1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Neurobiol Dis. Author manuscript; available in PMC 2018 September 01.

-, HHS Public Access
«

Published in final edited form as:
Neurobiol Dis. 2017 September ; 105: 132-141. doi:10.1016/j.nbd.2017.05.016.

Development of Transcripts Regulating Dendritic Spines in Layer
3 Pyramidal Cells of the Monkey Prefrontal Cortex: Implications
for the Pathogenesis of Schizophrenia

Samuel J. Dienell-2, Holly H. Bazmi?, and David A. Lewis?:3
IMedical Scientist Training Program, University of Pittsburgh

2Translational Neuroscience Program, Department of Psychiatry, School of Medicine, University
of Pittsburgh

3Department of Neuroscience, Dietrich School of Arts and Sciences, University of Pittsburgh

Abstract

Certain cognitive deficits in schizophrenia appear to emerge from altered postnatal development of
the dorsolateral prefrontal cortex (DLPFC). Dendritic spines on DLPFC layer 3 pyramidal cells
are essential for certain cognitive functions, change in density over development, and are reduced
in number in schizophrenia. Altered expression of molecular regulators of actin filament assembly
and stability, which are essential for spine formation and maintenance, is thought to contribute to
the pathogenesis of spine deficits in the disease. However, the normal developmental expression
patterns of these molecular regulators of dendritic spines, which might provide insight into the
timing of spine deficits in schizophrenia, are unknown. Therefore, we quantified the expression
from birth to adulthood of key transcripts regulating dendritic spine density in monkey DLPFC.
Layer 3 pyramidal cells, and tissue samples containing layers 3 or 6, were captured by laser
microdissection and selected transcripts were quantified using PCR. In layer 3 pyramidal cells, the
expression levels of most of the transcripts studied changed early, and not late, in postnatal
development. These developmental shifts in expression were generally not detected in tissue
homogenates of layers 3 or 6, suggesting that the changes may be enriched in layer 3 pyramidal
cells. The timing of these shifts in expression suggests that early, rather than later, postnatal
development may be a vulnerable period for layer 3 pyramidal neurons. Disruption of the normal
developmental trajectories of these transcripts may contribute to layer 3 pyramidal neuron spine
deficits in individuals who are later diagnosed with schizophrenia.
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Introduction

The disease process of schizophrenia appears to involve altered development of the
dorsolateral prefrontal cortex (DLPFC) (Hoftman et al., 2017; Lewis and Levitt, 2002;
Selemon and Zecevic, 2015). The DLPFC mediates certain cognitive functions, such as
working memory, which improve substantially throughout postnatal development (Luna et
al., 2010) and are impaired in individuals with schizophrenia (Kahn and Keefe, 2013). Thus,
disturbances in the normal developmental trajectories of elements of DLPFC circuitry that
are critical for working memory could give rise to its impairment in schizophrenia.

Pyramidal cells in DLPFC layer 3 play a critical role in working memory (Goldman-Rakic,
1995), and in schizophrenia, these neurons exhibit a lower density of dendritic spines (Garey
et al., 1998; Glantz and Lewis, 2000; Konopaske et al., 2014). In contrast, pyramidal cells in
layers 5 and 6 appear to have a normal complement of spines (Kolluri et al., 2005). The
apparent specificity of the spine deficit to layer 3 pyramidal neurons is thought to be
developmental in nature given the laminar differences in the developmental patterns of spine
density, and of the excitatory synapses they receive, in both human (Huttenlocher, 1979;
Petanjek et al., 2011) and non-human primate DLPFC (Anderson et al., 1995; Bianchi et al.,
2013; Bourgeois et al., 1994). For example, the densities of dendritic spines and excitatory
synapses on layer 3 pyramidal cells increase rapidly during the neonatal period, reaching a
plateau in early childhood that persists until late childhood, followed by a protracted period
of pruning over adolescence until stable adult levels are achieved (Anderson et al., 1995;
Bourgeois et al., 1994; Petanjek et al., 2011). In contrast, DLPFC layers 5 and 6 exhibit a
more modest or absent postnatal pruning of both excitatory synapses (Bourgeois et al., 1994)
and dendritic spines (Petanjek et al., 2011).

Dendritic spine formation and maintenance is influenced by a number of gene products that
regulate actin filament assembly and stability (Koleske, 2013). Indeed, the spine deficits on
layer 3 pyramidal cells in schizophrenia appear to reflect altered expression of some of these
gene products (Datta et al., 2015a; Hill et al., 2006; Ide and Lewis, 2010) (Fig. 1). For
example, cell division cycle 42 (CDC42) is crucial for spinogenesis (Threadgill et al., 1997),
whereas p21 activated serine/threonine kinase 1 (PAK1) regulates the stability of existing
spines (Hayashi et al., 2004); expression of both of these transcripts is downregulated in
layer 3 pyramidal cells in schizophrenia (Datta et al., 2015a). However, the relationship of
the expression of these transcripts with changes in spine density over postnatal development
is not clear. Moreover, prior work suggests that schizophrenia is associated with a blunting
of normal developmental processes in the DLPFC (Fish et al., 2013; Hoftman et al., 2015;
Hyde et al., 2011); yet it is not known if the spine deficits, and the altered expression of
spine-related transcripts, reflect a blunting of spinogenesis early in development or an
exaggerated pruning of spines during adolescence (McGlashan and Hoffman, 2000). Thus,
understanding the normal developmental trajectories in the expression of these transcripts

Neurobiol Dis. Author manuscript; available in PMC 2018 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dienel et al.

Methods

Page 3

could inform the timing of their alterations, and when spine deficits arise, during the
pathogenesis of schizophrenia.

To address these questions, we investigated the developmental trajectories of a subset of
spine-related transcripts, which show altered expressed in schizophrenia (Fig. 1), selectively
in layer 3 pyramidal cells from the DLPFC of macaque monkeys. Because these transcripts
may be involved in other cytoskeletal processes that are not unique to dendritic spines in
pyramidal cells, we studied the same transcripts in tissue homogenates of layer 3 and layer
6, which differ in the developmental trajectories of dendritic spines (Petanjek et al., 2011)
and axospinous synapses (Bourgeois et al., 1994).

Animals and Tissue Preparation

Rhesus (Macaca mulatta) monkeys (n=20) ranging in age from 3 days postnatal to 12 years
old, ages which include the period between early neonatal to mid-life in this species, were
used (Table 1). All monkeys were female except for one 3-day old male. The animals were
divided into 5 age groups (n=4 animals per group) based on previously identified inflection
points in the developmental trajectory of spine density on layer 3 pyramidal cells in monkey
DLPFC (Anderson et al., 1995): neonatal (3-8 days old), a period when the density of
dendritic spines is rapidly increasing; infant (3 months), when spine density reaches a
plateau; prepubertal (15-18 months), the end of the plateau period immediately prior to the
onset of spine pruning during adolescence; postpubertal (43-48 months), following the end
of spine pruning; and adult (8-12 years) when the density of dendritic spines is at stable,
mature levels. The developmental trajectories of dendritic spines on layer 3 pyramidal cells
are very similar in monkey (Anderson et al., 1995) and human (Petanjek et al., 2011)
DLPFC. The inflection points in these trajectories were used to define age groups which
were named based on the corresponding period in human development.

Monkeys younger than 6 months were housed with their mothers, juveniles 6-24 months
were housed in groups, and those older than 24 months were housed either in pairs or in
single cages in the same social setting. Seven animals were perfused transcardially with ice-
cold artificial cerebrospinal fluid under deep anesthesia with ketamine and pentobarbital, as
previously described (Gonzalez-Burgos et al., 2008). The remaining 13 monkeys were
deeply anesthetized with ketamine and pentobarbital without transcardial perfusion. In all
animals, the brain was removed intact and the right hemisphere was blocked, flash-frozen in
isopentane, and stored at —80 °C. Housing and experimental procedures were conducted in
accordance with the guidelines of the US Department of Agriculture and the National
Institutes of Health Guide for the Care and Use of Laboratory Animals and with the
approval of the University of Pittsburgh Institutional Animal Care and Use Committee.

Laser Microdissection Procedure

Cryostat sections (12 pm thick) containing DLPFC areas 9 and 46 (Fig. 2A and B) were cut,
thaw-mounted onto glass polyethylene naphthalate membrane slides, stored at —80 °C, and
stained for Nissl substance using thionin on the day of microdissection as previously
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described (Datta et al., 2015b). Cortical layers were identified based on differences in the
size and packing density of Nissl-stained cells (Fig. 2D). Individual layer 3 pyramidal cells,
identified by the characteristic triangular morphology of the soma and a prominent apical
dendrite projecting towards the pial surface (Fig. 2E), were microdissected using a Leica
microdissection system with a 40x objective, as previously described (Datta et al., 2015b).
Pyramidal cells were sampled throughout layer 3 of the DLPFC from the medial border of
area 9 (i.e. the fundus of the cingulate sulcus) through the lateral border of area 46 (i.e. the
ventral bank of the principal sulcus) (Fig 2B). For each monkey, 150 individual pyramidal
cells from layer 3 were collected from each of 3 adjacent cryostat sections and the samples
from each monkey were pooled (n=450 cells per monkey). To assess the cell type-specificity
of our findings, samples of DLPFC layers 3 or 6 were each captured by laser
microdissection (using a 5x objective) as a set of strips (total cross-sectional area ~7x108
um? per layer) (Fig. 2C). All samples were lysed in RLT Plus Buffer (QIAGEN) with -
mercaptoethanol, frozen and then RNA was extracted and purified using the RNeasy Plus
Micro Kit (QIAGEN). Layer 6 was chosen for comparison to layer 3 due to the marked
differences in the developmental trajectories of the dendritic spines on pyramidal neurons in
these layers. In layer 3 of monkey DLPFC, the densities of both excitatory synapses and
spines similarly increase during early development, plateau, and then decline during
adolescence (Anderson et al., 1995; Bourgeois et al., 1994). In contrast, the density of
excitatory synapses in layer 6 increases to a lesser degree during the early neonatal period,
and then remains at a plateau into adulthood (Bourgeois et al., 1994).

Prior to the collection of cells for this study, the cell type-specific capture of pyramidal cells
was assessed by comparing the expression of a pyramidal cell-specific marker, vesicular
glutamate transporter 1 (vGlutl), with markers of oligodendrocytes (myelin basic protein,
MBP) and GABAergic interneurons (vesicular GABA transporter, VGAT) in samples of
layer 3 pyramidal cells and layer 3 homogenates by quantitative polymerase chain reaction
(gPCR). The level of vGlutl mRNA relative to vVGAT mRNA was ~168-fold higher in layer
3 pyramidal cells compared to ~34-fold higher in layer 3 homogenates. Similarly, the level
of vGlutl mRNA to MBP mRNA was ~10-fold higher in layer 3 pyramidal cells compared
to ~2-fold higher in layer 3 homogenates (data not shown). These results demonstrate that
our dissection method resulted in an enriched collection of pyramidal cells with minimal
contamination from other cell types.

Quantitative Polymerase Chain Reaction

Total RNA was converted to complementary DNA using the gqScript cDNA SuperMix
(Quanta Biosciences, Gaithersburg, MD, USA). Forward and reverse primers were designed
to target the mRNA transcripts of interest whose cognate proteins are known to be localized
to dendritic spines and have known roles in regulating dendritic spine density. These
transcripts have been previously reported to show upregulated (CDC42EP3, CDC42EP4,
LIMK1, N-cadherin, ARHGDIA), downregulated (CDC42, PAK1, SEPT7, RhoA), or
unchanged (cofilin-1) expression in DLPFC layer 3 pyramidal cells in schizophrenia (Arion
et al., 2015; Datta et al., 2015a) (Fig. 1). Although some of the transcripts of interest have
multiple isoforms, the amount of cDNA available from the cell collection was sufficient only
for the study of representative isoforms. Consequently, we chose LIMKZ1 because of its well-
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studied role in dendritic spine stability, and because deletion of LIMK2 is insufficient to
cause spine deficits (Ohashi, 2015). Similarly, we focused on PAK1 because it is localized to
dendritic spines and deletion of PAK1 disrupts dendritic spine stability (Hayashi et al.,
2007). All primers showed 90-100% efficiency, and each amplified product resulted in a
single and specific amplicon (Supplementary Table 1). Two housekeeping genes (p-actin and
cyclophilin-A), selected based on their stable expression across development in this species
and in this cell type (Datta et al., 2015b; Hoftman et al., 2015), were used to normalize the
target gene expression levels.

Levels of each transcript were assessed by qPCR using Power SYBR Green fluorescence
and the ViiIA™7 Real Time PCR System. Cycle threshold (CT) values were assessed for the
normalizers and each gene of interest in quadruplicate, and the delta CT (dCT) for each
target transcript was calculated by subtracting the mean CT of the two normalizer genes
from the CT of the gene of interest. Because the dCT represents the log,-transformed
expression ratio of each target transcript to the mean of the normalizer genes, the relative
expression levels of the target transcripts are reported as the more intuitive expression ratio,
or the 274CT,

Statistical Analysis

Results

Differences between age groups were analyzed using a one-way ANOVA. An analysis was
performed including storage time as a covariate. For each transcript studied, the effect of
storage time was not significant (all F4 15<3.1, p>0.1) for samples of layer 3 pyramidal cells,
layer 3 tissue homogenates, or layer 6 tissue homogenates. Consistent with these findings,
tissue storage time did not significantly affect levels of these transcripts in a prior study of
postmortem human brain tissue (Datta et al., 2015a). In the design of the experiment, we
attempted to control for perfusion status by including 2 perfused and 2 unperfused animals
in the infant, prepubertal, and postpubertal age groups. Tukey’s post-hoc test was used for
comparisons between age groups, with significance set to a=0.05.

Developmental Trajectories of Transcripts Downregulated in Schizophrenia

In monkey DLPFC, CDC42 expression (Fig. 3A) showed a significant downregulation with
age in layer 3 pyramidal cells (F4 15=13.07, p<0.0001), with the greatest decline between the
neonatal to prepubertal age groups (27.8% decrease, £=0.002). In contrast, no age-related
differences in CDC42 mRNA levels were detected in layer 3 (F415=1.79, £p=0.184) or 6
(F4,15=1.24, p=0.335) tissue homogenates.

Expression of RhoA (Fig. 3B) was also downregulated across development in layer 3
pyramidal cells (F4,15=4.72, p=0.011), with the greatest decline between the neonatal and
prepubertal age groups (36.7% decrease, p=0.007). In contrast, RhoA mRNA levels did not
change with development in layer 3 (F4 15=0.41, p=0.801) or 6 (F4 15=2.90, £=0.058) tissue
homogenates.

In contrast to CDC42 and RhoA, PAK1 (Fig. 3C) levels increased with age (F4 15=6.54,
p=0.003), and post hoc analysis showed an increase in expression only between the neonatal

Neurobiol Dis. Author manuscript; available in PMC 2018 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dienel et al.

Page 6

and infant age groups (37.8% increase, p=0.041). Levels of PAK1 mRNA also showed an
upregulation of expression with age in both layers 3 (F4,15=20.57, p<0.0001) and 6
(F4,15=17.76, p<0.0001) tissue homogenates, but again only between the neonatal and infant
age groups.

Expression of SEPT7 (Fig. 3D) did not differ with age in either layer 3 pyramidal cells
(F4,15=0.700, p=0.604) or layer 3 tissue homogenates (F4 14=2.06, p=0.140), but did increase
with age in layer 6 tissue homogenates (F4,15=5.91, p=0.005). The largest increase in layer 6
tissue homogenates occurred between the neonatal and prepubertal age groups (74.5%
increase, p=0.011).

Developmental Trajectories of a Transcript Unchanged in Schizophrenia

Cofilin-1 (Fig. 3E) decreased with age in layer 3 pyramidal cells (F, 15=4.60, p=0.012), with
the greatest decline between the neonatal and prepubertal age groups (24.4% decrease,
=0.015). No developmental changes were seen in layer 3 (F4 15 = 0.39, p=0.816) or 6
(Fs,15=1.27, p=0.291) tissue homogenates.

Developmental Trajectories of Transcripts Upregulated in Schizophrenia

In monkey DLPFC, CDC42EP3 (Fig. 4A) was downregulated with age in layer 3 pyramidal
cells (F4 15=7.02, p=0.002), with the greatest difference occurring between the neonatal and
infant age groups (46.0% decrease, p= 0.004). In contrast, CDC42EP3 levels did not differ
across groups in layer 3 (F4,15=1.97, p=0.152) or 6 (F4 15=2.78, p=0.065) tissue
homogenates.

CDCA42EP4 (Fig. 4B) showed a similar downward trajectory across development in layer 3
pyramidal cells, although these changes did not reach significance (F415=2.02, p=0.143). No
significant differences were observed in either layer 3 (F4 15=2.50, p=0.087) or 6
(F4,15=1.43, p=0.274) tissue homogenates.

In contrast, N-cadherin (Fig. 4C) showed an upregulation with age in layer 3 pyramidal cells
(F4,15=15.01, p<0.0001), and post hoc analysis revealed changes only between the infant and
prepubertal age groups (40.8% increase, p=0.005). In contrast, tissue homogenates of layer 3
(F4,14=1.96, p=0.156) or layer 6 (F4,15=0.55, p=0.700) did not differ with age.

LIMKZ1 (Fig. 4D) was the only transcript to show a marked upregulation later in
development (F4 15=14.18, p<0.0001), with the greatest change between the postpubertal
and adult age groups (39.6% increase, p=0.049). Both layer 3 (F4 15=5.07, p=0.009) and
layer 6 (F4 15=3.18, p=0.044) tissue homogenates showed a similar upregulation in LIMK1
expression only in the older age groups.

Finally, ARHGDIA (Fig. 4E) did not change with age in layer 3 pyramidal cells (F4 15=1.75,
p=0.191), layer 3 tissue homogenates (F4 15=0.16, p=0.957) or layer 6 tissue homogenates
(F4,15=0.17, p=0.951).
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Specificity of Developmental Expression Changes to Layer 3 Pyramidal Cells

In layer 3 pyramidal cells, levels of 6 transcripts significantly differed between neonatal and
adult animals (Table 2). However, only 2 of these transcripts (PAK1 and LIMK1) showed a
similar significant difference between these age groups in layer 3 tissue homogenates, and
only PAK1 and SEPT7 significantly differed with age in layer 6 tissue homogenates (Table
2). These comparisons suggest that developmental shifts in the expression of some gene
products regulating dendritic spines are especially prominent in layer 3 pyramidal neurons
relative to other cell types.

Discussion

In schizophrenia, DLPFC layer 3 pyramidal cells have lower spine densities (Glausier and
Lewis, 2013) and show altered expression of multiple transcripts whose protein products
contribute to the regulation of dendritic spine density (Arion et al., 2015; Datta et al., 2017,
2015a). In this study, we examined the developmental trajectories of these transcripts in a
cell type- and layer-specific fashion in monkey DLPFC. Three main findings emerged. First,
in layer 3 pyramidal cells, the expression of many of the transcripts examined (cofilin-1,
RhoA, CDC42, N-cadherin, CDC42EP3, and PAK1) changed early in development, whereas
only one transcript (LIMK1) changed late in development. Second, some transcripts were
upregulated with age (PAK1, N-cadherin, and LIMK1), whereas others were downregulated
with age (CDC42, RhoA, cofilin-1, and CDC42EP3) (Fig. 5). Third, the changes present in
layer 3 pyramidal cells were, with two exceptions (PAK1 and LIMK1), not observed in
either layer 3 or 6 tissue homogenates, suggesting that many of the developmental transcript
changes may be specific to or enriched in layer 3 pyramidal cells.

Relationship between Transcript Expression and Dendritic Spine Density over Postnatal
Development

In monkey and human DLPFC, layer 3 pyramidal cells exhibit characteristic developmental
changes in spine density (Anderson et al., 1995; Petanjek et al., 2011). In macague monkeys,
spine density increases rapidly from birth to ~3 months of age, remains at an elevated
plateau until ~15 months of age, and then declines during adolescence until stable adult
levels are achieved at ~45 months of age (Anderson et al., 1995). Here we found that these
changes in spine density may reflect shifts in the expression of different molecular regulators
of dendritic spines during discrete time periods of postnatal development (Fig. 5).

The rapid increase in spines during early postnatal development appears to be a continuation
of the exuberant spinogenesis occurring during the late prenatal period in layer 3 pyramidal
cells (Bourgeois et al., 1994). In the present study, CDC42, CDC42EP3, and, to a smaller
degree, CDC42EP4 transcripts were most highly expressed in neonatal animals. Expression
levels declined between the neonatal and infant age groups, suggesting that these gene
products play a more significant role in spinogenesis than in the maintenance of existing
spines. Consistent with this interpretation, CDC42 induces rapid formation of filopodia, the
precursors of dendritic spines (Nobes and Hall, 1995), and suppression of CDC42 inhibits
endogenous spine formation (Irie and Yamaguchi, 2002). However, neither the activation nor
suppression of CDC42 alters the morphology or density of existing spines (Govek et al.,
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2004; Tashiro et al., 2000). Similarly, expression of CDC42EP3 and CDC42EP4, the
downstream effectors of CDC42, induce the formation of pseudopodia rich in F-actin
(Hirsch et al., 2001).

In contrast, PAK1 expression increased between the neonatal and infant age groups, when
spine number is markedly increasing. Other labs also report a similar increase in PAK1
mRNA and protein in developing mouse cortex (Hayashi et al., 2007). This relationship
might be consistent with findings that upregulation of PAK1 in developing neurons causes
thinner and more numerous spines (Hayashi et al., 2007). However, PAK1 also appears to
contribute to the maintenance of existing spines, as constitutively active or dominant
negative PAK1 alters spine morphology in mature neurons (Hayashi 2004, 2007). This latter
role of PAK1 might explain its continued high levels of expression into adulthood.

RhoA and cofilin-1 were also most highly expressed in the neonatal animals and their
expression levels decreased between the neonatal and infant age groups, remaining stable
thereafter. Both transcripts have roles in destabilizing F-actin and the resulting spine loss.
Inhibition of RhoA activity caused an increase in spine density, whereas constitutively active
RhoA resulted in large decreases or absence of spines on some dendrites (Tashiro et al.,
2000). Similarly, constitutively active cofilin-1 led to an immature spine profile, while
constitutively inactive cofilin-1 resulted in greater spine density and a more mature spine
profile (Rust, 2015). Therefore, we did not expect to find that both these transcripts were
most highly expressed during the period of rapid spinogenesis. Interestingly, although low
concentrations of cofilin-1 promote disassembly of actin, high concentrations instead favor
assembly of large numbers of actin filaments (Andrianantoandro and Pollard, 2006). Thus,
the high expression of cofilin-1 during the neonatal period may lead to actin assembly and
dendritic spine growth, rather than disassembly of actin. Furthermore, the normal increase in
spine volume by uncaging of glutamate onto single spines is prevented by inhibiting RhoA
(Murakoshi et al., 2011), suggesting that RhoA may be crucial for dendritic spine growth in
response to activation. Thus, the high expression of these transcripts early in development
may aid in spinogenesis.

The developmental period between infancy and puberty is marked by a stable density of
dendritic spines. During this period, expression of N-cadherin increases, just prior to the
onset of massive spine elimination. Competition between spines for N-cadherin molecules is
critical for dendritic spine pruning (Bian et al., 2015); therefore, expression of N-cadherin
may increase just prior to puberty to mediate spine pruning and the concurrent maturation of
remaining spines.

After the pubertal period and throughout adulthood, the density of dendritic spines remains
stable. LIMK1 was the only transcript studied to change in expression between postpubertal
and adult animals. LIMK1 is dendritically translated (George et al., 2015) and contributes to
long-term dendritic spine stability through inhibition of cofilin-1 (Arber et al., 1998).
Therefore, its higher levels of expression during adulthood may aid in the relative stability of
dendritic spines after puberty. Consistent with this idea, deletion of LIMKZ1 results in most
spines exhibiting an immature spine profile (Meng et al., 2002).
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In concert, these findings indicate that many spine-related transcripts in layer 3 pyramidal
cells exhibit specific patterns of changes in expression during certain periods of postnatal
development that could contribute to the distinctive developmental trajectories of spine
density on these neurons (Fig. 5).

Implications for the Developmental Blunting Hypothesis of Schizophrenia

Prior work suggested that a blunting of the normal developmental trajectories of inhibitory
components of DLPFC circuitry could give rise to the cognitive deficits characteristic of
schizophrenia (Fish et al., 2013; Hoftman et al., 2015; Hyde et al., 2011). In these studies,
markers of the GABA system that showed increases or declines across development were
found to be lower or higher, respectively, in schizophrenia. These findings suggest that
normal developmental trajectories might be blunted or arrested in individuals with
schizophrenia. Consistent with this hypothesis, two of the transcripts studied here
(CDC42EP3 and PAK1) were downregulated over development and upregulated in
schizophrenia. However, the five other transcripts that showed postnatal changes in
expression were changed in the same direction as in the illness, suggesting that
developmental expression of these transcripts might be exaggerated, rather than blunted, in
schizophrenia. These differences between spine-related transcripts and GABA-related
transcripts suggest that the developmental blunting hypothesis of schizophrenia might apply
to the linear changes with age seen with GABA system markers (Fung et al., 2010; Hoftman
et al., 2015), but not to markers of pyramidal cell dendritic spines which show a more
complex pattern of change with age (Fig. 5). Furthermore, developmental changes in cortical
GABA system transcripts occur over a protracted period, continuing through adolescence
(Caballero and Tseng, 2016; Gonzalez-Burgos et al., 2015). In contrast, most of the
pyramidal cell spine-related transcripts examined here stabilized very early in development,
as do other markers (Datta et al., 2015b) or measures (Gonzalez-Burgos et al., 2008) of
excitatory neurotransmission. Moreover, a recent study of the developing primate
transcriptome seems to support the idea that transcripts associated with synapse and dendrite
development are enriched earlier in development (Bakken et al., 2016). Thus, the
developmental blunting of the normal development of GABA signaling may be an event that
occurs later in development during the pathogenesis of schizophrenia.

Implications for the Developmental Nature of the Spine Deficit in Schizophrenia

The deficit in dendritic spines (and presumably the excitatory synapses that they receive) has
been suggested to reflect either an early developmental failure in spine production or an
excessive pruning of spines during adolescence (Feinberg, 1982; McGlashan and Hoffman,
2000; Weinberger, 1987). Our finding of a predominance of spine-related transcript changes
early in postnatal development might be consistent with the view that schizophrenia involves
a genetically-driven disturbances in spinogenesis, an interpretation supported by findings
that certain cognitive deficits are evident during childhood in individuals later diagnosed
with schizophrenia (Reichenberg et al., 2010). Consistent with this idea, genetic variants in
regulators of dendritic spines are risk factors for schizophrenia (Schizophrenia Working
Group of the Psychiatric Genomics Consortium, 2014) and de novo mutations associated
with schizophrenia are overrepresented at loci containing genes whose products regulate
actin filament dynamics (Fromer et al., 2014). Of course, it is possible that alterations in
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both the regulation of spinogenesis and spine pruning are required for the emergence of the
clinical features of schizophrenia.

Interpretation of the results of the present study need to take into account the following
limitations. First, we focused on a select number of transcripts that are known both to
regulate dendritic spines and to exhibit altered expression in DLPFC layer 3 pyramidal
neurons in schizophrenia. However, multiple other gene products regulate dendritic spines,
and thus future studies of their developmental trajectories and expression patterns in
schizophrenia provide opportunity to test the interpretations of the present study. Second,
except for one male, all of the animals used in this study were female. Given that males tend
to have an earlier onset of schizophrenia than females (Szymanski et al., 1995), it will be
interesting to investigate whether sex differences exist in the timing of spine pruning or the
molecular regulators of pruning. Third, although the developmental trajectories of the
macaque monkey and human DLPFC are similar in multiple respects, additional studies are
needed to confirm if the findings of the present study hold true for developing human
DLPFC. Finally, this study focused on alterations in mRNA transcripts that regulate
dendritic spines, and not the cognate proteins. Understanding how these proteins may be
changing within dendritic spines themselves over development requires further investigation.

In summary, our findings reveal changes over postnatal development in the expression of
markers of the CDC42 signaling pathway and other regulators of dendritic spine formation
and stability in the monkey DLPFC. These changes occur in a manner that appears to be
enriched in layer 3 pyramidal cells (as such changes were much less common in tissue
homogenates of layer 3 or layer 6), consistent with the more pronounced developmental
changes in dendritic spine density on layer 3 pyramidal cells relative to those in deeper
cortical layers. The finding that these expression changes are most common in early
postnatal development suggests that the schizophrenia-associated changes in these
transcripts might occur during that same developmental period and thus the spine deficits on
DLPFC layer 3 pyramidal cells in schizophrenia may arise due a disturbance in
spinogenesis. Further testing of this idea will require experimental manipulations of these
developmental patterns of expression.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights
. Expression of transcripts regulating dendritic spines change early in
development.
. These changes are enriched in layer 3 pyramidal cells.
. Alterations in these early changes may contribute to the pathogenesis of

schizophrenia.
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Figure 1.
Signaling pathways for selected transcripts that regulate dendritic spine density. Lines with

arrowheads indicate activation and those with blunted ends indicate inhibition. Open arrows
indicate the direction of altered expression of each transcript in layer 3 pyramidal cells in
schizophrenia (Arion et al., 2015; Datta et al., 2015a; Ide and Lewis, 2010). The protein
products of these transcripts contribute to spine stability through regulation of the assembly
and stability of actin filaments (Koleske, 2013). Rho GTPases are dendritically translated,
are active in the spine, and have well elucidated roles in the morphogenesis and maintenance
of dendritic spines, including molecular signaling cascades such as the cell division cycle 42
(CDC42) pathway (Tada and Sheng, 2006). In this pathway, CDC42 is negatively regulated
by a Rho GDP dissociation inhibitor alpha (ARHGDIA) (Gorvel et al., 1998) and acts
through the CDC42-p21-activated serine/threonine kinase (PAK)-LIM domain kinase
(LIMK) pathway to promote spine stability by phosphorylating and deactivating the
neuronal cofilin, cofilin-1, an actin severing protein (Bernstein and Bamburg, 2010). In a
separate pathway, negative regulation by CDC42 on CDC42 effector proteins 3 and 4
(CDC42EP3 and CDC42EP4) promotes spine outgrowth by opening the barrier at the base
of dendritic spine necks formed by septin molecules such as Septin-7 (SEPT7) and allowing
influx of molecules important in spine growth into the spine head (Joberty et al., 2001).
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RhoA is another GTPase which has a negative influence on dendritic spine maintenance,
contributing to spine loss (Tashiro et al., 2000). In addition to the role that GTPases play in
dendritic spine maintenance, other molecules contribute to the stability of spines. For
example, neuronal cadherin (N-cadherin) has been shown to contribute significantly to
nascent synapse stabilization and subsequent spine formation (Takeichi, 2007).
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Figure 2.
Laser microdissection approach for obtaining laminar and cellular samples for g°PCR

analyses. (A) Schematic drawing of a lateral view of the Rhesus monkey brain. Dashed line
indicates the approximate location of the DLPFC regions studied. (B) Schematic drawing of
a coronal section at the level of the dashed line in panel A indicating the locations of DLPFC
areas 9 and 46 (PS = principal sulcus, CS = cingulate sulcus). (C) Nissl-stained section of
the DLPFC at the level of the principal sulcus (PS) illustrating the laser microdissection of
layers 3 and 6. Scale bar = 1.0 mm. (D) Lower power photomicrograph of a Nissl-stained
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section showing the location of each cortical layer; dashed lines illustrate the locations of
samples dissected for laminar analysis of layers 3 and 6. Scale bar = 200 um. (E) Higher

magnification photomicrograph image of a layer 3 pyramidal cell before (top panel) and

during (bottom panel) the process of laser microdissection. Scale bar = 25 pym.
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Page 20

Developmental trajectories of the expression of transcripts which are downregulated [(A)
CDC42, (B) RhoA, (C) PAK1, (D) SEPT7] or unchanged [(E) cofilin-1] in the DLPFC in
schizophrenia. Bar graphs demonstrate the mean differences between age groups and
individual animal data within each age group are plotted (N: neonatal, I: infant, Pr:
prepubertal, Po: postpubertal, A: adult). Within each graph, bars not sharing the same letter
are significantly different from each other. Panels in the left column show data from layer 3
pyramidal cells and panels in the right column show data from layer 3 (solid bars) and 6

(open bars) tissue homogenates for a given transcript.
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Figure 4.

Developmental trajectories of the expression of transcripts that are upregulated [(A)
CDCA42EP3, (B) CDC42EP4, (C) N-cadherin, (D) LIMK1, (E) ARHGDIA] in the DLPFC in
schizophrenia. Bar graphs demonstrate the mean differences between age groups and
individual animal data within each age group are plotted (N: neonatal, I: infant, Pr:
prepubertal, Po: postpubertal, A: adult). Within each graph, bars not sharing the same letter
are significantly different from each other. Panels in the left column show data from layer 3
pyramidal cells and panels in the right column show data from layer 3 (solid bars) and 6
(open bars) tissue homogenates for a given transcript.
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Figure 5.

Summary of the timing and direction of change in mRNA expression in layer 3 pyramidal
cells during development of the monkey DLPFC. Transcripts are shown in the context of the
developmental trajectory of dendritic spine density in layer 3 of macaque monkey DLPFC.
Note that most of the transcripts examined exhibited shifts in expression during early
postnatal development.
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