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of ketamine require GSK3β inhibition (Beurel et al., 2011; Liu et al., 2013) and remedy 

behavioral and physiological effects of stress exposure (Li et al., 2010; Ma et al., 2013), 

but GSK3β inhibition alone does not have rapid beneficial effects.  In this case, GSK3β 

inhibition alone does not interact with a signal that produces beneficial effects, but when 

second messenger systems are activated by ketamine GSK3β can impact the outcome of 

those signals. 

Research into the effects of exercise on GSK3β regulation is more limited than 

that on stress.  The sole studies involving voluntary exercise demonstrated that the 

molecular pathway involved in BDNF signaling was activated following two weeks of 

exercise.  However, a non-significant increase in GSK3β phosphorylation was observed 

(Chen and Russo-Neustadt, 2005).  Hippocampal lysates from rats forced to run on a 

treadmill for 15 minutes on five days had increased BDNF and GSK3β S9 

phosphorylation levels, and 5 days of running during a 7 day restraint stress paradigm 

ameliorated restraint induced decreases in BDNF and GSK3β S9 phosphorylation (Fang 

et al., 2013).  Rats trained to run on a treadmill for 3 hours per day over 36 weeks starting 

at 5 weeks of age, as well as those that were simply handled during that time, had 

increased IGF-1 levels and reduced GSK3β tyrosine 216 phosphorylation in the 

hippocampus, interpreted as reduced active GSK3β (Bayod et al., 2011).  Using the same 

procedure, the authors replicated their GSK3β activation finding in exercised and handled 

rats but did not observed the reduction in GSK3β tyrosine 216 phosphorylation to be 

associated with increased β-catenin accumulation in the hippocampus (Bayod et al., 

2014).  Results from treadmill and voluntary exercise should be compared cautiously as 
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Previous research has demonstrated nuclear accumulation of activated p38 MAPK 

in response to DNA damage (Wood et al., 2009).  Following DNA damage, active 

GSK3β forms a complex with the pro-apoptotic factor p53 that may promote inhibition of 

pro-survival transcription factors (Watcharasit et al., 2002).  Recent work has shown the 

presence of spontaneously generated DNA damage in some neurons diffusely distributed 

in the cerebral cortex and hippocampus as a result of normal brain activity (Suberbielle et 

al., 2013).  Additionally, failure to repair DNA damage is thought to play a key role in 

neuronal degradation (Brasnjevic et al., 2008).  Thus, preventing inactivation of nuclear 

GSK3β through serine to alanine substitution at GSK3β S389 in KI mice could impact the 

viability of the neuronal subset with spontaneous DNA damage.  

No discernible differences in gross brain anatomy were observed between GSK3β 

KI mice and WT mice. Immunostaining analysis with NeuN and class III -tubulin/Tuj1, 

two standard markers for neurons, did not show drastic differences in the number of 

neurons within the cerebral cortex and hippocampus of WT and GSK3β KI mice (Fig. 

3A). However, histological examination of hematoxylin & eosin (H & E) stained sections 

revealed the presence of highly eosinophilic (darker) cells with pyknotic nuclei in some 

regions of the cerebral cortex and hippocampus of GSK3β KI mice (Fig. 3B). The 

morphology of these cells is characteristic of what in human brain pathology is defined as 

“dark neurons” and likely represent neurodegenerative cells (Garman, 2011).  The 

presence of these dark cells in GSK3β KI mice was evident in the hippocampal CA1 

subfield and the hippocampal CA3 subfield as well as cerebellar cortex (Fig. 3B) and 

dentate gyrus (not shown). A number of studies have reported that hippocampal CA1 is 
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Figure 3. Demonstration of GSK3β phosphorylation in amygdala, BNST, hippocampus, and frontal cortex. 

A. Representative western blot samples from analysis of GSK3β S
389

 phosphorylation (p-S
389

), and S
9
 

phosphorylation (p-S
9
), α-tubulin loading control (tubulin).  B. Relative GSK3β p-S

389 
and S

9
 expression 

across sampled brain regions.  C. Immunofluorescence images confirming GSK3β p-S
389 

and S
9
 expression 

in sampled brain regions.  Left panel for each phosphorylation site is representative 20x magnification 

image, right panel is 40x magnification of same image.  Scale bar = 50µM.   
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Figure 4. GSK3β phosphorylation state analysis by western blot following stress or exercise. A. 

Representative western blot samples relative expression from regional analysis of GSK3β S
389

 

phosphorylation (p-S
389

).  B. Representative western blot samples and relative expression from regional 

analysis of GSK3β S
9
 phosphorylation (p-S

9
).  All samples normalized to α-tubulin (tubulin) for analysis.  

Data are Mean ± SEM, **p<.01 v control, *p<.05 v control. 
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Figure 5. Evidence for DNA damage following stress and exercise. A. ϒH2A.X analysis by western blot 

following variate stress (stress) or exercise. A. ϒH2A.X analysis by western blot following variate stress 

(stress) or exercise.  B. A comparison of ϒH2A.X 24 hours after an acute forced swim experience or 14 

days of variate stress terminating with forced swim.  C. ϒH2A.X foci that reliably mark DNA damage can 

be observed in representative BNST immunofluorescence images following variate s tress (stress) or 

exercise confirming western blot analysis.  All samples normalized to α-tubulin (tubulin) for analysis.  Data 

expressed as mean ± SEM.  *p<.05 v control.  Fluorescence images are 20x magnification with expanded 

sample.  Scale bar = 50µM. 
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CHAPTER 4: GENERAL DISCUSSION 

 The initial investigation into inhibition of GSK3β by S389 phosphorylation 

produced findings that made understanding regulation of S389 phosphorylation a 

compelling research target (Thornton et al., 2008).  First, inhibition of GSK3β through 

S389 phosphorylation was found to be mediated by p38 MAPK rather than AKT, which is 

known to phosphorylate the S9 site (Stambolic and Woodgett, 1994) indicating that the 

two sites may be regulated by separable signaling pathways activated by similar, or 

different, stimuli.  Second, GSK3β S389 phosphorylation was especially apparent in brain 

tissue suggesting a specialized role in the central nervous system.  Finally, inhibition of 

GSK3β by S389 phosphorylation was correlated with accumulation of β-catenin 

suggesting that S389 phosphorylation may play a role in cell survival.  The findings 

reported here further suggest that GSK3β S389 phosphorylation may be involved in 

neuroprotection.  GSK3β S9 and S389 phosphorylation were found to have different 

cellular distributions.  GSK3β S389 phosphorylation was found to have a nuclear 

distribution, while S9 phosphorylation was apparent throughout the cell.  GSK3β activity 

was found to be increased in GSK3β KI animals, and this was associated with a pattern of 

neurodegeneration in the hippocampus and cortex that was not evident in WT mice.  

These findings suggest a neuroprotective role for S389 phosphorylation within the central 

nervous system.  Despite the observed hippocampal degeneration, GSK3β KI mice were 

found to perform normally in the water maze, a task that requires the hippocampus 

(Morris et al., 1982).  However, auditory fear conditioning was exaggerated and 

contextual fear was overgeneralized in GSK3β KI mice suggesting that the 
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neurodegeneration observed may influence fear conditioning circuitry perhaps through 

hippocampal connections with the amygdala (Maren, 2001).   

The auditory fear conditioning phenotype observed in GSK3β KI animals was 

similar to what might be expected in stressed animals (Izquierdo et al., 2006; Baran et al., 

2009; Hoffman et al., 2014).  The effect of stress on GSK3β S389 phosphorylation had not 

been examined, nor had regulation of GSK3β by stress been examined outside of the 

hippocampus or frontal cortex.  This paucity of research prompted assessment of GSK3β 

regulation by stress, and exercise, a behavior with stress protective effects, in brain 

regions associated with regulation of the stress response.  We observed that two weeks of 

variate stress, and exercise, produced divergent effects on anxiety- like behavior, but 

regulated GSK3β phosphorylation in a largely similar fashion.  Notably, stress and 

exercise increased GSK3β S389 phosphorylation. GSK3β S9 phosphorylation was 

positively, and negatively, regulated in a region-dependent manner further supporting 

separable roles for the inhibitory phosphorylation sites.  Phosphorylated p38 MAPK 

would be expected to mediate the increase in GSK3β S389 phosphorylation and indeed, 

we observed an increase in p38 MAPK phosphorylation in brain regions where S389 

phosphorylation was increased.  Previous work suggests that DNA damage may produce 

a cellular context in which p38 MAPK mediated inhibition of GSK3β would promote 

neuronal survival (Watcharasit et al., 2002; Wood et al., 2009).  ϒH2A.X, a marker of 

DNA damage (Rogakou et al., 1998), was found in both stressed and exercising animals 

in brain regions where GSK3β S389 phosphorylation was elevated, suggesting that the 

increased inhibition may be a response to DNA damage.  We observed no change in 
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GSK3β S389 phosphorylation or ϒH2A.X signal when animals were exposed to a single 

stressor indicating the increased ϒH2A.X signal observed after two weeks of stress or 

exercise may represent an accumulation of DNA damage that necessitates increased 

GSK3β S389 phosphorylation to prevent neurodegeneration as observed in GSK3β KI 

animals.   

Incorporation of GSK3β KI neurodegeneration and the observed regulation of GSK3β by 

stress and exercise 

The results reported here suggest that deficient inhibition of GSK3β through S389 

phosphorylation results in neurodegeneration.  Importantly, fluoro jade labelled 

degeneration occurs prior to cell death, and can represent shrinkage of cell bodies and 

cellular processes (Ehara and Ueda, 2009).  Stress exposure is regularly associated with 

retractions of the dendritic arbor, spine loss, and labeling of shrunken neurons (Uno et al., 

1989; Watanabe et al., 1992; Magarinos and McEwen, 1995), suggesting that deficient 

GSK3β S389 phosphorylation may play a role in stress associated plasticity.  This loss of 

complexity is particularly evident in the hippocampal CA3 field, a region in which we 

observed evidence of neurodegeneration in GSK3β KI mice.  Previous research supports 

a role for loss of trophic factor support in the morphological changes brought about by 

stress (Duman and Monteggia, 2006; Magarinos et al., 2011).  On the other hand, 

exercise enhances expression of multiple trophic factors (Neeper et al., 1996; Llorens-

Martin et al., 2010), and is associated with structural changes in neurons that oppose 

those of stress (Yau et al., 2011; Baj et al., 2012).  If GSK3β S389 phosphorylation plays a 

role in the dendritic remodeling associated with stress and exercise, one might predict 
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that exercise would result in decreased GSK3β activity by increasing S389 

phosphorylation to promote plasticity, while the loss of trophic support in stressed 

animals would be associated with increased GSK3β activity through reduced S389 

phosphorylation.  However, our results demonstrate that 14 days of stress or exercise are 

each associated with increased GSK3β S389 phosphorylation.  Thus it seems that GSK3β 

inhibition is a neuroprotective response to the increase in DNA damage evident in both 

conditions (Fig. 1). 

 

Figure 1. Regulation of GSK3β by stress or exercise.  DNA damage signaling further inhibits nuclear 

GSK3β through p38 MAPK phosphorylation of the S389 site.  Under prolonged conditions that inhibit 

DNA repair DNA damage may accumulate leading to neurodegeneration (dashed arrows).  Cytoplasmic 

GSK3β S9 phosphorylation is regulated in a region specific fashion that may lead  to changes in cellular 

plasticity. 

The underlying cause of dendritic remodeling by stress is not known though 

excitotoxicity, mitochondrial dysfunction, altered gene transcription and exposure to 

reactive oxygen species have been proposed (Sapolsky, 2000; Duman and Monteggia, 
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2006; Popoli et al., 2012; Picard et al., 2014).  Neuronal activity, high rates of 

metabolism and associated reactive oxygen species, and experience driven gene 

transcription have similarly been proposed to produce DNA damage suggesting that such 

damage might be a central factor in neuronal degradation (Brasnjevic et al., 2008; 

Barzilai, 2010; Suberbielle et al., 2013; Aymard et al., 2014).  Accumulated DNA 

damage and impaired repair processing are thought to underlie a number of 

neurodegenerative disorders (Brasnjevic et al., 2008) though an association with stress 

has not previously been made.  Increased ϒH2A.X, a marker of DNA damage, was 

observed following exercise and stress, though only in the stress condition can we say 

that DNA damage accumulated as 14 days, but not 1 day, of stress resulted in increased 

levels of ϒH2A.X.  The damage associated with exercise may reflect the previous night’s 

activity rather than an accumulation of damage over the 14 day wheel access period.  In 

either case, the suggestion would be that failure to repair the damage may eventually lead 

to the neuronal degradation observed in GSK3β KI mice (Fig. 1).     

Elevated levels of ϒH2A.X in exercise and stress conditions may be induced by a 

similar mechanism, experience associated neuronal activation, metabolism, and gene 

transcription, but the repair outcome may be quite different.  The cellular context 

associated with stress has previously been suggested to impair DNA repair (Jenkins et al., 

2014), and in contrast, that associated with exercise may enhance repair.  BDNF, which is 

elevated in exercising mice (Neeper et al., 1996), has been associated with more rapid 

DNA repair (Yang et al., 2014).  Exercising animals terminate stress responses more 

rapidly (Hare et al., 2013), and habituate to stressors faster (Sasse et al., 2008; Campeau 
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et al., 2010; Nyhuis et al., 2010), suggesting reduced exposure to stress hormones which 

have been demonstrated to slow DNA repair (Flint et al., 2007).  In contrast, stress 

reduces BDNF  (Nibuya et al., 1995), and impairs the organisms ability to limit the stress 

response (O'Connor et al., 2003; Mizoguchi et al., 2008) potentially setting up a situation 

in which DNA repair is less efficient and more likely to lead to degeneration.  A 

purposeful physiological process may represent a second similar mechanism to account 

for the DNA damage signal observed following stress and exercise.  Induction of DNA 

damage has been proposed to represent a physiological process through which gene 

transcription may be regulated by experience (Suberbielle et al., 2013; O'Hagan, 2014).  

Such purposeful damage could lead to opposing patterns of gene expression following 

stress and exercise (Duman and Monteggia, 2006) while providing a similar ϒH2A.X 

signal.    

The degeneration observed in GSK3β KI animals led to an initial hypothesis that 

stress would lead to a reduction in GSK3β S389 phosphorylation.  If deficiency in GSK3β 

S389 phosphorylation does lead to stress associated changes in neuronal morphology in 

response to DNA damage, it is possible that the 14 day stress protocol employed may not 

have been sufficient to result in the type of structural changes seen with longer stress 

protocols.  Three, but not two, weeks of stress has been shown to produce dendritic 

remodeling in the hippocampus (Magarinos and McEwen, 1995).  Three week protocols 

also result in stress associated changes in neuronal morphology in the frontal cortex 

(Radley et al., 2006; Radley et al., 2008).  However, a single stressor has been 

demonstrated to alter spine morphology in the frontal cortex (Sciolino et al., 2015), 
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though this may represent a more subtle effect than the changes in dendritic arbor 

observed after longer stress paradigms.  If stress impairs DNA repair processes (Jenkins 

et al., 2014), and sufficient accumulation of DNA damage leads to neurodegeneration 

(Brasnjevic et al., 2008), one may expect that stress paradigms of sufficient duration may 

eventually lead to the increased nuclear GSK3β activity observed in in-vitro neuronal 

studies of DNA damage associated apoptotic signaling (Watcharasit et al., 2002).  Indeed, 

accumulated DNA damage may very well be a component of the allostatic load that stress 

places on the nervous system and eventually result in initiation of degenerative signaling 

cascades of which active GSK3β would likely be a part.  These cascades could be 

apoptotic in nature (Watcharasit et al., 2002), or result in GSK3β activation of proteins 

such as tau that can function to destabilize structural proteins (Hanger et al., 1992; Lucas 

et al., 2001).  In contrast, in the pro-repair environment of an exercising animal DNA 

damage may not accumulate sufficiently to lead to GSK3β activation.   

It should also be acknowledged that the result of neuronal remodelling need not 

be negative.  Research into the beneficial effects of exercise has focused on increased 

neuronal complexity and increased trophic factor support, while that into stress has 

largely focused on the opposite.  However, there is evidence that stress associated 

changes are regionally specific and can produce the type of physiological changes 

typically associated with exercise.  Stress increases BDNF expression and dendritic 

complexity in the BNST (Vyas et al., 2003; Hammack et al., 2009), while having 

degenerative effects on frontal cortex projections to the BNST (Radley et al., 2013).  

Increased amygdala activation is observed in patients with stress associated disorders yet 
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in many cases decreased volume is observed (Savitz and Drevets, 2009).  In these cases it 

is unclear whether the decreased volume is a developmental outcome that predisposes for 

the disorder or is caused by the disorder, but the possibility is present that the observed 

increase in activity is the result of degeneration in an as yet unknown neuronal subtype.  

A very complex pattern of results can be seen in stress associated amygdala plasticity that 

seems to be stressor and neuronal subtype specific (Vyas et al., 2002), and can result in 

increased and decreased complexity.  Changes in neuronal complexity associated with 

exercise have focused on increased complexity in the hippocampus and frontal cortex as 

mediating the beneficial effects of exercise (Yau et al., 2011; Sciolino et al., 2015).  

However, posterior hypothalamic, periaqueductal grey, and nucleus tractus solitaris 

dendritic complexity is observed to be reduced in animals that exercise as adults (Nelson 

et al., 2010).  This reduced dendritic complexity is thought to contribute to the beneficial 

effect of exercise by reducing sympathetic tone.  However, it is notable that the brain 

regions involved play a role in defensive behaviors, and have projections to areas that 

control the stress response such as the BNST and amygdala (Bienkowski and Rinaman, 

2013).  Thus, should DNA damage be associated with neuronal degradation following 

stress and exercise, the functional outcome of such changes should be examined in a 

region and cell type specific fashion before the finding is interpreted in a negative or 

positive light. 

Regulation of p38 MAPK by stress 

 While the finding of increased DNA damage and regulation of associated second 

messengers suggests a specific, protective role for nuclear p38 MAPK activity in 
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inhibiting GSK3β by S389 phosphorylation, as with GSK3β, consideration of the 

localization of p38 MAPK’s regulation by stress is warranted.  We observed a robust 

increase in both total and phosphorylated p38 MAPK levels across all brain regions 

examined in the stress group, and a much more limited increase in exercising mice.  p38 

MAPK has multiple isoforms that have been reported to display different distributions 

(Lee et al., 2000).  p38α MAPK is thought to inhibit GSK3β by S389 phosphorylation 

(Rincon and Thornton unpublished observations).  p38α is localized in the nucleus as 

well as the cytoplasm (Lee et al., 2000).  Synaptic p38 MAPK signaling is implicated in 

the depressive and anxiogenic effects of acute stress exposure.  Indeed, deletion of p38α 

MAPK in the dorsal raphe was shown to reduce social avoidance, a measure of 

depression, after social defeat (Bruchas et al., 2011).  Inhibition of p38 MAPK similarly 

attenuated the increase in forced swim immobility time observed 24 hours after an initial 

swim exposure (Bruchas et al., 2007).  The effect of p38 MAPK inhibition was likely due 

to disrupting second messenger signaling occurring after activation of kappa opioid 

receptors by stress (McLaughlin et al., 2003; Bruchas et al., 2006; McLaughlin et al., 

2006a; McLaughlin et al., 2006b; Bruchas et al., 2007).  These findings, suggest that 

understanding the role of p38 MAPK in mediating stress effects, such as the changes in 

anxiety- like behavior or changes in GSK3β phosphorylation observed here, will require 

an understanding of how stress signals are interacting with p38 MAPK in a location 

specific fashion.   

 We observed a stress-like phenotype in GSK3β KI animals given auditory fear 

conditioning.  As p38 MAPK is the only known regulator of GSK3β S389 
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phosphorylation, p38 MAPK activity increases GSK3β S389 phosphorylation levels 

(Thornton et al., 2008), it was expected that inhibition of p38 MAPK by central 

administration of SB203580 in WT mice would replicate the exaggerated, and 

overgeneralized fear observed in GSK3β KI mice that cannot phosphorylate S389.  We 

observed no change in fear conditioning when 125uM SB203580 was administered prior 

to or immediately following fear conditioning.  However, we observed no change in 

GSK3β S389 phosphorylation 30 minutes after SB203580 administration in the 

hippocampus or amygdala.  As such, this result is inconclusive as to the effect of p38 

MAPK inhibition on fear conditioning, as well as the role GSK3β S389 phosphorylation 

might play in fear conditioning.  Bruchas et. al. (2007) disrupted stress effects with a 

25nM ICV injection of SB203580 along a similar time-course and volume, and Gonzalez 

et. al. (2013) observed a facilitation of fear conditioning after IL-1β challenge when 

125uM SB203580 was administered directly into the hippocampus.  In contrast, impaired 

contextual discrimination was observed when ~2mM SB203580 was administered into 

the hippocampus prior to habituation, conditioning, and testing.  These findings 

demonstrate that the effect of p38 MAPK on behavior is likely specific to injection 

timing, dose, region, and cellular context.  As such, identification of an injection protocol 

that alters GSK3β S389 phosphorylation is valuable as it provides a target p38 MAPK 

substrate that has been identified to play a role in fear behavior.  Disruption of GSK3β 

phosphorylation by p38 MAPK was observed after a series of injections (Rincon and 

Thornton personal communications).  A new fear conditioning series is underway that 

will examine whether such a protocol will reduce GSK3β S389 phosphorylation and 

mimic the GSK3β KI phenotype.  Alternatively, the fear phenotype observed in GSK3β 
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KI animals may be due to developmental or compensatory changes that occur with 

deficient S389 phosphorylation.  Future work is necessary to determine what those 

changes might be, but it is known that similar genetic manipulations to block GSK3β S9 

phosphorylation paradoxically increase BDNF levels (Prickaerts et al., 2006) suggesting 

that compensatory changes may be similarly taking place in GSK3β KI animals. 

Conclusion 

 The set of data presented here suggests a fundamentally different role for GSK3β 

S389 and S9 inhibitory phosphorylation.  Analysis of GSK3β KI animals demonstrated a 

behavioral phenotype that was dissimilar to that reported in animals with deficient S9 

phosphorylation.  Regulation of GSK3β phosphorylation by stress and exercise also 

demonstrated that S9 regulation was more dynamic, showing regional increases and 

reductions, while S389 levels increased, in association with a pathway likely initiated by 

DNA damage.  Given that GSK3β has well over 50 substrates (Kaidanovich-Beilin and 

Woodgett, 2011), this work provides an exciting avenue to pursue a therapeutic target 

that may serve to regulate a smaller portion of GSK3β activity.   

The necessity of targeting the cellular pathway directly associated with the 

therapeutic need being addressed is exemplified in findings assessing the effects of the 

GSK3β ATP competitive inhibitor SB216763 that would limit GSK3β activity 

indiscriminately.  The actions of SB216763 are neuroprotective when co-infused with an 

amyloid-beta peptide that mimics some neurodegenerative aspects of Alzheimer’s 

disease, but produce a similar phenotype to the amyloid-beta peptide when injected alone 
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