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Objective: In schizophrenia, impaired working memory is 
associated with transcriptome alterations in layer 3 pyrami-
dal neurons (L3PNs) in the dorsolateral prefrontal cortex 
(DLPFC). Distinct subtypes of L3PNs that send axonal pro-
jections to the DLPFC in the opposite hemisphere (callosal 
projection [CP] neurons) or the parietal cortex in the same 
hemisphere (ipsilateral projection [IP] neurons) play critical 
roles in working memory. However, how the transcriptomes 
of these L3PN subtypes might shift during late postnatal 
development when working memory impairments emerge 
in individuals later diagnosed with schizophrenia is not known. 
The aim of this study was to characterize and compare the 
transcriptome profiles of CP and IP L3PNs across develop-
mental transitions from prepuberty to adulthood in macaque 
monkeys.

Methods:The authors used retrograde labeling to identify CP 
and IP L3PNs in the DLPFC of prepubertal, postpubertal, and 
adult macaque monkeys, and used laser microdissection to 
capture these neurons for RNA sequencing.

Results: At all three ages, CP and IP L3PNs had distinct 
transcriptomes, with the number of genes differentially 
expressed between neuronal subtypes increasing with age. 
For IP L3PNs, age-related shifts in gene expression were 
most prominent between prepubertal and postpubertal 
animals, whereas for CP L3PNs such shifts were most 
prominent between postpubertal and adult animals.

Conclusions: These findings demonstrate the presence of 
cell type–specific profiles and developmental trajectories 
of the transcriptomes of PPC-projecting IP and DLPFC- 
projecting CP L3PNs in monkey DLPFC. The evidence that 
IP L3PNs reach a mature transcriptome earlier than CP L3PNs 
suggests that these two subtypes differentially contribute to 
the maturation of working memory performance across late 
postnatal development and that they may be differentially 
vulnerable to the disease process of schizophrenia at specific 
stages of postnatal development.
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Certain core clinical features of schizophrenia, such as working 
memory impairments, appear to reflect, at least in part, alter-
ations in the transcriptome of layer 3 pyramidal neurons (L3PNs) 
in the dorsolateral prefrontal cortex (DLFPC) (1). These neurons 
comprise different subtypes that are distinguished by the target 
of their principal axon projection. For example, the separate 
populations of L3PNs (2–4) that send axonal projections to 
either the posterior parietal cortex (PPC) in the ipsilateral 
hemisphere (ipsilateral projection [IP] L3PNs) or to the DLPFC 
in the contralateral hemisphere (callosal projection [CP] L3PNs) 
are both critical for working memory (5–8).

In monkey DLPFC, L3PNs undergo substantial anatomical 
changes across postnatal development that might contribute to 
the neural substrate for the maturation of working memory 
during adolescence and into early adulthood (9, 10). For 

example, although the principal axons of L3PNs in the primate 
neocortex reach their target areas before or shortly after birth (11, 
12), the terminals of these axons change substantially during late 
postnatal development (10). Moreover, in monkey DLPFC, peak 
synaptic and dendritic spine densities on L3PNs are achieved 
3–4 months after birth, followed by a plateau phase and then a 
protracted period, between ;2 and ;5 years of age, of pruning of 
excitatory synapses and dendritic spines (13, 14). Similar pro-
cesses occur in human DLPFC, with pruning of dendritic spines 
on L3PNs continuing into the third decade of life (15).

We previously demonstrated that DLPFC-projecting CP 
L3PNs and PPC-projecting IP L3PNs in the monkey DLPFC 
exhibit numerous gene expression differences in post-
pubertal macaque monkeys (16). However, the develop-
mental trajectories of L3PN transcriptomes across late 
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postnatal development from prepuberty to adulthood re-
main unknown. Knowledge of the timing and cell type 
specificity of these developmental trajectories is critical for 
understanding their contributions to the maturation of 
working memory (9) and for how alterations in these tra-
jectories could contribute to the emergence and progression 
of working memory impairments during adolescence in in-
dividuals who are later diagnosed with schizophrenia (17–21).

Here we sought to characterize and compare the tran-
scriptome profiles of CP and IP L3PNs across developmental 
transitions from prepuberty to adulthood in macaque monkeys. 
We used laser microdissection to individually dissect retro-
gradely labeled homotopic DLPFC-projecting CP L3PNs and 
PPC-projecting IP L3PNs from the DLPFC of prepubertal, 
postpubertal, and adult animals and subjected pools of these 
neurons from each monkey to RNAseq analyses. We found that 
expression levels of the genes that distinguish these two L3PN 
subtypes change substantially across the peripubertal period 
and into adulthood, with the transcriptome of IP L3PNs 
reaching a mature state earlier than CP L3PNs. These tran-
scriptome differences between, and distinct developmental 
trajectories of, two key neuronal subtypes that subserve working 
memory suggest that each L3PN subtype 1) might differentially 
contribute to the normal maturation of working memory 
function and 2) might be differentially vulnerable to risk 
factors for schizophrenia occurring at specific postnatal ages.

METHODS

Animals, Surgical Procedures, and Laser 
Microdissection Methods
Nine prepubertal (mean age, 19.7 months [SD51.7]; five 
females and four males), eight postpubertal (mean age, 
38.5 months [SD50.9]; four females and four males), and 
eight adult (mean age, 56.6 months [SD51.8]; four females 
and four males) Rhesus macaque monkeys (Macaca mulatta) 
were used in these studies (see Table S1 in the online sup-
plement). For the postpubertal animals, we obtained new 
data from a subset of these animals (see Table S1, RNAseq 
Batch 2) and we reanalyzed our published data (16) from five 
of these animals (see Table S1, RNAseq Batch 1).

All housing and experimental procedures were conducted in 
accordance with U.S. Department of Agriculture and National 
Institutes of Health guidelines and were approved by the 
University of Pittsburgh Institutional Animal Care and Use 
Committee. All monkeys were subjected to identical surgical 
procedures (see the online supplement). Injections of inert red 
(Alexa Fluor 555, Invitrogen-ThermoFisher) or green (Alexa 
Fluor 488, Invitrogen-ThermoFisher) fluorescent-labeled 
cholera toxin subunit B were made in the right DLPFC and 
in the left PPC (see Figure S1 in the online supplement), as 
previously described (16). Two weeks after surgery, animals 
were euthanized using methods consistent with the American 
Veterinary Medical Association Guidelines for the Euthanasia 
of Animals. Brains were immediately removed and cut into 
coronal blocks, which were flash-frozen and stored at 280°C.

From the left DLPFC of each monkey, cryostat sections 
(16 mm) were mounted onto polyethylene naphthalate 
membrane slides (Leica Microsystems, Buffalo Grove, IL) 
and fluorescently labeled neurons (i.e., CP neurons labeled 
from the injections in the right DLPFC and IP neurons la-
beled from the injections in the left PPC) in layer 3 were 
individually dissected from DLPFC area 46 (see the Sup-
plementary Methods section and Figure S1 in the online 
supplement). For each cell type, 120 neurons were pooled 
into one sample, and two such samples were collected from 
each monkey. For some monkeys, only one region was in-
jected, and thus samples were obtained for only one cell type 
(see Table S1 in the online supplement).

Library Preparation, Sequencing, and 
Bioinformatic Analysis
Total RNA was extracted from each pooled sample of 
neurons using the QIAGEN RNeasy Plus Micro kit (QIA-
GEN, Germantown, MD). Libraries were generated with the 
Takara SMART-Seq Stranded kit using Takara SMARTer 
RNA Unique Dual Index A and B Kits (Takara, Mountain 
View, CA). Sequencing was performed using the NovaSeq 
6000 platform (Illumina, San Diego) to an average of 
50 million 101-bp paired-end reads. Several quality control 
measures, including Phred scores and sequencing statistics, 
confirmed the presence of high-quality samples (see the 
Supplementary Methods section, Table S2, and Figure S2 in 
the online supplement). Moreover, pilot samples, identical to 
those used in this study, generated clearly visible 28S and 18S 
profiles on an Agilent Screen Tape system, and cDNA syn-
thesis for these samples generated libraries with a size 
(356 bp, SD58.1) and concentration (27 ng/mL, SD510.1) 
that are consistent with high RNA quality.

Counts for the replicate samples (which were highly 
correlated; all r values .0.98) were then combined to in-
crease sequencing depth, resulting in 36 final samples for 
differential expression analysis. Filtering processes (see the 
Supplementary Methods section in the online supplement) 
resulted in the detection of 12,250 unique genes that were 
used for differential gene expression analysis between L3PN 
subtypes within an age group or within an L3PN subtype across 
age groups. The log2 counts per million (CPM) values, along 
with the precision weights obtained during voom normaliza-
tion, were used with the limma package, version 3.56.2 (22). 
This same pipeline was used to reanalyze data from our pre-
viously published study of postpubertal monkeys (16).

Comparison of Gene Expression Between Cell Types 
Within Age Groups and Within Cell Types Across 
Age Groups
For analyses comparing CP to IP neurons within each age 
group, the Combat function of the Surrogate Variable 
Analysis package (version 3.48.0) in R (23) was used on the 
filtered log2 CPM values to mitigate the robust effect of 
monkey, and sex was included as a covariate during the 
statistical modeling in limma. Because it was not possible to 
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collect both cell types from all animals, to maintain a strict 
within-animal paired design for the within-age-group analysis, 
only a subset of the new prepubertal and adult samples were 
used (i.e., those from which both CP and IP L3PNs were 
collected from each animal; see Table S1 in the online sup-
plement). This approach resulted in the analysis of data from 
both CP and IP L3PNs from five prepubertal, five postpubertal, 
and seven adult monkeys. Within each age group, differentially 
expressed genes (DEGs) between CP and IP L3PNs were de-
termined using the Benjamini-Hochberg procedure with a false 
discovery rate (FDR) of 5% (see the Supplementary Methods 
section in the online supplement).

For comparisons within each L3PN subtype across age 
groups, separate analyses for CP and IP L3PNs were conducted 
using new samples (see Table S1, RNAseq Batch 2, in the online 
supplement) from prepubertal (eight CP and six IP samples), 
postpubertal (five CP and two IP samples), and adult animals 
(eight CP and seven IP samples). After validating that the 
RNAseq Batch 2 data were consistent with the findings from 
RNAseq Batch 1 (see the Supplementary Results section in the 
online supplement), we performed analyses on the Batch 2 data 
using the filtered log2 CPM values without correction for 
monkey. For each cell type, an analysis of variance (ANOVA) in 
limma using sex as a covariate with a 5% FDR across the three 
age groups was used to identify genes differentially expressed 
with age. Only genes significant in the ANOVA were retained 
for subsequent analyses between consecutive age groups 
(see the Supplementary Methods section in the online sup-
plement). Additionally, because of the small difference in 
expression levels for many DEGs, subsequent analyses of 
within-age-group and between-cell-type comparisons were 
focused primarily on DEGs with a log2 fold difference 
(DEGFD) $0.2 (i.e., $15%). However, the entire set of genes 
was used for pathway analysis. Specifically, gene set enrich-
ment analysis using fast Gene Set Enrichment Analysis (fGSEA, 
version 1.26.0), a threshold-free approach, was performed in R 
(24) using the human gene ontology (GO) pathways for Bio-
logical Process, Cellular Component, and Molecular Function. 
Only pathways with q,0.05 are reported as significant. All 
genes were ranked using the test statistic derived from the 
differential expression analysis, and the fGSEA option to col-
lapse highly overlapping pathways was implemented.

To perform threshold-free analyses on the overall pat-
terns of gene expression shifts during development, and to 
compare the present findings to our previously published 
data (16), rank-rank hypergeometric overlap (RRHO) ana-
lyses were performed using the R package RRHO2 (25). The 
“hyper” method with a step size of 10 was used for all an-
alyses to determine concordant/discordant gene expression 
patterns and to generate RRHO2 plots.

RESULTS

Confirmation of Microdissected Neurons as L3PNs
To verify that the pools of individually microdissected, 
retrogradely labeled neurons comprised L3PNs, we assessed 

the ratios of two sets of genes. We first compared the levels of 
a marker of DLPFC layers 2–3, Cut-like homeobox 2 (CUX2), 
to a marker of DLPFC layers 5–6, Fez family zinc fin-
ger protein (FEZF2) (26). In each sample, the CUX2/ 
FEZF2 ratio was $48. We also compared the levels of the 
excitatory neuron marker SLC17A7 (vesicular glutamate 
cotransporter 1) to the inhibitory neuron marker SLC32A1 
(vesicular GABA transporter). In each sample, the SLC1747/ 
SLC32A1 ratio was $54. Together, these findings confirm 
that all samples contain primarily L3PNs.

Comparison of Gene Expression Levels Between CP and 
IP L3PNs Within Each Age Group
Our previous study of postpubertal monkeys (16) detected 
numerous genes with significantly different expression 
levels between CP and PPC-projecting IP L3PNs in the 
DLPFC. To determine whether the transcriptomes of CP and 
IP L3PNs differ with age, we analyzed gene expression in 
DLPFC CP and IP L3PNs from prepubertal and adult 
monkeys (see Table S1 in the online supplement) and we 
reanalyzed data from the prior study of postpubertal mon-
keys (16) using the new analytical pipeline applied to the 
prepubertal and adult animals. These within-age-group 
analyses showed that the number of DEGs between CP 
and IP L3PNs increased from 1,046 DEGs in prepubertal 
animals to 1,942 DEGs in postpubertal animals and to 
3,057 DEGs in adult animals. Because the magnitude of these 
statistically significant differences was modest for some 
transcripts, we focused subsequent analyses on those DEGs 
that had a log2 fold difference (DEGFD) of $0.2 (i.e., $15%). 
This focus reduced the number of genes differentially 
expressed between CP and IP L3PNs to 486 DEGFD in 
prepubertal animals (Figure 1A), 1,240 DEGFD in post-
pubertal animals (Figure 1B), and 1,082 DEGFD in adult 
animals (Figure 1C). To further assess the robustness of these 
findings, we used a second statistical approach that did not 
correct for monkey (see the Supplementary Methods section 
in the online supplement). This approach confirmed that the 
number of DEGs increased with age (see Figure S3A in the 
online supplement). In addition, the findings from the two 
approaches were highly correlated (see Figure S3B in the 
online supplement). Together, these analyses demonstrate 
that the number of gene expression differences between CP 
and IP L3PNs is greater in adult than prepubertal monkeys. 
Moreover, sex was not detected as a significant determinant 
of the transcriptome in either cell type in any age group in any 
analysis.

Pathway analysis using fGSEA detected 67, 123, and 
138 pathways in prepubertal, postpubertal, and adult ani-
mals, respectively, that were enriched in CP or IP L3PNs 
relative to the other cell type (see Table 1 for the top 
10 pathways enriched in each cell type at each age and the 
online supplement for lists of all significant pathways). Most 
of these pathways were enriched in IP L3PNs in prepubertal 
(84%) and postpubertal (76%) animals, whereas 58% of the 
pathways were enriched in CP L3PNs in adult animals. 
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FIGURE 1. Transcriptome differences between CP and IP L3PNs over developmenta
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A. 486 DEGFD from prepubertal monkeys B. 1,240 DEGFD from postpubertal monkeys C. 1,082 DEGFD from adult monkeys

Pre

CP IP CP IP CP IP

Post Adult

Pre

CP IP CP IP CP IP

Post Adult

a In each heatmap, rows indicate individual genes and columns represent individual monkeys within each age group. In panel A, the bold outline indicates 
a heat map of genes qualifying as DEGFD between CP and IP L3PNs in prepubertal animals. The adjacent heat maps show the relative expression levels 
of these same genes in postpubertal and adult animals. In panel B, the bold outline indicates a heat map of genes qualifying as DEGFD between CP and IP 
L3PNs in postpubertal animals. The adjacent heat maps show the relative expression levels of those same genes in prepubertal and adult animals. In 
panel C, the bold outline indicates a heat map of genes qualifying as DEGFD between CP and IP PNs in adult animals. The adjacent heat maps show the 
relative expression levels of those same genes in prepubertal and postpubertal animals. In all three panels, the DEGFD in the highlighted age group show 
a similar pattern of differential gene expression in the other two age groups. CP5callosal projection; DEGFD5differentially expressed genes with log2 
fold difference $0.2; IP5ipsilateral projection; L3PNs5layer 3 pyramidal neurons; pre5prepubertal; post5postpubertal.
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Moreover, higher-order molecular processes specific to each 
cell type were conserved; for example, across age groups, 
pathways related to synaptic structure and translation/RNA 
processing were CP-enriched, and mitochondrial energy 
production and actin/cytoskeleton-related pathways 
were IP-enriched. Moreover, many of these pathways 
contained genes involved in basic neuronal functions such 
as action potential generation, synaptic vesicle release, or 

cAMP-mediated signaling, and some of these genes were 
differentially expressed between L3PN subtypes in more 
than one age group. For example, in all three age groups, the 
voltage-gated sodium channel subunit gene SCN1A was 
enriched in IP neurons, whereas SCN3A was enriched in CP 
neurons (Figure 2). Similarly, among the synaptotagmin 
genes involved in vesicle release, SYT2 was enriched in IP 
neurons, whereas SYT10 was enriched in CP neurons from 

TABLE 1. Top 10 pathways differentiating CP from IP neurons in each age groupa

CP-Enriched Pathways padj NES Size

Prepubertal
GOBP positive regulation of protein 

targeting to membrane
4.02E203 2.04 24

GOBP forelimb morphogenesis 1.33E202 2.01 16
GOBP anterior/posterior axis 

specification
2.62E202 1.92 22

GOBP gamma-aminobutyric acid 
signaling pathway

2.90E202 1.92 22

GOCC cytosolic ribosome 1.90E203 1.91 89
GOBP positive regulation of epithelial 

cell differentiation
2.93E202 1.88 24

GOBP cellular response to 
calcium ion

1.32E202 1.81 71

GOBP cytoplasmic translation 2.61E203 1.79 143
GOBP regulation of epithelial to 

mesenchymal transition
1.77E202 1.78 63

GOBP negative regulation of cell-cell 
adhesion

1.03E202 1.78 88

Postpubertal
GOBP positive regulation of epithelial 

cell differentiation
3.29E203 2.03 24

GOBP regulation of epithelial cell 
differentiation

7.18E204 1.95 68

GOBP negative regulation of cell 
activation

5.01E204 1.91 89

GOBP regulation of CD4-positive 
alpha-beta T cell differentiation

2.65E202 1.90 19

GOBP mRNA splice site selection 3.46E202 1.81 31
GOBP regulation of synapse assembly 7.78E203 1.79 84
GOMF SMAD binding 1.40E202 1.78 61
GOCC postsynaptic specialization 

membrane
3.65E203 1.77 105

GOBP alternative mRNA splicing via 
spliceosome

1.60E202 1.74 74

GOBP lens development in camera- 
type eye

2.36E202 1.73 54

Adult
GOBP regulation of synapse assembly 2.11E206 2.09 84
GOBP lens development in camera- 

type eye
1.07E204 2.04 54

GOMF beta-catenin binding 2.71E205 2.02 72
GOMF SMAD binding 1.03E204 1.99 61
GOBP cell fate determination 3.41E203 1.94 20
GOBP labyrinthine layer blood vessel 

development
1.85E202 1.88 16

GOBP regulation of dendrite 
morphogenesis

2.75E203 1.85 59

GOBP cellular response to calcium ion 2.64E203 1.83 71
GOBP response to acetylcholine 1.83E202 1.81 22
GOCC transcription repressor 

complex
2.71E203 1.80 58

IP-Enriched Pathways padj NES Size

Prepubertal
GOMF structural constituent of 

cytoskeleton
8.12E205 2.30 66

GOCC intermediate filament 8.22E204 2.23 42
GOCC myelin sheath 2.80E203 2.14 19
GOBP positive regulation of 

potassium ion transmembrane 
transporter activity

4.49E203 2.13 35

GOBP intermediate filament-based 
process

4.02E203 2.10 32

GOBP protein localization to 
lysosome

4.95E203 2.08 28

GOMF ATP-dependent protein 
folding chaperone

7.41E203 2.06 17

GOBP vesicle docking involved in 
exocytosis

5.38E203 2.05 42

GOBP regulation of vesicle fusion 1.13E202 2.04 47
GOBP post-Golgi vesicle-mediated 

transport
1.01E203 2.01 22

Postpubertal
GOCC main axon 3.64E209 2.67 55
GOCC inner mitochondrial 

membrane protein complex
5.00E209 2.49 110

GOCC myelin sheath 1.24E204 2.30 35
GOBP aerobic respiration 3.21E208 2.29 138
GOCC mitochondrial protein- 

containing complex
4.88E210 2.19 242

GOBP proton transmembrane 
transport

4.00E205 2.14 90

GOMF primary active transmembrane 
transporter activity

2.19E205 2.13 108

GOMF electron transfer activity 1.24E204 2.10 77
GOCC intermediate filament 1.33E203 2.10 42
GOCC oxidoreductase complex 1.91E204 2.09 86

Adult
GOCC inner mitochondrial 

membrane protein complex
1.41E213 2.89 110

GOBP proton transmembrane 
transport

1.80E212 2.83 90

GOBP ATP metabolic process 1.80E212 2.58 157
GOMF primary active transmembrane 

transporter activity
5.52E209 2.54 108

GOMF ATPase-coupled cation 
transmembrane transporter activity

5.54E205 2.39 38

GOCC mitochondrial protein- 
containing complex

5.65E214 2.37 242

GOBP aerobic respiration 1.63E208 2.35 138
GOCC oxidoreductase complex 5.41E206 2.33 86
GOCC proteasome regulatory particle 1.36E203 2.23 19
GOBP retrograde axonal transport 1.24E203 2.23 18

a CP5callosal projection; IP5ipsilateral projection; NES5normalized enrichment score.
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all three age groups (Figure 2). Furthermore, in all three age 
groups, the structural gene NEFM was enriched in IP L3PNs 
(Figure 3), whereas genes whose products increase neurite 
outgrowth, such as HGF (27) (Figure 3), CELSR1 (28), 
ADCYAP1 (29), and TIAM1 (30), were enriched in CP L3PNs 
at all three ages.

Many genes identified as a DEG in only one age group 
nonetheless had a similar pattern of differential expression 
in every age group (see Figure S4 in the online supplement). 
These similarities are further illustrated in Figure 1. Spe-
cifically, for the DEGFD in a given age group, a similar overall 
pattern of gene expression differences between cell types 
was evident in the other two age groups. Together, these 

findings indicate that IP and CP L3PNs have distinct tran-
scriptomes in prepubertal, postpubertal, and adult monkeys 
and that these gene expression differences become more 
prominent during late postnatal development.

Comparison of Gene Expression Levels in CP or IP 
L3PNs Across Age Groups
The above analyses revealed substantial differences in gene 
expression between CP and IP L3PNs within each age 
group. However, these analyses do not reveal whether the 
differences in numbers of DEG and DEGFD between L3PN 
subtypes across age groups reflect developmental shifts in 
gene expression in CP L3PNs, in IP L3PNs, or in both L3PN 

FIGURE 2. Consistent differences in gene expression between CP and IP L3PNs over developmenta
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subtypes, because these within-age-group analyses used 
different RNA sequencing batches between the post-
pubertal animals and the prepubertal and adult animals (see 
Table S1 in the online supplement). To address this limi-
tation, we next examined the transcriptomes of CP and IP 
L3PNs from each age group that were processed in the same 
sequencing batch (see Table S1, RNAseq Batch 2, in the 
online supplement).

In CP neurons, ANOVA on Batch 2 data identified 
736 DEGs across the three age groups (Figure 4A). The levels 
of most of these genes in the postpubertal animals were 
intermediate to those in the younger and older age groups 
(Figure 4A). For example, expression levels of SNTG2 and 
GABRG2 in CP neurons progressively increased with age 
(Figure 4B, top), whereas GABRA2 and SEMA5B expression 
levels progressively decreased with age (Figure 4B, bottom). 
Pathway analysis (see Table 2 for the top 10 pathways and the 
online supplement for all significant pathways) identified 
37 pathways that differed between prepubertal and post-
pubertal animals; mitochondrial energy production, syn-
aptic structure, and translation were enriched in prepubertal 
animals, and transcriptional regulation was enriched in 
postpubertal animals. In addition, 79 pathways differed 
between postpubertal and adult animals; synaptic structure 
and ion transport pathways were enriched in postpubertal 
animals, and translation, mitochondrial energy production, 
and synaptic-vesicle-related pathways were enriched in 
adult animals.

In IP neurons, ANOVA detected 660 DEGs across the 
three age groups, with the expression levels of many of these 
genes in the postpubertal animals intermediate to those from 
prepubertal and adult animals (Figure 4C). For example, 
WNT5A gene expression levels in IP L3PNs progressively 
increased with age, whereas SSTR1 levels progressively 
decreased with age (Figure 4D). Pathway analysis (see 
Table 3 for the top 10 pathways and the online supplement 
for all significant pathways) detected 37 pathways that 
differed between prepubertal and postpubertal monkeys. 
Pathways enriched in prepubertal IP L3PNs contained many 
overlapping gene sets involved in synapse structure, whereas 
those enriched in the postpubertal animals were involved in 
mitochondrial energy production. Thirteen pathways dif-
fered between postpubertal and adult IP L3PNs (Table 3); 
pathways enriched in adult animals were related to trans-
lation, whereas the pathways enriched in the postpubertal 
animals were primarily involved in calcium transport.

Comparison of these analyses within each cell type 
suggests that CP and IP L3PNs differ in the developmental 
timing of their largest shifts (i.e., $15%) in gene expression. 
For example, in the transition between prepuberty and 
postpuberty, 49.5% (364) of the 736 DEGs in CP L3PNs were 
identified as DEGFD, compared to 73.5% (485) of the 
660 DEGs in IP neurons (x2583.3, df51, p,0.00001). In 
contrast, in the transition between postpuberty and adult-
hood, 59.8% (440) of the 736 DEGs in CP L3PNs, but only 
39.4% (260) of the 660 DEGs in IP L3PNs qualified as DEGFD 
(x2557.9, df51, p,0.00001). These differences between CP 
and IP L3PNs in the timing of their developmental shifts in 
gene expression are illustrated by specific genes. For ex-
ample, SEPTIN4 levels in CP L3PNs increased by 20% be-
tween prepuberty and postpuberty but by 61% between 
postpuberty and adulthood, whereas in IP L3PNs, SEPTIN4 
levels increased by 70% between prepuberty and postpu-
berty but did not differ between postpuberty and adulthood 

FIGURE 3. Examples of genes enriched in IP or CP L3PNs at all three 
developmental time pointsa
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(Figure 4E, left). Similarly, for NEFM levels, the larger de-
velopmental increase in CP L3PNs was between postpuberty 
and adulthood, whereas in IP L3PNs the larger increase was 
between prepuberty and postpuberty (Figure 4E, right). 
Together, these findings suggest that IP L3PNs approach a 
mature transcriptome state earlier during postnatal devel-
opment than do CP L3PNs.

RRHO2 Analyses Corroborate Differential Timing of 
Shifts in Gene Expression Between Cell Types
Although many of the differences between CP and IP L3PNs 
are present in prepubertal animals, the threshold-based 
analyses above suggest that these two cell types differ in 
the timing of the maturation of their transcriptomes. To 
explore this idea more fully, we evaluated all the genes in our 
data set using RRHO2, a threshold-free approach that does 
not depend on statistical cutoffs. Many genes that differed in 
expression level over development showed concordant 
changes in CP and IP L3PNs. For example, between the 
prepubertal and postpubertal animals, 4,279 genes concor-
dantly increased in expression and another 3,038 genes 
concordantly decreased in expression in both CP and IP 
L3PNs (Figure 5A). However, for 796 genes the differences in 
gene expression patterns between these age groups were 
discordant between CP and IP L3PNs, suggesting that the 
expression of these genes was changing in only one cell type 
or changing in opposite directions in each cell type. Analysis 
of the expression levels of these individual genes (Figure 5C) 
showed a much larger change in expression in IP compared 
to CP L3PNs between the prepubertal and postpubertal age 
groups, with most of these genes increasing in expression 
over this developmental transition.

Shifts in gene expression were also present between the 
postpubertal and adult age groups, with 3,825 genes con-
cordantly increasing in expression with age in both cell 
types and 2,563 genes concordantly decreasing with age 
(Figure 5B). An additional 1,455 genes had discordant gene 
expression between CP and IP L3PNs over this transition. 
Analysis of the expression levels of these individual genes 
(Figure 5D) showed a much larger change in expression in 
CP compared to IP L3PNs between the postpubertal and 
adult age groups, with most of these genes decreasing in 
expression over this developmental transition.

The discordant gene expression analyses above support 
the idea that the maturation of IP L3PNs precedes that of 
CP L3PNs. To test this hypothesis, we examined the gene 
expression patterns for all genes over these developmen-
tal epochs. Specifically, for each cell type we used an RRHO2 
analysis to compare the gene expression differences be-
tween the prepubertal and adult animals to the differences 
in expression of these genes during the prepubertal-to- 
postpubertal transition and during the postpubertal-to-adult 
transition. As shown in Figure 5E, the earlier transition ac-
counts for most of the overall difference with age for IP L3PNs, 
whereas the later transition accounts for more of the overall 
difference with age for CP L3PNs, findings consistent with an 

earlier transcriptional maturation of IP L3PNs and a later 
transcriptional maturation of CP L3PNs.

Together, the findings using threshold-based cutoffs and 
the findings using threshold-free approaches of both dis-
cordant and overall gene expression patterns converge on 
the interpretation that developmental shifts in gene ex-
pression characteristic of the adult state occur earlier in IP 
L3PNs than in CP L3PNs.

DISCUSSION

We identified numerous shifts during late postnatal devel-
opment in the gene expression profiles of both DLPFC- 
projecting CP L3PNs and PPC-projecting IP L3PNs from 
macaque monkeys. Our findings demonstrate that 1) the 
transcriptomes of CP and IP L3PNs substantially differ at 
each of the three ages studied; 2) the number of genes and 
gene pathways differentiating CP from IP L3PNs increases 
with age; 3) these age-related differences between cell types 
appear to be the consequence of developmental shifts in gene 
expression in both cell types; and 4) the larger shift in gene 
expression took place between prepubertal and postpubertal 
animals for IP L3PNs but between postpubertal and adult 
animals for CP L3PNs. These findings indicate that the 
developmental trajectories of DLPFC CP and IP L3PN 
transcriptomes are protracted and differ in timing based on 
cell type.

Transcriptome Differences Between CP and IP L3PNs
In the DLPFC of adult macaque monkeys, CP and IP L3PNs 
are distinct anatomical populations (2–4). We previously 
identified numerous genes that were differentially expressed 
between these populations in postpubertal monkeys (16). 
Here, we show that many genes are also differentially ex-
pressed between CP and IP L3PNs earlier in development in 
the prepubertal period, consistent with prior findings that 
patterns of gene expression can be used to distinguish py-
ramidal neuron (PN) subtypes in prepubertal mice (31) and 
humans (32). We also found that a core set of large transcript 
differences between these PN subtypes persists into adult-
hood. Specifically, 132 genes met criteria for DEGFD in all 
three age groups. In concert, these molecular findings 
support the anatomical data that DLPFC-projecting CP 
L3PNs and PPC-projecting IP L3PNs in monkey DLPFC are 
distinct populations of neurons, and they provide a molec-
ular signature of each cell type that might make them 
identifiable in clustering algorithms applied to single nucleus 
RNAseq data.

Consistent with this idea of distinct molecular-anatomical 
phenotypes of subtypes of L3PNs, some of the identified DEGs 
might contribute to other morphological differences be-
tween CP and IP L3PNs, such as the larger somal size, greater 
dendritic length and complexity, and higher spine density of 
CP relative to IP L3PNs in monkey DLPFC (11, 33). For 
example, the heavy neurofilament gene, NEFM, an axonal 
cytoskeleton protein (34), showed higher expression in IP 
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FIGURE 4. Differences in gene expression within CP or IP L3PNs across developmenta
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compared to CP L3PNs across age groups, an observation 
consistent with prior findings that NEFM protein is 
enriched in IP relative to CP L3PNs (35). In contrast, other 
genes related to neurite outgrowth were enriched in CP 
compared to IP L3PNs in all age groups. Among these genes 
are TIAM1, which controls the cytoskeleton-modulating 
RAC1 signaling pathway that stimulates axon growth and 
spine formation (36, 37); ADCYAP1, which activates RAC1 
(38); and HGF, which positively controls dendritic length 
and branching (27).

Gene expression differences between CP and IP L3PNs 
might also contribute to the electrophysiological diversity 
among L3PNs in monkey DLPFC (39, 40). For example, 
genes encoding proteins that regulate excitability, such as the 
voltage-gated sodium channel subunit genes SCN1A and 

SCN1B were enriched in IP neurons, whereas SCN3A was 
enriched in CP neurons. These enrichment patterns were 
observed in all age groups, consistent with prior findings that 
the intrinsic excitability of monkey DLPFC L3PNs achieves 
a mature state before the prepubertal period (41).

Protracted Maturation of CP and IP 
L3PN Transcriptomes
The number of DEGs between CP and IP L3PNs nearly 
doubled between the prepubertal (N51,046) and post-
pubertal (1,942) monkeys and increased by an additional 50% 
in the adult (3,057) monkeys, consistent with findings in 
the marmoset neocortex, in which an early postnatal pan- 
neuronal transcriptome matures into cell type–specific pat-
terns of gene expression in adulthood (42). These findings 

E shows plots of representative genes whose expression levels change in CP and IP L3PNs over different time periods. In each plot, hash bars indicate 
group means, and filled circles indicate values for individual monkeys; lines connecting the means are included to highlight the different developmental 
trajectories. CP5callosal projection; DEGs5differentially expressed genes; IP5ipsilateral projection; L3PNs5layer 3 pyramidal neurons; post5
postpubertal; pre5prepubertal.

TABLE 2. Top 10 significant pathways in CP L3PNs differentiating prepubertal and adult animals from postpubertal animalsa

Pathways padj NES Size

Prepubertal-enriched versus postpubertal
GOCC proteasome core complex 9.87E205 2.42 16
GOBP postsynapse assembly 1.27E202 2.11 27
GOMF G protein activity 1.57E202 2.05 34
GOMF Wnt-protein binding 3.25E202 2.03 18
GOBP heterophilic cell-cell adhesion 

via plasma membrane cell-adhesion 
molecules

3.78E202 1.97 28

GOBP granulocyte migration 3.60E202 1.89 48
GOCC intrinsic component of synaptic 

membrane
4.91E203 1.82 143

GOBP cell-cell adhesion via plasma- 
membrane adhesion molecules

4.91E203 1.81 161

GOCC glutamatergic synapse 2.58E204 1.78 296
GOCC oxidoreductase complex 4.98E202 1.77 86

Postpubertal-enriched versus prepubertal
GOBP chromatin organization 3.62E209 1.99 450
GOMF chromatin DNA binding 7.51E203 1.98 78
GOCC intermediate filament 1.96E202 1.95 42
GOBP nucleosome organization 1.57E202 1.86 68
GOMF histone binding 1.50E203 1.82 207
GOBP positive regulation of vasculature 

development
4.40E202 1.82 76

GOBP histone modification 7.04E205 1.79 386
GOMF chromatin binding 7.04E205 1.75 425
GOBP steroid hormone-mediated 

signaling pathway
4.40E202 1.74 102

GOMF transcription coregulator activity 1.80E203 1.64 399

Pathways padj NES Size

Postpubertal-enriched versus adult
GOCC intrinsic component of 

postsynaptic density membrane
6.70E204 2.17 52

GOBP regulation of synapse assembly 1.53E204 2.13 84
GOBP regulation of synapse structure or 

activity
1.46E206 2.10 175

GOBP adenylate cyclase-activating G 
protein-coupled receptor signaling 
pathway

8.64E204 2.04 67

GOBP vocalization behavior 1.45E202 2.03 16
GOBP synapse maturation 5.48E203 2.00 25
GOBP regulation of neuronal synaptic 

plasticity
1.77E203 2.00 53

GOBP regulation of postsynaptic 
neurotransmitter receptor activity

2.48E202 1.98 16

GOBP cell-cell adhesion via plasma- 
membrane adhesion molecules

9.46E205 1.94 161

GOBP neuromuscular synaptic 
transmission

2.94E202 1.93 15

Adult-enriched versus postpubertal
GOCC oxidoreductase complex 6.01E208 2.44 86
GOBP aerobic respiration 3.11E209 2.41 138
GOCC mitochondrial protein- 

containing complex
1.44E211 2.33 242

GOCC proton-transporting two-sector 
ATPase complex, catalytic domain

3.69E204 2.29 15

GOCC proton-transporting two-sector 
ATPase complex

5.71E204 2.18 35

GOBP energy derivation by oxidation of 
organic compounds

1.25E208 2.18 229

GOBP NADH metabolic process 1.30E203 2.15 28
GOBP nucleoside triphosphate 

biosynthetic process
3.53E205 2.14 101

GOBP mitochondrial respiratory chain 
complex assembly

1.38E204 2.14 76

GOBP glucose catabolic process 4.11E203 2.12 18
a CP5callosal projection; L3PNs5layer 3 pyramidal neurons; NES5normalized enrichment score.
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suggest that even though the axonal projection phenotype 
of L3PN subtypes is established early in development, their 
molecular phenotypes—which, as noted above, might con-
tribute to differences in other anatomical or functional 
properties—continue to mature into adulthood.

Together, these findings demonstrate that even in the 
same brain region and cortical layer, L3PN subtypes that 
differ in their axonal projection targets show a progressive 
emergence of distinct transcriptomes that continues across 
late postnatal development into adulthood. These protracted 
shifts in gene expression across late postnatal development 
in both CP and IP L3PNs likely contribute to the protracted 
refinement of layer 3 DLPFC circuitry (1, 43) and thus to the 
maturation of DLPFC-mediated cognitive abilities that are 
mediated by this circuitry (44, 45).

The temporal expression patterns of specific genes may 
provide insight into the molecular basis for the maturation of 
aspects of layer 3 DLPFC circuitry. For example, the similar 
increases (;40%) in NEFM expression between prepubertal 
and adult monkeys in both CP and IP L3PNs might support 
the stabilization of mature axons (34). In contrast, the similar 
declines (;50%) in expression of SEMA5B, which regulates 
the formation of synaptic connections (46), between pre-
puberty and adulthood in both PN subtypes might contribute 

to the decrease in density of axospinous synapses in 
DLPFC layer 3 across adolescence (13).

The activity of PNs is regulated by inhibition mediated 
by GABAA receptors composed of different subunits. 
Consistent with a prior developmental study of random 
samples of monkey DLPFC L3PNs (47), we found that 
GABRG2 subunit mRNA levels increased with age in both 
L3PN subtypes but were lower in IP than CP neurons at all 
ages. Given that the GABRG2 is present in most synaptic 
GABAA receptors (GABAARs) (48) and is required for post-
synaptic receptor clustering (49), these findings suggest that 
the control of PN activity by synaptic inhibition increases with 
age in both L3PN subtypes but is consistently greater in CP 
than IP neurons across late postnatal development and 
into adulthood. In contrast, GABRA2 mRNA levels decreased 
with age only in CP L3PNs but were still lower in IP than CP 
L3PNs at all three ages. Given that the presence of the 
GABRA2 subunit is associated with slower decay times of 
GABAAR-activated currents (50), our findings suggest that IP 
and CP L3PNs progressively differ with age in the decay ki-
netics of the synaptic response to GABA, which might dif-
ferentially affect their engagement in oscillatory activity. For 
example, CP L3PNs might be more likely to participate in 
networks with slower beta frequency oscillations and IP 

TABLE 3. Selected significant pathways in IP L3PNs differentiating prepubertal and adult animals from postpubertal animalsa

Pathways padj NES Size

Prepubertal-enriched versus postpubertal
GOCC intrinsic component of 

postsynaptic specialization 
membrane

2.98E205 2.34 73

GOCC postsynaptic density membrane 1.88E205 2.28 84
GOBP cell-cell adhesion via plasma- 

membrane adhesion molecules
1.86E206 2.18 161

GOBP neuron cell-cell adhesion 1.11E202 2.12 15
GOBP heterophilic cell-cell adhesion 

via plasma membrane cell adhesion 
molecules

1.11E202 2.06 28

GOBP regulation of synapse structure or 
activity

1.96E205 2.02 175

GOBP cell-cell adhesion 2.02E210 1.96 524
GOBP morphogenesis of a polarized 

epithelium
1.21E202 1.86 72

GOCC filopodium 1.62E202 1.84 81
GOCC glutamatergic synapse 4.30E205 1.80 296

Postpubertal-enriched versus prepubertal
GOBP positive regulation of sodium ion 

transmembrane transport
2.92E202 2.02 17

GOMF aldo-keto reductase NADP 
activity

4.96E202 1.95 16

GOMF kinesin binding 2.63E202 1.93 39
GOBP protein homotetramerization 2.44E202 1.90 40
GOBP multicellular organismal 

movement
4.04E202 1.89 30

GOCC nucleoid 4.69E202 1.86 39
GOCC main axon 2.92E202 1.86 55
GOCC T-tubule 4.91E202 1.82 43
GOBP striated muscle contraction 1.06E202 1.82 105
GOCC mitochondrial matrix 1.88E205 1.76 403

Pathways padj NES Size

Postpubertal-enriched versus adult
GOCC sarcoplasmic reticulum 

membrane
1.95E202 2.06 27

GOBP learning 4.27E203 1.94 130
GOMF calcium ion transmembrane 

transporter activity
1.91E202 1.87 90

GOBP regulation of Rho protein signal 
transduction

3.60E202 1.87 62

GOBP regulation of calcium ion 
transmembrane transporter activity

3.40E202 1.85 63

GOCC site of polarized growth 1.25E202 1.79 156
GOCC distal axon 2.15E202 1.68 233
GOCC axon 9.73E204 1.63 536
GOBP cell morphogenesis involved in 

differentiation
1.95E202 1.48 550

Adult-enriched versus postpubertal
GOCC cytosolic ribosome 3.13E204 2.21 89
GOMF structural constituent of 

ribosome
3.13E204 2.09 148

GOBP cytoplasmic translation 8.74E203 1.87 143
GOCC clathrin-coated vesicle 3.47E202 1.77 148

a IP5ipsilateral projection; L3PNs5layer 3 pyramidal neurons; NES5normalized enrichment score.
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FIGURE 5. RRHO2 analyses of gene expression shifts over developmenta
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differences between prepubertal and postpubertal monkeys for CP and IP L3PNs (panel A) and between postpubertal and adult monkeys for CP and IP 
L3PNs (panel B). The numbers of concordant genes that increase (lower left quadrant) or decrease (upper right quadrant) in expression level with age 
are shown. Panels C and D are heat maps of the discordant genes from the prepubertal-to-postpubertal transition (panel C) and from the postpubertal- 
to-adult transition (panel D). Each column of the heat maps represents an individual animal for the indicated cell type and each row an individual gene. 
The numbers below each heat map are the average normalized expression level for all the discordant genes in that cell type and age group. Note that for 
the prepubertal-to-postpubertal transition, the shift in gene expression is larger for IP than for CP L3PNs, whereas for the postpubertal-to-adult 
transition, the shift in gene expression is larger for CP than for IP L3PNs. The RRHO2 plots in panel E show gene expression differences between the 
prepubertal and adult age groups compared to the prepubertal-to-postpubertal transition (left side) and the postpubertal-to-adult transition (right 
side) for CP L3PNs (top) and IP L3PNs (bottom). The earlier transition accounts for most of the overall difference with age for IP L3PNs, whereas the later 
transition accounts for more of the overall difference with age for CP L3PNs. CP5callosal projection; IP5ipsilateral projection; L3PNs5layer 
3 pyramidal neurons; post5postpubertal; pre5prepubertal.
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L3PNs in networks with faster gamma frequency oscillations 
(41). Given that beta and gamma frequency oscillations play 
different roles in working memory (51), our findings support 
the idea that IP and CP L3PNs differentially contribute to 
subcomponents of working memory processing (5–8).

IP Neurons Express a Mature Transcriptome Earlier 
Than CP Neurons
The timing of large ($15%) shifts in gene expression differed 
between IP and CP neurons, with most of these large shifts in 
IP L3PNs occurring between prepubertal and postpubertal 
monkeys, whereas in CP L3PNs most large shifts occurred 
between the postpubertal and adult age groups. Consistent 
with these findings, the RRHO2 analyses demonstrated that 
for a subset of genes, the shift in gene expression between 
prepubertal and postpubertal monkeys was greater in IP 
L3PNs, whereas the shift in gene expression between 
postpubertal and adult monkeys was greater in CP L3PNs.

Together, these differences suggest that IP L3PNs ap-
proach a mature transcriptome earlier in development than 
CP L3PNs. These cell type differences might reflect differ-
ences in the timing of the maturation of the cortical areas 
targeted by their axons given that axonal projection target 
appears to be an important determinant of a neuron’s 
transcriptome (16, 52, 53). Consistent with this interpreta-
tion, neuroimaging studies (54, 55) indicate that the PPC (the 
target region of our IP L3PNs) matures earlier than the 
DLPFC (the target region of our CP L3PNs).

Implications for Schizophrenia
Our findings have several potential implications for under-
standing some of the core deficits in schizophrenia. The 
distinct transcriptome profiles of CP and IP neurons in the 
adult monkey suggest that these two subtypes of L3PNs 
might be identifiable in single nucleus RNA sequencing 
studies of the postmortem human brain. Such findings could 
then be used to address the long-standing question of 
whether the well-established morphological (e.g., fewer 
dendritic spines [56, 57]) and molecular (e.g., lower ex-
pression of mitochondrial genes [58]) alterations of L3PNs in 
schizophrenia are common to all PNs in this laminar location 
or are cell type specific. For example, the enrichment of 
mitochondria-associated pathways in IP L3PNs compared to 
CP L3PNs suggests that these two neuronal subtypes might 
differ in their susceptibility to the expression deficits of 
genes related to oxidative phosphorylation previously re-
ported in DLPFC L3PNs in schizophrenia (58). Answering 
this question will reveal the generality or specificity of 
DLPFC circuitry alterations in schizophrenia and thus in-
form the selection of targets for therapeutic interventions.

Our findings also suggest new perspectives on the 
pathogenesis of L3PN alterations in schizophrenia. The later 
transcriptional maturation of CP L3PNs is associated with a 
decrease in multiple pathways involved in synaptic function 
between the postpubertal and adult ages. Given that den-
dritic spine density declines on L3PNs in monkey DLPFC 

during this developmental period (59), these findings suggest 
that CP L3PNs might be preferentially vulnerable to the 
proposed disease process of excessive synaptic pruning in 
schizophrenia (15, 60). In addition, the presence of tran-
scriptome shifts in both cell types during the peripubertal 
period suggests that alterations to either or both of these 
developmental processes could contribute to the emer-
gence of cognitive impairments during early adolescence in 
individuals who are later diagnosed with schizophrenia 
(17–21).
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