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Abstract
The functional output of a cortical region is shaped by its complement of GABA neuron subtypes. GABA-related transcript
expression differs substantially between the primate dorsolateral prefrontal cortex (DLPFC) and primary visual (V1) cortices
in gray matter homogenates, but the laminar and cellular bases for these differences are unknown. Quantification of levels
of GABA-related transcripts in layers 2 and 4 of monkey DLPFC and V1 revealed three distinct expression patterns: 1)
transcripts with higher levels in DLPFC and layer 2 [e.g., somatostatin (SST)]; 2) transcripts with higher levels in V1 and layer
4 [e.g., parvalbumin (PV)], and 3) transcripts with similar levels across layers and regions [e.g., glutamic acid decarboxylase
(GAD67)]. At the cellular level, these patterns ref lected transcript- and cell type-specific differences: the SST pattern
primarily ref lected differences in the relative proportions of SST mRNA-positive neurons, the PV pattern primarily ref lected
differences in PV mRNA expression per neuron, and the GAD67 pattern ref lected opposed patterns in the relative
proportions of GAD67 mRNA-positive neurons and in GAD67 mRNA expression per neuron. These findings suggest that
differences in the complement of GABA neuron subtypes and in gene expression levels per neuron contribute to the
specialization of inhibitory neurotransmission across cortical circuits.
Key words: dorsolateral prefrontal cortex, GABA, parvalbumin, somatostatin, V1

Introduction
Cortical interneurons, which utilize the inhibitory neurotransmitter γ -aminobutyric acid (GABA), regulate cortical network
activity by shaping the excitatory inputs received by pyramidal
neurons and the excitatory outputs they generate (Markram
et al. 2004; Kepecs and Fishell 2014; Tremblay et al. 2016).
GABA neurons have been subtyped based on their physiologic,
morphologic, and/or molecular properties (Ascoli et al. 2008;
DeFelipe et al. 2013). Classification schemes based on uniquely

expressed gene products have defined four major groups of
GABA neurons in the primate neocortex: those expressing the
calcium-binding protein parvalbumin (PV), the neuropeptides
somatostatin (SST) or vasoactive intestinal peptide (VIP), or the
cannabinoid receptor 1 (CB1R) (DeFelipe 1993; Condé et al. 1994;
Gabbott and Bacon 1996; DeFelipe 1997; del Rio and DeFelipe
1997; Eggan and Lewis 2007). Some of these cell types frequently,
but not exclusively, also express other calcium-binding proteins
such as calbindin (CB) and calretinin (CR) (Condé et al. 1994;
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Materials and Methods
Animals and Tissue Preparation
Three cohorts (total n = 15) of adolescent or young adult rhesus monkeys (Macaca mulatta) were used (Table 1). All animals
were trained to perform working memory tasks under a water
restriction protocol, described elsewhere (Verrico et al. 2011), and

served solely as vehicle controls in those studies. The seven
animals in Cohort 1 were deeply anesthetized with ketamine
and pentobarbital and perfused transcardially with ice-cold artificial cerebrospinal fluid as previously described (Gonzalez-Burgos et al. 2008). The eight animals in Cohorts 2 and 3 were
deeply anesthetized with ketamine and pentobarbital without
transcardial perfusion. In all animals, the brain was extracted
intact, the right hemisphere was blocked, and the blocks were
flash-frozen in isopentane and stored at −80 ◦ C until the time
of the experiment. All housing and experimental procedures
were conducted in accordance with guidelines set by 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’s Institutional Animal
Care and Use Committee.

Laser Microdissection Procedure
Cryostat sections (12 μm) were cut from coronal blocks of the
right prefrontal cortex containing the principal sulcus (PS) and
from sagittal blocks of the right occipital cortex containing the
calcarine sulcus (CaS; Fig. 1A–C). Sections were thaw-mounted
onto glass polyethylene naphthalate membrane slides that had
been ultraviolet treated at 254 nm for 30 min, dried briefly, and
stored at −80 ◦ C. On the day of laser microdissection, slides
were immersed in an ethanol-acetic acid fixation solution and
stained for thionin, as previously described (Dienel et al. 2017).
Using a 5x microscope objective, cortical regions were confirmed
by cytoarchitectonic criteria (Walker 1940; Lund 1973) and layers
were identified based on the characteristic differences in packing density and size of Nissl-stained cells (Fig. 1D,E). In coronal
sections containing the PS, DLPFC was defined based on defining
features of area 9 and 46 (Walker 1940) and included the zone
extending from the medial border of area 9 [i.e., the fundus of
the cingulate sulcus (CS)] through the lateral border of area 46
(i.e., the ventral bank of the PS) (Fig. 1D). In sagittal sections containing the CaS, V1 was defined based on the cytoarchitectonic
criteria for area 17 (Lund 1973), and tissue samples containing
layer 2 or layer 4 (including all sublayers) were captured (Fig. 1E).
In each region, tissue samples were collected across three adjacent cryostat sections to obtain a total cross-sectional tissue
area of ∼ 5 × 106 μm2 in each layer from each animal. Samples
were lysed in RLT Plus Buffer (QIAGEN) with β-mercaptoethanol,
frozen, and RNA was extracted and purified using the RNeasy
Plus Micro Kit (QIAGEN). All four samples (DLPFC layer 2 and
layer 4 and V1 layer 2 and layer 4) from a single animal were
collected during the same day by a single investigator (S.J.D or
A.J.C) to minimize technical variance.

Quantitative Polymerase Chain Reaction
Total RNA was converted to complementary DNA using the
SuperScript IV VILO Master Mix (ThermoFisher Scientific). Given
the within-animal design of the study, all four cortical samples
for each animal were represented in quadruplicate for each
transcript on a single 384 well quantitative polymerase chain
reaction (qPCR) plate. Because of this design, which controls for
any potential batch effects within animal, only 16 transcripts
could be quantified. We designed forward and reverse primers to
target the transcripts of the following 13 GABA-related markers
(Table 2): those known to be primarily expressed in unique GABA
neuron subtypes (SST, CB, VIP, CR, CB1R, CCK, and PV) and those
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del Rio and DeFelipe 1996; DeFelipe 1997), or other neuropeptides
such as cholecystokinin (CCK) (Oeth and Lewis 1990). For
example, most SST neurons in superficial layers also express
CB (González-Albo et al. 2001), CR and VIP are frequently coexpressed (Gabbott and Bacon 1997; Meskenaite 1997), and many
CB1R-containing neurons also express CCK (Eggan et al. 2010).
Studies in humans suggest that expression levels of GABA
neuron subtype-specific gene products differ across the cortical
mantle, with pronounced differences between higher-order
association regions (e.g., dorsolateral prefrontal cortex, DLPFC)
and primary sensory areas (e.g., primary visual cortex, V1)
(Hashimoto et al. 2008; Hawrylycz et al. 2012; Tsubomoto et al.
2019). For example, in humans, PV mRNA levels are ∼ 4 fold
higher in V1 relative to DLPFC, whereas SST mRNA levels are
∼ 2 fold higher in DLPFC relative to V1 (Hashimoto et al. 2008;
Tsubomoto et al. 2019). However, these studies examined total
gray matter tissue homogenates and could not determine the
contribution of individual cortical layers to the differences
between regions.
Studies across cortical layers in monkeys and humans indicate that the relative densities of GABA neurons tend to be
higher in layers 2 and 4, as demonstrated by counts of neurons
immunoreactive for GABA (Hendry et al. 1987) or labeled for
glutamic acid decarboxylase 67 (GAD67) mRNA (Akbarian et al.
1995; Volk et al. 2000), the enzyme responsible for most GABA
synthesis in the cortex (Asada et al. 1997). Moreover, the cell
bodies of GABA neuron subtypes are differentially enriched in
layers 2 and 4. For example, in the primate DLPFC, the density
of SST/CB (Lewis et al. 1986; Gabbott and Bacon 1996), VIP/CR
(Condé et al. 1994), and CB1R/CCK (Eggan et al. 2010) neurons is
highest in layer 2, whereas the density of PV neurons is highest
in layer 4 (Condé et al. 1994; Hof et al. 1999). However, these
studies were limited to counts of labeled neurons and could not
determine the contribution of gene expression per neuron to the
observed regional differences in GABA-related transcript levels.
To determine the laminar and cellular bases for the marked
differences in GABA-related transcript levels between monkey
DLPFC and V1, we conducted two studies. First, we quantified
levels of transcripts that distinguish among subtypes of
GABA neurons, or that index pre- and post-synaptic GABA
neurotransmission, in tissue homogenates restricted to layers 2
and 4 of macaque monkey DLPFC and V1. We selectively studied
layers 2 and 4 given the enrichment of GABA-immunoreactive
(Hendry et al. 1987), GABA membrane transporter 1 (GAT1)
mRNA-positive (Volk et al. 2001) and GAD67 mRNA-positive
neurons (Volk et al. 2000) in these layers and prior reports
that distinct GABA subtypes are differentially enriched in
these layers (Condé et al. 1994; Gabbott and Bacon 1996).
Second, we used multiplex fluorescent in situ hybridization
to quantify relative neuronal densities and transcript levels per
neuron in the same regions and layers. We found that regional
and laminar differences in GABA-related transcripts reflect
differences in the complement of GABA neuron subtypes and/or
in subtype-specific expression levels per neuron.
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Figure 1. Cortical regions and layers in macaque monkeys. (A) Schematic of the macaque monkey brain. Orange and blue planes indicate locations of tissue blocks
from the (B) DLPFC and (C) V1, respectively. Dashed lines indicate approximate locations of areas 9/46 and 17 identified by cytoarchitectonic criteria. Tissue sections
were stained for Nissl substance, and layers 2 and 4 from (D) DLPFC and (E) V1 were laser microdissected and prepared for qPCR analysis. Numbers indicate cortical
layers. Scale bar (400 μm) applies to panels (D) and (E).
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Table 1 Characteristics of monkeys used in these studies
Subject

Age (months)

Sex

Perfusion status

Weight (kg)

Storage time (months)

1

MJ219
MJ401
MJ508
MJ324
MJ407
MJ607
MJ523
RH341
RH340
RH343
RH335
RH338
RH345
RH303
RH301

41
41
41
42
42
42
44
60
61
61
62
62
63
65
101

M
M
M
M
M
M
M
M
F
F
F
M
M
F
M

+
+
+
+
+
+
+
−
−
−
−
−
−
−
−

4.7
7.4
4.1
8.5
4.6
4.4
4
8.2
8.1
6
7
10
9.6
5.2
11

96
94
94
94
93
92
90
37
37
37
38
38
37
106
106

2

3

related to GABA neurotransmission, including GABA synthesis (GAD67 and GAD65), vesicular packaging (vesicular GABA
transporter, vGAT), reuptake (GAT1), and postsynaptic receptor
subunits of the GABAA receptor (GABRA1 and GABRA2), which
tend to be differentially enriched at specific postsynaptic sites
(Nusser et al. 1996). The same approach was used for three
housekeeping genes: β-actin, cyclophilin A, and glyceraldehyde
3-phosphate dehydrogenase (GAPDH). All primers showed 90–
100% efficiency and each amplified product resulted in a single
and specific amplicon. Levels of each transcript were assessed
using Power SYBR Green fluorescence and the ViiA7 Real Time
PCR System to determine the cycle threshold (CT). The expression level of each transcript was calculated by subtracting the
geometric mean of the three normalizers from the CT values
of the gene of interest (difference in CT or dCT). Normalizers
are thought to account for variation in amounts of RNA due
to a variety of factors, including differences in cell packing
density. Based on the greater cell packing density in V1 relative
to DLPFC in primates (Rockel et al. 1980; Carlo and Stevens
2013; Collins et al. 2016), the expression of these housekeeping
genes would be expected to be greater in V1 relative to DLPFC.
Consistent with our prediction, a repeated measures analysis
of variance (ANOVA) demonstrated that the geometric mean
of the normalizer genes was significantly higher in V1 than
DLPFC (F(1,14) = 8.32, p = 0.012). Because the dCT represents the
log2 -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 2-dCT .

Multiplex Fluorescent in situ Hybridization
In the study utilizing multiplex fluorescent in situ hybridization, tissue sections from Cohort 2 animals (three males and
three females; Table 1) were used. Cryostat sections (20 μm)
were cut from the same fresh-frozen coronal blocks of the right
DLPFC and sagittal blocks of the right V1, and thaw-mounted on
SuperFrost slides (ThermoFisher Scientific). Slides were stored
at −80 ◦ C until labeling. Probes were designed by Advanced Cell
Diagnostics, Inc. to detect mRNAs of the M. mulatta genes for
SST, parvalbumin (PVALB), and GAD67 (GAD1) (Table 2). Tissue

sections were processed using the RNAscope fluorescent multiplex assay according to the manufacturer’s protocol (Wang
et al. 2012). Briefly, after removal from −80 ◦ C, tissue sections
were immediately immersed in ice-cold 4% paraformaldehyde
for 15 min, dehydrated through a series of ethanol washes (50,
70, 100% and repeated with fresh 100% ethanol for 5 min each
at room temperature) and treated with protease IV (ACDbio) for
30 min at room temperature. Probes were then hybridized to
their target mRNAs for 2 h at 40 ◦ C. After a series of amplification
steps at 40 ◦ C (Amp 1 for 30 min, Amp 2 for 15 min, and Amp
3 for 30 min), GAD67, PV, and SST mRNAs were visualized by
Alexa 488, Atto 550, and Atto 647 N fluorophores, respectively,
via oligonucleotide binding to specific channels (C1, C2, and C3)
using Amp 4C for 15 min at 40 ◦ C. After counterstaining with 4’,6Diamidino-2-Phenylindole (DAPI), slides were stored at 4 ◦ C until
imaging. One section per region was used, and all tissue sections
from each animal (n = 12 sections, 2 regions per 6 animals) were
labeled together in the same batch.

Microscopy
Images were collected on a custom wide-field epifluorescence
Olympus IX83 inverted microscope equipped with a Spectra III
light engine (Lumencor), a high-precision XYZ motorized stage
with linear XYZ encoders (Prior Scientific), an ORCA-Flash 4.0
sCMOS camera (Hamamatsu Photonics), and custom dichroic
mirrors and excitation/emission filters for simultaneous imaging of six channels (excitation wavelengths 350-, 405-, 568-,
647-, 750-nanometers). The microscope and ancillary equipment were controlled using SlideBook 6.0 (Intelligent Imaging
Innovations, Inc.). Images were captured using a 60x 1.42 N.A.
oil immersion plan apochromat objective (Olympus). To select
the imaging sites, a low-magnification image was taken, and a
sampling grid composed of 240 × 240 μm squares was placed
over the entirety of the gray matter for each section. Imaging
sites were selected based on the laminar boundaries determined
by the DAPI counterstain alone; thus, the experimenter (S.J.D)
was blind to the labeling of the dependent measures of interest
during imaging site selection. For V1, layer 4 included all sublayers, consistent with the studies performed using laser microdissection. 3D image stacks (17 2D images successively captured
at intervals separated by 0.25 μm in the z-dimension) sized at
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Table 2 Primer sets and targeting information for in situ probes
qPCR primers
Species

Accession #

Forward Primer (F)
Reverse Primer (R)

Beta actin

Macaca mulatta

NM_001033084

Cyclophillin

M. mulatta

NM_001032809

GAPDH

M. mulatta

XM_001105471.1

Glutamic acid decarboxylase 1 (GAD67)

M. mulatta

XM_001082995.2

Glutamic acid decarboxylase 2 (GAD65)

M. mulatta

XM_001101800

SLC32A1 solute carrier family 32 (GABA vesicular
transporter member 1, vGAT)
SLC6A1 solute carrier family 6 member 1 (GABA
member transporter 1, GAT1)
CB 2 (CR)

M. mulatta

XM_001089139

M. mulatta

XM_001088606

M. mulatta

XM_002802566

VIP

M. mulatta

NM_001260752.1

CB 1

M. mulatta

XM_015145675.1

SST

M. mulatta

NM_001194239

CCK

M. mulatta

XM_002802837.2

CB1R

M. mulatta

NM_001032825.1

PV

M. mulatta

XM_001085875.1

GABAA receptor a1 subunit (GABRA1)

M. mulatta

XM_001086287

GABAA receptor a2 subunit (GABRA2)

M. mulatta

XM_001100133.1

(F1) gatgtggatcagcaagca
(R1) agaaagggtgtaacgcaacta
(F2) gcagacaaggttccaaag
(R2) gaagtcaccaccctgacac
(F8) tgccccaccaactgcttagc
(R8) agtgatggcgtggactgtg
(F2) aggaagcaccgccataaa
(R2) cagcacacccatcatcttgt
(F4) cccaaagcggatgtcaacta
(R1) atcttgcagaaacgccaaag
(F3) aaggccgtgtccaagttc
(R3) tgcccgcgatagacagta
(F5) gatcggcctctctaacatcac
(R5) aaagaacacgaggaacagcag
(F3) atgagctggatgcccttt
(R3) cgctctttctgtagttggtgag
(F1) gacaactatacccgccttagaaa
(R1) ttctccctcactgctcctct
(F1) gatgctgacggaagtggtt
(R1) gataactccaatccagccttct
(F2) gctgctctctgaacccaac
(R2) ctctgcaactcaagcctcatt
(F3) aagctccttctggacgaatg
(R4) tgtagtcccggtcacttatcct
(F3) tatgctctgcctgctgaact
(R3) gtcgcaggtccttactcctc
(F1) gctattgactccttcgac
(R1) atgaatcccagctcatcc
(F2) caagtgtccttctggctcaa
(R2) gatgcttagcgttgtcatgg
(F3) tctccccaaagtggcttatg
(R3) cccatcctcttttggtgaag

Efficiency (%)

100
100
97
97
99
97
98
98
98
100
98
97
97
101
98
97

In situ hybridization probes
Gene
Glutamic acid decarboxylase 1 (GAD67)
PV
SST

Species
M. mulatta
M. mulatta
M. mulatta

2048 × 2048 pixels (∼220 × 220 μm; pixel size = 0.107 μm/pixel)
were acquired to capture total tissue thickness. In each case,
the z-axis was 4.25 μm. Throughout an image stack, fluorescent channels (DAPI, 488, 568, 647) were sequentially captured.
Because macaques of this age group tend to accumulate lipofuscin, a lysosomal degradation product, in cortical brain tissue
(Brizzee et al. 1974), lipofuscin was imaged in a custom lipofuscin channel (ex: 405, em: 705) as previously described (Rocco et al.
2016). Exposure times were established before beginning the
experiment to optimize the dynamic range of the fluorescent
grains, and exposure times and laser power were kept constant
throughout the experiment: 405 nm at 100 milliseconds (ms),
488 nm at 1000 ms, 568 nm at 800 ms, and 647 nm at 300 ms,
custom lipofuscin channel at 500 ms; all solid-state light source
intensities were maintained at 10%. To minimize within-animal
experimental variance, the sampling order of region (DLPFC vs.
V1) and layer (layer 2 vs. layer 4) were systematically randomized
and all regions and layers from a single animal were imaged in a

Accession #
XM_015110351.1
XM_015150253.1
NM_001194239.1

Target region
558–1716
3–593
2–614

Channel
C1
C2
C3

day. For each animal, 30 sampling sites were obtained per layer
per region, resulting in an equivalent sampling size of ∼ 6.6 mm2
per area.

Image Processing
Each fluorescent channel was processed using a 3D Gaussian
blurred subtraction filter in MATLAB by calculating a difference
of Gaussians using sigma values of 0.7 and 2. Within SlideBook,
an average z-projection algorithm was used to generate a 2D
representation of the 3D image stack. The lipofuscin channel was subtracted from each fluorescent channel using SlideBook channel subtraction algorithm. The resulting 2D projection
image was exported as a quantitative 16-bit depth tiff files and
imported into HALO (IndicaLabs) for nucleus segmentation and
grain counting.
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However, in nearly every case, the Akaike information criteria
(AIC) (Akaike 1974) was smaller for the simpler linear model
without animal as a random factor, indicating that the inclusion
of the random factor did not meaningfully improve the model fit.
Therefore, the most parsimonious model utilizing region, layer,
and region-by-layer interaction terms was used and the results
from this model are reported.
For the multiplex fluorescent in situ hybridization study, the
same four laminar locations (DLPFC layer 2, DLPFC layer 4, V1
layer 2, V1 layer 4) were imaged in each of six monkeys. Linear
models were employed using either percent of positive cells for
each marker (relative to total nuclei count in that location) or
mRNA grain density per neuron as dependent variables, and
region, layer, and region-by-layer interaction as independent
variables. ANOVA tables were generated from these linear models. The cohort was balanced for sex, and the inclusion of sex as a
separate independent variable in the model did not significantly
explain the variance in any dependent measure in any case.
Similarly, mixed models were also conducted including animal
as a random factor, and the AIC indicated that the simpler
linear model was a better fit for the data in nearly every case.
Therefore, the most parsimonious model of including region,
layer, and region-by-layer interaction was used for each dependent measure. Cohen’s D effect sizes were employed to give an
estimation of the normative differences between regions and
layers.
All analyses were conducted in R using “car” (Fox and
Weisberg 2019), “tidyverse” (Wickham 2017), and “lme4” (Bates
et al. 2015) packages. Figures were generated in R using “ggplot2”
(Wickham 2016) and “ggbeeswarm” (Clarke and Sherrill-Mix
2017) packages. “Tukey’s HSD” function in base R was used to
compute post hoc comparisons.
All values provided in the text and figures are mean ± standard deviation.

Results
Regional and Laminar Patterns of GABA-related
Transcript Levels

Experimental Design and Statistical Analyses

Plots of the levels of GABA-related transcripts revealed three
patterns across layers 2 and 4 of the DLPFC and V1 (Figs 2–4).
Thus, the results are presented according to these patterns.

For the qPCR study, data were obtained from DLPFC layer 2,
DLPFC layer 4, V1 layer 2, and V1 layer 4 samples for all 15 monkeys. To determine the differences in transcript levels between
layers and across regions by qPCR, linear models were conducted using region, layer, and region-by-layer interaction as
fixed factors, and ANOVA tables were computed based on the
linear models. Because 13 transcripts were studied, we corrected
for multiple comparisons using Bonferroni’s procedure and set
the significance level at α = 0.0038 (0.05/13). Within each cohort,
animals were very similar in age and tissue storage time, but
these measures (and whether the animal was perfused with
artificial cerebrospinal fluid) differed across cohorts (Table 1);
thus, we included cohort as a covariate term in all linear models.
Similarly, we included sex as a separate covariate. The inclusion
of cohort and sex as covariates did not reach the set level of
statistical significance for any transcript with the exception of
GAD65, which showed higher expression in males than females
across DLPFC and V1 layers 2 and 4 (F(1,53) = 11.7, p = 0.0012).
Because each animal has four different cortical samples, mixed
models were also performed using animal as a random factor.

Pattern 1: Higher Transcript Levels in DLPFC than V1 and in Layer 2
than Layer 4
The most common pattern, exhibited by most transcripts
expressed in specific subtypes of GABA neurons, was defined
by higher transcript levels in DLPFC relative to V1 and layer 2
relative to layer 4. Transcripts that are frequently co-expressed
in the same neurons (e.g., SST and CB; CB1R and CCK; VIP and
CR) tended to show a similar regional and laminar pattern. The
most striking example of this shared expression pattern was
for SST (Fig. 2A) and CB (Fig. 2B) mRNAs. Both these transcripts
showed a significant effect of region (higher in DLPFC than
V1) and layer (higher in layer 2 than layer 4). CB mRNA also
showed a significant region-by-layer interaction, suggesting
that the magnitude of the laminar difference was greater in
the DLPFC (laminar effect size = 2.7) than V1 (laminar effect
size = 1.6). Both CB1R (Fig. 2C) and CCK (Fig. 2D) mRNAs showed
similar significant effects of region and layer, although without
significant region-by-layer interactions. Finally, VIP (Fig. 2E)
and CR (Fig. 2F) mRNAs also demonstrated this pattern, with
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Mask thresholding was optimized to capture fluorescent
grains based on the following parameters: contrast threshold = 0.01, minimum intensity = 0.015, spot size = 0.09–2 μm,
copy intensity = 1, segmentation aggressiveness = 1. These
parameters were held constant for all analyses across regions
and layers. Two analyses were performed: the first automatically
segmented DAPI-labeled nuclei and counted grains located over
each nucleus and within the surrounding 2 μm perimeter.
Optimal parameters for nucleus segmentation were selected
to minimize contamination by glial nuclei, which tend to be
smaller than neuronal nuclei (Vincent et al. 1989; Peters et al.
1994; Garcia-Cabezas et al. 2016) and exclude nuclear objects
located at the edge of the tissue section (nuclei settings: nuclear
contrast threshold = 0.5, minimum nuclear intensity = 0.04,
segmentation aggressiveness = 0.5, nuclear size range = 30–
250 μm2 , minimum roundness = 0.65, cytoplasm set to 2 μm
perimeter). Because we were unable to include a glial cell
marker, we cannot exclude a small contribution of glial nuclei
to our data. Second, an analysis was performed to count grains
in each image, regardless of their relationship to DAPI-labeled
nuclei, using the same settings for counting grains. To determine
the background grain density, the total grains associated with
nuclei were subtracted from the full-field grain density, resulting
in a value that represented the grain density per μm2 for grains
not associated with any nucleus. This background value was
calculated as an average among all 60 imaging sites for a given
animal and region, providing a within-slide control for random
fluctuations in background grain density.
To detect nuclei that were positive for a given marker, a
threshold based on grain density, rather than absolute grain
counts per nucleus, was used to minimize false-positive cell
counts. Using this approach, PV+ or SST+ cells were defined as
a nucleus that contained 2X greater than background levels for
either of these transcripts and for GAD67 mRNA. A GAD67-Only
cell was defined as one containing 2X the background density
for GAD67 with PV and SST mRNA levels <2X their respective
background levels. Based on these definitions, the 4.0–7.5% of PV
and SST mRNA-containing nuclei across all samples that lacked
GAD67 grains were considered false positives and excluded from
analysis.
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significantly higher levels in DLPFC than V1 and in layer 2 than
layer 4. A region-by-layer interaction was observed for CR mRNA,
with the difference between layers 2 and 4 greater in V1 (laminar
effect size = 6.5) than in DLPFC (laminar effect size = 4.1).

in DLPFC and in layer 4 than in layer 2. The effects of region, layer,
and their interaction were significant (Fig. 3). The difference
between layers 4 and 2 was more pronounced in V1 (laminar
effect size = 8.0) than in DLPFC (laminar effect size = 3.7).

Pattern 2: Higher Transcript Levels in V1 than DLPFC and in Layer 4
than in Layer 2
PV mRNA showed a distinctly different pattern from the other
markers of GABA neuron subtypes, with higher levels in V1 than

Pattern 3: Modest Region or Laminar Differences in Transcript Levels
In contrast to the above findings, transcripts regulating GABA
synthesis, release, or reuptake exhibited only modest or no
differences in expression across regions and layers. Levels of
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Figure 2. Transcripts that tend to be co-expressed in specific subtypes of GABA neurons exhibit Pattern 1, with higher mRNA levels in DLPFC relative to V1 and in layer
2 relative to layer 4. Both (A) SST and (B) CB mRNAs and (C) CB1R and (D) CCK mRNAs show similar regional and laminar patterns of expression. Although (E) VIP and
(F) CR mRNAs are frequently co-expressed in the primate neocortex, the laminar effect size was larger for CR than VIP in both DLPFC and V1. Within each graph, bars
not sharing the same lower-case letter are significantly different by Tukey’s HSD (p < 0.05).

8

Cerebral Cortex, 2020, Vol. 00, No. 00

Cellular Patterns of GABA-related Transcript Levels.
Fluorescent in situ Hybridization for SST, PV, and GAD67 mRNA
Probes
To determine the cellular basis for the regional and laminar
patterns of GABA-related gene products described above, multiplex fluorescent in situ hybridization was conducted for SST, PV,
and GAD67 mRNAs as exemplars of the three patterns observed
by qPCR. High magnification images (Fig. 7) demonstrated the
specificity of each probe: PV or SST mRNAs were colocalized
in the same nucleus with GAD67 mRNA, whereas PV and SST
mRNAs were never colocalized. As expected, in both layer of both
regions, some cells contained only GAD67 mRNA. Low magnification images (Fig. 8) revealed regional and laminar patterns of
labeled cells for each mRNA consistent with the three patterns
found by qPCR.

Figure 3. PV mRNA exhibited Pattern 2 expression, with higher levels in V1 and
layer 4 relative to DLPFC and layer 2. Bars not sharing the same lower-case letter
are significantly different by Tukey’s HSD (p < 0.05).

GAD65, vGAT, and GAT1 (but not GAD67) mRNAs (Fig. 4) showed
significant effects for region, with levels higher in V1 than
DLPFC. Only GAD65 (Fig. 4A) showed a significant effect of layer
with levels higher in layer 4 than in layer 2, resembling (but much
less striking than) the pattern exhibited by PV mRNA. Although
many of the differences between regions and layers did not
reach the stringent cutoff for statistical significance, expression
levels of GAD65, vGAT, and GAT1 were higher in layer 4 of V1
relative to all other layers examined.
GABAA Receptor Subunits Confirm Patterns 1 and 2
Expression levels of postsynaptic markers of GABA neurotransmission, GABRA2 and GABRA1 mRNAs, were similar to Patterns 1
and 2, respectively. That is, levels of GABRA2 mRNA (Fig. 5A) were
higher in DLPFC than V1 and in layer 2 than layer 4 (although
the regional difference did not achieve statistical significance),
whereas levels of GABRA1 mRNA (Fig. 5B) were higher in V1 than
DLPFC and in layer 4 than in layer 2.
Consistency of Laminar and Regional Effects within Animals
The group level patterns for each of these transcripts were highly
consistent within individual animals. These highly conserved
effects were demonstrated by an analysis of the within-animal
rank for each of the four region/layer samples. For example,
SST mRNA (Fig. 6A) levels were always highest in DLPFC layer
2 (rank 1), followed by V1 layer 2 (rank 2), DLPFC layer 4 (rank
3), and V1 layer 4 (rank 4). PV mRNA levels (Fig. 6B) were consistently highest in V1 layer 4 (rank 1); except for three animals, DLPFC layer 4 was ranked second and V1 layer 2 ranked
third; and for all animals, DLPFC layer 2 ranked fourth. Other
transcripts exhibiting patterns similar to PV or SST mRNAs
also largely showed very consistent within-animal rank order
by region and layer (Supplemental Figure 1). In contrast to the

Density and Proportion of All Positive Nuclei
The density of all DAPI-labeled nuclei was highest in V1 layer
4 (726.3 ± 37.4 nuclei/mm2 ), followed by V1 layer 2 (663.0 ± 45.0
nuclei/mm2 ), DLPFC layer 4 (448.6 ± 47.0 nuclei/mm2 ), and DLPFC
layer 2 (365.2 ± 37.9 nuclei/mm2 ). In addition, combining values
across layers for each region revealed a greater density of nuclei
in V1 (1389.4 ± 70.3 nuclei/mm2 ) than in DLPFC (813.8 ± 83.6
nuclei/mm2 ), consistent with prior findings of a greater cell
packing density in V1 relative to other cortical areas (Rockel
et al. 1980; Hendry et al. 1987; Collins et al. 2016). Similarly,
the density of GAD67 mRNA-positive neurons was greater in V1
than in DLPFC (Table 3), but the proportion of GAD67 mRNApositive neurons relative to all DAPI-labeled nuclei was lower in
V1 (15.0 ± 3.3%) compared with DLPFC (24.0 ± 4.1%), consistent
with prior measures of GABA-immunoreactive neurons in these
regions (Hendry et al. 1987).
To account for these differences in cell packing density, we
report the relative proportion of all DAPI-labeled nuclei that
express 1) both SST and GAD67 mRNAs (SST+ nuclei), 2) both
PV and GAD67 mRNAs (PV+ nuclei), and 3) GAD67 but not PV
or SST mRNAs (GAD67+ Only nuclei). Relative neuron density
measures were consistent across all six animals (Table 3).
Measures of SST+ Neurons
The proportion of DAPI-labeled nuclei that were SST+ neurons
was higher in DLPFC than V1 and in layer 2 than layer 4, consistent with Pattern 1 observed by qPCR (Fig. 9A). Additionally, the
region-by-layer interaction term was significant, indicating that
the laminar difference in the proportion of SST+ DAPI-labeled
nuclei was larger in V1 (effect size = 6.2) than DLPFC (effect
size = 4.5). Average SST mRNA grain density per positive neuron
did not differ between regions, but the density of SST mRNA
grains per neuron was higher in layer 2 than layer 4 in both
regions (Fig. 9B). This combination of findings suggests that the
higher levels of SST mRNA in DLPFC than V1 observed by qPCR
(Fig. 2A) primarily reflect a regional difference in the proportion
of neurons that express SST mRNA, whereas the higher levels of
SST mRNA in layer 2 versus layer 4 are driven by both a higher
proportion of neurons that express SST mRNA and higher levels
of SST mRNA expression per neuron in layer 2.
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consistent patterns across animals of these transcripts, neither GAD67 mRNA (Fig. 6C) nor GAD65, vGAT, nor GAT1 mRNAs
(Supplementary Figure 1) showed a consistent within-animal
ranking pattern by region or layer.
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Table 3 Density (positive neurons/mm2 ) and relative proportion of total nuclei expressing a given marker listed in parentheses
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Measures of PV+ Neurons
The proportion of DAPI-labeled nuclei that were PV+ neurons
did not differ between DLPFC and V1 (Fig. 9C). However, due to
the greater density of DAPI-labeled nuclei in V1, PV+ neuron
density was greater in V1, consistent with the higher levels of
PV mRNA found by qPCR (Fig. 3). In both regions, the relative
proportion of PV+ neurons was greater in layer 4 than layer 2
(Fig. 9C). The mean density of PV mRNA grains per PV+ neuron
was significantly higher in V1 than DLPFC and in layer 4 than
layer 2 (Fig. 9D), consistent with Pattern 2 observed by qPCR.
Thus, the regional differences in PV mRNA levels observed by

qPCR (Fig. 3) appear to primarily reflect greater PV expression
per neuron in V1 than DLPFC, whereas the laminar differences
within each region are driven by both a higher proportion of
neurons that express PV mRNA and higher levels of PV mRNA
expression per neuron in layer 4.

Measures of GAD67+ Neurons
The proportion of DAPI-labeled nuclei that were GAD67+
(regardless of subtype) was higher in DLPFC and layer 2 relative
to V1 and layer 4, respectively (Fig. 9E), with no region-by-layer
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Figure 4. Regional and laminar expression levels for markers of GABA neurotransmission illustrate Pattern 3. (A) GAD65, (B) GAD67, (C) vGAT, and (D) GAT1 showed
more modest regional and laminar patterns of expression than GABA neuron subtype-specific transcripts. Within each graph, bars not sharing the same lower-case
letter are significantly different by Tukey’s HSD (p < 0.05).
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Figure 6. Expression patterns of each transcript were highly consistent across individual animals. Values for each animal are shown as different shapes and the withinanimal rank order of expression levels for each transcript are indicated by colors. In every animal, (A) SST showed the highest expression in DLPFC layer 2, followed by
V1 layer 2, DLPFC layer 4, and V1 layer 4. (B) In nearly every case, PV showed the opposite pattern: higher expression in V1 layer 4, followed by DLPFC layer 4, V1 layer
2, and DLPFC layer 2. (C) In contrast, GAD67 did not show consistent rank orders of expression levels within animals by region or layer.

interaction detected. In contrast, average GAD67 grain density
per neuron showed the opposite pattern: grain density per
neuron was higher in V1 and layer 4 relative to DLPFC and
layer 2, respectively (Fig. 9F). Thus, the lack of differences across
regions and layers in GAD67 mRNA expression observed by
qPCR (Fig. 4B) appears to reflect these opposite patterns in the
regional/laminar proportions of GAD67-expressing cells and of
GAD67 mRNA expression per neuron.

GAD67 mRNA Grains per GABA Neuron Subtype
Finally, in order to assess that GABA neuron subtype(s) contributes to differences in GAD67 grain density per neuron, we
compared GAD67 grain density per neuron for SST+, PV+, and
GAD67+ Only neurons across layers 2 and 4 of DLPFC and V1
(Fig. 10). For all three classes of GABA neurons, GAD67 grain
density per neuron was higher in V1 relative to DLPFC, with only
modest differences between layers. Within both regions, mean
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Figure 5. Regional and laminar expression levels for postsynaptic GABAA receptor subunits exhibit Patterns 1 and 2. (A) GABRA2 demonstrated Pattern 1 expression
seen with most markers of GABA neuron subtypes, with higher expression in DLPFC and layer 2 relative to V1 and layer 4, respectively. (B) GABRA1 showed the
opposite Pattern 2, with higher expression in V1 and layer 4 relative to DLPFC and layer 2, respectively. Within each graph, bars not sharing the same lower-case letter
are significantly different by Tukey’s HSD (p < 0.05).
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GAD67 grain density was highest in PV+ neurons, intermediate
in SST+ neurons, and lowest in GAD67+ Only neurons.

Discussion
Here, we identified three distinct expression patterns of GABArelated transcripts across layers 2 and 4 of macaque monkey
DLPFC and V1. At the cellular level, these patterns reflect
transcript-specific differences in the relative proportion of
GABA neurons that express a given transcript and/or in the
cellular level of expression of that transcript. Together, these
findings illustrate that understanding the basis for regional
differences in levels of GABA-related transcripts (Hashimoto
et al. 2008; Bernard et al. 2012; Hawrylycz et al. 2012; Tsubomoto
et al. 2019) requires studies with both laminar- and cell typespecific levels of resolution. Our findings also provide insights
into how laminar, cellular, and molecular differences in GABA
neurons might contribute to regional differences in information
processing.

All GABA-related transcripts studied exhibited one of three
expression patterns across layers 2 and 4 of DLPFC and V1.
The majority of transcripts expressed in distinct GABA neuron
populations, including SST, CB, CB1R, CCK, VIP, and CR mRNAs,
had Pattern 1: higher expression in DLPFC and layer 2 relative
to V1 and layer 4, respectively. In contrast, PV mRNA showed
the opposite Pattern 2: higher expression in V1 and layer 4
relative to DLPFC and layer 2, respectively. These two patterns
were also shared by transcripts that mediate postsynaptic GABA
neurotransmission but are not selectively expressed in GABA
neurons: GABRA2 mRNA followed Pattern 1, whereas GABRA1
mRNA followed Pattern 2. Interpreting the results of the postsynaptic GABRA subunits further requires knowledge of the
relative expression levels of these markers in each GABA neuron
subtype. Relative to markers of specific subtypes of GABA neurons, presynaptic markers of GABA neurotransmission showed
only modest or no regional and laminar differences (Pattern
3). This pattern may reflect the fact that these transcripts are
expressed by all subtypes of GABA neurons; therefore, the signal
from any particular cell type is not apparent.
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Figure 7. Representative high magnification images using multiplex f luorescent in situ hybridization. Green grains indicate GAD67 mRNA, red grains indicate PV mRNA,
and blue grains indicate SST mRNA. Green arrowheads indicate GAD67+ Only neurons, red/green arrowheads indicate PV+ GABA neurons (also expressing GAD67
mRNA), and blue/green arrowheads indicate SST+ GABA neurons (also expressing GAD67 mRNA). In (A) layer 2 of DLPFC, SST+ and GAD67+ Only neurons predominate,
whereas (B) layer 4 of DLPFC is populated mostly by PV neurons. In (C) layer 2 of V1, SST neurons predominate and (D) layer 4 of V1 is heavily populated by PV neurons
expressing high levels of PV mRNA. Scale bar (30 μm) in (D) applies to all panels, and color associated with each transcript shown in (A) applies to all panels.
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Cellular Basis for Regional and Laminar GABA-related
Transcript Patterns
These three distinct patterns appear to be due regional and
laminar differences in the relative number of, and/or levels

of gene expression in, specific cell types. For example, the
regional difference for SST mRNA appeared to reflect primarily
a greater proportion of SST-expressing nuclei in DLPFC relative
to V1. Although the total density of DAPI-labeled nuclei might
include some contamination by non-neuronal (glial) nuclei,
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Figure 8. Representative low magnification images of multiplex f luorescently labeled in situ sections. (A) SST neurons in the DLPFC are present across cortical layers
and in the superficial white matter but are relatively enriched in layers 2 and 5, whereas (B) PV neurons in the DLPFC are present predominately in layer 4 and deep
layer 3. (C) GAD67 neurons are present in all cortical layers. (D) SST neurons in V1 are largely confined to a dense band in layer 2. (E) PV neurons in V1 are abundant
and are present in high densities throughout layer 4. (F) GAD67 neurons, as in the DLPFC, are present across all cortical layers in V1. Numbers indicate cortical layers,
WM = white matter. Scale bar (500 μm) in (F) applies to all panels.
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this contamination would likely be similar across cortical
regions and layers, and thus would not affect differences
in the relative proportions of DAPI-labeled nuclei that are
SST+. Because SST neurons are thought to gate excitatory
inputs to pyramidal neurons (Horn and Nicoll 2018), a greater
representation of SST neurons may provide additional inhibitory
control in cortical areas, such as the DLPFC, that integrate
numerous inputs. In primate DLPFC and V1, SST-containing
GABA neurons principally inhibit the distal dendrites of

pyramidal neurons (de Lima and Morrison 1989; Melchitzky
and Lewis 2008), including those residing in layer 3 (Fig. 11A).
Layer 3 pyramidal neurons have larger and more complex
dendritic arbors and a higher density of dendritic spines in
DLPFC than V1. Thus, a greater proportion of neurons that
are SST+ in the DLPFC likely contributes to greater inhibitory
control over numerous inputs to DLPFC pyramidal neurons.
Similarly, levels of VIP and CR mRNAs followed the same pattern
as SST mRNA across regions and layers. As VIP/CR neurons are
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Figure 9. Proportion of nuclei expressing a given transcript and the grain density of each transcript per positive nuclei. Bars show the mean of six monkeys with
individual animal data plotted as unique symbols. Panels (A), (C), and (E) show the proportion of DAPI-labeled nuclei positive for SST, PV, or GAD67 mRNAs, respectively.
Panels (B), (D), and (E) show the average grain density per positive nucleus for SST, PV, or GAD67 mRNAs, respectively. Within each graph, bars not sharing the same
lower-case letter are significantly different by Tukey’s HSD (p < 0.05). Note that panels (E) and (F) show data for all GAD67+ neurons regardless of subtype.
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thought to primarily target SST neurons (Wang 2020), similar
regional and laminar patterns of SST and VIP/CR neurons
would provide for a conserved capacity to disinhibit pyramidal
neurons.
In contrast to our finding that the relative proportion of
SST neurons differs across regions, the laminar difference in
SST mRNA levels reflected both a greater proportion of SSTexpressing neurons and higher SST mRNA levels per neuron
in layer 2 than layer 4 in both DLPFC and V1. Because SST is
a signaling neuropeptide that is both co-released with GABA
and can independently inhibit cortical circuits (Viollet et al.
2008; Riedemann and Sutor 2019; Song et al. 2020), higher levels
of SST mRNA in layer 2 suggest these neurons exhibit greater
inhibitory control over their targets relative to those in layer 4.
In layer 2 of the rodent neocortex, SST neurons principally target
and inhibit pyramidal neurons, whereas those in layer 4 appear
to principally target PV neurons and thus disinhibit pyramidal
neurons (Xu et al. 2013). Although care must be taken in extrapolating findings in the rodent neocortex to the present findings
in monkeys, our findings suggest that by virtue of their greater
density and greater expression of SST, the inhibitory capacity of
layer 2 SST neurons is likely to exceed the disinhibitory capacity
of layer 4 SST neurons over layer 3 pyramidal neurons.
In contrast to SST mRNA, higher levels of PV mRNA in
V1 primarily reflect higher levels of PV mRNA per neuron without regional differences in the proportion of PV
mRNA+ neurons. Fast-spiking PV neurons principally target the perisomatic region of pyramidal neurons (Williams
et al. 1992; Freund and Katona 2007), including those in
layer 3 (Fig. 11A), providing rapid feedback inhibition necessary for synchronizing the activity of large groups of
pyramidal neurons (Buzsaki and Wang 2012). This orchestration of network activity depends on the ability of PV
neurons to release GABA in discrete time intervals (Volman
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et al. 2011). The precise timing of inhibition from PV neurons
is achieved, in part, by the rapid depression of PV synapses
during high frequency stimulation (Pouille and Scanziani 2001).
However, during repetitive firing, the accumulation of calcium
in the intracellular space can lead to both the asynchronous
release of GABA from PV neurons (Manseau et al. 2010) and
to PV synapses becoming facilitating, rather than depressing
(Caillard et al. 2000). This calcium accumulation is buffered by
the calcium-binding capacity of PV (Lee et al. 2000), preserving
the synchronous release of GABA and synaptic depression at PV
inputs. Thus, the higher levels of PV mRNA (and presumably, the
cognate protein) per neuron, in V1 relative to DLPFC might buffer
against the rapid accumulation of calcium in the context of the
greater excitability, and presumably higher activity, of layer 3
pyramidal neurons in V1 (Amatrudo et al. 2012). The resulting
effective coupling of activity in the local pyramidal neuron-PV
neuron circuit (Fig. 11A) likely contributes to the integration
of PV neurons into stimulus-specific ensembles of pyramidal
neurons in V1 (Runyan et al. 2010; Khan et al. 2018).
In DLPFC and V1, due to both a greater density of PVexpressing neurons and greater PV mRNA expression per
neuron, PV mRNA levels were higher in layer 4 than layer 2.
The ratios of GAD65/GAD67 (Fig. 4A,B) and GABRA1/GABRA2
(Fig. 5A,B) mRNAs were also higher in layer 4 than layer 2.
Although we cannot be certain of the cellular origins of these
ratios, their similarities with PV mRNA suggest that GABA
neurotransmission from PV neurons is characterized by 1)
relatively higher levels of GAD65, enhancing the ability of PV
neurons to synthesize GABA under conditions of repetitive
firing (Patel et al. 2006); and 2) fast synaptic inhibition
mediated by the faster decay kinetics of GABAA receptors
enriched in α1 versus α2 subunits (Farrant and Nusser 2005),
enhancing rapid perisomatic inhibition and synchronization
of pyramidal neurons at high frequencies (Farrant and Nusser
2005; Gonzalez-Burgos et al. 2015).

Functional Implications of Distinct Complements
of GABA Neuron Subtypes in DLPFC and V1
The few systematic studies of inhibitory interneurons across
cortical regions generally support the notion that the PV/SST
neuron ratio is highest in primary sensory areas (such as V1)
and lowest in association areas (such as DLPFC) in both rodents
(Kim et al. 2017) and primates (Torres-Gomez et al. 2020). However, important species differences exist between rodents and
primates with regard to the molecular markers that distinguish interneuron subtypes. For example, the primate neocortex apparently lacks SST neurons that co-express CR, whereas
approximately 30% of SST neurons in the rodent neocortex coexpress CR (Xu et al. 2006). Moreover, CB and CR do not appear
to colocalize in primate cortex (Condé et al. 1994) but do in
rodent cortex (Park et al. 2002). Such differences may reflect distinct developmental trajectory of these neurons between species
(Petanjek et al. 2009; Clowry 2015). Therefore, our present findings of distinctive patterns of GABA neurons in primate neocortex have important implications for understanding both normal
information processing in the primate and human brain and
how alterations to GABA neurons in neuropsychiatric diseases
may disrupt that information processing.
In the primate neocortex, layer 2 primarily receives corticocortical inputs, whereas layer 4 also receives thalamocortical
inputs in both DLPFC and V1. Given that the weighting of SSTmediated inhibition is greater in 2, these neurons are positioned
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Figure 10. Grain density of GAD67 mRNA among GABA neuron subtypes. Bars
show the mean of six monkeys with individual animal mean data plotted as
unique symbols. Among all three GABA neuron subtypes, the expression of
GAD67 per neuron was greater in V1 than DLPFC, with modest differences
observed between layers. PV neurons tended to show the highest GAD67 expression per neuron, with the effect most noticeable in V1.
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to gate the numerous sources of corticocortical inputs to this
layer. Consistent with this notion, SST-mediated inhibition is
also greatest in an association region (DLPFC) thought to receive
and integrate numerous inputs from other cortical regions
(Barbas and Rempel-Clower 1997). In contrast, PV-mediated
inhibition appears to be preferentially enriched in layer 4, the
site of the majority of thalamocortical inputs in DLPFC and V1
(Giguere and Goldman-Rakic 1988; Lund 1988). Although the
nature of the relationship between PV-mediated inhibition and
thalamocortical inputs requires further investigations, based
on findings that thalamocortical inputs target both excitatory
pyramidal neurons and inhibitory PV+ neurons (Freund et al.
1989; DeFelipe and Jones 1991; Melchitzky et al. 1999; Cruikshank
et al. 2007), the PV-enrichment in layer 4 and in V1 might
be critically positioned to regulate feedforward inhibition of
thalamocortical circuits (Kruglikov and Rudy 2008).
Across primate neocortical regions, intrinsic differences in
timescales exist along a cortical hierarchy, such that primary
sensory areas (e.g., V1) exhibit brief, transient responses to input,
whereas association areas (e.g., DLPFC) exhibit longer responses
to and integrate inputs over time (Murray et al. 2014; Chaudhuri
et al. 2015). These regional differences in timescales likely reflect
the constituent components of the microcircuits in each region,
such as differences in the intrinsic properties of pyramidal
neurons across the cortical hierarchy (Elston 2002; Amatrudo
et al. 2012; Gonzalez-Burgos et al. 2019). The relative greater
representation of SST neurons in the DLPFC and of PV neurons
in V1 (Fig. 11B,C) found in the present study and in prior reports

(Kim et al. 2017; Torres-Gomez et al. 2020) suggests that regional
specificity in the complement of GABA neuron subtypes likely
also contributes to the variation in timescales across regions. For
example, SST-mediated inhibitory currents are initially weakly
depressing and later facilitating (Ma et al. 2012), subsequently
leading to a longer time frame of inhibition over dendritic inputs
and longer timescales as observed in the DLPFC. In contrast, PVmediated inhibitory currents are rapidly depressing, leading to
a much shorter time frame of inhibition (Pouille and Scanziani
2001; Cardin 2018) and a shorter timescales as observed in V1.
Thus, regional differences in the complement of either perisomatic (PV)-targeting or dendritic (SST)-targeting GABA neuron
subtypes likely contribute to the heterogeneity in timescales
across cortical regions, timescales that likely underlie regionspecific types of information processing.
The present findings, which demonstrate laminar and cellular bases for regional differences in the intrinsic properties
of neural circuits in the primate neocortex, might also provide
insight into the nature of cortical interneuron alterations in
various psychiatric disorders (Luscher et al. 2011; Robertson et al.
2016; Dienel and Lewis 2019). For example, schizophrenia is
associated with deficits in total gray matter levels of PV mRNA
in both DLPFC and V1 (Tsubomoto et al. 2019). In both regions,
this finding appears to be due to lower PV mRNA levels per
neuron, rather than fewer neurons, in the illness (Woo et al. 1997;
Hashimoto et al. 2003; Chung et al. 2016; Enwright et al. 2016).
Because PV mRNA levels per neuron are higher in V1 than DLPFC,
schizophrenia-associated deficits in PV mRNA levels might be
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Figure 11. Relative representation of GABA neuron subtypes and levels of gene expression per neuron in layers 2 and 4 of primate DLPFC and V1. (A) Canonical
microcircuit of excitatory layer 3 pyramidal neurons (P) and the main subtypes of GABA neurons that inf luence their activity. SST/CB-containing neurons predominately
reside in layer 2 and principally target the distal dendrites of pyramidal neurons. CR/VIP neurons are also located predominately in layer 2 and primarily provide
inhibition onto other GABA neurons, disinhibiting pyramidal neurons. Basket cells expressing CCK and cannabinoid 1 receptor (CB1R) target the perisomatic region of
pyramidal neurons, at sites enriched in GABAA receptors containing the α2 subunit. PV neurons are predominately located in layer 4 and target either the perisomatic
region (where the postsynaptic surface is enriched in GABAA receptors containing the α1 subunit) or the axon initial segment (at sites enriched in GABAA α2 receptor
subunits) of pyramidal neurons. Not shown are pyramidal neurons in layers 2 and 4 that are also likely inf luenced by the activity of GABA neurons in their own layer.
For simplicity, PV and CB1R neurons are shown only innervating the cell body, although there are other cell types targeted by these cells. (B) DLPFC appears to be
distinguished by a relatively higher complement in layer 2 of SST neurons (blue circles), as well as CR/VIP and CB1R/CCK neurons (green circles). (C) V1, in contrast, is
distinguished by a relatively higher complement in layer 4 of PV neurons (red circles). In (B) and (C), blue and red shading intensity indicates the relative expression
levels of SST and PV mRNAs, respectively, and number of yellow dots illustrate the relative levels of GAD67 mRNA per neuron.
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