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Abstract

Background—Microtubule-associated protein 2 (MAP2) is a neuronal protein that plays a role
in maintaining dendritic structure through its interaction with microtubules. In schizophrenia (Sz),
a number of studies have revealed that MAP2’s typically robust immunoreactivity (IR) is
significantly reduced across several cortical regions. Previous studies have not explored the
relationship between MAP2-IR reduction and lower dendritic spine density, which is frequently
reported in schizophrenia nor has MAP2-IR loss been investigated in the primary auditory cortex
(Brodmann Area 41), a site of conserved pathology in Sz.
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Methods—Using quantitative spinning disk confocal microscopy in two cohorts of Sz subjects
and matched control subjects (Sz, n=20; C, n=20), we measured MAP2-IR as well as dendritic
spine density and spine number in deep layer 3 of BA41.

Results—Sz subjects exhibited a significant reduction in MAP2-IR. The reductions in MAP2-IR
were not associated with neuron loss, loss of MAP2 protein, clinical confounders, or technical
factors. Dendritic spine density and number were also reduced in Sz and correlated with MAP2-
IR. Twelve (60%) Sz subjects exhibited MAP2-IR values lower than the lowest values in controls;
only in this group were spine density and number significantly reduced.

Conclusions—These findings demonstrate that MAP2-IR loss is closely linked to dendritic
spine pathology in Sz. Because MAP2 shares substantial sequence, regulatory, and functional
homology with MAP tau, the wealth of knowledge regarding tau biology and the rapidly
expanding field of tau therapeutics provide resources for identifying how MAP?2 is altered in Sz
and possible leads to novel therapeutics.
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Introduction

Individuals with schizophrenia (Sz) present with a number of functional deficits in the
auditory domain. Patients exhibit impaired performance on pure-tone discrimination tasks,
an inability which does not depend on attention and thus implicates the auditory cortex itself
(1-3). This functional deficit has consequences for social cognition in individuals with the
disorder in that it makes prosody detection more difficult (4, 5). In electrophysiological
studies, Sz subjects display reduced amplitude on mismatch negativity (MNN) (1, 6-8), an
event-related potential generated in the primary auditory cortex in response to stimuli
deviant from preceding stimuli with respect to a particular feature (e.g. pitch, amplitude,
duration)(9). Performance on tone discrimination tasks and MMN amplitude are correlated,
and impairments on both are linked to severity of positive and negative symptoms (1, 3, 10).

These functional and electrophysiological deficits are paralleled at the cortical level by
progressive gray matter volume reduction in the superior temporal gyrus (STG) in Sz
subjects and first-degree relatives at high risk (11, 12) and specifically in Heschl’s gyrus
which contains the primary auditory cortex (Brodmann area 41; BA41) (12-16). Reductions
in gray matter are found at(12, 16), or prior to transition to,(13-15) the first psychotic
episode indicating initial gray matter loss cannot be attributed to the effects of treatment or
illness duration. STG gray matter loss is selective for individuals with Sz in comparison to
those diagnosed with bipolar disorder (13-15).

Gray matter volume loss in the auditory cortex in Sz is not explained by underlying
reductions in layer 3 pyramidal neuron number (17), and more likely represents reductions
in pyramidal neuron somal size and excitatory connections in this cortical region (18, 19).
We previously described a decrease in the density of spinophillin-immunoreactive puncta in
deep layer 3 of the primary auditory cortex in Sz, representing reductions in pyramidal
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neuron spine density paralleling findings of a loss of spines per length of dendrite described
in other cortical regions (20-22). Sz is also characterized by a reduction in the extent and
complexity of the dendritic arbor in hippocampus and cingulate and frontal cortices (21, 23—
25). However, the molecular mechanisms that contribute to these concurrent reductions in
dendrites and spines in disease are currently unknown.

Microtubule-associated protein 2 (MAP2) stands at the intersection of these phenomena.
MAP?2 is the most prevalent isoform of the dendritic MAPs, a family of cytoarchitectural
proteins that includes the axonal homolog MAP tau (26, 27). MAP2 is an important
regulator of neuritic development and maintenance that acts by binding and nucleating the
primary structural component of the dendritic cytoskeleton, microtubule (MT) monomers
and subsequently stabilizing and spacing mature MT bundles in the dendrite (26—30). MAP2
plays a similar role in supporting the actin cytoskeleton in spines, binding and nucleating
filamentous actin (f-actin) to regulate spine morphology (31). MAP2 is regulated by
development and experience-dependent plasticity, with these processes tightly controlling
MAP?2 function by phosphorylation across its functional domains (27). MAP2
immunoreactivity (MAP2-1R) is markedly reduced in a number of different cortical regions
associated with Sz pathology including those regions where reduction of the dendritic arbor
has been described (32-36) (e.g. cingulate and frontal cortices, hippocampal formation).
However, MAP2 mRNA expression levels are unchanged in the disorder suggesting that Sz
pathology impacts MAP2 protein and not its transcript (37).

In the present study, we investigated whether MAP2-IR is diminished in deep layer 3 of the
primary auditory cortex of Sz subjects and its potential association with spine reduction,
which we have previously observed in this layer (18). To address this question, we used
multi-label quantitative fluorescence microscopy to measure the intensity of MAP2-IR,
spine density, and spine number in 20 subjects with Sz and matched controls. We found that
MAP2-IR was significantly decreased in individuals with Sz, with a subset of 60% of Sz
subjects that exhibited MAP2-IR levels below the lowest level observed in controls. MAP2-
IR was significantly associated with spine density and spine number, with reductions in
spine density and number restricted to the 60% of subjects with Sz with MAP2-IR below
normal levels. These findings suggest that MAP2 is functionally compromised by disease
pathology with implications for dendritic arbor and dendritic spine structural integrity.

Methods and Materials

Human Subjects and Animals

For this study, we used tissue from two cohorts (Table 1) comprised of subjects diagnosed
with schizophrenia or schizoaffective disorder (together referred to as Sz) and controls
matched on the basis of sex, and as closely as possible for age, post-mortem interval (PMI),
and handedness. We also used a previously described monkey (Macaca fascicularis) cohort
comprised of four animals chronically administered the antipsychotic haloperidol decanoate
and age, sex, and weight matched control animals (Fig. 1 top panels, see also supplemental
methods section for a more detailed description of human and non-human primate subjects)
(18, 38-40).
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Immunohistochemistry

Tissue from each cohort was processed together over a series of immunohistochemical runs.
In order to visualize dendritic spines, we used two markers in combination: a polyclonal
antibody directed against spinophilin (Millipore AB5669, Billerica, MA), a protein that is
highly enriched in spine heads (41, 42), and the f-actin binding mushroom toxin phalloidin
(Invitrogen A12380, Carlsbad, CA), which also robustly labels spnes (43). MAP2 was
detected through the use of mouse monoclonal IgG antibody SMI- 52 (Covance SMI-52R,
Princeton, NJ). (See supplemental methods for additional details).

Image Collection

Matched pairs from each cohort were imaged during the same session by an experimenter
(JTN) blinded to diagnostic or antipsychotic exposure group. All images were taken using a
confocal microscope equipped with a 60x oil supercorrected objective (equipment details
found in the supplement). Tissue thickness was measured at each sampling site and did not
differ by diagnostic group (Fy 1g.5=0.05, p=0.83) or cohort (F1 15 5=2.35, p=0.14). Image
stacks were taken beginning 12.5 pm below the tissue surface closest to the coverglass,
stepping up 0.25 um with each image until the tissue surface was reached. This produced an
image stack comprised of 50 individual planes, each 512x512 pixels in size. Exposure times
for 488nm and 568 nm excitation wavelengths were set to optimize the spread of the
intensity histogram for each cohort, then were kept consistent for all subjects within cohorts.

For quantification of MAP2-IR, a single plane was imaged 2 um beneath the tissue surface
at the same sampling sites where image stacks were captured. Each single plane image was
taken with an exposure time of 100 ms which was kept constant across all subjects within
both human cohorts. The same imaging parameters were used to image the macaque cohort
(Fig. 1 bottom panels).

Image Processing

Images were processed using Slidebook software version 5.027 (Intelligent Imaging
Innovations, Inc, Denver, Colorado) with keystrokes automated by Automation Anywhere
software (Automation Anywhere, Inc. San Jose, CA). Camera background was subtracted
from channels 488 and 568 prior to processing. Single plane MAP2 images were masked
using a threshold segmentation defined by the Ridler Calvard (RC) derived value in
Slidebook. Underlying gray level values were extracted from the mask objects.

Image stacks were deconvolved using the AutoQuant adaptive blind deconvolution
algorithm (MediaCybernetics, Rockville, MD). After deconvolution, edges were sharpened
by taking the difference between images convolved at two standard deviations of the
Gaussian distribution (01=0.7; 02=2.0) as previously described (44), then subjected to
iterative intensity/morphological segmentation (45). Spinophilin-IR and phalloidin puncta
with intensity measures above the RC defined minimum threshold derived value in
Slidebook were selected and contiguous pixels were defined as a ‘mask object.” Spinophilin-
IR and phalloidin mask objects with volumes between 0.1 and 0.8 um3 and 0.04 and 1.5
um3, respectively, were selected at each iteration. Due to lower spinophilin-IR intensity in
cohort 2, it was necessary to begin with a minimum threshold value at 1/3 the RC defined
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value. At each of 100 iterations, the threshold intensity was increased and the mask objects
combined with those of the prior iteration.

Calculation of Spine Density and Number

While both spinophilin-IR and phalloidin binding are strongly localized to spines, each has
some off-target label (42, 43). Therefore, identification of putative dendritic spines required
co-localization of spinophilin-IR and phalloidin label (Fig. 2), operationalized as phalloidin
mask objects that overlapped (= 1 voxel) with a spinophilin-IR mask object. Spine density
(Ny) and number (N) in cohort 1 were calculated as previously described with minor
modification (39, 40):

f 2(Qrw)
Ny 1= Z "BA-a-y (P w)

Where a is the area of the counting frames, Q" is the count of dendritic spines within the ith

block, P; is the count of the associated points hitting the region of interest in the ith block, h

= disector height (see supplemental methods for additional details), BA is the cryostat block

advance (50 pm for cohort 1 and 60 um for cohort 2, tW_Q— is the block-and-number-weighted
mean section thickness calculated using this formula:

; DGR

wQ= ' > <qj— wz)

where t; is the local section thickness measured centrally in the jth sampling frame and ¢; is
the corresponding count of dendritic spines in the jth frame. w; is the block weight—i.e.
either 1 or 1/3. The number of spines was estimated as the product of previously determined
deep layer 3 volumes in these subjects (17, 39, 40) and the Ny, calculated in the above
equation, represented here:

N :=N,- V;leep layer3

Because for cohort 2, sections adjacent to the mapping sections were sampled, calculation of
Ny and N were as above but omitting the block weighting (46).

Statistical Analyses

The intensity of MAP2-IR was log transformed prior to all analyses. Two univariate analysis
of covariance (ANCOVA) statistical models, a primary model and secondary model were
used to analyze MAP2-IR, spine density, and spine number from our human diagnostic
cohort. The primary model included diagnosis, cohort, and pair nested within cohort as
blocking factors and tissue storage time as a covariate. To assess the robustness of results, a
secondary model was used with diagnosis, cohort, sex, age, PMI, and tissue storage time as
covariates ignoring subject pairings (see supplementary methods section for a more detailed
explanation of our statistical models). All statistical tests were two-sided with alpha = 0.05.
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Results

MAP2 Immunoreactivity

MAP2-IR was significantly reduced in Sz subjects compared to their matched control pairs
(Fig. 3) [primary model: F(1 18)=18.32; p=0.001 and secondary model: F(; 33)=13.88;
p=0.001]. There was a 70.0% reduction in log MAP2-IR in Sz subjects relative to controls
based on the primary model. The mean log MAP2-IR (SE) for control and Sz subjects was
3.068 (0.085) for controls and 2.545 (0.092) for Sz subjects. The reduction in MAP2-IR is
not a result of a reduction in pyramidal neuron number as measured in cohort 1 (Fig. S1) nor
is it a consequence of a reduction in the amount of total MAP2 protein (Fig. S2).

Spine Density and Number

Mean spine density was significantly reduced in Sz subjects compared to matched controls
[Fig. 4A; primary model: F(; 18y=6.17; p=0.023 and secondary model: F(1 33)=8.83;
p=0.005]. Mean spine density for control subjects [0.0333 um™ (0.0018)] and Sz subjects
[0.0269 um~3 (0.0020)] revealed a 19.22% reduction in spine density.

The reduction in spine density in Sz subjects was paralleled by an accompanying reduction
in mean spine number [Fig. 4B; primary F(y 18)=4.13, p=0.057 and secondary F (1 33)=4.46,
p=0.042]. The mean spine number (reported in billions) for control and Sz subjects were
1.30(0.083) and 1.06(0.009) respectively; a 18.79% reduction in spine number across
diagnosis. In the secondary model, the effect of cohort was significant [F(; 33)=6.33,
p=0.017] but the diagnosis by cohort interaction was not significant.

Association with clinical factors

We examined the effect of a number of clinical factors (e.g. sex, manner of death, diagnostic
variation, drug exposure, and substance abuse/dependence at time of death) on pairwise
percent difference in MAP2-IR, spine density, and spine number. No significant associations
were detected. (Table S1).

Correlation between MAP2-IR and Dendritic Spine Density and Number

There was a significant linear correlation between MAP2-IR and spine density (r2=0.433,
p=0.005) but not between MAP2-IR and spine number (r2=0.162, p=0.32). However, the
optimized Kendall’s tau approach indicated that MAP2-IR and spine density were
significantly related to each other based on the highest Kendall’s tau obtained (v=0.562,
z=3.08, p=0.002), as were MAP2-IR and spine number (t=0.5295, Z=4.48, p<0.001).

Twelve Sz subjects (60%) exhibited MAP2-IR values below the lowest control value,
deemed MAP2-IR Low. MAP2-IR Low subjects had significant reductions, relative to their
matched controls, in spine density [Fig. 5C; primary: F(1,10)=15.970, p=0.003 and
secondary: F(1,17)=16.9, p=0.001] and spine number [Fig. 5D; primary: F(1 10y=12.06,
p=0.006 and secondary: F(; 17)=12.01,p=0.003]. MAP2-IR Normal Sz subjects did not differ
from their matched controls in either spine density [Fig. 5C; primary: F(1 5=0.040, p=0.851
and secondary: F(1 y=0.060, p=0.817] or spine number [Fig. 5D; primary:
F(1,6)=0.12,p=0.74 and secondary: F(; g)-=0.15,p=0.708].
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Antipsychotic Exposed Monkeys

We found no significant effect of chronic haloperidol exposure on MAP2-IR. [Fig. 6;
primary F1 2.77y=0.54 p=0.52 and secondary F 5.76)=0.15 p=0.71]. We previously reported
no significant effect of haloperidol exposure on spine density in this group of animals (18).

Discussion

We hypothesized MAP2-IR is reduced in BA41 of individuals with Sz. Using quantitative
fluorescence confocal microscopy, we examined alterations in MAP2-IR intensity in BA41
deep layer 3 and examined the relationship between MAP2-IR and dendritic spine markers
within the same region. We found that MAP2-IR intensity was significantly reduced in Sz
subjects in comparison to matched control subjects. Dendritic spine density and number
were also reduced and were associated with MAP2-IR intensity. Twelve (60%) Sz subjects
exhibited MAP2-IR intensity levels lower than the lowest control value. In this subset,
deemed MAP2-IR Low, there were significant reductions in spine density and spine number
while there were no significant reductions in spine density and number in MAP2-IR Normal
subjects. Our findings are the first to show a change in MAP2-IR within the auditory cortex
of individuals with Sz, and to relate MAP2-IR to dendritic spine alterations.

MAP2-IR Changes Associated with Schizophrenia

We found a significant reduction in MAP2-IR in BA41 deep layer 3. Although the
immunoreactive intensity and subcellular location of MAP2 are sensitive to the effects of
increasing PMI (Fig. S3), (47) it is unlikely that our finding can be attributed to the effects
of PMI or effects of age, sex, and storage time. Our subject pairs were well matched for
these variables, mitigating their influence. Moreover, we saw no significant association of
any of the aforementioned variables with MAP2-IR within our statistical models, and no
significant interactions between them and diagnosis. Similarly, none of the prior studies of
MAP2-IR in Sz found significant effects of age, sex, or PMI (32—-36). Neither we, nor
Rosoklija et al. (34) found a significant effect of antipsychotic treatment. Finally, we
examined whether reduced MAP2-IR results from long term antipsychotic exposure in an
animal model, and found no effect on MAP2-IR.

Many previous reports have documented reductions in MAP2-IR in other cortical regions
linked to Sz pathology (32—36). The drastic nature of the change in IR lends itself to
macroscopic observation, which has allowed some groups to qualitatively assess regional
IR. Within their cohort, Arnold et al.(36) found a qualitative loss of MAP2-IR in the
subiculum and entorhinal cortex of 83% and 66% of their Sz subjects respectively; similar to
our observation of marked MAP2-IR loss in the auditory cortex in 60% of our Sz subjects.
Rosoklija et al. (34) reported qualitatively low or absent MAP2-IR in the subiculum of 20%
of Sz subjects within their cohort but no overall change in IR in comparison to controls
within the other hippocampal subfields. In order to quantify this change, others utilized
optical density measurements or area fraction analysis (32, 35). As measured by Jones et al.
(32), MAP2-IR area fraction was decreased by 45% in layer 5 of frontal cortex (BA9) and
40% in layer 3 of BA9, 44% in layer 5 of cingulate cortex (BA32), and 32% in layer 3 of
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BA32 in Sz subjects compared to controls. Somenarain and Jones (35) found a similar result
in BA9 area fraction: a 38% reduction in layer 5 and a 39% reduction in layer 3.

Others (32, 35) investigated the relationship between MAP2-IR reductions and neuron loss
finding no differences in cell density in areas that showed a disease-specific reduction in
MAP2-IR. Similarly, in a previous report (17), the pyramidal neuron number in the twelve
pairs that comprise cohort 1 in the present work was determined to be unchanged in BA41
layer 3 (Fig. S1). Arnold et al. (36) found no neuron loss or accompanying increase in
markers of neurodegeneration (e.g. gliosis, neurofibrillary tangles) in subjects with a
decrease in MAP2-IR, while Rosoklija et al.(34) found no increase in gliosis as assessed by
glial fibrillary acidic protein IR. It is clear from these data that neuron loss does not account
for reductions in MAP2-IR. Further, using liquid chromatography-mass spectrometry, we
have shown that MAP2-IR loss is not a result of protein loss (Fig. S2).

The large number of positive studies, despite the different regions, antibodies, and approach
to quantification, in conjunction with evidence that reduced MAP2-IR does not result from
common confounds such as PMI, age, and antipsychotic treatment, together lend confidence
to the conclusion that reduced MAP2-IR represents a disease-associated alteration present
across cortical regions in a large proportion of subjects with Sz. This interpretation raises
important questions: what does the decrease in MAP2-IR indicate in terms of molecular
changes to MAP2, and what consequences might MAP2-IR loss have for neuronal function
in Sz?

Molecular Changes in MAP2 Leading to MAP2-IR Loss

MAP2, like its axonal homolog MAP tau, is tightly regulated by a strict balance of
phosphorylation; extremes in either direction lead to decreased MT binding, nucleation,
assembly, and stabilization (27, 48-50). It is important to note, that even at intermediate,
endogenous levels of phosphate load, site-specific phosphorylation is more important than
total phosphate amount in regulating MAP2-MT interaction (48, 51). MAP2 is comprised of
four functional domains tasked with different roles: 1) the n-terminal domain, which binds
the RII subunit of cAMP-dependent protein kinase A (PKA); 2) the 1372-amino acid (aa)
projection domain found only in high molecular weight isoforms of MAP2 (i.e. MAP2A and
MAP2B) that regulates the spacing of MT bundles (28); 3) the regulatory proline rich
region, and; 4) the microtubule binding domain (MTBD) responsible for binding to MT’s
and actin (27). A number of protein kinases and phosphatases interact with sites within each
region resulting in diverse functional consequences. To illustrate, PKA incorporates
phosphate groups at sites primarily within the nterminal and projection domains, thereby
disrupting MAP2-MT binding and MT nucleation (52). Similarly, Cdc2 kinase, which
phosphorylates the MTBD, also disrupts MAP2-MT binding and MT nucleation, but
additionally disrupts MT stabilization (52). Even within functional domains, site-directed
kinases can produce highly specific effects (51). Although MAP?2 is a natively unfolded
protein, it can adopt complex folded conformations; a process that is sensitive to divalent
cation concentration and depends on the C-terminal MTBD (51, 53, 54). While not firmly
established, it has been proposed that this process could potentially be a result of the high
abundance of proline residues within the 156-amino acids adjacent to the MTBD (27, 29).
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Proline has the ability to exist in cis- and transisomers based on phosphorylation state and
therefore may underlie MAP2’s previously observed ability to fold upon itself (54).
Phosphorylation-dependent folding has been previously demonstrated in MAP tau models of
disease (55). Thus, the reduction of MAP2-IR in our Sz subjects could indicate disease-
associated alterations in MAP2 phosphorylation which, via changes in binding to MT targets
or in folding, prevents the antibody from reaching its binding site.

It should be noted that other possibilities exist to explain MAP2-IR loss. Rather than a
change in MAP2 protein, the phenomenon could represent a change in the network of
proteins that bind MAP2. Outside of its role in the cytoskeleton, MAP2 serves as a receptor
for the neurosteroids pregnenolone (PREG) and dehydroepiandrosterone (DHEA), an
interaction which impacts dendritic stability, changes MAP2 phosphorylation state, and
influences MAP2 immunostaining (56, 57). Recent studies have identified changes in serum
levels of both of these neurosteroids in patients with first-episode psychosis and linked this
phenomenon to symptom severity (58). MAP2 also serves as an anchoring protein linking
PKA to class C Ltype Ca?* channels,(59) a class of voltage gated Ca2* channels that have
been linked to Sz by genomic studies (60). Genetic studies have also identified genes in the
activity-regulated cytoskeleton-associated (Arc) pathway that are associated with
schizophrenia (61, 62). Arc is locally expressed in the dendritic arbor in response to
neuronal activity, and it has been demonstrated both in vivo and in vitro that upregulation of
Arc reduces MAP2-IR independent of MAP2 protein loss (63). Dysregulation of NMDA
receptor activity also changes the subcellular location of the MT plus end capping protein
EB3, causing it to bind MAP2 at the MTBD (64). Disease state could potentially alter any of
these partners, increasing their MAP2 binding and thus obscuring the antibody epitope. In
support of such an interpretation, Cotter et al.(65) found increased MAP2-IR dendritic
length in subiculum and hippocampus of subjects with schizophrenia using an antigen
retrieval method that disrupts non-covalent protein binding (and/or MAP2 folding),
potentially representing a greater unmasking of MAP2-IR sites in schizophrenia subjects.

Potential Consequences of MAP2-IR Loss for Neuronal Function in Schizophrenia

A primary role of MAP2 is stabilizing mature MT bundles in the dendrite (27-30, 66).
Recent evidence has elucidated effects of MTs on dendritic spine morphology, finding that
dynamic MTs enter developing and mature dendritic spines in response to synaptic activity
(67—69). This entry leads to a transition from immature filopodia to mature mushroom head
structure in developing spines (68—69). Similarly, MT entry into spines has been
demonstrated to be protective against spine reduction induced by long term depression, a
process in which MAP?2 participates. The link between spine structural plasticity and MAP2
is further supported by findings that inhibition of MT polymerization leads to a loss of
mature spine structure, prevents long-term potentiation, and ultimately, ends in a drastic loss
of spines themselves (67-69).

We therefore hypothesized that MAP2-IR reductions would be associated with dendritic
spine loss in Sz. Our hypothesis was supported by our finding that the reduction in dendritic
spines in Sz subjects was restricted to those with substantial reductions in MAP2-IR. Our
finding replicated and extended our prior observation that dendritic spine density is
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significantly lower in deep layer 3 of primary auditory cortex in individuals with Sz (18).
The current observation was made in a non-overlapping cohort of subjects. Furthermore, by
using stereologic methods to provide an estimation of spine number, we also showed that the
reported loss in spine density reflects a loss of spines themselves as opposed to an expansion
in surrounding tissue volume. This finding parallels Golgi-impregnation studies which have
documented a Sz-associated loss of layer 3 spine structures per unit of dendrite length in
dorsolateral prefrontal cortex(20, 21) and subiculum (22). In addition, the loss of dendritic
spines, in the absence of a change in neuron number, can be seen as congruent with earlier
hypotheses of reduced neuropil in schizophrenia(70). Given its role in maintaining cell
structure, it is plausible that changes to MAP2 protein may also contribute to reduced somal
volume, another cellular change previously described in this area of cortex (19).

We found that 60% of subjects with Sz had dramatic reductions in MAP2-IR in BA41, and
that this deficit was correlated with reduced dendritic spine density. The loss of MAP2-IR
was not explained by technical factors or subject comorbidities and treatments, suggesting
MAP2-IR reduction is a disease-associated alteration. Importantly, reduced MAP2-IR was
not due to a loss of MAP2 protein. Future studies will need to identify whether reduced
MAP2-IR in Sz results from alterations to MAP2 phosphorylation state, conformation,
and/or binding to its interaction partners. This process will be aided by identifying the
affected functional domain of MAP2 that contributes to IR reduction, and by investigation
of disease-linked changes in the MAP2 protein interactome. Because MAP2 shares
substantial sequence, regulatory, and functional homology with MAP tau (26), the wealth of
knowledge of tau biology and the rapidly expanding field of tau therapeutics(71) provide
resources for identifying how MAP2 is altered in Sz and possible leads to novel
therapeutics.
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Figure 1. Sampling of primary auditory cortex deep layer 3
(Top) Hlustration of delineation of primary auditory cortex deep layer 3 on sections

containing auditory cortex for human and antipsychotic exposed macaque cohorts. For each
human and monkey subject, the borders of layers 2/3 and 3/4 were identified on adjacent
Nissl-stained sections to determine the total layer 3 area for each subject. A contour outline
(shown in white) of the deepest one third of layer 3 was drawn in Stereo Investigator
(MicroBrightField Inc., Colchester, Vermont). (Bottom) A sampling grid was created in
Stereo Investigator to generate sampling sites for both human and nonhuman primate
subjects. The grid was then randomly rotated, and a sampling site (shown as counting
frames) was marked at every intersection between the grid and the deep layer 3 contour. At
each sampling site, a 12.5-um thick stack of 50 image planes, each separated by 0.25 um,
was collected using spinning disk confocal microscopy.
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Phalloidin/

Figure 2. Phalloidin labeled and spinophilin-immunoreactive puncta in deep layer 3 of primary
auditory cortex

(Top) Phalloidin labeled puncta (red) and spinophilin-IR puncta (green) co-localize
throughout deep layer 3 of Broadmann area 41 and are often organized along microtubule-
associated protein 2 (MAP2) immunoreactive processes (blue) suggesting spine structures
along dendrites. Images below are a magnification of the inset in the top panel more closely
revealing the relationship between phalloidin-labeled (a) and spinophilin-IR objects (b), and
their co-localization in putative spine structures (c). Scale bar=5 pum.
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Figure 3. Microtubule-associated protein 2 immunoreactivity (MAP2-IR) is significantly reduced
in deep layer 3 of primary auditory cortex in individuals with schizophrenia

(A) MAP2-IR in subject pairs from cohort 1 and cohort 2. The unity line represents
schizophrenia=control values; points beneath the line represent pairs in which
schizophrenia<control; points above the line represent schizophrenia>control. The plus
indicates the group mean. (B) MAP2-IR for control (C) and schizophrenia (SZ) subjects in
cohort 1 and cohort 2. Bars represent mean IR for each group. (C-D) Representative
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micrographs of MAP2-IR taken from a control subject (left) and schizophrenia subject
(right); scale bar= 10 pum. (cohort 1, pair 8, filled circle in A).
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Figure 4. Spine number and density are reduced in deep layer 3 of primary auditory cortex in

individuals with schizophrenia

(A) (Top) Mean spine density in deep layer 3 of primary auditory cortex in pairs from
cohort 1 and 2. The unity line represents schizophrenia=control values; points beneath the
line represent pairs in which schizophrenia<control; points above the line represent
schizophrenia>control. The plus indicates the value of the group mean. (Bottom) Mean
spine density for control (C) and schizophrenia (Sz) subjects in cohort 1 and cohort 2. Error
bars are £ SE. (B) (Top) Spine number in deep layer 3 of primary auditory cortex in subject
pairs. The unity line and plus symbol represent the same relationships as described above.

Biol Psychiatry. Author manuscript; available in PMC 2016 September 15.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Shelton et al.

Page 20

(Bottom) Mean spine number for control (C) and schizophrenia (Sz) subjects. Error bars are
+ SE.
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Figure 5. Relationship of microtubule-associated protein 2-immunoreactivty (MAP2-IR) to
dendritic spine number and spine density in deep layer 3 of primary auditory cortex

(A) Mean spine density plotted as a function of MAP2-IR for control subjects (open) and
schizophrenia subjects (crossed) in cohort 1 (unfilled) and cohort 2 (filled). (B) Spine
number as a function of MAP2-IR for control subjects (open symbols) and schizophrenia
subjects (crossed symbols) in cohort 1 (unfilled) and cohort 2 (filled). (C) Spine density for
control (C) and schizophrenia (Sz) subjects in pairs in which the Sz subject MAP2-IR was
above (MAP2-IR Normal) or below (MAP2-IR Low) the minimum MAP2-IR observed in
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control subjects. Bars represent mean values for each group. (D) Spine number for control
(C) and schizophrenia (Sz) subjects in pairs in which the Sz subject MAP2-IR was above
(MAP2-IR Normal) or below (MAP2-IR Low) the minimum MAP2-IR observed in control
subjects. Bars represent mean values for each group.
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Figure 6. Mean microtubule-associated protein 2 immunoreactivity (MAP2-IR) intensity is
unchanged between control and haloperidol-exposed macaques

Chronic antipsychotic exposure did not alter MAP2-IR in adult male macaques. Error bars
are + SEM.

Biol Psychiatry. Author manuscript; available in PMC 2016 September 15.



Page 24

Shelton et al.

“eluslydozi1yas ‘7S ‘yresp Jo awn 18 ‘OLV ‘[eAssiul wapowisod ‘JIAId UMoUXUN ‘N ‘SNosxapiquie 'y ‘papuey-ya| ‘T ‘papuey-1ybu ‘Y jew ‘N ‘ejewsy ‘4

(woovT  (wose).  (%0S)9 (WSl (%L99)8 (%eeely (%)u ‘a0LV 029eqo L
(%0°5€)L (%0'52)e (%L'Th)S (%)u ‘asn siqeuue) Jo AiolsiH
(%0°02)y (%S'L€)e (%e8)T (%)u ‘qoLV auidezelpozuag
(%0°58).T (%0°62)9 (%L°T6)TT (%)u ‘a0 LV dnoydAsdnuy
(%0'0v)8 (%529)s (%g'L€)e (%)u 'OV essaidapnuy
(%0°0£)9 (%521 (%5'29)s (%)u ‘QOLV Jues|nAuoINUY
(%0°52)s (%0)0 (%LTv)S AOLYV 8snqy 80uelsans /|40y
(%0°0£)9 (%0'52)e (%eee)y (%) U ‘anno3)4e0Z1YdS
(%0°02)y (%0'G2)e (%291)2 (%)u ‘ap1oing
(e8)6re (96)57C (2)zse (as) 19suQ 1e by
05-€ Tr— 05-¢€ abuey
(gen)Tze (e'eT)ee (LvDtee (as) siea A ‘uolyeing ssaul||
(6se)vver  (cee)g1er  (0v1)8e6  (rza)TL6  (862)SSvT  (2L2)0'SST (as) swpuo ‘swi 1 abelols
(62)0°LT (299t (89)osT  (g9)LeT (8'8)6°LT (s9)T'sT (@s) Ind
E/T/SITT 0/0/T/6T 0/0/€/S 0/0/0/8 €IT/zI9 0/0/T/TT (IN/w/17Y) sseupapueH
E€T/L E€T/L 1214 14 6/€ 6/€ (/) xas
T.-62 G961 2962 2912 TL-12 G961 abuey
(reneoy  (oen)ssy  (wengor (ovn)vyor (weneLw  (6en sy (@s) s1ea A ‘aby ueaiy
0z 0z 8 8 4 T u
zS |0u0)d zS |041U0D zS |041u0D
[exol Z Hoyod T Hoyod

‘z59:0 =d ‘T9¥°0 = (PT)1 ;2 MoOYo2 ‘gz0 =d*218°0 = (22)} :T Moyod] sdnoib onsoubelp

Uaam1aq Jayip 1ou pip awi abeiols anssi uealy (990°0 = d ‘008'8 = ZX) |aAs] puatl paydeal sdnoib ansoubelp usamiag sssupapuey JO UOIINGLISIP
oyl '[282°0=d ‘zzz0- = (8e)] [eatsrun wanounsod Jo [TH2°0 =d ‘€g°0- = (8£)1] abe ul seoussayyip dnoab onsoubelp ou atem alsyl ‘[eAlslul
wanownsod pue abe U0y ajgissod se AJasoja e pue ‘xas uo paseq 19algns [0J1U0d [ew.lou e 0] paydlew A|snolinaid sem g pue T sLI0Yyod ui 19algns zS yoeq

Author Manuscript

sonsiusoetey) 108lgng
Talqel

Author Manuscript Author Manuscript Author Manuscript

Biol Psychiatry. Author manuscript; available in PMC 2016 September 15.



