present study tests the

hypothesis that chronic lithium treatment will be neuroprotective following

deafferentation.

Materials and Methods

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 The 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 (P0) were started on a lithium chloride (LiCl) or saline injection

regime.  Both groups of animals received a daily sub-cutaneous injection for a total of 17

days.  The doses of LiCl that were given to them were 1.5mEq/kg in saline for the first

four days, 2.3mEq/kg for seven days followed by 3.0mEq/kg for the last six days.  This

schedule was adapted from the protocols of both Manji (1999) and Chaung (1998) which

utilized Sprague-Dawley and Wistar rats respectively.  The volume of each injection was

0.01 ml/kg.  Control subjects received daily 0.01 ml/kg injections of saline.  Subjects

received a unilateral cochlea ablation one hour after the last daily injection on P17. For

two subjects, lithium treatment was continued at the 3.0 mEq/kg dose for 5 days

following cochlea removal. The Lithium treatment for the remaining subjects was

terminated on the day of cochlea removal. During this surgery, the 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

middle ear cavity was packed with Gelfoam and the external incision sealed with surgical

adhesive. 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 blocked and post-fixed in 4% paraformaldehyde for 1–2 h followed by

overnight cryoprotection at 4
o
C in 20% phosphate buffered saline (PBS) containing 20%

sucrose. Brainstems were rapidly frozen in 2-methylbutane on dry ice and embedded in

TBS tissue freezing medium for cryosectioning using a Lecia CM 1850 cryostat. Sections

were cut at 60_m and were either mounted directly to slides or collected into ice cold

PBS for later mounting.  Every section containing nucleus magnocellularis was collected.

Mounted sections were then dried overnight and stained for nissl.  To assure adequate

staining throughout the relatively thick section, slides were allowed to remain in dH2O

for a relatively long period of time (approximately 20-30 minutes). The slides were then

transferred to thonin for 10 minutes, rinsed twice with dH2O for 2 minutes each, followed

by two changes of 70% ethanol for five minutes each.  After the 70% ethanol the slides

were placed into 95% ethanol for a time period that varied depending on the darkness of
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the stain (usually approximately 20 minutes) and then they were transferred through two

3 minute changes of 100% ethanol.  Finally, sections were cleared in xylene for a period

of no longer than two minutes so as to avoid excess shrinkage.  Slides were then

coverslipped using DPX mountant and allowed to dry overnight.

 Stereology:

Chronic Injections

Analysis

Sections containing NM neurons were analyzed using a stereological program;

(Stereo Investigator, Microbrightfield, Inc.) to compare the number of neurons on the

deafferented side versus the intact side.  The parameters of the program were set such that

a grid of 40x40_m boxes separated by 100 _m 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_m. To avoid double counting, only cells whose right-most portion was located

between 3_m and 18_m from the top of the section were counted.  The investigator

performing the counting was blind to treatment condition. Each set of slides was color-

coded and the two sides of the section were analyzed separately to avoid any potentially

biased counting. A recount of one of the saline treated subjects was done to ensure

reproducibility of the counts and to include in the acute injections experiment. Once all

sections were counted, the data were sorted into their respective LiCl or saline treated

groups and the effects of deafferentation and lithium were analyzed using analysis of

variance (ANOVA) or t test.

Plasma lithium levels:

One group of animals was given the chronic lithium injection regime but also had

periodic serum samples taken at the end of the 2.3, and 3.0mEq/kg treatments (days 11,

and 16 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 and the lithium and sodium concentrations of the

plasma fractions were analyzed using an Electrolyte Analyzer (Beckham Coulter

Synchron EL-ISE).

Statistical Analysis:

All data was reported as mean +/- SEM.  Comparisons were performed using

repeated measures of linear models.  Values of p < 0.05 were considered statistically

significant.
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RESULTS

Lithium protects NM neurons from death following deafferentation.

Stereological analysis of nissl-stained tissue revealed that cochlea removal

produced 22.4% cell death in saline-treated subjects.  This is in line with previous reports

of 20-30% cell death in NM neurons following cochlea removal (Born & Rubel, 1985).

However, only 9.8% cell death was observed when lithium chloride (LiCl) was

administered for 17 days prior to cochlea removal.  Examples of the effect of cochlea

removal in saline and lithium-treated subjects are shown in the photomicrographs in

Figure 1.  Summary data of the percent difference in the number of cells on the two sides

of the brain are shown in Figure 4.

Plasma Lithium Levels

The plasma lithium levels were measured to examine the absorption of lithium

following the injection and to determine how rapidly the lithium was excreted from the

body.  The plasma levels were measured 1 hour post injection on day 11 (the last day of

the 2.3 mEq/kg treatment), and 1 and 6 hours post injection on day 17 (the last day of the

3.0 mEq/kg treatment), and on day 18 (24 hours post last injection).  Figure 2 shows the

average plasma lithium concentrations at these time points.  As expected, the plasma

concentration increased with increasing dose reaching a level approximately 2.5 mMol/l

following the 3.0 mEq/kg doses.  Plasma levels were reduced by approximately 80% by 6

hours post injection, indicating that the lithium is rapidly excreted.  No lithium was

detectable in the plasma on day 18, which was 24 hrs 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 Figure 3, there is no difference between the groups in weight gain

across age (p= 0.906).

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 less cell death seen

(5.1 ± 2.91, n= 2) as opposed to when lithium was terminated on day of cochlea removal

(11.43 ± 2.62, n =6), but with the small sample the difference was not statistically reliable

(p= 0.226).

Figure 5 displays the 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
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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. Statistic 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) = 45.21, p < 0.0001), no main effect of

Drug Treatment (F (1, 14) < 1.0), and, importantly, a reliable Side X 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 (p = 0.56).  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.
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DISCUSSION

Stereology Analysis

Stereological analysis of nissl-stained tissue sections showed that there were

approximately 22% fewer cells in nucleus magnocellularis (NM) on the deafferented side

of the brain stem five days after unilateral cochlea removal.  Deafferentation-induced cell

death has been reported in the previous studies which have shown that cochlea removal

produces 20-30% cell death in NM (Born & 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, 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 brain stem.  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 simply more NM neurons still present on the

deafferented side of the brain in the lithium-treated subjects.  This suggests that lithium is

a neuroprotective agent.

The amount of cell death detected in the saline-treated animals was on the low

end of the spectrum seen in previous reports, but it was within the range of most reports.

For example, Born and Rubel (1985) and Edmonds et al. (1999) reported that two to five

days after deafferentation approximately 25% of NM neurons die in 1-2 week old

chickens.  Our results indicate that only 22% of neurons die 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, the average age of the White Leghorn analyzed was 7-10

days.  The present used Ross X Ross chicks at 17 days of age at the time of cochlea

removal.  A more likely explanation 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 eighth nerve innervation to this region is

uncertain.  Given that the hook region was analyzed, this 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-

dissector 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.

Lithium protects from cell death

Lithium rescued greater than 50% of the dying neurons, but exactly how lithium

is having this neuroprotective effect is not yet clear.  Lithium neuroprotective action
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could result from its effects on any of several cellular or molecular events that have been

implicated in the control of cell death. Lithium has been found to reduce neuronal death

in animal models of neurodegenerative diseases such as Huntington’s, Parkinson’s, and it

reduces death induced by ischemia or stroke (Nonaka and Chuang, 1998 (a); Wei et al,

2001).  Lithium has been shown to have neuroprotective effects both in vivo and in vitro.

Chronic lithium treatments protects cultured rat cerebellar, cortical, and hippocampal

neurons against glutamate-induced excitotoxicity by inhibiting NMDA receptor mediated

calcium influx (Nonaka & Chuang 1998 (b)).  Lithium has also been seen to suppress

excitotoxicity-induced striatal lesions in rat model of Huntington’s disease.  Since

glutamate excitotoxicity has been found in the pathogenesis of neurodegenerative

disorders, it was determined that lithium protects cultured CNS neurons against glutamate

toxicity that was mediated by NMDA receptors (Wei et al., 1998).

One of the possible ways that lithium may be protecting neurons is by its

influence on the levels of bcl-2 protein that are produced (Manji &Chen, 2002).

Wilkinson et al. (2002) reported that bcl-2 mRNA is robustly increased 6-12 hours after

deafferentation in approximately 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.  At the

time at which the bcl-2 mRNA is upregulated, dying neurons appear to have stopped

making protein (Stewart & Rubel, 1985).  Consequently, the bcl-2 message is not

translated into protein so it cannot have its neuroprotective effect.  Presumably, if bcl-2

protein was to be 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 & Rubel, 2002).  Based on these studies,

one would expect that if bcl-2 protein were upregulated prior to cochlea removal, then

fewer cells would die.  Perhaps this is how lithium is having a neuroprotective influence

in NM.

Lithium could increase bcl-2 by upregulating transcription factors that promote

expression of bcl-2 such as NFkappaB (NF_B).  The commonly proposed pathway is that

lithium inhibits glycogen synthase kinase, GSK which allows for a prolonged expression

of NF_B which goes on to promote bcl-2. Lithium has been shown to inhibit GSK-3_ in

vivo in mice (Gould et al., 2003).  Demarchi et al (2003) proposed that lithium increases

NF_B activity by way of its inhibition of GSK-3.  GSK-3 phosphorylates NF_B at the

p105 site.  When phosphorylated at this site, NF_B is targeted for degradation.  If GSK-3

is inhibited, then the NF_B will not be tagged for degradation and will be allowed to have

a more prolonged effect. Lithium also increases the activation of transcription factors

AKT, PEBP-2_, and CREB, and also increases the uptake of glutamate.  The decrease in

p53 and increased activation of AKT, PEBP-2_, and CREB results in an increase in the

expression of bcl-2 protein, ultimately leading to neural protection (Chuang et al., 2002).

However, 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.

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 & Chuang,

1998).  Chen and colleagues (1999) reported that lithium and valproate (another bipolar

disorder treatment) robustly increase the levels of Bcl-2 protein in frontal cortex.  This

implies that lithium may be a therapeutic drug for neurodegenerative disorders. The
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upregulation of Bcl-2 protein was done by increasing the transcription factor, PEBP-2_

mRNA. Kopinsky and Chaung (2003) saw that CREB protein, a transcription factor

which normally functions in learning and memory, can function to promote the

expression of pro-survival proteins.  They showed that chronic treatments of lithium

suppressed the glutamate-induced decrease in pCREB levels in cell cultures.  Einat et al.

(2003) suggests that the pro-survival effects of lithium may account for its effectiveness

as a mood stabilizer. They showed that the phosphorylated transcription factors such as

CREB is increased and genes such as Bad are decreased when given long term chronic

treatments of lithium and valproate. Such actions could possibly prevent the initiation of

cell death cascades.

Plasma levels

Because of the differences in species and route of administration, it is difficult to

compare the effective level of lithium neuroprotection with the level typically used for

the treatment of humans with bipolar disorder.  The effective that is given to bipolar

patients is 1-2g/day (Silverstone & Romans, 1996) in a 70 kg person (0.014-0.028 g/kg).

The maximum dose used in the present study in chicks was higher 3.0mEq/kg or

0.12g/kg).  Measurements of plasma levels of lithium, however, suggest that the dose

given to chicks is somewhat below that needed fore effective treatment of bipolar

disorder.  A typical target plasma level for the treatment of bipolar disorder is

approximately 1.0mEq/L in plasma measured 12 hours following drug administration.

The levels in the chicks used in the present study were well below that target even when

measured only 6 hours following administration, this did not produce any signs of

toxicity during the course of this experimental method.  It should be noted however, that

in some instances when the animal was given lithium, a rash appeared at the site of

injection. However the animals 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.  By 6 hours post injection of the 3.0mEq/kg dose, over 75% of the drug

had been excreted from the body and by 24 hours 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 to when the treatment was terminated on the day of cochlea ablation.

 In summary, chronic administration lithium markedly reduces the

deafferentation-induced neuronal death.  The amount of lithium that was given was well

within the therapeutic concentration range that is commonly given to bipolar patients.

Lithium is rapidly excreted in the animal and the detectable amounts are below the

amount that is viewed as toxic. Lithium also does not appear to have an effect on the

growth rates of chicks as compared to their control counterparts and therefore is not

viewed as toxic to the animal.  Lithium is already commonly used as the drug of choice

for bipolar disorder and has been studied extensively in human patients and is therefore

accepted in the medical community.  This type of treatment may have its effects by

alternating the expression of molecules, such as bcl-2, that regulate cell death pathways.

Given these results, it is plausible that chronic doses of lithium can be used as a treatment

for rescuing cells from death such as the type of death that occurs in neurodegenerative

disorders.
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Figure 1.  Photomicrographs of intact and deafferented sides of saline and lithium treated

neurons. There were fewer cells on the deafferented side in both groups, yet the effect of

cochlea removal is attenuated by chronic lithium treatment
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Figure 2.  Average plasma lithium levels that measured 1 hour post injection on the 11
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levels increased with increasing dose and no lithium was detected in the plasma 24 hours
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Figure 3.   Average weights of subjects during drug treatments.  No difference in weight
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deafferented)/intact * 100).  Fewer cells are lost following cochlea removal in subjects

treated with lithium for 17 days prior to cochlea removal (p < 0.01).  Error bars represent

standard error of the mean.
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Figure 5. Total number of neurons in nucleus magnocellularis on each side of the brain

for subjects treated for 17 days with either saline or lithium.  There fewer neurons on the

deafferented side of the saline-treated group compared to 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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