
Effects of lithium and deafferentation on expression of glycogen
synthase kinase 3β, NFκB, β-catenin and pCreb in the chick
cochlear nucleus

Angela L. Bush and Richard L. Hyson*
Department of Psychology, Program in Neuroscience, Florida State University, Tallahassee, FL,
32306-1270, USA

Abstract
The avian brainstem serves as a useful model to answer the question of how afferent activity
influences the 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). Interestingly, Bcl-2 mRNA (but not protein) is upregulated in 20–30% of NM
neurons following deafferentation. We have recently shown that chronic treatments of lithium
upregulates the neuroprotective protein Bcl-2 and increases neuronal survival following
deafferentation. The pathways leading to the upregulation of Bcl-2 expression following these two
manipulations are unknown. The present experiments examine changes in glycogen synthase
kinase-3 beta (Gsk-3β), and transcription factors nuclear factor κ B (NFκB), β-catenin, and pCreb
following lithium administration and following deafferentation. These molecules are known to be
influenced by lithium and to regulate Bcl-2 expression in other model systems. Lithium decreased
immunolabeling for Gsk-3β and increased expression for all three transcription factors.
Deafferentation, however, did not alter Gsk-3β or NFκB, resulted in lower β-catenin expression, but
did increase pCreb immunoreactivity. While it is possible that pCreb is a common link in the
regulation of Bcl-2 following these two manipulations, the timing and distribution of pCreb labeling
suggests that it is not the sole determinant of Bcl-2 upregulation following deafferentation. It is likely
that the regulation of Bcl-2 gene expression by lithium and by deafferentation involve different
molecular pathways.
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1. Introduction
Cell death in the nervous system can be induced by many events including injury, disease states
and absence or loss of normal afferent sensory inputs. In the developing auditory system
deafferentation, produced by cochlea removal, can result in death of cochlear nucleus neurons
(Born and Rubel, 1985; Hashisaki and Rubel, 1989; Tierney et al., 1997). The brainstem
auditory system of the chick has proved to be a useful model for understanding this form of
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cell death (Rubel et al., 1990). In this system, the ipsilateral eighth (VIIIth) nerve synapses on
a homogenous population of auditory neurons in nucleus magnocellularis (NM) and provides
NM neurons with their sole excitatory input (Lippe et al., 1980; Rubel et al., 1990; Born et al.,
1991). Consequently, unilateral cochlea removal deafferents the ipsilateral NM, but leaves
innervation to the contralateral NM unaffected. This allows for within-subject comparisons
between deafferented and intact neurons. Approximately 20–30% of deafferented NM neurons
die within a few days. The remaining neurons survive, albeit at a lower metabolic state and
with a reduction in soma size (Parks and Rubel, 1978; Born and Rubel, 1985; Born and Rubel,
1988).

Deafferentation-induced changes in NM neurons are observed across the entire population of
neurons as early as one hour after cochlea removal. At this early time there is a reduction in
protein synthesis, RNA synthesis, and an increase in intracellular calcium (Steward and Rubel,
1985; Garden et al., 1995; Zirpel et al., 1995). At later time points (6–12 hours post cochlea
removal) the NM neurons appear to divide into two discrete populations: those that die and
those that will survive. Cells that are destined to die show a breakdown of polyribosomes (Rubel
et al., 1991) and an apparent total cessation of protein synthesis (Steward and Rubel, 1985).

The deafferentation-induced cell death of NM neurons includes some features of typical
apoptosis such as shrinkage in neuronal size and lack of cytoplasmic membrane rupture (Born
and Rubel, 1985). Yet, these neurons do not typically show other characteristics of apoptosis,
such as nuclear condensation and cytoplasmic blebbing. At the molecular level of analysis,
some molecules that are commonly involved in controlling apoptosis have also been shown to
be altered by deafferentation (Wilkinson et al., 2003). One particularly intriguing set of
experiments involves the cytoprotective protein Bcl-2. Bcl-2 is located in the outer
mitochondrial membrane and prevents the toxic release of cytochrome c into the cytosol
(Festjens et al., 2006). Mostafapour et al. (2002) showed that overexpression of Bcl-2 in mice
protects cochlear nucleus neurons from deafferentation-induced cell death. Wilkinson et al.
(2002) observed a dramatic and transient upregulation of mRNA for Bcl-2 in the deafferented
NM neurons of the chick. Unexpectedly, however, the upregulation was observed in 20–30%
of the neurons, suggesting that this cytoprotective gene was upregulated in the dying
subpopulation of NM neurons. They suggested that cellular signaling mechanisms are engaged
in the dying population of cells that upregulate expression of the potentially cytoprotective
Bcl-2 message, but by the time the message is upregulated, the cellular protein synthesis
machinery is broken down. Consequently the message is left untranslated and cannot have its
protective influence.

Bush and Hyson (2006) suggested that the upregulation of Bcl-2 message was a clue that Bcl-2
protein could protect NM neurons from deafferentation-induced cell death if the protein was
produced prior to cochlea removal. They used a pharmacological treatment, chronic
administration of lithium, which has been shown to upregulate Bcl-2 protein in other systems
(Nonaka and Chuang, 1998; Chuang and Chen, 1999; Wei et al., 2001). They found that chronic
lithium administration did upregulate Bcl-2 protein in NM neurons and did protect neurons
from deafferentation-induced cell death.

Lithium is a commonly used treatment for Bipolar Disorder, although its mechanism of action
is unclear. It is clear, however, that lithium can alter gene expression in neurons and that it can
lead to neuroprotection (Chen et al., 1999). A first step in lithium’s action, in many cases, is
the inhibition of glycogen synthase kinase-3 beta (Gsk-3β) (Grimes and Jope, 2001). This
kinase has been implicated in certain psychiatric disorders and neurodegenerative diseases
(Chen et al., 2004). Unlike many protein kinases, Gsk-3β is highly active in resting cells and
is primarily regulated by inactivation (Grimes and Jope, 2001). Gsk-3β, in turn, regulates a
variety of transcription factors including, but not limited to, nuclear factor kappa B (NFκB),
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and β-catenin, and pCreb (Grimes and Jope, 2001). Inhibition of Gsk-3β by lithium can lead
to increased activity of all of these transcription factors, which can subsequently increase the
expression of neuroprotective proteins such as Bcl-2.

The experiments by Wilkinson et al. (2002) and Bush and Hyson (2006) clearly demonstrates
that Bcl-2 expression in NM neurons can be upregulated by two different conditions: 1.)
deafferentation leads to a transient upregulation of mRNA in a subpopulation of cells, and 2.)
chronic administration of lithium leads to an upregulation of Bcl-2 protein across the entire
population of cells. There are several possible transcription factors that regulate Bcl-2
expression and it is not known which of these are involved in the regulation of expression
observed in NM neurons. In addition it is possible that the transcription factors involved in the
regulation of Bcl-2 by lithium are different than those involved in the regulation observed after
deafferentation. The present experiments examine both lithium- and deafferentation-induced
changes in concentration of the active forms of the kinase Gsk-3β and the transcription factors
pCreb, β-catenin, and NFκB in attempt to identify the possible sequence of events leading to
the upregulation of Bcl-2 expression in NM neurons

2. Results
2.1. Lithium control of protein expression

Chronic lithium altered the expression of the proteins of interest in NM, as can be seen in Figure
1. Gsk-3β labeling (Figure 1A and E) was observed in the cytoplasm of NM neurons and
subjects treated with lithium had lighter staining than those treated with saline. Lithium
administration increased immunolabeling for NFκB, pCreb, and β-catenin. Examples of these
effects can be seen in Figures 1 B–H. NFκB (Figures 1B and F) labeling was observed in the
cytoplasm, while β-catenin (Figures 1C and G) and pCreb (Figures 1D and H) labeling was
mainly in the nuclei. A comparison of labeling on the intact sides of both saline- and lithium-
treated groups show greater labeling in lithium treated subjects for all three transcription
factors. Objective analysis of labeling density confirmed these visual impressions. Figure 2
displays the average gray scale density measurements of NM neurons in lithium- and saline-
treated subjects on each side of the brain at the various survival times. To avoid the possible
confounding effects of cochlea removal, statistical analyses of the effects of lithium were
restricted to comparisons of labeling on the intact side of the brain. Tissue sections from pairs
of lithium- and saline-treated subjects were processed simultaneously to avoid variance due to
processing variables, and a percentage difference in gray scale density measurements was
calculated for each lithium-saline pair of subjects. Figure 2 displays the mean percentage
difference in labeling. There was a reliable difference between lithium and saline treated
subjects for all proteins of interest (t(10) = 16.792, p < 0.01, t (10) = 17.211, p<0.01, t(10)
=36.955, p<0.001, t(10)=9.101, p<0.05) for Gsk-3β, NFκB, β-catenin, and pCreb, respectively.
In all cases, the labeling density appeared to show a normal distribution. Lithium administration
appeared to produce a uniform shift in the distribution of labeling densities.

2.2. Deafferentation-induced differences
Deafferentation did not result in consistent changes in immunolabeling for either Gsk-3β or
NFκB at any of the time points examined, and statistical analyses did not reveal an effect of
cochlea removal (p = 0.875 and 0.507 respectively). Labeling for the transcription factors, β-
catenin and pCreb, however (Figures 3), did show differences between the intact and
deafferented sides of the section for both treatment groups. There was lower labeling for β-
catenin on the deafferented side of the section in both lithium- and saline-treated subjects, and
this difference in labeling appeared most robust at 6 hours after cochlea removal (Figure 3A
and B). To compare the effects of cochlea removal between groups, scores were converted to
average percentage difference between intact and deafferented sides of the same brain (Figure
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4). A two-way (Time × Drug) ANOVA on these percent difference scores revealed a reliable
effect of Time after cochlea removal (F (2, 21) = 3.1, p< 0.05) but no reliable effect of Drug
(F (1, 21), p <1) or Drug × Time interaction (F (2, 21) = 1.98, p = 0.16). Post-hoc pairwise
comparisons (Newman-Keuls) revealed that the magnitude of the effect at 6 hours following
cochlea removal was greater than that at 1 or 3 hours after surgery.

Deafferentation resulted in an increase in immunoreactivity for pCreb one hour following
cochlea removal in both lithium- and saline-treated subjects (Figure 3C and D and Figure 4).
A two-way mixed ANOVA using Drug as the between-subjects variable and Side as the within-
subjects variable revealed that there was a reliable effect of Side (F (1, 10) = 52.4, p < 0.001)
and, as noted above, a reliable effect of Drug (F(1,10) = 9.1, p < 0.05), but no reliable Drug ×
Side interaction (F(1, 10) = 3.1, p = 0.11). Converting scores to percent difference between
sides confirmed that both drug treatment groups had a reliable difference between sides (t (6)
= 3.9 (saline) and t(4) = 5.9 (lithium), p < 0.05) (Figure 4). There was no statistically reliable
difference in the magnitude of the effect between saline and lithium treated subjects (between-
subjects t-test on the percent difference scores (t (10) = 1.4, p = 0.19).

In all cases, it appeared that labeling density was normally distributed across the population of
NM neurons. Cochlea removal resulted in a reliable difference in the mean labeling for the two
transcription factors, but there still appeared to be a normal distribution of labeling density
across the population.

3. Discussion
Cochlea removal results in neuronal cell death and atrophy in the avian cochlear nucleus,
nucleus magnocellularis (NM) (Born and Rubel, 1985). Previous studies have shown that
chronic administration of lithium increases immunolabeling for the neuroprotective molecule
Bcl-2 in NM neurons and protects NM neurons from deafferentation-induced cell death (Bush
and Hyson, 2006). Cochlea removal in the absence of drug treatment also leads to an
upregulation of Bcl-2 mRNA (although not Bcl-2 protein) in NM neurons. The present set of
experiments examined candidate molecules that might contribute to the upregulation of Bcl-2
in these two different conditions. Lithium administration decreases Gsk-3β expression, but
increases the expression of the transcription factors NFκB, β-catenin and pCreb. Cochlea
removal, on the other hand, did not appear to alter the expression of either Gsk-3β or NFκB
and decreased the expression of β-catenin. As reported previously (Zirpel et al., 2000),
however, cochlea removal did upregulate expression of pCreb.

3.1. Technical Considerations
The objective densitometric analysis of immunolabeled tissue is, at best, semi-quantitative.
Conclusions can be made about relative changes in expression but there is no information about
absolute concentration of the proteins of interest. In addition, processing variables, such as
incubation time, can dramatically influence the overall darkness of immunolabeling. To limit
the influence of these processing variables, pairs of lithium- and saline-treated brains were
processed simultaneously. Marks (hole punches) on the ventral surface of the brainstem were
used to identify individual brains after the sections were mounted onto slides. Effects of lithium
were evaluated by comparing these pairs simultaneously processed tissue sections. Although
some variables, such as the quality of fixation, could not be completely controlled, the
consistency of the data suggests that the matched lithium-saline comparisons used in the
analyses are valid. Statistical analyses lead to identical conclusions whether the matched
lithium- and saline-treatment was analyzed as a between-subject variable or if they were treated
as a within-subject variable. The influence of processing variables is even less problematic for
the analyses of the effect of cochlea removal. These effects are evaluated by comparing labeling
on opposite sides of the same tissue section.
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3.2. Lithium control of protein expression
There are several ways by which lithium could lead to upregulation of neuroprotective proteins,
such as Bcl-2, and the most commonly proposed pathway involves inhibition of Gsk-3β. The
present experiments confirmed that lithium reduces levels of Gsk-3β in NM neurons. This is
in accordance with others (De Sarno et al., 2002; Grimes and Jope 2001; Gould et al., 2003)
who have shown that chronic lithium pretreatment down-regulates the constitutively active
Gsk-3β found in neurons. It has been relatively well established that Gsk-3β is a primary target
of lithium and is one of the mostly highly regulated molecules by lithium pretreatment.
Gsk-3β normally degrades or blocks the activation of the transcription factors examined in this
report (Grimes and Jope, 2001; Hoeflich et al., 2000, Tamatani et al., 1999; Yost et al., 1996;
Kopinksy et al., 2003). By inhibiting Gsk-3β’s activity with lithium, the target transcription
factors can have enhanced activity. β-catenin is phosphorylated by Gsk-3β, and it appears that
there is an increase in β-catenin when lithium inhibits Gsk-3β (Yost et al., 1996). Inhibition of
Gsk-3β also results in increased expression of pCreb in other systems (Chuang et al., 2002),
and increased expression of Gsk-3β resulted in decreased phosphorylation of the substrate Creb
among others (Ilouz et al., 2006; Kopinsky et al., 2003; Einat et al., 2003). Some studies
(Hoeflich et al., 2000), however, have shown that NFκB could be positively or negatively
correlated to Gsk-3β inhibition. The present studies show that the transcription factors NFκB,
β-catenin, and pCreb are all increased in NM neurons following chronic lithium administration.
Any of these transcription factors could lead to increases in Bcl-2 (Tamatani et al., 1999; Pahl,
1999; Hammonds et al., 2007; Li et al., 2007) or other neuroprotective molecules, and
ultimately account for the neuroprotection observed following chronic lithium administration.

3.3. Deafferentation control of expression
Only two of the candidate molecules, β-catenin and pCreb, show a deafferentation-induced
difference in immunolabeling. β-catenin was reduced by 6 hours following cochlea removal.
This is in line with the overall reduction in protein synthesis that is observed in NM neurons
following deafferentation (Steward and Rubel, 1985). The transcription factor pCreb, however,
was increased one hour after cochlea removal, and there were statistically reliable differences
between the intact and deafferented sides in both lithium- and saline-treated groups. This result
suggests that although lithium increases the overall levels of pCreb immunoreactivity in NM
neurons, it cannot prevent the further increase in pCreb observed following deafferentation.
pCreb labeling was only evaluated one hour following cochlea removal since previous studies
(Zirpel et al., 2000) showed that no pCreb labeling was observed at later time points. The
present studies confirmed this transient expression (data not presented) and further show that
this transient increase in pCreb is also observed in lithium-treated subjects. The previous study
examining pCreb expression (Zirpel et al., 2000) reported upregulation in a subpopulation
(70%) of deafferented NM neurons. In contrast, the present study found that the labeling
densities for both transcription factors maintained a normal distribution across the population
of deafferented NM neurons. It is not clear why these results differ, but it is possible that the
variation in the proportion of the cell population affected by cochlea removal is because
different breeds of chicks were used in the two studies. Alternatively, the results may be
different because of subtle differences in the antigen retrieval steps used in the immunolabeling
protocols.

3.4. Synthesis
Current knowledge supports the hypothesis that lithium is neuroprotective in different animal
models of disease states and hypoxia/stroke paradigms. This protection requires long term
pretreatment, which suggests that changes in gene expression are necessary (Chuang et al.,
2000; Silverstone and Romans, 1996). One possible neuroprotective molecule that is
upregulated by lithium is Bcl-2 (Bush and Hyson, 2006). Bcl-2 mRNA is also robustly
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upregulated in a subpopulation (approximately 20–30%) of NM neurons following cochlea
removal (Wilkinson et al., 2002). This is an intriguing finding because 20–30% of NM neurons
go on to die after deafferentation (Born and Rubel, 1985). It was hypothesized that the
upregulation of Bcl-2mRNA in a dying subpopulation of neurons was an indicator of cells that
were destined to die, and that the potentially neuroprotective Bcl-2 message was unable to be
translated into protein in these neurons because protein synthesis machinery was compromised
(Steward and Rubel, 1985) by the time the message had increased. Bush and Hyson (2006)
showed that chronic lithium pretreatment increased immunolabeling for Bcl-2 protein in NM
neurons and reduced deafferentation-induced cell death by approximately 50%.

The present studies suggest that the upregulation of Bcl-2 expression by lithium may involve
a different sequence of events than the upregulation of Bcl-2 mRNA in NM neurons following
cochlea removal. Lithium, but not cochlea removal, reduces immunolabeling for Gsk-3β.
Consequently, there was an increase in expression of all three of the transcription factors
examined (NFκB, β-catenin, and pCreb). Cochlea removal did not alter NFκB and reduced
levels of β-catenin. Only pCreb showed an increase in expression following cochlea removal
(see also, Zirpel et al., 2000). This suggests that, of the possible promoters examined to date,
pCreb is the most likely candidate for upregulating Bcl-2 mRNA in NM neurons following
deafferentation. One difficulty with this conclusion, however, is that it appears that pCreb is
upregulated in the majority of deafferented neurons, but Bcl-2 mRNA s upregulated in only
20–30% of the neurons. Additionally, pCreb upregulation is observed only very soon after
cochlea removal (one hour) whereas Bcl-2 mRNA upregulation is observed 6–12 hours post
cochlea removal. It is possible that pCreb is responsible for the upregulation of Bcl-2mRNA
following deafferentation, but there is a delay between the time at which pCreb promotes gene
transcription and the time at which the fully transcribed and edited mRNA is present and able
to be detected by the oligonucleotide probe. If this were the case, then it would still be
mysterious as to why the mRNA is only observed in a subpopulation of neurons. One could
speculate that there is some threshold of pCreb activation that must be achieved or there is a
competing (repressive) influence that has not yet been identified in those cells that do not
increase Bcl-2 expression. Alternatively, it is possible that the apparent upregulation of Bcl-2
mRNA in NM neurons is attributable to reduced degradation of the mRNA rather than increased
production.

4. Experimental Procedures
4.1 Animals and Surgical Procedures

The subjects were Ross × Ross chicks hatched at Florida State University from eggs obtained
from a local supplier. Post-hatch chicks, of either sex, received daily injections of either lithium
chloride (LiCl) or saline for 17 days prior to unilateral cochlea removal. Protein expression in
NM neurons was examined at various time points after CR using immunocytochemistry. All
procedures were in accordance with Animal Care and Use Committee guidelines.

4.2. Daily injections
Post-hatch chicks (P0) were started on a lithium chloride or saline injection regime identical
to that used by Bush and Hyson (2006). Both groups of animals received a daily subcutaneous
injection for a total of 17 days. 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 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. This injection schedule produced plasma
lithium levels that were proportional to the injection concentration (Bush and Hyson 2006).
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No lithium is detectable in serum 24 hours after the last injection suggesting that lithium was
rapidly excreted from the subject (Bush and Hyson, 2006).

4.3. Cochlea Removal Surgery
Subjects received unilateral cochlea removal surgery under halothane anesthesia, one hour
after the last daily injection on P16. 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.

4.4. Tissue preparation
Subjects were allowed to survive for various times (1, 3, or 6 hours) following cochlea removal
prior to tissue preparation for immunocytochemistry. 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°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. Sections were cut at 25
µm and were collected into ice cold PBS for later mounting. Every section containing NM was
collected.

4.5. Immunocytochemistry
Pairs of subjects, one treated with LiCl and one treated with saline, were processed
simultaneously (n = 9, three pairs per time point). Puncture marks were made in the ventral
portion of the brainstem to identify treatment condition following the simultaneous processing.
Cryosections containing NM were placed in a vial containing PBS. Alternate sections of the
same subject were processed using different primary antibodies. For NFκB, tissue was
microwaved for 20 seconds on low power to expose the epitope. Sections were then washed 2
X ten minutes in PBS and endogenous peroxidase activity was quenched by incubating in
0.03% H2O2 in methanol for ten minutes. Following three 10 minute rinses in PBS, sections
were placed in a blocking solution containing 2% Bovine Serum Albumin (BSA), 1% Normal
Goat Serum (NGS) (Gsk-3β and β-catenin) or Normal Horse Serum (NHS) (NFκB and pCreb),
0.1% Triton-X100 (Gsk-3β, β-catenin, NFκB) or 0.4% Saponin (pCreb) in PBS for an hour.
Sections were transferred to various concentrations of the primary antibodies, Gsk-3β (h-76)
(1:500, Santa Cruz, sc-9166), pCreb (ser 133) (1:1000, Upstate Signaling, 06–519), NFκB (p65
subunit) (1:250, Chemicon, mab3026), and β-catenin (cat-5h10) (1:1000, Zymed, 18-0226) in
blocking solution and incubated on a rotator overnight at 4°C. The specificity of the reaction
was assured by incubating control sections in the absence of primary antibodies. The following
day, the sections were removed from 4°C and allowed to incubate at room temperature for two
hours. Sections were washed 3 × 10 minutes in PBS. Sections were then incubated in a 1:200
concentration of goat anti-rabbit or horse anti-mouse secondary antibodies in blocking solution
for one hour. Following 3 ten-minute washes with PBS, 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 0.01% 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 ethanol and cleared in xylenes. Slides were coverslipped in
DPX mounting medium and allowed to dry overnight.
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4.6. Objective analysis of anatomical tissue
Immunolabeling of NM neurons was objectively analyzed using densitometry using NIH
Image J. When the important comparison is between lithium- and saline-treated subjects, the
tissue was processed simultaneously in the same reagents to prevent processing variables from
affecting the results. For examining the effects of cochlea removal, the staining densities on
the intact side of the brainstem were compared to those on the deafferented side of the same
tissue section. In most cases, the sections that were analyzed were obtained from the middle
third of the anterior-posterior extent of NM. The light levels and contrast settings were the
same for all tissue sections analyzed. On average, 50 neurons were measured in each nucleus,
on each side of the section. 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 all NM neurons in that section were measured or the criterion
of 50 cells was reached. Approximately 3 sections were analyzed per brain. The data were
analyzed using Microsoft EXCEL and SPSS.
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Figure 1. Representative photomicrographs of intact sides of saline (top)- and lithium (bottom)-
treated pairs
Tissue sections were immunolabeled with antibodies recognizing Gsk-3β (A,E), NFκB (B,F),
β-catenin (C,G), and pCreb (D,H). Lithium-treated subjects showed lighter labeling for
Gsk-3β, but darker labeling for NFκB, Beta-catenin, and pCreb. These examples are from the
intact sides of subjects 3 hr following cochlea removal except for pCreb, which was from a
subject 1 hr following cochlea removal.
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Figure 2. Percent difference in immunolabeling between lithium- and saline-treated subjects
((Lithium-Saline)/Saline *100). Positive numbers indicate that lithium subjects stained more
heavily for the antigen. Statistically reliable differences were observed for all four antigens (*
indicates p < 0.05). Error bars represent standard error of the mean. Since this analysis
compared the intact sides of the brains in each group, subjects were pooled across survival
times for each antigen.

Bush and Hyson Page 12

Brain Res. Author manuscript; available in PMC 2009 April 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3. Representative photomicrographs of displaying deafferentation-induced differences in
labeling for β-catenin (A, B) and pCreb (C,D)
Lighter labeling for Beta-catenin was observed on the deafferented side (B) compared to the
intact side of the same tissue section (A) (example from subject 6 hr following cochlea
removal). Darker labeling for pCreb, however, was observed on the deafferented (D) side of
the brain compared to the intact side of the same tissue section (C) (1 hr following cochlea
removal).
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Figure 4. Percent difference between deafferented and intact sides of the brain for the various
antigens at different survival times following cochlea removal
((Deafferented-intact))/intact *100). No reliable differences between sides were observed
when labeling of Gsk-3β or NFκB. There was a statistically reliable decrease in labeling for
β-catenin by 6 hours following cochlea removal. Labeling for pCreb was darker on the
deafferented side of both treatment groups at 1 hour post cochlea removal. Asterisks indicate
times at which there statistically reliable differences (p < 0.05) between deafferented and intact
sides of the brain. No reliable differences were observed between lithium and saline treatment
groups at any survival time for any antigen. Error bars represent standard error in the mean.
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