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ABSTRACT
BACKGROUND: Children exhibiting extreme anxious temperament (AT) are at an increased risk for developing
anxiety and depression. Our previous mechanistic and neuroimaging work in young rhesus monkeys linked the
central nucleus of the amygdala to AT and its underlying neural circuit.
METHODS: Here, we used laser capture microscopy and RNA sequencing in 47 young rhesus monkeys to investigate
AT’s molecular underpinnings by focusing on neurons from the lateral division of the central nucleus of the amygdala
(CeL). RNA sequencing identified numerous AT-related CeL transcripts, and we used immunofluorescence (n = 3) and
tract-tracing (n = 2) methods in a different sample of monkeys to examine the expression, distribution, and projection
pattern of neurons expressing one of these transcripts.
RESULTS: We found 555 AT-related transcripts, 14 of which were confirmed with high statistical confidence (false
discovery rate , .10), including protein kinase C delta (PKCd), a CeL microcircuit cell marker implicated in rodent
threat processing. We characterized PKCd neurons in the rhesus CeL, compared its distribution with that of the
mouse, and demonstrated that a subset of these neurons project to the laterodorsal bed nucleus of the stria
terminalis.
CONCLUSIONS: These findings demonstrate that CeL PKCd is associated with primate anxiety, provides evidence of
a CeL to laterodorsal bed nucleus of the stria terminalis circuit that may be relevant to understanding human anxiety,
and points to specific molecules within this circuit that could serve as potential treatment targets for anxiety
disorders.
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Depending on its intensity and context in which it is expressed,
anxiety can be adaptive or maladaptive. Across a population,
anxiety is characterized by individual differences and when
extreme is disabling. Research has identified heritable and
nonheritable factors underlying the development of anxiety
disorders (1–4), and during childhood these can manifest as
the trait-like disposition anxious temperament (AT). Like anxi-
ety, AT is dimensional and is characterized by individual dif-
ferences in inhibitory responses to novel and social situations
(5–8) as well as threat-related pituitary–adrenal activation (5,9).
Because AT reflects a combination of behavioral and physio-
logical responses to stress, this construct reflects the interplay
among emotions, behavior, and physiology that is emblematic
of anxiety responses. When extreme and stable over time,
childhood AT increases the risk for the development of anxiety
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disorders, depression, and comorbid substance use disorder
later in life (6,7,10–12).

To understand the mechanisms underlying AT, we devel-
oped a young rhesus monkey model of individual differences in
the expression of dispositional anxiety that is analogous to the
phenotype exhibited by at-risk children (13,14). Rhesus mon-
keys are ideally suited for studies of human psychopathology
owing to their recent evolutionary divergence from humans,
which is reflected in similarities in brain structure and in their
emotional and physiological responding (14). Our approach is
to understand individual differences in the AT phenotype in
relation to individual differences in its underlying neural and
molecular substrates (4,13,15). Using a large multigenerational
pedigree, we demonstrated that AT is w30% heritable,
consistent with previous human studies (4,16).
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Numerous studies point to the importance of the extended
amygdala in mediating adaptive responses to threat as well as
in stress-related psychopathology (13,17,18). Components of
the extended amygdala include the central nucleus of the
amygdala (Ce) and the bed nucleus of the stria terminalis (BST)
(19). The Ce, primarily composed of GABAergic (gamma-ami-
nobutyric acidergic) neurons, coordinates information flow out
of the amygdala (20–24). The Ce sends strong projections to
the BST, a region also involved in threat responding (25–27).
We previously demonstrated that individual differences in Ce
and BST metabolism relate to trait-like individual differences in
AT (5), that brain metabolism in these regions is heritable, and
that BST metabolism, but not Ce metabolism, is coheritable
with AT (4). We also demonstrated that neurotoxic lesions of
the Ce reduce AT, directly implicating the Ce as a core
mechanistic component of the AT circuit (4,28,29).

It is important to emphasize that the Ce is not uniform and can
be divided into at least 2 subnuclei, namely the lateral Ce (CeL)
and medial Ce (CeM) (30,31). The CeM coordinates the output of
the amygdala via its projections to multiple downstream effector
sites (24). The CeL modulates the CeM, helping to orchestrate
the different behavioral and physiological responses mediated by
the CeM’s targets (21,32). The entire Ce projects to the BST to
further coordinate threat-related responding, where the CeL’s
projections are largely restricted to the laterodorsal BST (BSTLd)
(25,33–35). In addition to other basal forebrain areas, the CeL,
CeM, and BSTLd have been conceptualized as the central
extended amygdala (19). Rodent studies have traced microcir-
cuits within the extended amygdala that are composed of
GABAergic neuronal subtypes acting to mediate anxiety and fear
responses (23,32–35). However, these microcircuits have not yet
been characterized in primates.

In this study, we characterized individual differences in gene
expression in laser microdissected primate CeL neurons in rela-
tion to AT and its components by performing RNA sequencing
(RNA-Seq). We focused on CeL neurons because of their
mechanistic role in mediating primate AT and because of rodent
data demonstrating the CeL’s role in integrating information and
acting as an interface between the basolateral amygdala and the
CeM/BSTLd (23,26,36,37). Rodent studies have also highlighted
subpopulations of GABAergic CeL neurons, such as those
expressing protein kinase C delta (gene: Prkcd, PRKCD; protein:
PKCd) or somatostatin (gene: Sst, SST; protein: SST), that have
critical roles in modulating fear- and anxiety-related extended
amygdala function (20,32,38,39). Here, in addition to our
discovery-based approach, we more specifically focused on
genes known to distinguish CeL neuronal subtypes. Because the
RNA-Seq data revealed relations between PRKCD expression
and AT, as an initial step to understanding extended amygdala
microcircuitry in the primate, we characterized the distribution
and projection pattern of PKCd neurons within the extended
amygdala. This approach informs the translational value of rodent
anxiety models to primates, and because of the relevance of the
rhesus AT model to humans, the findings have the potential to
uncover novel molecular targets for the treatment of anxiety
disorders and other stress-related psychopathology.
METHODS AND MATERIALS

Complete methods are provided in Supplement 1.
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AT Phenotyping

AT is a composite score reflecting threat-related behavioral
and cortisol changes elicited by exposure to the no-eye-
contact condition of the human intruder paradigm (5).
Freezing duration and coo vocalization reductions, along with
plasma cortisol levels, were used to compute each individual’s
AT (Supplement 1).

Animals

A total of 47 monkeys (Macaca mulatta; average age = 2.27
years, SD = 0.46; 24 male and 23 female) were used for RNA-
Seq. To understand the AT levels in these 47 animals in relation
to a larger population from which they came, we performed an
analysis with data from animals that were phenotyped in our
laboratory over the last 12 years (n = 721, average age = 1.9
years, SD = 0.74; 386 male and 335 female) (Figure S1B in
Supplement 1). C57BL/6J and KO;B6;129X1-Prkcdtm1Msg/J
mice (Jackson Laboratory, Bar Harbor, ME) were group
housed for at least 7 days before experimentation (12-hour
light/dark cycle; ad libitum access to food and water). When
21 days old, mice were perfused (40) and tissue was stored for
immunohistochemical studies. Animal housing and experi-
mental procedures were conducted in accordance with insti-
tutional guidelines and were approved by the Committee on
the Ethics of Animal Research of the University of Wisconsin–
Madison.

Laser Capture Microdissection

All monkeys were euthanized under deep anesthesia, 4 days
after AT phenotyping, with the guidance of veterinary staff
using pentobarbital, consistent with the recommendations of
the Panel on Euthanasia of the American Veterinary Medical
Association. Fresh frozen tissue was collected, cut into slabs,
flash frozen in 2-methylbutane, and stored at 280�C as pre-
viously described (41). Then, 14-mm sections from the slab
containing the amygdala were obtained on a cryostat
at220�C. Sections throughout the CeL’s anterior–posterior (A-
P) extent were mounted on Leica PEN (polyethylene naptha-
late) 2.0-mm membrane laser capture microdissection (LCM)
slides (11532918; Leica, Wetzlar, Germany). Adjacent sections
were stained with acetylcholinesterase to localize the Ce
(Figure S2B in Supplement 1). LCM sections were rapidly
stained for NeuN (neuronal nuclei) (Supplement 1). CeL neu-
rons were dissected with a Leica LMD6500 laser capture mi-
croscope. For each animal, 500 to 600 neurons were sampled
from 6 to 8 slides (every 0.25 mm). After dissection, each LCM
slide image was overlaid with its adjacent acetylcholinesterase
slide image in Adobe Illustrator CC 2014 to confirm that cells
were dissected from the CeL. Tubes containing a minimum of
80% of neurons captured from the CeL were used, and the
percentage of CeL neurons in each of these tubes was used to
calculate a CeL neuronal accuracy score (Supplement 1).
Within an animal, tubes were pooled for RNA extraction using
Qiagen RNeasy Plus Micro kit (74034; Qiagen, Hilden,
Germany).

RNA Sequencing

RNA was sequenced at the University of Southern California
by JAK. Samples were processed with NuGen RNA-Seq V2 kit
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Figure 1. AT predicts a significant number of genes above chance and outperforms each of the AT components. (A) Simulated null distribution (as described
in Methods and Materials) for each predictor of interest at a nominal p value of p , .05. Purple dotted lines indicate the observed number of genes associated
with each predictor’s real values. Gray dotted lines indicate the mean number of genes of the simulated distribution. The solid colored outline of the distribution
represents the density of significant genes as determined by a kernel density estimation. (B) Boxplots for each predictor depicting the distribution and mean of
the differences between the real observation and each simulated value. Empirical p values were calculated for each predictor (AT: p = .04; freezing: p = .30;
cooing: p = .24; cortisol: p = .12). (C) Barplot demonstrating that AT predicts significantly more genes above the simulated distribution mean than those
predicted by each of the AT components alone: freezing (t = 113.5, p , .001), cooing (t = 106.9, p , .001), or cortisol (t = 496, p , .001). Error bars are
displayed as SEM. The p values are �Sidák corrected for multiple comparisons. AT component values were transformed and residualized as described in
Methods and Materials. (D) Donut plot depicting the number of overlapping genes between individual AT components and AT. Outside circle represents all 555
AT-related genes (p , .05) and is separated into the 383 genes that overlap with AT components (hashed orange) and the 172 genes that are unique to AT
(yellow). Inner circle represents genes that are related to AT and is broken up by genes that are also unique to one AT component (FF: freezing in blue; VV:
cooing in green; CC: cortisol in red) or that are shared by at least 2 components (shared in pink). ***significant at p , .0001. AT, anxious temperament.
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(7102-32; NuGen, San Carlos, CA) for complementary DNA
synthesis and with NuGEN Ovation Rapid Library kit (0319 and
0320) for library preparation. The Illumina HiSeq 2500 with
regular rapid sequencing prep kit was used (Illumina, San
Diego, CA). Reads were single end and targeted to be 100
base pairs in length. A mean of 949710 mapped reads was
found across animals. Reads were mapped to MacaM 7.8 (42).
Mapping was performed using Sequence Alignment for Gene
Expression (https://github.com/tadesouaiaia/sage) written in
Python 2.7.

RNA-Seq Analysis and Model Evaluation

Genes with 1 read in at least 20% of the animals were used for
quantile normalization. Data were log2 transformed, and fully
annotated genes where at least 50% of the samples expressed
more than 1 mapped read were used in ordinary least squares
(OLS) regression. We built statistical models that assessed the
association between gene expression and the predictor of in-
terest. AT, freezing, cooing, and cortisol measured closest to
time of death were used as predictors. The statistical model
B

was built within a framework designed to maximize power to
detect predictor-related associations while also reducing false
positives discovered with permutation analysis. We focused on
models that described the largest fraction of the variance (R2)
across the transcriptome without overfitting.

Variables were tested in relation to transcriptome-wide gene
expression to identify potential covariates and were tested for
collinearity (Figure S3A in Supplement 1). Two measures (CeL
neuron accuracy and age at necropsy) were selected because
they were not multicollinear and had the greatest number of
positive genes relative to false positives in a simulation
(Supplement 1 and Table S1 in Supplement 2). Using CeL
neuron accuracy and age at necropsy as covariates separately
and together, we tested models to establish whether they
could detect predictor-related gene expression relationships
above chance. Sex was not included because it did not
perform better than a pseudovariable and did not improve
upon the variance accounted for by a model without sex
(Table S2 in Supplement 2). We chose the models using both
neuron accuracy and age at necropsy because they had the
iological Psychiatry - -, 2020; -:-–- www.sobp.org/journal 3
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Table 1. Verified Gene Hits That Pass Multiple Comparison Correction Across Two Different Statistical Methods

Gene Functions of Interesta AT Relationb

chr18: SS18 Nuclear receptor transcription coactivator activity (GO:0030374)
Positive regulation of transcription, DNA templated (GO:0045893)

2

chr02a: DNMT3A DNA binding (GO:0003677)
Chromatin binding (GO:0003682)

1

chr05: ZNF300 Sequence-specific DNA binding (GO:0043565) 2

chr03: PRKCD Intracellular signal transduction (GO:0035556)
Protein kinase C activity (GO:0004697)

1

chr06: SH3BGRL2 SH3 domain binding (GO:0017124) 1

chr15: BCR Protein binding (GO:0005515) 1

chr16: FBXL16 Ubiquitin–protein transferase activity (GO:0004842) 1

chr02a: AFTPH Clathrin binding (GO:0030276)
Intracellular transport (GO:0046907)

1

chr17: DYNLL2 Dynein light intermediate chain binding (GO:0051959) 2

chr10: SLC18A2 Monoamine transmembrane transporter activity (GO:0008504) 1

chr06: KIAA1009 Protein binding (GO:0005515) 2

chr01: MGST3 Glutathione transferase activity (GO:0004364) 1

chr09: KIAA1045 Regulation of synaptic transmission, GABAergic (GO:0032228) 1

chr16: C16orf87 Protein binding (GO:0005515) 1

AT, anxious temperament; GABAergic, gamma-aminobutyric acidergic; GO, Gene Ontology.
aFunctions of interest were chosen based on ontologies that contain these genes.
bAT relation indicates the direction of the gene expression correlation with AT.
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lowest Bayesian information criterion, accounted for the
greatest percentage of the variance, and had the fewest false
positives in a simulated model. In the models using AT,
freezing, cooing, and cortisol as predictors, the predictor was
shuffled and correlated with gene expression. Chance distri-
butions were constructed with 10,000 simulations for each
predictor (Figure 1A) to assess the signal strength relative to
noise. The final model was used to determine differentially
expressed genes associated with each predictor. OLS
regression and permutation testing (Supplement 1) were per-
formed in Python 2.7. Another differential gene expression
analysis was performed using DESeq2 (43). Gene ontologies
were investigated using Panther (44).

RESULTS

AT as a Predictor of the CeL Neuronal
Transcriptome Compared With Its Individual
Components

LCM was combined with RNA-Seq to identify CeL neuronal
gene expression (Figures S2A and S3B, C in Supplement 1)
associated with individual differences in AT and its compo-
nents (Figure 1A). Because our previous work demonstrated
that AT accounts for greater variance in CeL metabolism than
its components (45), we explored the hypothesis that AT would
better predict gene expression than each of its components.
After demonstrating that the AT scores of the 47 animals used
here were representative of a larger population (n = 721)
(Figure S1B and Supplemental Results in Supplement 1),
multiple regression was used to investigate the relation be-
tween gene expression and each predictor (AT, freezing,
cooing, and cortisol). We performed a permutation analysis
where 10,000 shuffles were performed for each predictor and
correlated with transcript expression to construct simulated
4 Biological Psychiatry - -, 2020; -:-–- www.sobp.org/journal
null distributions of the number of genes associated with each
predictor at chance (Figure 1A). Results demonstrated that AT
performed significantly better than chance (empirical p = .04)
(Figure 1B), whereas AT’s individual components did not.
Furthermore, the number of genes that were above chance
predicted by AT was significantly greater than the number
predicted by AT’s components (Figure 1C). In total, 555 genes
were significantly associated with AT, 383 genes were signifi-
cantly associated with at least one of AT’s components, and
172 genes were significantly and selectively correlated with AT
(Figure 1D, Supplemental Results, and Figure S5 in
Supplement 1). A similar pattern was observed after perform-
ing a weighted gene coexpression network analysis
(Supplemental Results and Figure S6 in Supplement 1).

Specific CeL Neuronal Transcripts Associated With
AT

Two different approaches were used to identify AT-associated
genes. Using DESeq2 (43), which uses a negative binomial
model, we identified 716 AT-related genes (p , .05) (Table S2
in Supplement 2), constituting 11% of the total genes tested,
with 42 genes passing multiple comparison correction (false
discovery rate [FDR] , .10). In addition, we also used an OLS
approach with log-transformed data, which identified 555 AT-
related transcripts, comprising 6% of the total genes tested (p
, .05) (Table S2 in Supplement 2). To account for multiple
testing, we performed a nonparametric permutation test on the
correlation between AT and gene expression, identifying 20
genes (FDR , .10) (Supplement 1). The conjunction of the
FDR-corrected genes between the DESeq2 and OLS analyses
yielded 14 genes (Table 1 and Table S2 in Supplement 2).
Gene Ontology (GO) enrichment analyses on the genes iden-
tified with each approach (Figure 2A) demonstrated several
biological processes (Table S3 in Supplement 2) in common,
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Figure 2. RNA-Seq of LCM CeL neurons revealed
AT-related genes. (A) Heatmap displaying the top 100
AT-related genes from the intersection of the OLS and
DESeq2 analyses (p , .05). Gene expression data are
presented as quantile normalized min–max scaled
values. Arrows point to genes that are discussed in the
text. (B) Subset of GO enrichment groups for cellular
component (purple), molecular function (yellow), and
biological process (green) that overlap between ap-
proaches. The FDR-corrected p value is depicted by
the black dashed line. FDR values reflect those from
the OLS ontology. All statistics can be found in
Table S2 in Supplement 2. (C) Correlation between
PRKCD mRNA expression levels and AT (R2 = .171).
Shaded areas represent the SEM. (D) Simplified dia-
gram of the microcircuit within the rodent amygdala
and extended amygdala. PKCd-expressing neurons
are labeled in purple. SST-expressing neurons are
labeled in orange. Previous work demonstrated that
both SST- and PKCd-expressing neurons receive in-
formation from the BLA and contribute to an inhibitory
microcircuit within the CeL (32,38,39). Both cell types
also project to the BSTLd, while PKCd-expressing
neurons, but not SST-expressing neurons, project to
the CeM (32,38,39). (E) Correlations between PRKCD
mRNA expression levels and the individual compo-
nents of AT (freezing: R2 = .125; cooing: R2 = .164;
cortisol: R2 = .004; OLS regression). Freezing, cooing,
and cortisol values were standardized, transformed,
and residualized as described in Methods and Mate-
rials. PRKCD mRNA expression levels are presented
as quantile normalized log2 transformed values resi-
dualized for age at ToD and CeL neuron accuracy. AT,
anxious temperament; BLA, basolateral amygdala
complex; BSTLd, laterodorsal bed nucleus of the stria
terminalis; CeL, lateral division of the central nucleus of
the amygdala; CeM, medial division of the central
nucleus of the amygdala; FDR, false discovery rate;
GO, Gene Ontology; LCM, laser capture microdis-
section; mRNA, messenger RNA; PKCd, protein kinase
C delta; OLS, ordinary least squares; RNA-Seq, RNA
sequencing; SST, somatostatin; ToD, time of death.
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including neuron projection (GO:0043005), cell projection
regulation (GO:0031344), and G-protein receptor activity
(GO:0031344) (Figure 2B and Table S3 in Supplement 2).

Among the 14 transcripts that passed FDR correction with
both methods, several were related to epigenetic mechanisms
such as SS18 (the SS18 subunit of BAF chromatin remodeling
complex) and DNMT3A (DNA methyltransferase 3). Also of
interest was KIAA1009 because of its role in primary cilia
function in adult cells (46) and its link to schizophrenia (47) and
cognitive function (48–50). Another potentially exciting tran-
script was SLC18A2 (solute carrier family 18 member A2), a
vesicular transport protein critical to monoaminergic neuro-
transmission (51–54). We also identified PRKCD (Figure 2A, C),
which is particularly interesting because in rodents it marks a
CeL neuron population involved in threat processing and
Pavlovian learning (Figure 2D) (32,55,56). CeL PRKCD neurons
decrease their firing in response to a conditioned stimulus and
interact with SST neurons to increase freezing behavior (32). In
addition, studies demonstrate that CeL PRKCD neurons proj-
ect to the BST (39), and some of these cells play a role in
negative reinforcement learning (55). Moreover, neurotrophic
B

signaling, which is associated with AT and neuropsychiatric
disorders (41,51,57,58), interacts with PKCd (52). In addition,
PRKCD messenger RNA (mRNA) expression was also asso-
ciated with increased freezing and decreased cooing but not
with threat-related cortisol (Figure 2E), suggesting that it may
be more strongly associated with the behavioral components
of AT.

Characterizing PKCd and SST Neurons in the
Monkey CeL

While PKCd has been extensively studied in the rodent CeL
(32,39,53,55,56), little is known about its expression in the
monkey. Within the CeL, many neuronal subtypes exist
(54,59–61), and mouse studies reveal that SST neurons
modulate PKCd neurons (22,38,62). Because these cell types
have not been well characterized in monkeys, we used ste-
reological cell counting to map CeL PKCd and SST neurons
(Figure 3). To further understand the extent to which the mouse
studies are translatable to primates, we also performed studies
in the mouse CeL (Figure 3B, C). In the monkey CeL, PKCd
neurons accounted for 59% of the estimated total neurons and
iological Psychiatry - -, 2020; -:-–- www.sobp.org/journal 5
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Figure 3. PKCd- expressing neurons in the monkey CeL compared with the mouse CeL. (A, B) CeL atlas slices depicting the A-P extent in the rhesus
monkey (A) (83) and in the mouse (B) (Allen Brain Atlas). (C) Representative confocal images of the CeL in both species. White arrows point to PKCd and SST
neurons. Images were adjusted using the Fiji despeckle filter (84) for removing salt and pepper noise. (D) Stereological cell estimates for monkey (n = 3) and
mouse (n = 3). (E) Species comparison of PKCd, SST, and PKCd/SST estimates are presented as a proportion of the total number of neurons (PKCd: t =21.06,
p = .34; SST: t = 3.6, p = .02; t test). Error bars are SEM. (F) A-P distribution of PKCd- and SST-expressing neurons in monkey and mouse (monkey: PKCd
t = 20.39, p = .70 and SST t = 2.7, p = .012; mouse: PKCd t = 3.1, p = .01 and SST t = 2.6, p = .02; OLS regression). (G) Species comparison of the A-P
distribution of each cell type: A-P location 3 species interaction for PKCd (t = 2.6, p = .01) and A-P location 3 species interaction for SST (t = 2.7, p = .01); OLS
regression. To compare A-P distribution between species, A-P location was min–max scaled, with 0 indicating more anterior slices and 1 indicating more
posterior slices. A-P, anterior–posterior; CeL, lateral division of the central nucleus of the amygdala; NeuN, neuronal nuclei; OLS, ordinary least squares; PKCd,
protein kinase C delta; SST, somatostatin.
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Figure 4. A subset of PKCd-expressing neurons
project to the BSTLd in the monkey. (A) Hand-drawn
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into different regions of the BST in monkey. Two
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(D) Simplified diagram of our results demonstrating
that CeL PKCd-expressing neurons project to the
BSTLd in nonhuman primates. (E) Representative
confocal image of a BSTLd-projecting neuron that
expresses PKCd. This image was adjusted using the
Fiji despeckle filter (84) for removing salt and pepper
noise. White arrows point to the immense SST
innervation received along this neuron’s primary
dendrite and soma. ac, anterior commissure; BST,
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SST neurons accounted for 6% (Figure 3D). In the mouse CeL,
PKCd neurons constituted 43% of the estimated total neurons
and SST neurons accounted for 20% (Figure 3D). While the
proportions of PKCd neurons did not significantly differ be-
tween species (t =21.06, p = .34) (Figure 3E), the proportion of
SST cells was notably decreased in the monkey compared
with the mouse (t = 23.6, p = .02) (Figure 3E). In monkeys 4%
of neurons expressed SST and PKCd, while in mice this pop-
ulation was nonexistent (Figure 3D).

Previous studies demonstrated that cell types are differen-
tially distributed across the Ce’s A-P extent, suggesting A-P
functional differences (32,63,64). Consistent with this, PKCd
neurons (t = 3.1, p = .01) and SST neurons (t = 2.6, p = .02)
were significantly more concentrated in the posterior mouse
CeL (Figure 3F). In the monkey, SST somata were more
concentrated in the posterior CeL (t = 2.7, p = .012) (Figure 3F),
replicating previous observations (65). However, deviating from
the mouse, monkey PKCd neurons were not differentially
distributed across the A-P extent (t = 20.39, p = .70). The
B

interaction between A-P location and species was tested
separately for PKCd and SST neurons and demonstrated sig-
nificant interactions (PKCd: t = 2.6, p = .01; SST: t = 2.7, p =
.01) (Figure 3G).

In contrast to the small number of CeL SST neurons, and
consistent with previous work, we found dense SST neuropil
throughout the monkey CeL (64–67). Numerous SST varicos-
ities were present in close apposition to the primary dendrite
and soma of large CeL neurons, a number of which expressed
PKCd (Figure 3C), suggesting that in monkeys SST input may
modulate CeL PKCd neurons. Compared with the limited dis-
tribution profile described in the mouse (32), monkey PRKCD
expression was widely distributed across the brain (Figure S7
in Supplement 1).

A Subset of CeL PKCd Neurons Project to the
BSTLd in the Monkey

In rodents, in addition to constituting an intra-CeL microcircuit,
Prkcd and Sst neurons project to other parts of the extended
iological Psychiatry - -, 2020; -:-–- www.sobp.org/journal 7
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Table 2. Number and Percentage of Retrograde Tracer–Labeled Cells Expressing Markers of Interest for Each Case of
Retrograde Injection

Case ID
Retrograde
Tracer Type

Number of
Retrograde-Labeled

Cells

Retrograde-
Labeled Cells

Expressing PKCd

Retrograde-
Labeled Cells

Expressing SST

Retrograde-
Labeled Cells
Expressing

PKCd and SST

n % n % n %

J24FS FS 8 1 12.5 1 12.5 0 0

J28FS FS 23 8 34.8 2 8.7 0 0

J28FR FR 8 6 75.0 0 0 0 0

J29FR FR 2 1 50.0 0 0 0 0

J28WGA WGA 56 34 60.7 2 1.8 0 0

J29WGA WGA 136 54 39.7 2 1.5 6 4.4

FR, fluororuby; FS, fluorescein; PKCd, protein kinase C delta; SST, somatostatin; WGA, wheat germ agglutinin.

Transcriptional Profiling of Primate Amygdala Neurons
Biological
Psychiatry
amygdala (35,39,68). For example, Prkcd neurons project to
the CeM, and both Prkcd and Sst neurons project to the
BSTLd) (Figure 4D) (32,35,39,68), suggesting that these neu-
rons may coordinate CeL and BSTLd in mediating threat-
related behaviors. Because of the lack of data in primates
and the known species differences in extended amygdala or-
ganization (25), we characterized whether CeL PKCd and SST
neurons project to the BSTLd in monkeys. In 6 cases, retro-
grade tracers were injected into different BST subregions, and
in 2 of these cases the injections were centered in the BSTLd
(J29WGA and J28WGA) (Figure 4A, B). Tissue was colabeled
for the retrograde tracer, DAPI, PKCd, and SST. Consistent
with our previous observations from these monkeys (25), the
cases with injections directly into the BSTLd (Figure 4A, B)
demonstrated substantially more CeL retrograde–labeled cells
(Table 2). In these 2 cases, CeL retrograde–labeled cells
expressing PKCd ranged from 40% to 60% (Figure 4C). In
contrast, few retrograde-labeled cells exclusively expressed
SST or coexpressed SST and PKCd (Figure 4C). Adding to our
previous observation, SST varicosities also surrounded some
CeL to BSTLd-projecting neurons, a subset of which
expressed PKCd (Figure 4D). These data demonstrate that a
subset of PKCd neurons project to the BSTLd, and that SST
input likely modulates this projection.
DISCUSSION

Preclinical and clinical research has characterized the neural
circuitry underlying fear and anxiety processing. In rodents,
molecular studies have been performed to identify potential
molecules that modulate the function of these critical neural
circuits. Monkey studies are critical for translating these find-
ings to humans, and in this regard the AT model has been
extremely helpful. An essential step for understanding mech-
anisms associated with maladaptive anxiety and in guiding
new treatment development is to systematically characterize
gene expression alterations in monkeys.

Here, we used a dimensional approach in AT-phenotyped
monkeys that follows the presentation of human anxiety. Our
previous neuroimaging work supports the dimensionality of the
AT construct at a circuit level, and our search for AT-related
transcripts is based on this premise. While the subsample
used here did not display the highest degree of AT, the range
8 Biological Psychiatry - -, 2020; -:-–- www.sobp.org/journal
of AT values within the subsample is representative of the
larger population. In these 47 animals, we performed RNA-Seq
on neurons captured from the CeL, a region critically involved
in gating threat responses (20). Consistent with our previous
work (45), we find that AT predicts CeL gene expression better
than each of its components alone, but also that individual
genes can be component-specific or component-general. This
suggests that the variance in CeL gene expression can be
better explained by the behavioral and endocrine AT com-
posite than by each AT component alone, but also that specific
genes or gene modules may be AT related and still indepen-
dently associated with specific AT components.

Our ontology analysis revealed overlaps between AT-
associated genes and previously identified AT-related molec-
ular pathways (41,58). Here, a number of transcripts reflect
genes that are involved in epigenetic mechanisms (SS18 and
DNMT3A) (69,70), which is interesting because our earlier work
suggested that AT-related Ce metabolism is predominantly
affected by nonheritable factors (4). The current findings pro-
vide a molecular pathway by which epigenetic mechanisms
may influence Ce function, which is particularly relevant to
psychiatric disorders that are precipitated by stress (4,71).

We also identified KIAA1009 and SLC18A2 as AT related.
KIAA1009 codes for a protein located at the base of primary
cilia (46); interestingly, primary cilia alterations are implicated in
reduced adult neurogenesis (49), poor novel object learning
(48), and schizophrenia (47,72). In addition, SLC18A2, which
codes for VMAT2, is critical for monoaminergic neurotrans-
mission and has been proposed as a possible drug target for
some neuropsychiatric disorders (51–54). Taken together,
these data support further investigation of these genes in
amygdala function and psychopathology. Previously, we found
an association between the truncated isoform of NTRK3 and
AT (58). However, the relatively low amount of RNA acquired
with LCM precluded us from confidently examining the re-
lations between AT and isoforms of NTRK3.

It is particularly exciting that CeL PRKCD mRNA expression
was associated with AT given that numerous rodent studies
demonstrate that CeL Prkcd neurons are part of a microcircuit
that modulates freezing behavior (22,32,38,56,73). Our sys-
tematic immunohistochemical characterization revealed that
59% of primate CeL neurons express PKCd. This raises the
possibility that the relation between PRKCD mRNA and AT

http://www.sobp.org/journal


Transcriptional Profiling of Primate Amygdala Neurons
Biological
Psychiatry
could be accounted for by differences in the number of PKCd
neurons rather than differences in the expression level of PKCd
within the same number of PKCd neurons. Unfortunately,
because the tissue was fresh frozen for RNA-Seq, immuno-
histochemical staining could not be performed in the tissue
from these animals.

Cross-species studies demonstrate that the CeL sends
major projections to the BSTLd (23,25,33,35,39). We assessed
the extent to which monkey CeL PKCd neurons project to the
BSTLd. Using retrograde tracers introduced into the BSTLd,
we found that CeL PKCd neurons constituted approximately
half of the identified CeL to BSTLd-projecting neurons. These
data demonstrate that PKCd neurons originating in the CeL
project to the BSTLd. Our previous studies demonstrated that
the Ce and BST are part of the neural circuit underlying AT (4),
and the current data suggest a plausible pathway by which the
CeL interacts with the BSTLd to coordinate AT-relevant re-
sponses. It is important to consider that approximately half of
the retrograde-labeled neurons did not express PKCd, sug-
gesting that other CeL neuronal populations could be involved
in mediating AT (33,74,75). We note that while Macaca mulatta
was used in the RNA-Seq experiment, Macaca fascicularis was
used in the tract-tracing experiments; although the species are
highly similar, this is a potential limitation.

Rodent studies point to the importance of CeL PKCd cells in
threat responding but do not address the role of the actual
PKCd protein. While the function of the PKCd protein in threat
processing is unknown, PKCd is involved in the phospholipase
C/PIP2/diacyl glycerol pathway, a secondary messenger sys-
tem shared by neurotrophic (76), chemokine, and membrane
steroid signaling (77–79). Future studies manipulating CeL
PKCd expression will help discern the potential therapeutic
value of targeting PKCd.

CeL Prkcd neurons interact with other neuronal populations,
including Sst neurons (22,32,38). While SST mRNA was not
associated with AT, because of its potential modulatory role,
we also systematically characterized CeL SST neurons. In the
monkey, SST neurons constituted a smaller population than in
the mouse; however, both species demonstrated dense CeL
SST neuropil (54,64,67). We further examined monkey CeL
SST varicosities and found that they have close appositions to
the somata and primary dendrites of some CeL to BSTLd-
projecting neurons, including PKCd neurons. The origin of
the SST innervation in the monkey CeL is unknown. However,
SST is expressed in GABAergic neuronal subtypes, and a
limited number of GABAergic regions send input to the CeL,
including the BST, the sublenticular extended amygdala, and
the amygdala intercalated cell masses (23,25,35,80,81). In
addition, local CeL SST neurons may also be the source of the
dense SST neuropil (22,38,66,82). Future studies that focus on
understanding the origins of CeL SST input and the effects of
SST release on CeL PKCd neurons will further our under-
standing of primate AT-relevant microcircuits.

This transcriptome-wide study in monkey CeL neurons
provides a molecular basis for understanding alterations
related to the early-life risk of developing psychopathology.
This is the first study to characterize gene expression in
monkey CeL neurons and to implicate CeL PKCd neurons as
components of a microcircuit relevant to primate anxiety and
AT. To provide a deeper understanding of primate CeL, we
B

systematically characterized PKCd neurons and found poten-
tially relevant species differences. We demonstrate that a
subset of CeL PKCd neurons project to the BSTLd and may be
modulated by SST. These findings present evidence support-
ing a primate extended amygdala microcircuit relevant to un-
derstanding human anxiety and point to specific molecules
within this circuit that could serve as potential treatment tar-
gets for anxiety disorders.
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