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Abstract

Alzheimer’s Disease (AD) is a progressive, neurodegenerative disorder and the most prevalent
senile dementia. The early symptom of memory dysfunction involves synaptic loss, thought to be
mediated by soluble amyloid-beta (AB) oligomers. These aggregate species target excitatory
synapses and their levels correlate with disease severity. Studies in cell culture and rodents have
shown that oligomers increase intracellular calcium (Ca%*), impairing synaptic plasticity. Yet, the
molecular mechanism mediating AP oligomers’ toxicity in the aged brain remains unclear. Here,
we apply quantitative immunofluorescence in human brain tissue from clinically diagnosed mild
cognitive impaired (MCI) and AD patients to investigate the distribution of phosphorylated
(active) Ca2*/calmodulin-dependent protein kinase-a. (p(Thr286)CaMKII), a critical enzyme for
activity-dependent synaptic remodeling associated with cognitive function. We show that
p(Thr286)CaMKII immunoreactivity is redistributed from dendritic arborizations to neural
perikarya of both MCI and AD hippocampi. This finding correlates with cognitive assessment
scores, suggesting that it may be a molecular read-out of the functional deficits in early AD.
Treatment with oligomeric Ap replicated the observed phenotype in mice and resulted in a loss of
p(Thr286)CaMKII from synaptic spines of primary hippocampal neurons. Both outcomes were
prevented by inhibiting the phosphatase calcineurin (CaN). Collectively, our results support a
model in which the synaptotoxicity of AP oligomers in human brain involves the CaN-dependent
subcellular redistribution of p(Thr286)CaMKI|I. Therapies designed to normalize the homeostatic
imbalance of neuronal phosphatases and downstream dephosphorylation of synaptic
p(Thr286)CaMKII should be considered to prevent and treat early AD.
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INTRODUCTION

Memory dysfunction is the first manifestation of amnestic mild cognitive impairment
(MCI), a clinical entity that often progresses to Alzheimer’s Disease (AD) (Petersen et al.,
1999). The early deficits of MCI and AD are thought to be due to synaptic loss (DeKosky &
Scheff, 1990; Terry et al., 1991) mediated by soluble oligomeric AP species (Walsh et al.,
2002; Selkoe 2002; Lacor et al. 2004; Koffie et al., 2009). In autopsy brain tissue, the level
of soluble A, but not plaque burden, is a robust predictor of synapse loss (Lue et al., 1999).
Oligomers decrease synapse size and alter the protein composition of the post-synaptic
density (PSD) (Lacor et al. 2007). The current explanations for Ap oligomer synaptotoxicity
postulate that disturbed CaZ* dynamics in dendritic spines dysregulates downstream
signaling, impairing long-term potentiation (LTP) (Arispe et al., 1993; Chen et al., 2002;
Demuro et al., 2005; Kuchibhotla et al. 2008; Dineley et al., 2010), an activity-dependent
form of synaptic plasticity thought to underlie memory formation. It is therefore likely that
the environment of the aged brain, in which Ca?* regulatory systems are already
compromised (reviewed in Foster, 2007), perpetuates the negative effects of Ap on Ca2*
homeostasis (Mattson et al., 1992; Arispe et al., 1993; Demuro et al., 2005). Nonetheless,
the molecular mechanisms of AP oligomer synaptotoxicity in aging MCI and AD
individuals are not fully understood.

Ca%*/calmodulin-dependent protein kinase I1-a. (CaMKI1) is a highly expressed serine/
threonine kinase that comprises 1-2% of total protein in brain and is the main component of
the PSD (Kennedy et al. 1983, Lisman & Zhabotinsky, 2001). Upon LTP induction by high-
frequency stimulation, Ca2*-activated calmodulin (CaM) binds to CaMKII, which
autophosphorylates at threonine residue 286 (p(Thr286)CaMKII), enhancing kinase activity
and association with the synapse (Shen & Meyer, 1999). Mutating Thr286 to alanine inhibits
LTP and causes spatial learning deficits in rodents (Giese et al. 1998), suggesting a potential
critical role of p(Thr286)CaMKII in mediating synaptic events underlying plasticity and
cognition (Elgersma et al., 2004). Recent evidence suggests that CaMKII signaling is
dysregulated in aged hippocampus (Nyffeler et al., 2007; Bodhinathan et al., 2010), and the
presence of AB further intensifies conditions which impair synaptic plasticity; acute
treatment with AP oligomers has been shown to perturb CaMKII autophosphorylation (Zhao
et al. 2004; Zhao et al., 2010), while prolonged exposure to oligomers reduces the total pool
of synaptic CaMKII expression, along with a reduction in the GIuR1 subunit of postsynaptic
AMPA receptors (Gu et al. 2009; Zeng et al., 2010). Most of these studies have examined
total CaMKII (Wang et al. 2005, Tannenberg et al. 2006, Gu et al. 2009); few have probed
the levels or localization of the phosphorylated active protein (Zhao et al. 2004; Srivareerat
et al. 2009). Only one examined p(Thr286)CaMKII in the AD brain and reported
significantly decreased levels in immunaoblots of frontal cortex and hippocampus (Amada et
al., 2005). Here we apply quantitative immunofluorescence to human brain tissue from
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clinically diagnosed MCI and AD patients to investigate the expression pattern of
p(Thr286)CaMKII. The data demonstrate that p(Thr286)CaMKII immunoreactivity is
redistributed from dendritic arborizations to neural perikarya of both MCI and AD
hippocampi, and this significantly correlates with the patient cognitive assessment scores.
Furthermore, this phenotype can be induced by Ap oligomers, but not fibrils, in wild-type
mice and primary hippocampal neurons. Both outcomes were prevented by inhibition of
calcineurin (CaN). Collectively, these findings suggest that an Ap oligomer-induced
increase in CaN activity may mediate synaptic loss of p(Thr286)CaMKII in human
hippocampal neurons, contributing to impairment in synaptic plasticity underlying cognitive
dysfunction in AD patients.

MATERIALS AND METHODS

Human Tissue

Frozen mid-hippocampus was obtained from the Oregon Brain Bank at Oregon Health and
Science University (OHSU) in Portland, OR, where brain tissue was donated by subjects
enrolled in studies at the NIH-OHSU Layton Aging and Alzheimer Disease center. These
cases have post-mortem intervals (PMI) of 24 hours or less. Each is examined by a
neuropathologist for neurodegenerative pathology including neurofibrillary tangles (NFT)
and neuritic plaques (NP). Using standardized CERAD criteria (Mirra et al. 1991), the cases
are assigned an amyloid score based on the deposition of amyloid plaques in the brain
(1=severe, 2=moderate, 3=mild, 4=none), and a Braak stage (1-6; with 6 being the most
severe) indicative of the level and location of hyper-phosphorylated tau tangles (Braak and
Braak, 1991). In addition to the pathological information detailed above, demographical data
was received along with the frozen tissue. These can be found in Table 1 and include age,
sex, duration of disease, and Mini Mental State Exam (MMSE) score (Folstein et al. 1975).
Based on clinical and neuropathological observations, brains are classified as control,
amnestic mild cognitive impairment (MCI), and Alzheimer (AD). Subjects were followed
with annual neurologic and neuropsychologic evaluation, as well as a clinical dementia
rating (CDR, Hughes et al., 1982) assigned by an experienced clinician with input from a
collateral historian. Control subjects displayed no evidence of cognitive or functional
impairment despite this rigorous assessment. MCI subjects were cognitively and
functionally intact at the time of enrollment, and had progressed from CDR = 0 to a global
CDR = 0.5 (with no sub-scores greater than 0.5) at the time of their last evaluation, within a
year of brain autopsy. Subjects in the AD group were diagnosed by consensus at a clinical
team conference, met NINDS-ADRDA criteria for a clinical diagnosis of AD, had CDR =
1.0 or greater, and had neuropathologic confirmation of diagnosis. Autopsies were
performed after appropriate informed consent and tissue was used in accord with IRB-
approved protocols. Neuropathologic AD assessment was performed according to NIA-
Reagan consensus criteria (Ball et al. 1997). Subjects with moderate to frequent neuritic
plaques and Braak stage VI neurofibrillary tangles, and who were clinically demented and
had a diagnosis of probable AD were included in the AD group. Controls had no more than
sparse neuritic plaques and no greater than Braak stage 11 neurofibrillary tangles. Individuals
with Lewy body disease involving the brainstem (including substantia nigra), amygdala, or
middle frontal gyrus were excluded from both AD and control groups, as were patients with
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vascular brain disease manifested by any grossly observed arterial territorial infarct, any
grossly observed lacunar infarcts, or microvascular infarcts.

Tissue preparation and antibody capture assay (ACA)

As previously described (Yang et al., 2007), hippocampal tissue was homogenized and
sequentially extracted in buffer A (10 mM Tris, 1 mM ethylene glycol bis(p-aminoethyl
ether)-N,N,N',N'-tetraacetic acid, 1 mM dithiothreitol, and 10% sucrose, pH 7.5], and buffer
B (buffer A + 1% Triton X-100). Phosphatase inhibitors (20 mM NaF and 1 mM sodium
orthovanadate) and protease inhibitor cocktail (Sigma Cat #P2714; St. Louis, MO) were
added to buffers immediately before use. Supernatant B was diluted 1:100 in a solution
containing 100 mM Tris, 0.05% sodium azide, and 0.001% bromophenol blue and 100 pL of
each sample was spotted onto 96-well plates that were incubated overnight at room
temperature in a humidified chamber. Plates were washed twice with phosphate-buffered
saline (PBS), blocked with 1% bovine serum albumin in PBS with 0.05% sodium azide, and
washed again with PBS. ACAs were performed using tetramethylbenzidine with
absorbances determined at 405 nm. Primary antibodies against CaMKII (mouse monoclonal)
and p(Thr286)CaMKI|I (rabbit polyclonal), both from Santa Cruz Biotechnology; (Santa
Cruz, CA), were used at 1:2000 dilution. Specificity was confirmed by Western blot of brain
extracts before use in capture assays. These samples were prepared from hippocampal tissue
from additional cases at the Oregon Brain Bank at OHSU, from the same clinicopathologic
groups as the immunofluorescence studies described below.

Immunofluorescence

5mm sections of the mid hippocampus were brought out of storage at —80 °C and
equilibrated to —20 °C before embedding in Tissue-Tek O.C.T. compound (Sakura Finetek
USA,; Torrance, CA). 10 um sections were cut and affixed to Superfrost Plus slides (Thermo
Fisher Scientific; Waltham, MA), for storage at —80°C. After briefly equilibrating to room
temperature, they are rinsed in 0.1 M PBS and then fixed in ice-cold 4% paraformaldehyde
for 15 minutes. After two brief washes in 0.1 M PBS, the sections were blocked and
permeabilized for 1 hour in 0.1 M PBS containing 10% goat serum, 0.03% Triton-X, and
0.1% phosphatase inhibitor (Thermo Fisher Scientific; Waltham, MA). Incubation with
primary antibodies in 0.1M PBS containing 10% serum and 0.1% phosphatase inhibitor was
carried out overnight at room temperature. Antibodies used were CaMKII (mouse, 1:100)
and p(Thr286)CaMKI|I (rabbit, 1:100) both from Santa Cruz Biotechnology (Santa Cruz,
CA); PSD-95 (mouse, 1:500) from Abcam (Cambridge, MA); NeuN (mouse, 1:1000) from
Chemicon/Millipore (Billerica, MA); and MAP2 (chicken, 1:7500) and 6E10 (mouse, 1:400)
both from Covance (Princeton, NJ). Following two PBS washes, the slides were incubated
with Alexa Fluor 488 and 594 secondaries (1:600; Invitrogen; Carlsbad, CA) in 0.1 M PBS
containing 10% serum and 0.1% phosphatase inhibitor. Slides were again rinsed twice in
PBS and once in distilled water before a 10 minute incubation with 0.3% Sudan Black B
(EMD Chemicals; Gibbstown, NJ) in 70% ethanol to block lipofuscin autofluorescence
(Romijn et al., 1999). After two more rinses in distilled deionized water, Vectashield
containing 4',6-diamidino-2-phenylindole (DAPI) was applied (Vector Laboratories;
Burlingame, CA), and coverslips were mounted. Nail polish was applied to seal the edges
and signal. Treatment of primary hippocampal neurons was identical to the procedure
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described for immunohistochemistry, but Sudan Black B was omitted, and Vectashield
mounting media did not contain DAPI. Experiments were performed in triplicate.

Preparation of AB

Animals

As previously described (Reese et al., 2008; Dineley et al., 2010) human amyloid beta 1-42
was purchased from the Dept. of Biophysics and Biochemistry, Yale University, New
Haven, CT. To prepare oligomeric AB, lyophilized Ap aliquots (0.3 mg) were dissolved in
0.2 ml of 1,1,1,3,3,3-Hexafluoro-2-propanol (HFP) and then added to 0.7 ml of distilled
deionized H20. Samples were loosely capped and stirred on a magnetic stirrer under a fume
hood for 48 hr and then used within 36 hr. The quality of Ap preparations was routinely
checked by dot-blot with conformation-specific A-11 antibody (Kayed et al., 2003) and
western blot. Fibrillar Ap was prepared following the same procedure as for oligomeric Ap,
except that the samples were tightly capped and stirred for 7 days, then loosely capped for
48 hr. The final concentration of the oligomeric AP preparation was nominally calculated
based on the concentration of the starting Ap monomer.

C57BL/6 mice at 5 months of age were used. Animals were maintained at the UTMB
vivarium under USDA standards (12 hr light/dark cycle, food and water ad libitum). At the
end of each experiment, animals were sacrificed by exposure to halothane vapors followed
by decapitation. For immunoblots, the brain was removed and dissected into cerebellum,
hippocampus, and frontal and parietal cortices. For immunohistochemistry, the whole brain
was removed and stored at —80 °C until sectioning, an approach chosen to mimic the
conditions in which the human tissue was processed.

Intracerebroventricular (ICV) injection

Following an IACUC-approved protocol, ICV injections were performed via a modified
free-hand method (Clark et al. 1968; Dineley et al., 2010). Briefly, mice were deeply
anesthetized with a ketamine/xylazine mixture (65 and 7.5 mg/kg IP, respectively), the scalp
was shaved and an incision was made through the midline to expose the top of the skull. A
28-gauge needle held with a haemostatic forceps to leave 3 mm of the needle tip exposed
was lowered 1 mm posterior and 1 mm lateral of the bregma. The needle was connected
through a 0.28 mm polyethylene tubing to a 25 pL syringe driven by an electronic
programmable micro-infuser (Harvard Apparatus, Holliston, MA), which was used to
deliver 3 pL/mouse at a rate of 6 pL/min. After injection, the needle was left in place for 1
min and the surgical wound stitched before placing the mouse to recover while lying on a
heated pad under a warm light. Reliability and consistency of injections was routinely tested
during actual experiments by injecting India ink in parallel blank animals and
macroscopically observing proper coloration of the ventricles (Dineley et al., 2010). 18
hours after ICV, animals were given an intraperitoneal injection of either 1% DMSO in
0.9% saline or CaN inhibitor FK506 at 10 mg/kg (LC Laboratories; Woburn, MA). 5
animals were treated with saline, and 6 with oligomers. For fibrils and oligomers + FK506, 4
animals per group were injected. Half of the animals were used for biochemical analysis
(Fig. 4) and half for immunofluorescence studies (Fig. 5).
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Western blot

Hippocampal tissue was homogenized in SDS lysis buffer containing 5 mM EDTA, 50 mM
Tris, 2% SDS, 1 mM DTT, 1 mM PMSF and 1% protease cocktail inhibitors (Sigma, St.
Louis, MO), centrifuged at 20,000xg for 5 minutes and the supernatants collected. Samples
containing 30 pg of proteins, as determined by the BCA assay (Pierce, Rockford, IL), were
subjected to SDS-PAGE using 12% gels, followed by electrophoretic transfer to
nitrocellulose-backed membranes (Bio-Rad, Hercules, CA). Membranes were then blocked
in 5% bovine serum albumin in 10 mM Tris-buffered saline containing 0.1% Tween 20, pH
7.5, (TBS-T) for one hour, then incubated with 1:1000 of the primary antibodies CaMKI|
(mouse) or (p(Thr286)CaMKII (rabbit), both from Santa Cruz Biotechnology (Santa Cruz,
CA) overnight at 4°C. After two washes in TBS-T followed by a horseradish peroxidase
(HRP) conjugated secondary antibody (Bio-Rad, Hercules, CA) against rabbit 1gG (for
polyclonal primaries) or mouse IgG (for monoclonal primaries). Detection was achieved
using enhanced chemiluminescence (ECL,; Pierce, Rockford, IL) and quantification of band
intensity was performed with ImageJ (NIH) applied to TIFF files of scanned
autoradiography images of membranes.

Primary Rat Hippocampal Cultures

Microscopy

Hippocampal cultures were prepared from embryonic day 18 rat embryos using previously
described methods (Laezza et al., 2007a, 2007b, 2009). Briefly, hippocampi were dissected
and dissociated using papain and trituration through a Pasteur pipette. Neurons were plated
at low density (1-5x10° cells per dish) on poly-L-lysine-coated coverslips in 60 mm culture
dishes in MEM supplemented with 10% horse serum. After 2—4 hr, coverslips (containing
neurons) were inverted and placed over a glial feeder layer in serum-free MEM with 0.1%
ovalbumin, 1 mM pyruvate (N2.1 medium; Invitrogen, Carlsbad, CA) and B-27 supplement
(Invitrogen) separated by 1 mm wax dot spacers. The presence of the spacer prevented
contact between the neurons on the coverslips and the glial feeder layer. Cultures were
maintained in N2.1 medium for up to 30 days. To prevent glial overgrowth, cultures were
treated with cytosine arabinoside (5uM; Calbiochem, La Jolla, CA) at 3 d in vitro (DIV).
Immediately before experimental treatment, coverslips were flipped to directly expose the
neuron to the culture medium. Following addition of the treatment solution, plates were
placed back in the cell culture incubator to maintain pH, temperature, and humidity
conditions. Experiments were performed in triplicate.

High-resolution TIFF images (1024x1024 pixels) were acquired using a confocal laser-
scanning model (Bio-Rad Radiance 2000 with LaserSharp software; Hercules, CA) mounted
on a Nikon E800 upright microscope. For histology slides 4x/0.20NA, 10x/0.45NA, 40x/
0.95NA, and a 60x-0il/1.4NA objective were used (Nikon USA; Melville, NY), for primary
hippocampal neurons only the 60x oil immersion objective was employed at the optimal iris
setting (2.0 mm). Images were acquired with a blue diode and krypton lasers of 488 nm and
568 nm excitation. Images for comparisons were acquired with constant settings for laser
power, detector gain, amplification gain, and offset.
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Data Collection

Analysis was performed with ImageJ (NIH) and a set of plug-ins developed by Wright Cell
Imaging Facility (available at: http://www.uhnres.utoronto.ca/facilities/wcif/imagej/). For
human and mouse studies, equal areas (~50 mm?2) were selected in the 10x TIFF files from
the hippocampal regions described in results, and measured by a blinded operator for
fluorescence intensity in ImageJ (see Fig.2B). We acknowledge that the quality of frozen
tissue from humans is less than ideal, and tissue tearing can be problematic. For this reason,
regions with large unstained patches without DAPI positive nuclei were omitted from
analysis. For quantification of synaptic p(Thr286)CaMKII, masks of the synaptic regions
were generated by thresholding the PSD95 signal in the Alexa 488 channel. We selected
PSD95 positive puncta on proximal dendrites, and the resulting mask was transferred to the
Alexa 594 channel. The pixel intensities for both channels (PSD95 and p(Thr286)CaMKII)
were determined as average fluorescence intensity. In this way, synaptic p(Thr286)CaMKI|
(rather than dendritic) contributed to the obtained value. This also allowed us to measure the
area of the PSD95 punctae,

Statistical Analysis

RESULTS

Data was tabulated and graphed with Microsoft Excel (Version 2008), and analyzed with
StatPlus (AnalystSoft, StatPlus:mac Version 2009). Analyses with more than two groups
were subject to one-way ANOVA and, if overall p < 0.05, was followed by Fisher least
significant difference (LSD) (see Figs. 3B, 4B, 5E, 6E-F, 7E-F, S.Fig.3B, S.Fig.5E-F). For
MMSE correlation, Pearson’s correlation coefficient (Figs. 3C-E) was calculated. Statistical
significance of ACA data (S. Fig. 1) was determined by a Mann-Whitney U-test due to the
different sample sizes. Error bars represent mean £ SEM in all figures except Fig.4B where
two of the conditions only include two animals and error bars represent mean + SD.

Phosphorylation of CaMKII at T286 is altered in MCl and AD hippocampi

Previous studies using western immunoblotting have reported a decrease in
p(Thr286)CaMKII in AD frontal cortex and hippocampus (Amada et al., 2005) However, in
preliminary experiments, an antibody capture assay (ACA) performed on hippocampal
protein extracts from a panel of control and AD autopsy samples showed that
p(Thr286)CaMKII was significantly increased in AD (S. Fig. 1). To further explore these
opposing results, frozen hippocampal sections from 18 hippocampi (4 control, 3 MCI, and
11 AD; S. Table 1) were fixed and immunolabeled for p(Thr286)CaMKII and analyzed by
confocal microscopy. Five anatomical regions were analyzed (S. Fig. 2): 1) the pyramidal
neurons of Cornu Ammonis 3 (CA3); 2) the stratum radiatum, where the dendritic
arborizations of CA3 neurons are located; 3) the dentate gyrus (DG) granule cells; 4) the
molecular layer, which contains the apical dendrites of the DG; and 5) the hilus. This last
region was included due to a striking shift of p(Thr286)CaMKII. While it does not contain
the apical dendritic arborizations of the DG neurons, it is the location of the basal dendritic
arborizations. In rodents, basal dendrites of granule cells are considered a transient
phenomenon occurring during development (Jones et al., 2003) and also a pathological
feature, formed after insults such as hypoxia-ischemia (Diaz-Cintra et al., 2009) and
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epileptic activity (Spigelman et al., 1998). However, in the higher primate brain, the basal
dendrites are a normal feature of the adult hippocampus, (Seress and Mrzljak, 1987).

In control dentate gyrus, p(Thr286)CaMKII immunoreactivity is most prominent in the
dendritic arborizations contained in the hilus and molecular layer. However, in MCI and AD
tissue p(Thr286)CaMKII expression in these regions is noticeably decreased (Fig. 1, A-l).
Instead, MCI and AD tissue show the greatest p(Thr286)CaMKIIl immunoreactivity in the
perikarya of DG granule cells (Fig. 1, M-O). The same pattern is observable in the CA3,
control stratum radiatum (Fig. 2A, D) shows higher immunoreactivity for p(Thr286)CaMKI|I
compared to that of MCI and AD (Fig. 2, B-C, E-F). Again, the perikarya of CA3 pyramidal
neurons exhibit enhanced p(Thr286)CaMKII signal (Fig. 2, G-1).

To quantify the observed redistribution of p(Thr286)CaMKII from the dendrites (D) to the
soma (S), the average intensity of p(Thr286)CaMKI| in the pyramidal layer of CA3 and the
granule layer of the DG was compared to the levels in stratum radiatum or molecular layer
(apical) and hilus (basal), respectively. These are expressed as ratio of [S/ D] in both CA3
and DG (Fig. 3A). The resulting value, if greater than 1, indicates that a larger proportion of
p(Thr286)CaMKII is in the perikarya of the neurons, rather than in the dendritic
arborizations (Fig. 3B). Analysis of both apical and basal dendrites of the DG shows that in
AD the ratio is significantly different from control. In the CA3, both MCI and AD are
significantly different from control.

Subcellular distribution of p(Thr286)CaMKII correlates with cognitive dysfunction

Given the hypothesized role of CaMKI|I in plasticity and cognition, we performed within-
subject correlational analyses to determine whether changes in the hippocampal distribution
of p(Thr286)CaMKII corresponded to cognitive function as assessed by the Mini Mental
State Examination (MMSE; Folstein et al., 1975). Cases were reclassified control, MCI, and
AD subjects into three groups based on cognitive status: no impairment (26-30), mildly
impaired (20-25), and severely impaired (0-19). The p(Thr286)CaMKII shift was then
compared across these groups (Fig. 3C-E) to better determine when p(Thr286)CaMKI|I
dysregulation occurs during AD pathogenesis. The correlation was highly significant in the
DG (Fig. 3C; r =-0.540, p< 0.05; D; r = -0.527, p < 0.05), but was not significant in the
CA3 (Fig. 3E; r = -0.369, p = 0.12). This may be because even in mild impairment,
p(Thr286)CaMKI| distribution in the CA3 is already perturbed. Also, due to limitations of
the tissue, fewer cases were included in the CA3 analysis. Regardless, in the DG,
p(Thr286)CaMKI| redistribution is directly related to measurable cognitive decline, even in
prodromal cases, suggesting that the degree of p(Thr286)CaMKII dysregulation can be a
molecular read-out for patient symptoms. MMSE did not correlate with the total CaMKI|I
ratio in the DG (n = 14; r = 0.141; p = 0.339), suggesting the observation is specific to the
phosphorylation status of CaMKII. To rule out the possibility that the results are linked to
ante mortem protein degradation, we determined that p(Thr286)CaMKI| ratio did not
correlate with post-mortem interval (n = 18; r = 0.149; p = 0.238).
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Oligomeric Ap induces p(Thr286)CaMKIl changes in vivo

Oligomeric, but not fibrillar AB is known to alter Ca2* dynamics and downstream Ca2*
signaling events (Demuro et al., 2005; Reese et al., 2008, Dineley et al., 2010). Although
there are significant differences in p(Thr286)CaMKII localization between control, MCI,
and AD hippocampi, with the methods used it was not possible to correlate these
observations with a particular aggregated species of A, given that a spectrum of soluble
and insoluble forms of Ap exist in the AD brain. We have previously used acute
Intracerebroventricular (ICV) injections of homogenous A preparations to show that only
oligomers impair fear conditioning through aberrant activation of the phosphatase CaN
(Dineley et al., 2010). Since CaN augments the activity of PP1, the major desphosphorylator
of p(Thr286)CaMKII at the synapse (Strack et al. 1997 Lisman & Zhabotinsky, 2001), we
predicted that oligomers would decrease p(Thr286)CaMKII levels in a CaN-dependent
fashion. Autophosphorylation of CaMKII has also been shown to be an important event in
single-trial learning (Irvine et al., 2005). Therefore, we performed ICV injection of either
saline, Ap oligomers or A fibrils on wild-type mice. A subset of the mice treated with
oligomers were additionally given a systemic injection of CaN inhibitor FK506, which we
have used extensively in previous studies illustrating a central role for CaN in mediating
cellular and behavioral effects of AB oligomers (Dineley et al., 2007; Reese et al., 2008;
Taglialatela et al., 2009; Dineley et al., 2010). Twenty-four hours after ICV the animals
were sacrificed and brains were collected. Western blots (Fig. 4A) showed that the treatment
with oligomer AP significantly reduced the ratio of p(Thr286)CaMKII to total CaMKII in
hippocampal homogenate (Fig. 4B; p < 0.05). Inhibition of CaN rescued this decrease, as
animals treated with FK506 after oligomers ICV had significantly more p(Thr286)CaMKII
than animals treated with oligomer alone (p < 0.05).

Parallel sets of whole brains were processed for immunofluorescence studies. Notably,
similar to the results in human brain, oligomeric Ap mice showed a shift of
p(Thr286)CaMKII from the stratum radiatum to the CA3 pyramidal layer (Fig. 5A-D). This
effect was reversed by treatment with the CaN inhibitor, raising the possibility that a similar
mechanism of phosphatase hyperactivity may be at work in human MCI and AD
hippocampi. On the other hand, animals treated with fibrillar Ap did not exhibit a change in
subcellular localization of p(Thr286)CaMKII in the hippocampus. The analysis of these
experiments is shown in Figure 5E, where mice treated with oligomers showed a significant
increase in p(Thr286)CaMKII ratio compared to PBS, fibril, and oligomer + FK506 treated
mice (p < 0.01). The difference in CaMKI|I ratio was not significant and was attenuated by
FK506 treatment, again suggesting that this shift in p(Thr286)CaMKII levels is due to a
change in the phosphorylation state of the protein rather than localization of CaMKI| itself.
That CaN inhibition reverses this outcome implies that oligomeric Ap may perturb
p(Thr286)CaMKI| signaling through increased phosphatase activity, and that similar
mechanisms may be at work in MCI and AD hippocampus.

Oligomeric AB induces p(Thr286)CaMKIl relocation in primary rat hippocampal neurons

Having established that oligomeric Ap treatment is capable of affecting the level of
p(Thr286)CaMKII in hippocampal dendritic arborizations of wild-type mice, we sought to
further determine if this loss was specific to synaptic spines using primary rat hippocampal
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cultures. It has previously been demonstrated that synthetic Ap oligomers target and bind to
excitatory neurons synapses (Lacor et al., 2004). Similarly, we found that our preparation of
AP oligomers localized to dendritic arbors at discrete puncta, while Ap fibrils did not bind
to primary hippocampal neurons (S. Fig. 4). To directly explore the effects of oligomers on
synaptic p(Thr286)CaMKII parallel dishes of DIV 20-21 primary hippocampal neurons
were treated with 500nM Ap oligomer. Cells were fixed at 0 minutes, 15 minutes, 30
minutes, and 60 minutes then double labeled with a polyclonal anti-p(Thr286)CaMKI|I
antibody and a monoclonal anti-PSD95 antibody. Confocal images were analyzed by
selecting regions with robust PSD-95 puncta and measuring the area, as well as the
fluorescence intensities of p(Thr286)CaMKII and PSD-95. Untreated neurons (Fig. 6A)
showed the most intense p(Thr286)CaMKI|I staining in regions that also showed the
strongest PSD-95 immunoreactivity. After 15 minutes of incubation with oligomeric A
p(Thr286)CaMKII immunoreactivity was decreased in PSD95 positive spines (Fig.6B), an
observation that was more pronounced at 30 minutes (Fig.6C), but at 60 minutes synaptic
p(Thr286)CaMKI| levels had returned to levels similar to untreated (Fig.6D). These
temporal observations are consistent with previous experiments we have performed using in
vitro systems, where a rebound occurs following an acute challenge. In SY5Y human
neuroblastoma cells, CaN-mediated dephosphorylation peaked at 15 minutes but normalized
at 60 minutes (unpublished data). Interestingly, we observed that loss of synaptic
p(Thr286)CaMKaI| is followed by a decrease in PSD95 puncta immunoreactivity (Fig. 6E)
and size (Fig. 6F), although the latter is not statistically significant. In order to determine if
inhibition of CaN would prevent the observed decreases in synaptic p(Thr286)CaMKII and
PSD95, parallel sets of neurons were treated with 1uM of FK506 thirty minutes prior to
addition of AB oligomer. We observed that CaN inhibition resulted in increased
immunoreactivity for p(Thr286)CaMKII throughout the entire neuron (Fig.7A), likely
through a PP1-mediated reduction of CaMKII phosphorylation (Mulkey et al., 2004), and
prevented oligomer-induced synaptic loss of p(Thr286)CaMKII (Fig. 7E). In addition,
FK506 increased PSD95 puncta intensity (Fig. 7E) and prevented the trend of decreased
average PSD area (Fig. 6F) that was observed when neurons were treated with oligomers
alone. In order to confirm that these outcomes were unique to oligomers, parallel dishes
were treated with 500nM fibrillar AR (S. Fig. 5). These results show that the oligomer-
induced decrease of synaptic p(Thr286)CaMKII is CaN-dependent and suggest that these
pathways are attractive targets for future AD therapies.

DISCUSSION

Hippocampal synapse loss is a robust correlate of cognitive dysfunction in MCI and AD
(Scheff et al., 2006), but the underlying mechanisms remain to be fully elucidated. The
amnestic MCI cases present with atypical cognitive deficits, particularly in the memory
domain, but are not yet classified as clinically demented. While not all MCI subjects
progress to a diagnosis of AD, it is widely considered a transitional zone between normal
aging and dementia (Petersen et al., 1999; 2001). The results presented here demonstrate
that p(Thr286)CaMKII immunoreactivity is shifted in the hippocampi of MCI and AD cases,
with a reduction in the dendritic arborizations and an increase in the neural perikarya. This
outcome was more pronounced in the CA3, in that both MCI and AD hippocampi exhibited
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dysregulated localization of p(Thr286)CaMKII. In the DG, MCI was not significantly
different from control. These results suggest that the CA3 is more vulnerable to changes in
p(Thr286)CaMKI| distribution, or that the DG is more resistant to the insults of AD
(reviewed in Ohm, 2007). This may be in part due to neurogenesis that continues in the DG
even in aged brain (Eriksson et al., 1998). Although the CAL, not the CA3, is hippocampal
subregion affected earliest in AD pathology, we did not analyze the CA1 in these
experiments. By end-stage AD, approximately half of CA1 neurons have been lost (West et
al., 1994), making it difficult to assess the significance of the subcellular shift of
p(Thr286)CaMKI| in this region of the brain. In contrast, most neurons in CA3 are relatively
well preserved in most cases of even established AD. The criticality of this region of the
hippocampus for episodic memory processing (Kesner et al., 2008) suggested to us that a
detailed investigation of more subtle changes such as those involved in CaMKII regulation
might suggest important functional bases for the memory loss in AD. It is likely that there
protective mechanisms for CA3 versus CAL that are relevant to AD and that evaluation of
CAL1 might shed light on the nature of these. However, this was not the primary focus of our
initial investigation.

Notably, the observation of p(Thr286)CaMKII redistribution in the DG correlates with
cognitive test scores, suggesting that alterations of p(Thr286)CaMKI|I signaling may be
involved in the cognitive decline that marks the progression of MCI and AD pathogenesis.
The phenotype could be replicated in wild-type mice and primary hippocampal neurons by
application of oligomeric Ap and was prevented by inhibiting CaN. These results imply that
oligomeric Ap-mediated disruption of p(Thr286)CaMKI|I signaling is at least partially
mediated through CaN. Similar studies in which oligomers reduced CaMKI|I
autophosphorylation reported that co-treatment with neurotrophic factors may also attenuate
p(Thr286)CaMKII (Zeng et al., 2010; Zheng et al., 2010).

Basal CaZ* levels are increased in aged brain (Gibson et al., 1987); and AD has been
hypothesized to be an exacerbation of this dysfunctional Ca2* system (Khachaturian, 1989).
The presence of soluble AB aggregates further disrupts Ca2* homeostasis in several disease
models. Synthetic oligomers increase intracellular Ca2* in cultured cells (Demuro et al.
2005; Reese et al., 2008) and inhibit LTP and impair memory in mice through mechanisms
involving the Ca2*-dependent phosphatase CaN (Dineley et al., 2010). Similarly, natural
oligomers isolated from human brain inhibit LTP and reduce spine density in rodent brain
(Shankar et al., 2008). Aged Tg2576 mice overexpressing mutated human amyloid precursor
protein have increased resting Ca2* levels (~20%) compared to aged wild-type mice
(Kuchibhotla et al. 2008). It is believed that a modest increase of intracellular Ca2* shifts the
thresholds of LTP and long-term depression (LTD), increasing and lowering them
respectively (Norris et al. 1996; Rosenzweig and Barnes, 2003; Jouvenceau & Dutar, 2006).
LTD is induced following a protein phosphatase cascade, when activated CaN
dephosphorylates and inactivates inhibitor-1, leading to increased PP1 activity (Lisman,
1989; Mulkey et al., 1994). PP1 in turn dephosphorylates p(Thr286)CaMKII (Lisman et al.,
2002).

We found that the subcellular distribution of the active, phosphorylated form was
dysregulated in MCI and AD hippocampus. Specifically, there was decreased
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immunoreactivity of p(Thr286)CaMKI|I in the dendritic arborizations and an increase near
the cell soma. This paradoxical outcome may be explained by specific localization of
phosphatase activity. Within the PSD, PP1 is the primary dephosphorylator of
p(Thr286)CaMKI|; outside of the PSD phosphatase 2A (PP2A) accounts for >70% of
p(Thr286)CaMKII dephosphorylation (Strack et al. 1997). In AD hippocampi, PP2A mRNA
levels are significantly reduced (Vogelsberg-Ragaglia et al., 2001) and PP2A inhibitors 1
and 2 are increased (Tanimukai et al., 2005). This would explain the net result of increased
p(Thr286)CaMKII near the soma in MCI and AD brain. The subcellular localization and
phosphorylation state of CaMKII are critical to the functionality of this important kinase
(Kennedy, 2000). The decrease of p(Thr286)CaMKII in the dendritic arborizations implies
that it would be unable to perform its traditional synaptic roles (Lisman et al., 2002;
Hudmon et al., 2005), including the insertion and phosphorylation of postsynaptic AMPA
receptors (Gu et al., 2009), and PSD scaffold proteins (Dosemeci and Jaffe, 2010). Indeed,
we observed a decrease in PSD immunoreactivity following the shift of p(Thr286)CaMKIlI
from the dendritic spines.

An alternative explanation of our results is that the pattern observed in human hippocampi is
due to decreased CaMKII mRNA or protein in the dendrites. The localization, amplitude,
duration, and frequency of Ca2* transients are encoded by the phosphorylation status of
CaMKIlI, effectively “tagging” active synapses (Colbran and Brown, 2004), and signaling
for the transport of CaMKII mRNA to the dendrites is activity-dependent (Ouyan et al.,
1999). Our findings are not likely to be a result of these pathways, as the immunoreactivity
profile of the unphosphorylated protein is not significantly different between control, MCI,
and AD (p =0.39; S. Fig. 3).

It is challenging to link these observations to specific Ap species in the MCI and AD brain
because both soluble and insoluble forms are present; to overcome this limitation and
determine whether aggregated Ap induced a shift in p(Thr286)CaMKII we performed
studies in wild-type mice and primary hippocampal neurons. Our data show that application
of oligomers, but not fibrils, resulted in decreased p(Thr286)CaMKII in hippocampal
homogenates and decreased immunoreactivity in mouse stratum radiatum. In agreement
with previous evidence that oligomeric Ap binds to primary hippocampal neurons and has
deleterious effects on synapse composition, shape, and density (Lacor et al., 2004; 2007),
our results showed that only oligomers elicited a decrease in synaptic p(Thr286)CaMKIlI.

We have previously shown that A oligomers injected ICV in mice impair fear conditioned
memory in a CaN-dependent fashion (Dineley et al., 2010). Here we show that this same
paradigm also shifts the sub-hippocampal localization of p(Thr286)CaMKII in a manner
similar to what is observed in AD brains, and this is prevented by CaN inhibition. Further
supporting our hypothesis, pretreating primary neurons with a CaN inhibitor prior to the
application of AP was sufficient to prevent the oligomer-mediated decrease in
p(Thr286)CaMKI|I at the synapse.

Due to the rapid oxidation of PP1 and CaN post-mortem, we do not explicitly address
whether the decrease of CaMKII phosphorylation in dendritic arborizations is due to
diminished phosphorylation or augmented dephosphorylation of the kinase in diseased
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human brain. However, the results obtained in disease models suggest that it is the latter.
Within the dendritic spines, dephosphorylation of p(Thr286)CaMKII is mediated by PP1
(Hsieh-Wilson et al., 1999), which itself is indirectly controlled through CaN (Mulkey et al.,
1994). The mature spine is an isolated, structured compartment where p(Thr286)CaMKI|I
levels saturate the phosphatase activity of PP1 (Lisman and Zhabotinsky 2001). However,
the spatio-temporal profile of Ca2* dynamics is known to be dysregulated (increased) in the
aged brain (Landfield et al., 1984; Gant et al., 2006). The phosphatase CaN, long known to
be enriched in PSDs (Wood et al., 1980) is unique in that it is exquisitely responsive to Ca2*
fluctuation (Rusnak & Mertz, 2000), particularly within dendritic spines. Thus, given the
derangement of Ca2* dynamics in the aging brain, it is not surprising that CaN activity
increases with age (Foster et al., 2001; Norris et al., 2002). Additional augmentation of
intracellular CaZ*, similar to that elicited by AB oligomers (Demuro et al., 2005) further
increases CaN activity and signaling (Agostinho et al., 2008; Reese et al., 2008; Abdul et al.,
2009), while CaN inhibition prevents the loss of spines in the AB-treated brain slices
(Shankar et al., 2007) as well as in transgenic AD mice (Rozkalne et al., 2010), and also
precludes the loss of surface AMPA receptors (Zhao et al., 2010). In accordance with these
findings in model systems, CaN is up-regulated in AD brain compared to age-matched
control (Norris et al. 2005; Liu et al., 2005; Wu et al., 2010), an increase that correlates with
low MMSE scores (Abdul et al., 2009). Taken together, these studies and the findings
reported here suggest that Ca2* dysregulation in MCI and AD hippocampi may be sufficient
to initiate a PP1 dephosphorylation cascade resulting in a loss of p(Thr286)CaMKI|I at the
synapse (Fig. 8).

CONCLUSIONS

Altered localization of p(Thr286)CaMKII in MCI and AD hippocampi correlates with
MMSE, suggesting it may be directly related to cognitive dysfunction. That MCI tissue also
shows the p(Thr286)CaMKII phenotype implies that these mechanisms are at work even in
the initial stages of disease, a time when rationally designed therapies would be most
effective in halting AD progression. Experiments in model systems further indicate that this
phenomenon is provoked by Ap oligomers, but not fibrils, and is at least partly mediated by
CaN. Thus, the hypothesized mechanism likely involves dysregulation of Ca?* signaling,
and putatively explains why the aged brain is particularly vulnerable to the events described
here. Collectively, these results imply that normalizing the balance of phosphatases and
kinases at the synapse should be considered as a therapeutic target for cognitive dysfunction
and synaptic loss in MCI and early AD pathogenesis.
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Figure 1. pCaMKIIl immunoreactivity isaltered in MCI and AD dentate gyrus
Expression of pCaMKII (red) and neuronal nuclei (NeuN, green) was assessed in 10pm

sections of hippocampus. DAPI mounting media was used to visualize nuclei (blue).
pCaMKII immunoreactivity is decreased in the hilus (A-F, arrowheads, scale bar 100um,
10x), and molecular layer (G-L, diamond heads, scale bar 100um, 10x), of MCI and AD
DG, relative to control. However, immunoreactivity is increased around the soma of DG
granule cells in MCI and AD (M-O, scale bar 25um, 60x).
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Figure 2. pCaMKII immunoreactivity isaltered in MCl and AD CA3
Expression of pCaMKII (red) and NeuN (green) was assessed in 10pum sections of

hippocampus. DAPI mounting media was used to visualize nuclei (blue). pCaMKI|I
immunoreactivity is decreased in the stratum radiatum (A-F, circleheads, scale bar 100um,
10x), of MCIl and AD CAZ3, relative to control. Conversely, immunoreactivity is increased
around the soma of MCI and AD CA3 pyramidal neurons (G-I, scale bar 25um, 40x).
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Figure 3. p(Thr286)CaMKII expression (red) shiftsfrom dendritic arborizationsto neuronal
somain MCI and AD hippocampus and this change correlateswith decreased MM SE score

(A) Representative micrograph of control DG illustrates how the pCaMKI|I ratio is
calculated as the average fluorescence intensity of the neuronal soma (S) divided by the
average intensity in the dendritic arborizations (D). For the latter, the hilus (DG basal
dendrites), molecular layer (DG apical dendrites), and stratum radiatum (CAS3 apical
dendrites) were analyzed; (B) Graph showing the compiled data of 18 hippocampi. In the
apical dendrites of the DG, p(Thr286)CaMKI|I distribution of AD is significantly different
from control (p = 0.0004) and MCI (p = 0.010). The same is true of the basal dendrites in the
DG, AD is significantly different from control (p = 0.0136). In CA3, MCI and AD are
significantly different from control (p = 0.001 and p = 0.006, respectively). (C) Correlation
of pCaMKII in DG (apical dendrites) with MMSE (n = 15, r = -0.540, p = 0.018); (D)
Correlation of pCaMKII in DG (basal dendrites) with MMSE (n=15, r = -0.527, p = 0.021 );
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(E) Correlation of pCaMKII in CA3 with MMSE (n =12, r = -0.369, p = 0.12). No
impairment — circle, mild impairment — triangle, severe impairment — diamond.
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Figured4. p(Thr286)CaMKI|I isreduced in a CaN-dependent manner in micethat received an
ICV injection of oligomeric AP
(A) Immunablot of p(Thr286)CaMKII and total CaMKII; (B) ImageJ densitometric analysis

of p(Thr286)CaMKII and total CaMKII in the ICV mouse hippocampus. Ap/S (n=3) is
significantly different (p = 0.011) from saline-treated animals (n=2) and AB/FK506 (n=2; p
=0.018).
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Figure5. p(Thr286)CaMKI1 is decreased following ICV injection of A oligomers, but not
fibrils, in a CaN-dependent manner in wild-type mice

Immunolabeling for DAPI (blue) and p(Thr286)CaMKII (red) shows the decreased
immunoreactivity of p(Thr286)CaMKI|I in the stratum radiatum (merge A-D, scale bar
100um; arrows denote CA3 pyramidal neurons and asterisks denote stratum radiatum); (E),
Sections from mice treated with oligomers (1.44 + 0.18; n = 4) showed a significantly higher
p(Thr286)CaMKI| ratio (F = 9.62; p = 0.002) as calculated in Fig.2A) compared to sections
treated with saline (0.93 £ 0.17; n=3; p = 0.002), fibril (0.82 £ 0.07; n = 4; p = 0.0002), and
oligomer+FK506 (0.97 + 0.03; n = 4; p =0.002). This outcome was specific to the
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phosphorylation state: although there was a trend towards higher CaMKI|I ratio in oligomer
treated sections (1.15 + 0.16), it was not significantly different (F = 2.38; p = 0.125) from
saline (0.89 + 0.10), fibrils (0.85 + 0.06), or oligomers + FK506 (0.88 + 0.05).
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Figure 6. Oligomer s decr ease synaptic pCaM K1 and synapse sizein primary hippocampal
neurons
Primary hippocampal neurons (DIV21) were treated with 500nM oligomeric Ap for 0, 15,

30, or 60 minutes (A-D, scale bar 10pm). Double immunolabeling for pCaMKII (red) and
PSD95 (green), with merge shown below (scale bar 5um). White arrowheads indicate
representative synapses. (E) Oligomer-treated neurons had decreased pCaMKII (black
triangles; F = 5.04; p = 0.005) and PSD95 fluorescence intensity (white squares; F = 3.57; p
= 0.02) at the synapse; (F) Oligomers also decreased the average puncta size, although this
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trend was not significant (p = 0.377). ANOVA post-hoc test results are indicated by
symbols. Significantly different from: 0 (*), 15’ (). Single symbol p < 0.05; double symbol
p < .01. The values from (E) and (F) can be found in Supplementary Table 2.
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Figure 7. Inhibition of CaN prevents oligomer-induced decr ease of synaptic pCaM K |
After 30 minute exposure to 1uM FK506, primary hippocampal neurons (DIV20) were

treated with 500nM oligomeric Ap for 0, 15, 30, or 60 (A-D, scale bar 10um). Double
immunolabeling for pCaMKI| (red) and PSD95 (green), with merge shown below (scale bar
5um). White arrowheads indicate representative synapses. (E) Addition of FK506 prevented
the oligomer-induced decrease of pCaMKII at the synapse (black triangles; F = 0.653; p =
0.594), and increased PSD95 intensity (white squares; F = 5.0325; p = 0.015); (F), The
trending decrease in puncta size elicited by oligomers was also prevented (F = 0.498; p =
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0.701). ANOVA post-hoc test results are indicated by symbols. Significantly different from:
0’ (*), 15" (). Single symbol p < 0.05; double symbol p <.01. The values from E and F can
be found in Supplementary Table 2.
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Figure 8. Depiction of the hypothesized mechanism for AP oligomer induced loss of
p(Thr286)CaMKI1 in dendritic spines
The mature spine is an isolated, structured compartment where p(Thr286)CaMKII levels

saturate the phosphatase activity of PP1. However, Ca?* dynamics are known to be
dysregulated in the aged brain, and A oligomers have been shown to aberrantly increase
CaN activity and signaling, including indirect activation of PP1 - the primary
dephosphorylator of p(Thr286)CaMKII in spines. The ability of CaN inhibitor FK506 to
attenuate p(Thr286)CaMKII decrease in mice and primary neurons further suggests that the
normalization of synaptic CaZ* signaling is a desirable target of early AD therapies.
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