











Figure 14.Hippocampal tAMPAR cytosolic sham vs. stimulated sample; synaptic sham
(n=8) and stimulated (n=8). There is a significant increase in AMPARs following 30

minute — 250 pA stimulation (p<0.05) in the cytosolic sham vs. stimulated samples.
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C-terminal AMPAR (tAMPAR) Western Blot Analysis Hypothalamus

After quantification of the hippocampal samples was completed, hypothalamic samples
were studied as a region of interest. These hypothalamus samples were probed for the
same AMPA receptor targets as the hippocampus. Western blot for tAMPA (Fig. 15)
indicates banding for the AMPA receptor at the 100 kDa region and B-actin at the 40
kDa region. Analysis yields no significant different between the synaptic sham (mean
0.D. of 0.02 with SE +/- 0.09) and synaptic stimulated (mean O.D. of 0.11 with SE +/-
0.07) samples with a p-value of 0.22 (Fig. 16). The O.D. of the cytosolic sham (mean O.D.
of -0.04 with SE +/- 0.04) and stimulated fractions (mean O.D. of -0.06 with SE +/- 0.06)
with a p-value of 0.21. The cytosolic levels are not shown due to indiscernible levels
between target and background. This indicates that levels of AMPA receptor in the

cytosolic fraction is indistinguishable from background noise and taken as zero.
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Figure 15.Hypothalamic C-terminal probe of the GIuA1 subunit of AMPARs and B-actin.
The cytosolic stimulated (n=8) and cytosolic sham (n=8) samples are shown on the left
while the synaptic stimulated (n=8) and cytosolic sham (n=8) samples appear on the

right.
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Figure 16.Hypothalamic tAMPAR synaptic sham vs. stimulated sample; synaptic sham
(n=8) and stimulated (n=8). There is no significant increase in AMPARs following 30

minute — 250 pA stimulation in the synaptic sham vs. stimulated samples (p=0.22).
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5831 pAMPAR Western Blot Analysis Hypothalamus

The S831 phosphorylation site was also studied in the hypothalamus to look for
significant changes between non-stimulated and stimulated samples. Western blot for
S831 phosphorylation site (Fig. 17) indicates banding for the AMPA receptor at the 100
kDa region and B-actin at the 40 kDa region. No significant difference between the
cytosolic sham (mean O.D. of 0.04 with SE +/- 0.09) and stimulated (mean O.D. of 0.11
with SE +/- 0.07) samples (p=0.10) (Fig. 18). Quantification of the synaptic group for the
phosphorylation of S831 in the hypothalamus yields a significant difference between the
synaptic sham (mean O.D. of 0.68 with SE +/- 0.05) and the synaptic stimulated (mean
0.D. of 0.92 with SE +/- 0.17) samples (p<0.004) (Fig. 19). A two-way ANOVA also shows
that there is a significant difference between the cytosolic and synaptic fractions as a

whole (p<0.001) (F=134.285).
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Figure 17.Hypothalamic S831 phosphorylation site probe of the GluA1 subunit of
AMPARs and B-actin. The cytosolic stimulated (n=8) and cytosolic sham (n=8) samples

are shown on the left while the synaptic stimulated (n=8) and cytosolic sham (n=8)

samples appear on the right.
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Figure 18.Hypothalamic S831 cytosolic sham vs. stimulated sample; synaptic sham (n=8)
and stimulated (n=8). There is no significant increase in AMPARs following 30 minute —

250 pA stimulation in the cytosolic sham vs. stimulated samples (p=0.10).
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Figure 19.Hypothalamic S831 synaptic sham vs. stimulated sample; synaptic sham (n=8)
and stimulated (n=8). Significant increase in AMPARs following 30 minute — 250 A

stimulation in the synaptic sham vs. stimulated samples (p<0.004).
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5845 pAMPAR Western Blot Analysis Hypothalamus

The last analysis completed on the hypothalamus was to probe the S845
phosphorylation site on the AMPA receptor. Western blot for S831 phosphorylation site
(Fig. 20) indicates banding for the AMPA receptor at the 100 kDa region and B-actin at
the 40 kDa region. A two-way ANOVA analysis shows that there is no difference
between the different stimulation groups (250 pA and sham) with a p-value of 0.37 or
the stimulation group depending on what fraction it is in (cytosolic or synaptic) with a p-
value or 0.67. There is a significant difference between the fractions when stimulation is
not accounted for, with a p=value of <0.001. No significant difference was observed
between the sham cytosolic fraction (mean O.D. of 0.04) and cytosolic stimulated group
(mean 0.D. of 0.07) with a p-value of 0.74 (Fig. 21). Also, no significant difference is seen
comparing the synaptic sham group (mean O.D. of 0.35) and stimulated group (mean

0.D. of 0.43) with a p-value of 0.35 (Fig. 22).
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Figure 20.Hypothalamic S845 phosphorylation site probe of the GluA1 subunit of
AMPARs and B-actin. The cytosolic stimulated (n=8) and cytosolic sham (n=8) samples

are shown on the left while the synaptic stimulated (n=8) and cytosolic sham (n=8)

samples appear on the right.
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Figure 21.Hypothalamic S845 cytosolic sham vs. stimulated sample; cytosolic sham (n=8)
and stimulated (n=8). No significant increase in AMPARs following 30 minute — 250 pA

stimulation in the cytosolic sham vs. stimulated samples (p=0.74).
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Figure 22.Hypothalamic S845 synaptic sham vs. stimulated sample; cytosolic sham (n=8)
and stimulated (n=8). No significant increase in AMPARs following 30 minute — 250 A

stimulation in the synaptic sham vs. stimulated samples (p=0.35).
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Discussion

Several major findings occurred during this study show AMPA receptor
modification, which is a key process normally observed in classical LTP. This study
shows that tDCS, an augmenter of LTP, causes an increase in phosphorylation and
translocation of the AMPA receptor following stimulation. This study also shows
that tDCS causes a global effect on the brain due to the increased phosphorylation
seen in the hypothalamus. These results show that tDCS is causes wide spread

molecular changes in the brain and, therefore warrants extensive future research.

Translocation of AMPARSs in the Hippocampus

One of the first and major findings of this study was the translocation of AMPA
receptors in the hippocampus. Based on the results as seen in Fig. 13 and 14, tDCS
has resulted in a significant translocation of the AMPA receptor demonstrated by
the increased AMPA receptor in the cytosolic sham samples and the synaptic
stimulated samples when compared to their counter group. This gives some insight
to the change in AMPA receptor location following the in vivo tDCS treatment. This
stimulation causes the translocation of these receptors from the cytosolic area to the
synaptic area. This is consistent with what is seen in “traditional” LTP with the
vesicle insertion and lateral diffusion of AMPA receptors from the cytosol to the

synapse (Bassani et al.,, 2013). NMDA-dependent LTP in the hippocampus is a topic
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of great debate. Most of the mechanisms behind NMDA-dependent LTP that are
currently under investigation have contributed to an evergrowing in-depth
understanding of the process of memory and learning (Luscher, and Malenka,

2012).

GluA1 containing AMPA receptors are eventually trafficked from the cytosol to the
synapse and inserted into the postsynaptic neuronal membrane. Then AMPARs
move to the postsynaptic density where they are anchored and retained in the
membrane for the maintenance of LTP (Luscher, and Malenka, 2012). Previous
results from our laboratory have shown that a single bout of in vivo tDCS increased
levels of LTP in the hippocampus when LTP is induced after stimulation ex vivo
(Rohan et al., 2015). Under these same conditions (30 minute stimulation at 250 pA)
this experiment shows that a single bout of tDCS has resulted in AMPA receptor
translocation in vivo with no exogenous LTP induction. This truly novel finding gives
more insight into the mechanism behind tDCS and demonstrates that tDCS
treatment alone is causing neuronal changes in the hippocampus, which are

reflective of the LTP process that occurs during memory and learning.
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Phosphorylation of S831 and $845 on the GluA1 Subunit of AMPA

Another finding in this experiment was the significant phosphorylation of the S831
site on AMPA in the hippocampus. This phosphorylation site on AMPA is directly
phosphorylated by CaMKII, a key mediator in the LTP process (Lisman et al., 2012).
The phosphorylation site plays a role in synaptic plasticity in the hippocampus
during LTP (Barria et al., 1997) and also plays a specific role with channel
conductance and possible signaling for retention in the postsynaptic membrane
(Lee etal., 2010). The results from this current study show that in the synaptic
stimulated group there is a significant increase in phosphorylation at the S831 site.
This increase in phosphorylation in vivo following stimulation, shown for the first
time, gives even more insight into the effects of tDCS on the hippocampus. This
study shows that all of these mechanisms- the translocation of AMPA receptors and

their phosphorylation- are classic downstream effects of NMDA-dependent LTP.

The S845 site was not significantly altered during this experiment in the cytosolic or
the synaptic stimulated groups, but this may be due to several factors. It is not yet
defined whether or not the S845 phosphorylation site on AMPA is a target of
CaMKI], it could be a target of another kinase (Lisman et al.,, 2012). Also, after the
30-minute stimulation, the tissue was collected immediately after (0 minute

following stimulation) so the phosphorylation of S845 could be at different levels of
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phosphorylation at this time compared to the S831 site. Multiple time points would
need to be analyzed for further interpretation. Regardless, the fact that there is
significant phosphorylation of the S831 site is another indication of this LTP-like
response suggesting that tDCS is causing and is consistent with the time frame of
phosphorylation events during LTP (Racaniello et al,, 2010), (Barria et al., 1997).
One disputed question among scientists involving LTP is the movement and
phosphorylation of AMPARSs, temporally and spatially. Information gathered from
this study show significant phosphorylation of AMPA receptors in the synaptic
fraction at this time point, even for the S845 site. Whether or not phosphorylation
occurs before translocation or after can not be elucidated, but it is apparent that
after 30 minutes of stimulation, there is a significant abundance of phosphorylated
GluA1 containing AMPA receptors in this synaptic fraction, regardless of

stimulation. Further experimentation needs to be conducted for further analysis.

Phosphorylation of $§831/5845 and Translocation of GluA1 Subunit of AMPARs in the
Hypothalamus

Similar to the hippocampus, significant phosphorylation was observed in this study
at the S831 site in the hypothalamus and no significant phosphorylation in the S845
on the AMPA receptor. Results also show that there was not a significant change in

the translocation of AMPA receptors in the cytosolic or synaptic samples in the
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hypothalamus. Interestingly, the cytosolic samples appeared to have almost no
quantifiable amount of AMPA receptors, independent of phosphorylation. There are
several speculations behind the results seen in the hypothalamus. One reason could
be that tDCS is causing a global effect on all neuronal tissue, because the electrode
was placed over bregma on the skull and, because the hypothalamus is one of the
most inferiorly located structures in the brain, the effect of tDCS is weakened due to
possible diffusion and shunting. Another possibility is that the tDCS treatment is
stressing the rodents and is causing an activation of the hypothalamus, and
subsequent release of stress hormones such as ACTH and eventually corticosterone.
However, hormone levels would need to be analyzed in both sham and stimulated

samples before tDCS could be ruled as a potential stressor.

Conclusions

The experimentation behind this research project has yielded noteworthy findings
in the area of brain stimulation. We have seen through the results presented in this
experiment that with in vivo direct current stimulation with no exogenous induction
of LTP causes a translocation and phosphorylation of AMPA receptors. The
translocation and phosphorylation of AMPA receptors in the hippocampus due to
tDCS is the same response that is seen in the hippocampus under normal LTP

conditions in memory and learning. With this new insight into the molecular
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mechanisms behind tDCS, the search for other key modulators that may be involved
and effected by tDCS such as CaMKII, CREB, and BDNF can begin, which may
determine if this treatment augments memory and learning by pairing it with a
cognitive challenge. As previously shown, tDCS has effected the hypothalamus along
with the hippocampus. This result beckons the question as to what other areas of
the brain are being effected? Further analysis of other brain regions should be
studied for a clearer picture of where tDCS is causing this excitatory response. This
research starts to uncover the cellular and molecular mechanisms behind anodal

tDCS and lays a framework for future research in this field.
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