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Density of small dendritic spines and microtubule-associated-
protein-2 immunoreactivity in the primary auditory cortex
of subjects with schizophrenia
Brandon C. McKinney 1,2, Matthew L. MacDonald1,2, Jason T. Newman2, Micah A. Shelton2, Rebecca A. DeGiosio2,3, Ryan M. Kelly4,
Kenneth N. Fish1,2, Allan R. Sampson4, David A. Lewis1,2,3 and Robert A. Sweet 1,2,5,6

Previously, we demonstrated that dendritic spine density (DSD) in deep layer 3 of the primary auditory cortex (A1) is lower, due to
having fewer small spines, in subjects with schizophrenia (SZ) than non-psychiatric control (NPC) subjects. We also previously
demonstrated that microtubule-associated-protein-2 immunoreactivity (MAP2-IR) in A1 deep layer 3 is lower, and positively
correlated with DSD, in SZ subjects. Here, we first sought to confirm these findings in an independent cohort of 25 SZ-NPC subject
pairs (cohort 1). We used immunohistochemistry and confocal microscopy to measure DSD and MAP2-IR in A1 deep layer 3.
Consistent with previous studies, both DSD and MAP2-IR were lower in SZ subjects. We then tested the hypothesis that MAP2-IR
mediates the effect of SZ on DSD in a cohort of 45 SZ-NPC subject pairs (combined cohort) that included all subjects from cohort 1
and two previously studied cohorts. Based on the distribution of MAP2-IR values in NPC subjects, we categorized each SZ subject as
having either low MAP2-IR (SZ MAP2-IR(low)) or normal MAP2-IR (SZ MAP2-IR(normal)). Among SZ MAP-IR(low) subjects, mean DSD
was significantly lower than in NPC subjects. However, mean DSD did not differ between SZ MAP2-IR(normal) and NPC subjects.
Moreover, MAP2-IR statistically mediated small spine differences, with lower MAP2-IR values associated with fewer small spines. Our
findings confirm that low density of small spines and low MAP2-IR are robust SZ phenotypes and suggest that MAP2-IR mediates
the effect of SZ on DSD.
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INTRODUCTION
A dendritic spine (or spine) is a small, actin-rich structure that
protrudes from neuronal dendrites, and comprises the post-
synaptic site of most excitatory glutamatergic synapses [1]. Spines
are intimately linked to neuron function. Dynamic changes in
spine number are essential for normal cognition and sensory
processing [2–4], and many disorders characterized by impaired
cognition and abnormal sensory processing are associated with
alterations in dendritic spine density (DSD) [5].
The dendrites of pyramidal neurons in the human cerebral

cortex are covered with spines, and lower DSD on cortical layer 3
pyramidal neurons is consistently observed in postmortem studies
of schizophrenia (SZ) subjects [6, 7], thus suggesting disruption of
the circuits in which these neurons participate. Particular
symptoms of SZ are thought to be associated with disruptions
of certain cortical circuits [8]. For example, cortical circuit
abnormalities in primary auditory cortex (A1), a brain region
critical for auditory processing, are associated with auditory verbal
hallucinations and impaired auditory sensory processing. Impaired
auditory processing further contributes to phonologic dyslexia
and difficulty recognizing and expressing spoken emotional tone
(prosody) in subjects with SZ [9]. In this, and previous studies, we

have focused on better understanding A1 abnormalities in
SZ subjects. We previously demonstrated, in three independent
cohorts, that DSD is lower in A1 deep layer 3 of subjects with SZ
[10, 11], and showed that this is due to fewer small spines [12].
Microtubule (MT)-associated-protein-2 (MAP2) is a neuron-

specific cytoskeletal protein expressed in the soma and dendrites
of mature neurons [13]. MAP2 was originally characterized by its
ability to bind and stabilize MTs in dendrites [14], but is now
known to regulate additional MT functions, including the effects of
MTs on spine morphology [15]. Dynamic MTs enter spines in
response to synaptic activity [16], and during spine development,
leading to a transition from immature filopodia to a mature spine
[17]. In mature spines, MT entry protects against spine size
reductions induced by long-term depression [15]. The link
between MAP2 and spine structural plasticity is further supported
by findings that inhibition of MT polymerization leads to impaired
long-term potentiation, regression of mature-appearing spines to
immature spine shapes, and loss of spines [16–18].
Here, we sought to first confirm our previous DSD and MAP2-IR

findings in a larger, independent cohort of 25 subjects with SZ and
25 matched non-psychiatric control (NPC) subjects. We then
tested our hypothesis that MAP2-IR mediates the effect of SZ on
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DSD in a combined cohort with subjects from the cohort studied
here and two previously studied cohorts. Finally, we performed
analyses to verify that the DSD and MAP2-IR phenotypes are not
associated with potential confounding variables.

METHODS
Human subjects
Tissue was obtained from postmortem brains recovered during
autopsies conducted at the Allegheny County Medical Examiner’s
Office, Pittsburgh, PA, following informed consent from the next
of kin. All procedures were approved by the University of
Pittsburgh Committee for the Oversight of Research and Clinical
Trials Involving the Dead and the Institutional Review Board for
Biomedical Research as previously described [10, 19]. An
independent committee of experienced clinicians made consen-
sus Diagnostic and Statistical Manual of Mental Disorders, Fourth
Edition diagnoses, or absence thereof, for each subject using
medical records, structured interviews with surviving relatives,
and, when available, toxicology reports [20].

Cohort membership
DSD and MT-associated-protein-2 immunoreactivity (MAP-IR) were
measured in a new cohort (cohort 1) comprising subjects diagnosed
with SZ (n= 17) or schizoaffective disorder (n= 8), and 25 NPC
subjects. Subjects diagnosed with SZ and schizoaffective disorder
were grouped together (henceforth referred to as SZ) for analysis as
our previous studies have found that neither DSD nor MAP2-IR differ
between the diagnoses [10, 11]. SZ and NPC subjects were matched
for sex, and as closely as possible for both age and post-mortem
interval (PMI). A potential mediating role for MAP2-IR in the SZ DSD
phenotype and the effects of potential confounding variables on
DSD and MAP2-IR were assessed in a combined cohort comprising
cohort 1 and two previously studied cohorts (cohorts 2 and 3). SZ
and NPC groups did not differ significantly with respect to PMI, pH,
or storage time in either cohort 1 or the combined cohort (Table 1
and Supplemental Table 1).

Immunohistochemistry
To visualize spines, two markers were used in combination: a
polyclonal antibody directed against spinophilin (EMD Millipore
Corporation, Temecula, CA, USA AB5669), and the filamentous
actin (F-actin) binding mushroom toxin phalloidin conjugated to
Alexa Fluor® 568 (3 U/ml; Invitrogen, Carlsbad, CA, USA, A12380).
Spinophilin is a phosphatase-1-binding protein localized to spines
[21, 22], and F-actin is a cytoskeleton protein enriched in spines
[23]. MAP2 was labeled with the mouse monoclonal antibody SMI-
52 (1:500; BioLegend Inc., San Diego, CA, USA, 801801). SMI-52
recognizes all four major MAP2 isoforms (ref. [24], see also

Supplemental Fig. 1) (see Supplemental Methods for additional
details).

Image collection
Sections from subject pairs were imaged together, in a randomized
block design. Sections were aligned to the contours drawn on
adjacent Nissl-stained sections. Sites within deep layer 3 were then
selected using a randomly rotated sampling grid generated within
Stereo Investigator, yielding a total of 20 sites sampled per subject.
At each site, images were collected with a 1.40 numerical aperture
×60 oil supercorrected objective (see Supplemental Methods for
equipment details).
At each sampling site, sequential image planes separated by

0.25 µm beginning 12.5 µm below the tissue surface closest to the
coverglass and ending at the tissue surface/coverslip interface
were collected as 3-D data sets. Using this approach, 512 × 512 ×
50-voxel image stacks were generated. For 488 nm (spinophilin)
and 568 nm (phalloidin) excitation wavelengths, exposure times
were set to optimize the spread of the intensity histogram at each
site, and constant exposure was used at 647 nm (MAP2).

Image processing
Slidebook software version 6.010 (Intelligent Imaging Innovations
Inc., Denver, CO, USA) with keystrokes automated by the
Automation Anywhere software (Automation Anywhere Inc., San
Jose, CA, USA) was used to process all images. Image stacks were
deconvolved using AutoQuant’s blind deconvolution algorithm
(MediaCybernetics, Rockville, MD, USA). After deconvolution, a
Gaussian channel was made for the spinophilin and phalloidin
deconvolved channels by calculating a difference of Gaussians
using sigma values of 0.7 and 2. The Gaussian channel, which
demarcates the edges of immunofluorescence puncta, was used
for data segmentation only [25]. Segmentation of the spinophilin
and phalloidin Gaussian channels was performed as previously
described [26]. Briefly, the Ridler–Calvard iterative thresholding
algorithm [27] was used to obtain an initial value for iterative
segmentation for each channel within each image stack. Multiple
iterations with subsequent threshold settings increasing by 25
gray levels were performed in MATLAB (R2015b). After each
iteration, the object masks were size gated within a range of 0.1
and 0.8 µm3 (spinophilin channel) and 0.04 and 1.5 µm3 (phalloi-
din channel). The final object masks for each channel were then
used to collect information on the deconvolved channels and
determine DSD. The definition of a spine was operationalized as a
spinophilin-immunoreactive mask object that overlaps (≥1 voxel)
a phalloidin mask object. For the MAP2 channel, a single-plane
2 µm beneath the tissue surface at the same sites where images
stacks were captured was masked using the Ridler–Calvard
iterative thresholding algorithm [27], and MAP2 intensity within

Table 1. Cohort characteristics

Cohort 1 2 3 Combined

Diagnostic group NPC SZ NPC SZ NPC SZ NPC SZ

Number 25 25 12 12 8 8 45 45

Sex 20M, 5F 20M, 5F 9M, 3F 9M, 3F 4M, 4F 4M, 4F 33M, 12F 33M, 12F

Race 21W, 4B 22W, 3B 8W, 3B, 1O 8W, 4B 8W 8W 36W, 8B, 1O 35W, 10B

Age (years) 50.68 ± 2.83 48.48 ± 2.97 45.2 ± 3.72 47.25 ± 3.86 46.38 ± 4.94 46.5 ± 4.38 48.44 ± 2.04 47.80 ± 2.06

PMI (hours) 18.48 ± 0.95 19.43 ± 1.33 18.12 ± 1.87 17.92 ± 2.53 13.75 ± 2.30 15.63 ± 2.39 17.54 ± 0.85 18.35 ± 1.08

pH 6.63 ± 0.05 6.52 ± 0.06 6.87 ± 0.05 6.51 ± 0.09 6.51 ± 0.06 6.47 ± 0.12 6.67 ± 0.04 6.51 ± 0.04

Storage time
(months)

140.00 ± 8.04 136.70 ± 9.98 145.48 ± 7.85 154.99 ± 8.59 97.08 ± 7.93 92.76 ± 4.96 136.40 ± 5.83 131.2 ± 6.58

Data for continuous variables are presented as “group average plus or minus standard error of the mean”
NPC non-psychiatric control, SZ schizophrenia, M male, F female, PMI postmortem interval, W white, B black, O other (Asian Indian)
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the masked objects extracted (see Supplemental Methods for
additional details).

Statistical analyses
Confirming the effect of SZ on DSD and MAP2 immunoreactivity.
To confirm that the diagnostic effect on DSD and MAP2-IR in
cohort 1 was similar to the previously observed effects in cohorts 2
and 3, simple linear models were used as previously described
[12]. For each subject, both overall DSD and DSD within a size
category were assumed to be normally distributed, and MAP2-IR
for each subject was log-transformed to more normally distribute
the data. These analyses were repeated for the combined cohort.

Establishing the mediating role of MAP2 immunoreactivity in the
effect of SZ on DSD. Under the Baron and Kenny approach for
establishing mediation [28], four criteria must be met in a given
spine size category to conclude that MAP2-IR plays a mediating
role in that category:

1. Without controlling for MAP2-IR, diagnosis predicts DSD.
2. MAP2-IR levels differ between diagnostic groups.
3. Controlling for MAP2-IR, there is a significant positive

relationship between DSD and MAP2-IR.
4. The estimated effect sizes of diagnosis on DSD are larger in

absolute value in the model without MAP2-IR than the
model with MAP2-IR.

A linear mixed model containing Pair, Cohort, Diagnosis, Spine
Size Category, Cohort*Diagnosis, Cohort*Spine Size Category,
Diagnosis*Spine Size Category, and Cohort*Diagnosis*Spine Size
Category fixed effects and Subject normal random effect was used
to estimate and test the effect of Diagnosis on DSD without
controlling for MAP2-IR. Insignificant interaction terms were
removed from the model. Bonferroni-corrected p values were
obtained for the tests of no diagnostic effect in each of the
10 spine size categories. A similar approach to the DSD analysis
was performed for MAP2-IR, without including Spine Size
Category.
A mixed-effects model for DSD within size category was fit

containing Pair, Cohort, Diagnosis, Spine Size Category, MAP2-IR,
Cohort*Spine Size Category, Diagnosis*Spine Size Category, and
Spine Size Category*MAP2-IR*Cohort fixed effects, and Subject
random effect. Bonferroni-corrected p values are given for the
mediated spine size categories, which were found significant
in the DSD analyses by category. There were indications of a
Spine Size Category*MAP2-IR*Cohort interaction of a quantitative
nature, with no apparent qualitative differences by Cohort. Thus,
the analyses that led to Table 2 and the mediation determination
allowed for no interactions by Cohort. To obtain the most accurate
estimates of the indirect mediation effects, we chose to allow the
effect of MAP2-IR to vary among cohorts by adding MAP2-
IR*Cohort and MAP2-IR*Cohort*Spine Size Category fixed effects
into the model. In effect this approach to determining the indirect

Table 2. Mediation analyses

Spine size bins (µm3) Variables Regression models

1 2 3

Diagnosis only* MAP2-IR only* Diagnosis and MAP2-IR*

Coefficient p value Coefficient p value Coefficient p value

<0.15 Diagnosis (SZ-NPC) −0.001737 <0.001a −0.000871 0.006b

MAP2-IR 0.000985 <0.001a 0.000892 <0.0003b

0.15–0.3 Diagnosis (SZ-NPC) −0.00172 <0.001a −0.000943 0.0024b

MAP2-IR 0.001114 <0.001a 0.000801 <0.0003b

0.3–0.45 Diagnosis (SZ-NPC) −0.001044 <0.001a −0.000596 0.0981b

MAP2-IR 0.000814 <0.001a 0.000462 0.0231b

0.45–0.60 Diagnosis (SZ-NPC) −0.000558 0.177a −0.000258 0.3511

MAP2-IR 0.000503 0.0074a 0.000309 0.0715

0.60–0.75 Diagnosis (SZ-NPC) −0.00033 1a −0.000124 0.6529

MAP2-IR 0.000331 0.2449a 0.000212 0.2136

0.75–0.90 Diagnosis (SZ-NPC) −0.000176 1a 0.000027 0.9277

MAP2-IR 0.000248 0.9151a 0.000209 0.219

0.90–1.05 Diagnosis (SZ-NPC) −0.000127 1a 0.000052 0.8499

MAP2-IR 0.000201 1a 0.000185 0.2777

1.05–1.20 Diagnosis (SZ-NPC) −0.000076 1a 0.000115 0.677

MAP2-IR 0.000175 1a 0.000197 0.2481

1.20–1.35 Diagnosis (SZ-NPC) −0.000054 1a 0.000119 0.6677

MAP2-IR 0.000148 1a 0.000177 0.297

>1.35 Diagnosis (SZ-NPC) −0.000026 1a 0.00019 0.4932

MAP2-IR 0.000218 1a 0.000222 0.1932

Diagnosis and MAP2-IR are both associated with DSD prior to controlling for the effect of the other (regression models 1 and 2, respectively). The effect of
diagnosis on DSD is greatly reduced upon controlling for MAP2-IR, whereas the effect of MAP2-IR on DSD is only modestly affected upon controlling for
diagnosis (regression model 3), thus suggesting that the effect of diagnosis on DSD is mediated, in part, by MAP-IR
MAP2-IR microtubule-associated-protein-2 immunoreactivity, DSD dendritic spine density, NPC non-psychiatric control, SZ schizophrenia
*Regression models also included “‘Cohort,” “Cohort*Bin,” “Pair,” and “Subject” as variables. P values in bold indicate Bonferroni-corrected p 0.05
aBonferroni-corrected p values for 10 comparisons
bBonferroni-corrected p values for 3 comparisons in categories with significant diagnosis-only effects on DSD
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mediation effects is like assuming a common effect of MAP2-IR
across Cohorts and using a single “meta-analytic” estimate of
the effect of MAP2-IR on DSD. Estimates of the indirect effect
were obtained by subtracting the estimates of the diagnostic
effect in this model from the estimates in the first model. Then,
the significance of the indirect mediation effects are tested
using bootstrapping on pairs within the cohort in 1000 samples.
The mediation effect is significant if its 95% confidence intervals
(CIs) do not include zero [29, 30]. Denominator degrees of
freedom for the models were calculated using the Kenward–Roger
method. The analyses were implemented in SAS 9.4 using PROC
MIXED.

Assessing the effects of potential confounding variables on DSD and
MAP2-IR. To assess the effects of the potential categorical
confounding variables sex, schizoaffective disorder, suicide, cannabis
use disorder history, and the presence (“Yes” versus “No”) at the
time of death of each of several medication/substances (tobacco,
antipsychotics, anticonvulsants, antidepressants, benzodiazepines,
and other medications) on DSD and MAP2-IR, the percent difference
in DSD or MAP2-IR in every spine size category within each pair was
calculated (NPC-SZ)/NPC*100%). These values were compared
between the “Yes” group and the “No” group using a two-sample
t test with equal variances (Supplemental Table 2). The presence of
each medication/substance at the time of death was determined
most often based on review of medical records and interviews with
next of kin. On the few occasions that results of postmortem
toxicology studies were available, they were used to aid in this
determination.
In the case of the potential continuous confounding variables, age

of onset and duration of illness, a linear regression was performed
with percent difference in DSD or MAP2-IR, and the potential
confounding variable as the dependent and independent variables,
respectively (Supplemental Table 2).

RESULTS
Cohort 1
Density of small dendritic spines and MAP2-IR are lower in deep layer
3 of the primary auditory cortex of SZ subjects. Mean DSD in deep
layer 3 of A1 in SZ subjects was significantly lower by 14% (NPC=
0.044 ± 0.0016 spines/µm3; SZ= 0.038 ± 0.0016 spines/µm3) (F(1,
48)= 4.95, p < 0.05, Fig. 1b). After distributing spines into
categories based on spine volume (0.15 µm3 increments with
the final size category including all spines with volume >1.35 µm3)
(Fig. 1c), DSD was lower in only in the three categories
representing the small spines (<0.45 µm3), but not in the
categories representing medium and large spines (≥0.45 µm3)
(Fig. 1d), thus replicating our previous findings in cohorts 2 and 3
(Fig. 1e) [12].
Mean MAP2-IR was 48% lower in deep layer 3 of A1 in SZ

subjects (SZ= 1147 ± 218 grayscale levels; NPC= 2209 ± 279
grayscale levels) (F(1, 48)= 9.97, p < 0.001, Fig. 2).

Combined cohort
DSD and MAP2-IR phenotypes persist in combined cohort and do not
associate with potential confounding variables. Because the same
methods for quantifying DSD and MAP2-IR were used in all three
cohorts [11, 12], we combined the data from each for further
analysis. In the combined cohort, mean DSD was lower by 16%
(NPC= 0.039 ± 0.0014 spines/µm3; SZ= 0.033 ± 0.0015 spines/
µm3) (F(1, 88)= 4.40, p < 0.05), and mean MAP2-IR was lower by
53% in deep layer 3 of A1 from SZ subjects (NPC= 1969 ± 255
grayscale levels; SZ= 923 ± 150 grayscale levels) (F(1, 88)= 21.19,
p < 0.001). Importantly, we found no association of potential
clinical confounding variables with either DSD or MAP2-IR, despite
the greater power to detect smaller effects in the combined
cohort (Supplemental Table 2).

Low mean MAP2-IR in the SZ group is due to a subgroup of subjects
with low values. To further explore the relationship between DSD
and MAP2-IR, we divided SZ subjects into a low MAP2-IR group (SZ
MAP2-IR(low)) and normal MAP2-IR group (SZ MAP2-IR(normal))
determined by the 25th percentile MAP2-IR values in NPC subjects
(ln(MAP2-IR)= 6.52) (Fig. 3a, b). Sixty percent (27/45) of SZ
subjects were classified as MAP2-IR(low). Significantly lower DSD
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Fig. 1 Density of small dendritic spines is lower in primary auditory
cortex deep layer 3 of schizophrenia subjects. a A spine was defined
as the colocalization of spinophilin-immunoreactive puncta (green)
and phalloidin-labeled puncta (red). Representative micrographs
from a non-psychiatric control (NPC) subject (left) and a schizo-
phrenia (SZ) subject (right). Scale bar= 2 µm. bMean dendritic spine
density (DSD) in deep layer 3 of the primary auditory cortex
was lower in SZ subjects. c Representative micrographs of spines in
each spine size category to which spines were distributed based on
volume (0.15 µm3 increments with the final size category including
all spines with volume >1.35 µm3). Scale bar= 2 µm. d DSD in the
small size categories (volume <0.45 µm3) was lower in SZ subjects
(e), thus replicating our previous findings in cohorts 2 and 3
(adapted from ref. [12]). Error bars represent ± standard error of the
mean, and * indicates Bonferroni-corrected p < 0.05
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was limited to MAP2-IR(low) subjects, and is due to fewer small
spines (Fig. 3d). In contrast, DSD in MAP2-IR(normal) SZ subjects
was only modestly, and insignificantly lower (Fig. 3d).

MAP2-IR mediates the effect of SZ on DSD. Given the plausible
biological relationship between DSD and MAP2-IR, we hypothe-
sized that MAP2-IR mediates the effect of SZ on DSD. We tested
this hypothesis in the combined cohort using the Baron and
Kenny framework for mediation, the results are summarized in
Table 2. DSD in the smallest three size categories was
significantly lower in SZ subjects without controlling for MAP2-
IR. Similarly, there was a positive effect of MAP2-IR on DSD in the
smallest four size categories in the combined cohort when a single
meta-analytic average for the effect of MAP2-IR on DSD within
each spine size category is used. Finally, the effect of MAP2-IR on
DSD was significant in the smallest three size categories after
controlling for diagnosis, and the effect of diagnosis on DSD
decreased upon the addition of MAP2-IR to the model. Together,
these findings support our hypothesis that MAP2-IR mediates the
effect of SZ on DSD in the smallest three size categories.
The estimated mediation effect was 0.000902 (52%), 0.000783

(46%), and 0.000448 (43%) in spine size categories 1, 2, and 3,
respectively. The 95% CIs estimated by bootstrapping were
(0.000207, 0.001227), (0.000306, 0.001169), and (0.000099,
0.000687) for spine size categories 1, 2, and 3, respectively. The
fact that the 95% bootstrap CIs for the mediation effect did not
include zero indicates a statistically significant mediation role for
MAP2-IR in the effect of SZ on DSD in the noted categories.

DISCUSSION
We assessed DSD and MAP2-IR in postmortem deep layer 3 of the
primary auditory cortex (A1) in 25 subjects with SZ and 25 NPC
subjects, and combined these data with data from two previously
studied cohorts for further analysis. We demonstrated that low
DSD and low MAP2-IR are robust SZ phenotypes, and showed that

neither phenotype is associated with an extensive list of potential
confounding variables. We identified a subgroup of SZ subjects
with low MAP2-IR and found that lower DSD is limited to these
subjects. Finally, we showed that the effect of SZ on DSD is
statistically mediated by MAP2-IR.
Our finding that the density of small spines in A1 deep layer 3 is

lower in subjects with SZ suggests disruption of the circuits in
which pyramidal neurons from this region participate. The spines
on these neurons are termination sites for local intracortical
efferents and segregate auditory frequency inputs [31]. Fewer
small spines on these neurons would presumably result in
impaired frequency discrimination. In addition, small spines are
enriched for new spines, which serve to remodel cortical circuits
so as to instantiate experience-dependent learning [32, 33]. Thus,
our findings suggest a neurobiological mechanism underlying
deficits in auditory frequency discrimination and plasticity
observed in subjects with SZ [9].
Like low DSD, low MAP2-IR has been reported in several

cortical areas in SZ subjects [34–38], leading a recent reviewer to
describe low MAP2-IR as a pathologic “hallmark” of SZ [39]. The
vast majority of MAP2 is located in the soma and dendrites of
neurons. However, MAP2 can be found in dendritic spines and in
some non-neuronal cells at low levels [40], and these MAP2
populations may also contribute to the MAP2-IR signal in this
study as MAP2-IR was measured in a single tissue plane from
multiple sites in deep layer 3 of A1. Thus, neither the types of
cells (e.g., pyramidal neurons versus interneurons) nor the cell
microdomains (e.g., spines versus dendritic shaft) in which
MAP2-IR is lower can be determined from these data. That said,
low MAP2-IR in this study likely reflects neuronal somatoden-
dritic MAP2-IR given what is known about the distribution of
MAP2 in the human cerebral cortex. Despite the consistent and
widespread observation of low MAP2-IR in subjects with SZ,
MAP2 protein levels do not differ between SZ and NPC subjects,
even in subjects with low MAP2-IR [11], see also Supplemental
Fig. 2). Thus, low MAP2-IR in SZ subjects more likely reflects an
inability for MAP2 to be detected by antibodies due to changes
in the accessibility of the antigenic epitope. Mechanisms by
which antigenic epitope accessibility may change include
altered interactions of MAP2 protein with other proteins such
that the antigenic epitope is obscured and post-translational
modification (PTM) of MAP2 protein in a way that induces a
conformation change and distorts the antigenic epitope. PTMs
are the covalent modification of proteins following protein
synthesis. The list of PTMs is extensive and many of the most
common, including phosphorylation and glycosylation, have
been demonstrated to induce significant change in protein
conformation [41].
We found that MAP2-IR statistically mediates the effect of SZ

on DSD. DSD was significantly lower in the SZ group, the group
effect appears mainly due to low DSD values in a subset of SZ
subjects (60%) defined as having “low” MAP2-IR based on the
distribution of MAP2-IR values in the NPC group. DSD in SZ
subjects with “normal” MAP2-IR did not significantly differ from
DSD in NPC subjects. Biologically, MAP2 functions as a primary
regulator of MT dynamics. MTs undergo changes in length
through rapid polymerization and depolymerization [42], and
MAP2 binding stabilizes MTs [43, 44]. MAP2 binding affects
dendritic outgrowth and morphogenesis as evidenced by the
fact that MAP2-deficient mice exhibit reduced MT density in
dendrites and reduced dendritic length [45]. MTs invade spines
and play a major role in spine development and maintenance
[16–18]. MAP2 may influence the invasion of spines by MTs and
thus spine dynamics. Indeed, knockdown of the MT plus end-
binding protein EB3, which directly binds MAP2 [15] and
regulates MT dynamics [46], reduces spine formation and
modifies spine morphology [47]. Induction of N-methyl-D-aspartic
acid-dependent long-term depression leads to spine shrinkage
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Fig. 2 Microtubule-associated-protein-2 immunoreactivity (MAP2-
IR) is lower in deep layer 3 of the primary auditory cortex of
schizophrenia (SZ) subjects. (Main) Relative MAP2-IR in 25 SZ-non-
pscyhiatric control (NPC) subject pairs. Points on, above, or below
the diagonal line indicate that SZ=NPC, SZ > NPC, and SZ < NPC
values, respectively. (Inset) Mean MAP2-IR was reduced in deep layer
3 of the primary auditory cortex from SZ subjects. Error bars
represent ± standard error of the mean, and * indicates p < 0.05
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via relocalization of EB3 from spines to the dendrite shaft in a
MAP2-dependent manner [15]. Combined, these observations
suggest that MAP2 dysfunction could be sufficient to alter DSD in
neurons. However, the alternative, that impairments leading to
lower DSD cause lower MAP2-IR cannot be excluded.
Despite the robustness of our results, the findings from any

study of postmortem brain tissue alone are only correlative and
cannot establish mechanistic relationships. DSD and MAP2-IR
phenotypes in SZ may be due to disease- or treatment-induced
changes in the brain or exposure to other confounds. That said,
these measures are not affected by antipsychotic exposure in an
animal model [10, 11]. Further, our analyses of potential
confounding variables in this extensively characterized cohort
suggest that many of the potential confounding variables
commonly associated with this type of study do not affect DSD
or MAP2-IR. In fact, tobacco smoking was the only potentially
confounding variable with an effect on DSD that approached
statistical significance. For SZ subjects who smoked tobacco,
the effect of diagnosis on DSD was blunted in the six
smallest spine size categories (<0.90 µm3) compared non-
smoking SZ subjects (p ≤ 0.1), consistent with the theory that
individuals with SZ smoke tobacco at high rates because it
ameliorates cognitive symptoms [48]. The possible pro-cognitive
effects of tobacco smoking are usually attributed to the action of
nicotine at neuronal nicotinic receptors [49]; however, recent
studies suggest that DNA methylation (DNAm) is another
candidate mechanism for this effect. Tobacco smoking leaves a
distinct DNAm signature in multiple tissues [50], and recent
evidence supports a role for DNAm in the molecular mechanism
leading to altered DSD in SZ [51].

CONCLUSION
We confirmed both low DSD and low MAP2-IR are robust SZ
phenotypes, and established MAP2-IR as a statistical mediator of
the effect of SZ on DSD. Further, we identified a subgroup of SZ
subjects with low MAP2-IR and found that significant alterations in
DSD appeared to be more limited to these subjects. Future studies
should focus on further characterizing the link between MAP2-IR
and DSD (e.g., through phosphorylation of MAP2).
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