











6.4 CART

CART is an anxiety-related peptide that has been shown to increase in
expression in the DG in response to CS (Hunter et al., 2009). In Situ
autoradiography for CART mRNA in the dentate gyrus of the hippocampus
revealed no significant effect of stress or PSA-NCAM removal (Fig 21).
However, there was a lot of variability that could contribute to the lack of

significant changes.

Figure 21. 10 d CIS and PSA-NCAM removal had no significant effect on
CART mRNA expression in the DG. mRNA levels of CART were not
affected by 10d CIS or PSA-NCAM removal in the upper blade of the dentate
gyrus. In situ autoradiography produced a lot of variability even when data

were examined as a percent of the control values. Analyzed by two-way
ANOVA (n =10).
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6.5 NMDA Glutamate Receptors
Chronic stress increases NMDA receptors in the HC and blockage of these
receptors prevents dendritic remodeling (Magarinos and McEwen, 1995a).
These receptors are likely targets for expression changes in the PSA-NCAM
removal experimental condition both for this reason and also because PSA-
NCAM interacts with the NR2B receptor itself (Dityatev et al., 2004).

In situ autoradiography for NR2A mRNA in the DG of the hippocampus

revealed no effect of stress or injection (Fig. 22).
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Figure 22. CIS and PSA-NCAM removal had no effect on expression levels

of NR2A mRNA. In situ autoradiography revealed no significant CIS or PSA-
NCAM removal effect on NR2A mRNA levels in the (A) granule cell layer of
the DG, (B) hilus region of the DG, (C) CAl, (D) CA2, or (E) CA3. Values are
shown based on % of the saline-injected control rats mRNA levels. Analyzed
using two-way ANOVA (n = 10).
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In situ autoradiography for NR2B mRNA in the DG of the hippocampus
revealed a significant decrease in NR2B mRNA in saline-injected CIS rats
relative to controls. PSA-NCAM removal abolished this decrease in stressed
rats (Fig 23). There was no effect of stress or endo N injection in CA1, CA2, or

CA3.
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Figure 23. The CIS-induced decrease in NR2B mRNA expression in the DG
was eliminated by PSA-NCAM removal. Fresh frozen tissue was used for in
situ autoradiography of NMDA receptor NR2B. A. 10 d CIS significantly
decreased NR2B mRNA expression in the dentate gyrus of saline-injected
single-housed male rats (P < 0.05). This decrease did not occur in PSA-NCAM
depleted CIS rats. B-D. 10 d CIS and PSA-NCAM removal had no significant
effect on NR2B mRNA expression in CA1, CA2, and CA3. Analyzed using
two-way ANOVA and Bonferroni posttests (1 = 10).

72



CHAPTER 7: DISCUSSION
7.1 Experimental Hypothesis

Chronic stress causes reversible dendritic remodeling in region CA3 of the
hippocampus, a region of this important brain structure that is key to the
formation of memories in place and time and yet also vulnerable to
excitotoxic damage (Watanabe et al., 1992a; Conrad et al., 1999). These
changes occur together with a host of behavioral and molecular changes, all
of which are influenced in some way or another by the increased circulating
GCs and their interaction with steroid receptors in the brain, along with a key
role for excitatory amino acids and several other transmitter systems
(McEwen, 1999). Whether the remodeling seen in response to chronic stress is
evidence of damage or of a susceptible but protective state is a major question
that determines how we think about the purpose of the HC changes in the
stress response. Evidence from hibernation studies show that remodeling
occurs outside of damage situations, and evidence from spinal cord pain
studies shows a protective effect of PSA-NCAM-dependent remodeling on
experienced pain (Popov et al., 1992; El Maarouf et al., 2005). If the stress-
induced remodeling seen in CA3 is a protective mechanism as opposed to
evidence of damage, this affects the treatment strategies not just for chronic
stress, but also for depression and anxiety disorders. In this study we
attempted to prevent dendritic remodeling, and from there start to determine

the consequences of stress in a non-plastic environment.
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7.2 The Effect of PSA-NCAM Removal on Dendritic Plasticity

Ten days of chronic restraint stress produced dendritic retraction in the
pyramidal cell apical dendrites in region CA3 of the hippocampus of saline-
injected rats compared to saline-injected controls. These stressed neurons
showed reduced complexity by multiple measures. Overall, they had less
dendritic material, and the dendrites that did exist were simpler than
controls, with fewer branch points. Most of the differences between stress and
control rats existed between 120 and 210 ym from the cell body. The
differences did not begin closer to the cell body because at closer distances,
there is usually just a single dendrite, and when branching begins it takes
space for the branch order to rise and the complexity to build up. At further
distances from the cell body, there is also a lack of difference between stress
and control dendrites. This is due to the fact that at these distances there are
very few dendrites at all. Most of the dendritic branching stops at about an
equal distance from the cell body, with just a single process here or there
continuing out.

PSA-NCAM removal through endo N injection significantly and
powerfully affected the size and shape of the pyramidal cell apical dendritic
trees. Animals that were depleted of all PSA-NCAM expression showed
significantly larger and more complex dendritic arborizations compared to
saline-injected animals. What was really interesting about PSA-NCAM
removal is that it resulted in differences at multiple levels of complexity. In
comparing saline-injected CIS rats to PSA-NCAM-depleted control rats, it
was seen that at the distances from the cell body where CIS produces its
retraction effects, namely, 120 to 210 ym, PSA-NCAM depleted control
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animals showed significantly more dendritic material than saline-injected
controls. This complexity increase then continued on for the rest of the length
of the dendritic tree, with apical dendrites from PSA-NCAM removed control
rats significantly more complex than saline-injected controls even at the
farther reaches of the dendritic tree. The longest dendritic processes in PSA-
NCAM removed rats were about 100 ym longer than the longest processes in
control saline-injected rats. This shows that PSA-NCAM removal produces
significantly more complex neurons than those seen with saline-injected
single housed controls.

Other interesting differences can be noted by comparing saline-injected
control rat apical dendrites to PSA-NCAM depleted CIS rat apical dendrites.
There was a significant difference in dendritic complexity between these two
groups, as measured by total dendritic length and by number of branch
points. But upon examination by Sholl analysis, it was seen that this
difference is not present 120 to 210 um from the cell body, where the stress
effect in saline-injected animals is seen. Rather, saline-injected controls and
PSA-NCAM removed CIS rats showed similar dendritic complexity at these
earlier distances from the cell soma. Differences were manifested at around
the same distance where the stress effect in saline-injected animals
disappeared, indicating that at around the level where saline-injected rat
neurons began to terminate, there were still much dendritic material in PSA-
NCAM removed stressed rats.

A final comparison of dendritic complexity between the PSA-NCAM
depleted experimental groups, control and CIS, revealed a surprising
relationship. In these groups, CIS still had some effects on dendritic
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complexity. After PSA removal, CIS decreased dendritic complexity as
measured by dendritic length, the total dendritic material in each radial unit
of the Sholl analysis, but not as measured by branch points, the number of
dendrites crossing each radial plane. What is interesting is that these effects
also occurred around 120 to 210 ym from the cell body. The CIS-induced
decrease in PSA-NCAM removed animals, as mentioned above, brought the
dendritic measurements down to about level with those from saline-injected
controls. The result is then that PSA-NCAM removal results in a general
amplification of the apical dendritic trees, while still maintaining some of the
relationship between stress and control neurons. Another similarity between
the PSA-NCAM removed and saline-injected stress and controls was that at
further distances the dendrites in stress and control PSA-NCAM removed
animals were of similar complexity. However, in this situation this was not
due to a general lack of dendritic material as there were still many dendrites
present at distal distances in both groups.

There are several different interpretations and implications of these
results. First, PSA-NCAM removal did not prevent all neuronal plasticity in
response to stress. This could complicate interpretations of further
experiments. However, it is likely that the absolute size of the dendritic arbor
is what is most important. PSA-NCAM removal is still a good tool for looking
at the effects of stress in an altered neuronal environment. The region where
CIS causes retraction is also a site of plasticity in PSA-NCAM removed rats.
However, the plasticity response in endo N injected stress rats in comparison
to endo N injected controls is not completely similar to that seen in saline-
injected animals, as at distal distances the dendrites of PSA-NCAM removed
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rats are more complex than saline-injected controls. This could once again be
due to the space requirement in the building up of complexity. Since a
dendritic tree starts from one main branch, even the most complex neuron
will not be complex at close distances from the cell body. Second, there may
be a ceiling effect on just how complex these neurons can get. The PSA-
NCAM-removed control neuron could represent the maximal state of
dendritic branching, and the PSA-NCAM-removed CIS neurons a step down,
showing a truncated remodeling response to CIS in the region where it
normally occurs, while showing no decrease in complexity at distal regions
not normally involved in stress-induced dendritic remodeling. Overall, what
PSA-NCAM removal produces is a more complex neuron, even in response
to CIS, and with this brain background we can begin to analyze the
consequences of chronic stress without a normal dendritic retraction

response.

7.3 Tau Phosphorylation

Dendritic retraction has been accompanied by tau phosphorylation in
various experimental situations. P-tau does not bind and support the
microtubule backbone of the cell as well as non-phosphorylated tau, and
therefore its presence indicates an abundance of disassociated microtubules.
Various chronic stress paradigms have produced an increase in
phosphorylated tau, and preliminary immunohistochemical data from the
McEwen lab also showed this to be the case with CRS in CA3. Western blot
analysis of HC from CRS rats showed an increase in tau phosphorylation at
only one site, Ser-205. There was no phosphorylation difference between
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stress and control at Ser-202, the site examined in most of the previous
studies. However, there was phosphorylation at the site, and there were
different amounts of Ser-202 P-tau protein in different animals, so it is
possible that either the hippocampal dissection was not uniform across the
animals, or that increases in P-tau in some regions of the HC, such as CA3, is
accompanied by decreases in other subregions that give the net effect of no
change.

There was no PKA-dependent P-tau in CRS rats or in controls. This is
important because the tau that is phosphorylated by PKA is what ends up
insoluble and forming neurofibrillary tangles (Jicha et al., 1999). A study by
another group did show insoluble tau in response to 14 days of 30 min
restraint in mice (Rissman et al., 2007), but 21 days of chronic restraint in rats
is not sufficient to produce disease state tau phosphorylations. This lack of
insoluble tau lends support to the hypothesis that dendritic remodeling is not
damage, but rather an allostatic adaptation to non-ideal situations.

PSA-NCAM injected CIS stressed rats showed significantly less Ser-202 P-
tau than saline-injected stressed rats in region CA3 of the HC. This indicates
that there is less microtubule disorganization in these neurons. This is
interesting and complimentary to the morphology data described above, but
is a much more indirect way of answering the question of what the HC looks
like without PSA-NCAM than the Golgi stain data, and so it is less useful for

analysis.

78



7.4 pLIMK and Synaptic Plasticity

pLIMK analysis of region CA3 of the HC of PSA-NCAM removed and
stressed rats is a way to look at the effects of a lack of PSA at the synapse.
When LIMK is phosphorylated, it leads to actin cytoskeleton reorganization
at the synapse. Chronic stress has been shown to increase pLIMK in the HC.
In this study, 10 days of CIS trended to increase pLIMK immunostaining in
the HC of saline-injected rats, although this did not quite reach significance.
PSA-NCAM depleted animals, however, showed no such trend. This lack of
change in PSA-NCAM injected animals is expected both because the loss of
PSA prevents a major avenue for plasticity initiation, and because the Golgi
analysis revealed such highly differentiated neurons.

It is assumed but not known for sure that the PSA-NCAM depleted
neurons have an increase in active synapses to accompany their increase in
dendritic branching. But this has not been proven. An important future
direction for this study will be to do electron microscopic analysis of the
pyramidal cell apical dendrites following CIS. Although there are
immunohistochemical ways to quantitate synaptic material and activity, the
more information one can get from the brains the better. The response to
PSA-NCAM removal in CA3 with stress is complex, as the Golgi analysis
proved, and anything less will not fully answer the question of how these

neurons are affected.
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7.5 The Effect of Retraction Attenuation on Hormones and Behavior

When examining the functional consequences of PSA-NCAM removal and
chronic stress, one phenomenon was seen repeatedly, namely, that while CIS
alone did not produce changes, PSA-NCAM removal before chronic stress
enhanced the stress experience to produce or enhance some effects of chronic
stress. With CRS, there is habituation in the CORT response to restraint, and
after 21 days CORT elevations no longer occur (Magarinos and McEwen,
1995a). The 10 day CIS procedure also results in habituation of the stress
response. However, PSA-NCAM depleted CIS animals did show elevated
CORT levels at the time of sacrifice, with PSA-NCAM removed control rats
not showing an elevation. Taken together, this indicates a lack of endocrine
adjustment to chronic stress in these animals, and as such is evidence of a lack
of allostasis in PSA-NCAM removed stressed rats.

Another instance of poor allostatic adjustment in PSA-NCAM removed
stressed rats is in the effects of chronic stress on body weight gain. CIS
slowed the increase in weight relative to controls over the course of the
experiment. In the most recent endo N injection experiment, where the
procedure had been perfected, weight gain stopped altogether in PSA-NCAM
depleted stressed rats, and there was even a net loss of body weight over the
course of the CIS duration, whereas saline-injected controls still gained some
weight, and PSA-NCAM injected controls gained as much weight as saline-
injected controls. Once again, it appears that PSA-NCAM removal is
exacerbating the stress experience without an effect in non-stressed animals.

PSA-NCAM depletion enhanced anxiety in stressed rats as measured by
multiple behavioral tests. Although CIS increased the number of exploratory
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rears rats made in the y-maze, PSA-NCAM depletion significantly reduced
the number of rears, which can be interpreted as a higher level of anxiety in
PSA-NCAM removed animals.

This anxiety was better seen in the open field test, where CIS increased
anxiety in the open field only as measured by the amount of fecal boli and the
total movement in the maze. These two measures are secondary to the main
analysis of open field behavior, namely, time spent in the center of the open
field versus time spent in the perimeter. More anxious animals will spend
more time in the darker, more protected perimeter area then they spend in
the wide-open and bright center. CIS in saline-injected animals had no effect
on the amount of time spent in the center or the perimeter. PSA-NCAM
depletion in CIS rats, however, caused the rats to spend significantly more
time in the periphery and less time in the center. Yet again, an effect of
repeated stress is revealed and shown to be exacerbated by the attenuation of
dendritic remodeling in response to stress.

As mentioned in the results, PSA-NCAM injection caused an increase in
aggression in both stressed and control rats that was extreme enough to lead
to injury and illness and which prevented further statistical analysis of
aggression behavior.

CIS revealed no deficit in spatial memory as measured by y-maze testing.
There was a trend for PSA-NCAM injected controls to show better spatial
memory than the rest of the groups, but this was not significant. Saline-
injected animals and PSA-NCAM depleted controls showed equally poor

spatial memory.
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7.6 The Effect of Single Housing and Surgery on Experienced Stress

One of the major complications of these studies is the lack of a stress effect
in saline-injected animals. In analyzing most of the behavioral data, there was
no difference between control and stress saline-injected rats, even though the
literature states that chronic stress does indeed produce deficits. This is most
likely due to the saline-injected controls also experiencing a significant
amount of stress. The first source of stress would be the microinjection
surgery. Although rats were fully recovered physically with the one week
rest period before beginning CIS, then may have still been emotionally
disturbed. The second source of stress is the single housing. As mentioned
above, it was necessary to single-house the rats to keep them from
aggressively attacking each other. But single housing is not ideal for chronic
stress experiments. Single-housing decreases DG neurogenesis and y-maze
performance (Lu et al., 2003). Single housing also decreases object location
and recognition memory (Beck and Luine, 2002; Douglas et al., 2003). Single-
housed rats show poorer responses to aggressive behavior (Von Frijtag et al.,
2002). In general, male rats housed singly show deficits that mirror those seen
as a result of chronic stress. Maybe most interesting to the PSA-NCAM
removal studies, however, is the fact that single-housing male rats causes an
increase in circulating CORT in response to stress that does not adapt in
response to continuation of the stress protocol as it does in pair housed
animals (Giralt and Armario, 1989; Dronjak et al., 2004; Weiss et al., 2004;
Lucas et al., 2007). The fact that PSA-NCAM depleted rats showed elevated
CORT when the saline-injected CIS animals were living in an elevated CORT
environment speaks to the importance of the normal dendritic remodeling
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response in the regulation of the HPA axis. But for many of the experimental
measures attempted in these studies, the surgery plus single housing
conditions may have been enough to give the saline-injected control rats more
in common with the stress rats than we preferred. For example, this may
have accounted for the lack of a significant effect on spatial memory, even
though CRS has been reported to impair spatial memory in male rats (Luine

et al., 1994; Conrad et al., 1996).

7.7 The Effect of Retraction Attenuation on Anxiety-Related Molecules

NPY is an anxiolytic peptide that is released in response to chronic stress.
In these studies we saw a CIS-induced increase in NPY expression in both the
lower blade of the DG and region CA3b. CA3Db is the same region where
dendritic remodeling occurs in response to chronic stress, and where the
retraction response is attenuated by PSA-NCAM removal. Although PSA-
NCAM removal did not affect NPY mRNA expression in the lower blade of
the DG, where a stress-induced increase is still seen, PSA-removal wiped out
the increase in NPY in region CA3b. PSA-NCAM removal had no effect on
NPY mRNA expression in control rats.

NPY release in general is evidence of allostasis, i.e., an active adaptive
response that seeks to promote homeostasis. In chronic stress, there is an
increase in anxiety. The release of NPY is therefore an attempt of the
organism to normalize its behavior. PSA-NCAM removal and CIS produce an
anxiety increase bigger than CIS alone, and the fact that there is not an

increased NPY release in response indicates that allostasis is disrupted in
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PSA-NCAM depleted animals, and supports the hypothesis that dendritic
retraction is part of the allostatic response.

CRS is known to increase CART expression in the DG (Hunter et al., 2007).
In these studies, CIS did not significantly affect CART expression, and neither
did PSA-NCAM removal. There is a possible explanation for this. The stress
of surgery and single housing may have been enough to eliminate differences
between saline-injected stress and control, just as it was enough to eliminate
differences in anxiety. Since CART expression is directly related to anxiety,
this is likely.

Thus, in the present studies, NPY expression appears to be a better

indicator of PSA-NCAM depletion effects on stress and anxiety.

7.8 The Effect of Retraction Attenuation on Neuronal Excitability

NR2A and NR2B expression are modulated by chronic stress and chronic
CORT, and show increased expression as a result of their application
(Fitzgerald et al., 1996; Schwendt and Jezova, 2000; Lee et al., 2003; Owen and
Matthews, 2007; Gourley et al., 2009). In these studies, however, CIS
produced no change in NR2A expression and a decrease in DG NR2B
expression. This NR2B decrease was absent in PSA-NCAM depleted CIS rats.
This lack of decrease after PSA removal could be directly due to the lack of
PSA-NCAM, as application of PSA-NCAM to cultured HC neurons has been
reported to directly inhibit NR2B as a competitive antagonist (Hammond et
al., 2006). The significance of a decrease following CIS as opposed to the
reported increase in NR2B is unclear, but the fact that PSA-NCAM removed
CIS rats show no NMDAR adjustments shows yet again that the plasticity
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