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Human prefrontal cortex (hPFC) is a complex brain region involved in cognitive and
emotional processes and several psychiatric disorders. Here, we present an overview of
the distribution of the peptidergic systems in 17 subregions of hPFC and three refer-
ence cortices obtained by microdissection and based on RNA sequencing and RNA-
scope methods integrated with published single-cell transcriptomics data. We detected
expression of 60 neuropeptides and 60 neuropeptide receptors in at least one of the
hPFC subregions. The results reveal that the peptidergic landscape in PFC consists of
closely located and functionally different subregions with unique peptide/transmitter—
related profiles. Neuropeptide-rich PFC subregions were identified, encompassing
regions from anterior cingulate cortex/orbitofrontal gyrus. Furthermore, marked differ-
ences in gene expression exist between different PFC regions (>5-fold; cocaine and
amphetamine—regulated transcript peptide) as well as between PFC regions and refer-
ence regions, for example, for somatostatin and several receptors. We suggest that the
present approach allows definition of, still hypothetical, microcircuits exemplified by
glutamatergic neurons expressing a peptide cotransmitter either as an agonist (hypocre-
tin/orexin) or antagonist (galanin). Specific neuropeptide receptors have been identified
as possible targets for neuronal afferents and, interestingly, peripheral blood-borne pep-
tide hormones (leptin, adiponectin, gastric inhibitory peptide, glucagon-like peptides,
and peptide YY). Together with other recent publications, our results support the view
that neuropeptide systems may play an important role in hPFC and underpin the con-
cept that neuropeptide signaling helps stabilize circuit connectivity and fine-tune/mod-
ulate PFC functions executed during health and disease.
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Prefrontal cortex (PFC) represents the most rostral part of the frontal lobe and is highly
developed in the human brain. Functionally, human PFC (hPFC) is a region of high com-
plexity involved in multiple functions, including cognitive processes such as working mem-
ory and decision making as well as generation and regulation of emotions (1-3), and likely
in many psychiatric disorders. Thus, monitoring regional cerebral blood flow, a
“hypofrontal” pattern was early on reported in hPFC of “deteriorated schizophrenics” (4),
and later confirmed and solidified (5) and complemented with aspects of chemical signal-
ing (6). PFC is also a key node of the circuitry related to, for example, stress and depres-
sion (3, 7-9), attendon disorders (10), drug abuse (11, 12), and pain (13, 14).

Chemical signaling in PFC has been thoroughly reviewed (1), but knowledge of the
expression and distribution patterns of neuropeptides (NPs) (15), the most diverse of
all neurotransmitter families (>100 members) (16, 17), is still comparatively limited.
However, the field of NPs and NP receptors (NPRs) in human cerebral cortex has
been investigated (18, 19), both with histochemical (20-24) and biochemical (25, 26)
methods. Moreover, there are reports dealing with NP systems specifically in hPFC as
recently reviewed, often in relation to disease (27, 28). For example, in human dorso-
lateral prefrontal cortex (DLPFC), somatostatin (SST) (29) and somatostatin receptor
2 (SSTR2) (30) messenger RNA (mRNA) levels are decreased in schizophrenia, and
transcripts for several peptides are changed in this disease during development (31). In
the same brain region of subjects who committed suicide/suffered from major depres-
sion disorder (MDD), neuropeptide Y receptor Y2 (NPY2R) transcript levels are ele-
vated (32), and SST mRNA levels are reduced (33). Also, in human subgenual anterior
cingulate cortex (sgACC), both SST mRNA and the precursor protein are markedly
reduced in a subset of GABAergic neurons, female transcript levels more so than male
ones (34), in agreement with the well-known sexual dimorphism in mood disorders
(35-37). Another example is significant differences in the galanin system between
MDD subjects and controls (38, 39). These and other findings indicate a therapeutic
potential by targeting modulatory NP systems in hPFC (28).
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Significance

The neuropeptide system
encompasses the most diverse
family of neurotransmitters, but
their expression, cellular
localization, and functional role in
the human brain have received
limited attention. Here, we study
human postmortem samples from
prefrontal cortex (PFC), a key brain
region, and employ RNA
sequencing and RNAscope
methods integrated with
published single-cell data. Our aim
is to characterize the distribution
of peptides and their receptors in
17 PFC subregions and to explore
their role in chemical signaling.
The results suggest that the well-
established anatomical and
functional heterogeneity of
human PFC is also reflected in the
expression pattern of the
neuropeptides. Our findings
support ongoing efforts from
academia and pharmaceutical
companies to explore the
potential of neuropeptide
receptors as targets for drug
development.
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NPs have an early evolutionary origin (40) and are widely
expressed and stored in large dense core vesicles; they are auxil-
iary, modulatory transmitters, fine-tuning networks and exert-
ing their actions via seven-transmembrane, G protein—coupled
receptors (GPCRs); in contrast with classic transmitters, pepti-
des do not have a reuptake mechanism (transporter) but have
to be replaced by new protein synthesis (41-44). These messen-
ger molecules are preferentially released extrasynaptically in
response to intense/burst firing (41, 45-48). More recently,
NPs have been proposed to contribute to stabilizing circuit
connectivity (49). They distinctly contrast with fast transmitters
like the amino acids GABA and glutamate that are stored in
classic synaptic vesicles, mostly are released at synapses, exert
effects at the millisecond level, and have a reuptake mechanism.
The NPs coexist with classic transmitters, for example, mono-
amines (50), as well as with GABA in cortical inhibitory
interneurons (51, 52).

Here, we present an extensive analysis of the transcriptomic
landscape for 17 subregions of hPFC and three reference corti-
cal regions (RefCorts) (frontal, parietal, and temporal cortex),
encompassing a large number of microdissected samples from
both male and female donors, including both left and right
hemispheres. We have chosen to work with “bulk” samples to
include all cell types and detected low-abundance transcripts
in each microdissected sample enabling comparison between
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regions of PFC. This is especially relevant for the detection of
transcripts for NPs and their receptors that in some cases are
limited to a small population of cells. In addition to the expres-
sion patterns of the peptidergic systems, we include notes on
molecules related to classic and some other neurotransmitters.
The RNA sequencing (RNA-seq) results are complemented
with spatial RNAscope of selected NPs and NPRs. To classify
the peptidergic systems in PFC, we also map the expression of
NPs and NPRs to cell type-specific expression profiles of
GABAergic, glutamatergic, and non-neuronal cells.

Results

Transcriptomic Analysis of Microdissected Human Brain Cortical
Subregions. Seventeen hPFC subregions and three RefCorts,
depicted schematically in Fig. 14, were microdissected from both
left and right hemispheres of three male and three female donor
brains between the ages of 61 and 94 y (Fig. 1B and Dataset
S1A4). Expression maps for all individual human protein-coding
genes (n = 19,670) across the 20 brain cortical subregions are
presented in the Human Protein Atas (HPA) Brain Adas
(hteps://v20.proteinatlas.org/humanproteome/brain)  (53) as an
open-access resource (more details are in ST Appendix, Materials
and Methods and Fig. S1). As examples, bar plots of four impor-
tant markers for cortical cell subpopulations are shown in Fig. 1C.
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Fig. 1.

Transcriptomic analysis of the 17 microdissected PFC regions and 3 cortical reference regions. (A) Schematic overview of the 20 cortical subregions

and the associated Broca areas. (B) A summary of the 165 included human brain samples (for technical details, see S/ Appendix, Fig. S1). (C) Examples of
expression profiles for three genes in 20 cortical subregions. Shown are bar plots for transcripts for GAD1, the GABA-synthesizing enzyme, the vesicular glu-
tamate transporter VGLUT1 (SLC17A7) and VGLUT2 (SLC17A6), as well as the calcium-binding protein parvalbumin (PVALB) (note difference in levels, see
http://v20.proteinatlas.org/humanproteome/brain for details regarding all 19,670 human protein-coding genes and their expression profiles in these subre-

gions of PFC). Error bars represent mean + SD.
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Glutamic acid decarboxylase 1 (GAD1) is highly expressed and
present in most cortical interneurons, as is vesicular glutamate
transporter 1 (VGLUT1) (also known as solute carrier family
17 member 7; SLC17A7) in pyramidal neurons. Both are
evenly distributed in all regions. In contrast, markedly different
but much lower levels (up to 17-fold) and regional variations
were observed for vesicular glutamate transporter 2 (VGLUT?2;
also called SLC17A6) with highest expression levels in
RefCorts. Also, the levels of parvalbumin (PVALB), a calcium-
binding protein (CaBP), and a marker for subsets of GABAer-
gic interneurons varied markedly (14-fold) between regions.

Neuropeptides and Their Receptors. The complete list of NPs
was based on Burbach (16) with the addition of two pituitary
hormones, prolactin (PRL) and growth hormone (GH). In
total, 78 NPs, including 7 precursors, and 83 corresponding
NPRs were analyzed (Dataset S3). Among them, 60 (77%)
NPs and 60 (72%) NPRs were detected in at least one hPFC
subregion (Fig. 24 and B). Information on general aspects of
NPs and NPRs and their relation to disease is provided in S/
Appendix, Notes I and 1L

The distribution of expression levels of precursors, NPs, and
NPRs in hPFC is shown in S/ Appendix, Fig. S2A. The levels
markedly vary both for peptide and receptor transcripts. The

highest levels were found for precursor molecules, which gener-
ate several bioactive NPs after tissue- and region-specific post-
translational processing by prohormone convertases (54). They
include angjotensinogen (AGT), chromogranin A (CHGA), chro-
mogranin B (CHGB), nucleobindin 2 (NUCB2), proopiomela-
nocortin (POMC), secretagogin V (SCGS5), and neurotrophic
growth factor—inducible (VGF). AGT is part of the renin—
angiotensin system (RAS) (55). However, we detected only angio-
tensin [ converting enzyme (ACE) (normalized transcripts per
million [nTPM] 1.0 to 3.2), ACE2 (~10-fold lower levels), angio-
tensin receptor 1 (AGTR1), and MASI protooncogene (MASI)
but, importantly, no renin (REN) (see gene-specific pages in the
HPA Brain Adlas), possibly indicating that classic angiotensin pep-
tides are not produced in PFC. Cerebellins (CBLNs) 1 to 4 are
special, earlier considered precursors, with the highest transcript
levels for CBLN2 > CBLN3 > CBLN4 > CBLNI1. They are
secreted glycoproteins with signal peptides and act as synaptic
organizers associated with neurexins and glutamate receptors
GluD1 and -D2 for CBLN1 and 2 (56, 57) (SI Appendix, Fig.
S2F) and, in fact, control spinogenesis also in hPFC (58).
Regarding NPs, the expression level of cholecystokinin
(CCK) is the highest (Fig. 2A4). Early histochemical studies
reported the presence of CCK only in interneurons, but later in
situ hybridization (ISH) showed transcripts also in many
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Fig. 2.

Expression levels of NPs and NPRs in hPFC. (A) Maximum expression levels of detected NPs (n = 60). (B) Maximum expression levels of detected

NPRs (n = 60). Genes with nTPM >0.1 were defined as detected genes. The color code indicates the type of genes (orange, precursor; green, NP; blue, NPR).
Red arrows in A and B point to the transcripts studied with ISH in C. (C) Examples of expression profiles and in situ RNA hybridization data for adrenomedul-
lin (ADM), proopiomelanocortin (POMC), corticotropin-releasing hormone receptor 1 (CRHR1), hypocretin NP/orexin precursor (HCRT), oxytocin (OXT), and
HCRT/ORX receptor 2 (HCRTR2). The y axis represents the average nTPM values for each gene. The x axis represents the 20 human cortical subregions. Error
bars represent mean + SD. The color codes are the same as in Fig. 1B. Bar plots are examples of ISH results for each gene in the corresponding cell types.
Color code: cell type analyzed, red; gene of interest, green. Arrowheads depict positive cells for VGLUT1 and arrows indicate VGAT-positive cells. (Scale bars,
5 pm.) The expression levels of exemplified NPs and NPRs with in situ RNA hybridization data are outlined in A and B with red arrows.
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pyramidal neurons (59), giving the very high cortical CCK NP
levels a reasonable explanation (see below). The NPR levels
were, in general, somewhat lower than those for precursors and
NPs (SI Appendix, Fig. S2A).

GPCR transcripts for “classic” interneuron NPs like adenylate
cycles activating polypeptide 1 (ADCYAP1; also known as PACAP)
(ADCYAP1R1), neuropeptide Y (NPY; NPY1R), CCK (CCKB),
and SST (SSTRI and -R2) are all highly expressed in hPFC.
However, the highest levels in hPFC are seen for RAMPs (recep-
tor activity-modifying proteins) (Fig. 2B). RAMPs were first
described for calcitonin gene-related peptide (CGRP; CALCA
and -B), and represent auxiliary proteins important for forming a
functional complex with the GPCR (60). Also, the transcript for
sortilin-related receptor 1 (SORTT) is very highly expressed (Fig.
2B). SORT1 was originally thought to be a neurotensin receptor,
but has muldple functions (sorting, vesicle transportation, and
activation of nascent receptor molecules) (61). The likely main
receptor for neurotensin is the also very highly expressed neuro-
tensin receptor 2 (NTSR2). In situ RNA hybridization was
further performed and confirmed the expression of selected
medium- and low-abundance NPs/NPRs on the single-cell level

A FCort

Median (Z-score) -
-0.4

(Fig. 20). In addition, a multifactor ANOVA for all NPs and cor-
responding NPRs was conducted to investigate the effects from
sex, hemisphere, and PFC subregions on gene expression levels
(Dataset S4). A ternary plot shows that most variability of the
genes can be observed between regions (SI Appendix, Fig. S2B).

PFC Regions Rich in Peptides and Peptide Receptors. By calcu-
lating the z score, we compared the relative expression levels of
the NPs in hPFC and RefCorts. Interestingly, NPs were found
to be enriched in seven “ACC-ORB” subregions, including
ACC (subgenual, pregenual dorsal and ventral; BA24 and
BA32), ORB (lateral and posterior orbitofrontal gyrus; BA47),
and inferior frontal gyrus (triangular part, Broca and orbital
part; BA45 and BA47), from here on referred to as “NP-rich”
regions (Fig. 34 and SI Appendix, Fig. S2C). Several coexpres-
sion clusters could be identified but, of particular interest, one
encompassed 26/34 NPs expressed at high levels in ACC-ORB
(Fig. 3B and Dataset S54). Pearson correlation analysis also
revealed the overall similarity of these NP-rich regions as com-
pared with the other cortical subregions based on the expression

profiles of NPs (S Appendix, Fig. S2D). Nevertheless, and
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Fig. 3. Regional variation of NPs and NPRs in hPFC. (A) Levels of NP transcripts in different cortical subregions as well as the localization of NP-rich regions
(labeled in red). The color code indicates the median z score of all detected NPs (S/ Appendix, Fig. S2B shows the distribution of z scores of NPs). (B) A heat-
map presenting the expression patterns of 60 detected NP transcripts across the 20 cortical subregions. (C) A heatmap presenting the expression patterns

of 60 detected NPR transcripts across the 20 cortical subregions.
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importantly, each peptide has a unique profile based on subre-
gion localization and expression levels, suggesting that an NP
may differentially affect/modulate neurocircuits in cortical areas
that form hPFC.

Relative expression levels of NPRs across the 20 cortical regions
are shown in Fig. 3C SI Appendix, Fig. S2F, and Dataset S55,
and several cases of pairs of NPs and corresponding NPRs (proo-
piomelanocortin [POMC]/melanocortin-4 receptor [MC4R]; oxy-
tocin [OXT]/OXTR; galanin [GAL]/GAL3; kisspeptinl [KISS1]/
KISS1R; corticotropin-releasing hormone [CRH]/CRHRI; secre-
tin [SCT]/SCTR) were highly coexpressed in certain regions,
evidencing putative local circuitries as shown by Smith et al. (62).
The subregional variation for NPR transcripts is less pronounced
than for NP transcripts but, for example, CRHRI1, KISSIR,
opioid-related neuropeptide (OPN) (also known as nociceptin
[NOC] and orphanin [FQJ/OPRLI), as well as RAMP1 and -3
are more abundant in the NP-rich cluster, whereas TAC3 (also
known as neurokinin B) (TAC3)/TACR3, leptin (LEP)/LEPR,
and adiponectin (ADIPOR)/ADIPOR? are higher in the RefCorts.
Fifteen examples were selected to show the regional variation of
peptides and receptors (SI Appendix, Fig. S2F).

To further explore the differences between the expression
levels of NPs and NPRs in hPFC and RefCorts, we conducted
a differential expression analysis using ANOVA. A total of
9 NPs and 19 NPRs were identified with significantly higher
levels in hPFC (87 Appendix, Fig. S3A and Dataset S5), includ-
ing KISS1 (nTPM 0.2 in PFC vs. 0.03 in RefCorts) and the
corresponding NPR, KISS1R (n'TPM 0.67 vs. 0.06) (S Appendix;
Fig. S3B), thus representing interneuron candidates.

Classification of Peptides and Receptors. To gain insights into
neuronal cell types expressing NPs and NPRs in NP-rich regions,
we mapped the expression of NPs and NPRs to published cell
taxonomy profiles for GABAergic, glutamatergic, and non-neuronal
cells from single-nucleus RNA-seq (snRNA), with focus on ACC,
reported by Khrameeva et al. (63) (Fig. 4 and SI Appendix, Fig.
S4). A large fraction of NPs (7 = 31, 52%) and NPRs (z = 40,
67%) was also detected in at least one of the cell types (GABAer-
gic, glutamatergic, and non-neuronal cells) (Dataset S6). In addi-
tion, we observed the expression of 29 NPs and 20 NPRs in
ACC not detected by snRNA, indicating a higher detection sensi-
tivity of bulk RNA-seq.

The 78 NPs and 83 of their corresponding NPRs were thus
further classified based on their expression in ACC and in three
basic cell types (GABAergic, glutamatergic, and non-neuronal
cells) from the same region. Eight peptidergic cell classes based
on the expression of NPs and NPRs are proposed: 1) inhibitory
interneurons (NP and its NPR[s] expressed in inhibitory neu-
rons, 7 = 25); 2) excitatory interneurons (NP and its NPR[s]
expressed in excitatory neurons, 7 = 17); 3) interneuron candi-
dates (both NP and its NPR[s] expressed, 7 = 20); 4) excitatory
projection neurons (NP expressed in excitatory neurons, 7 = 20);
5) projection neuron candidates (NP expressed, but not its NPR,
n = 8); 6) non-neuronal cells (NP expressed in non-neuronal
cells, 7 = 14); 7) afferent input, either neuronal from other brain
regions ot blood-borne peptides (NPR expressed, but not NP,
n = 17); and 8) precursors/NPs (no receptor known, 7 = 10);
some NPs and NPRs could not be detected (Fig. 4 and Dataset
S7). Note that several NDPs are listed in more than one class.

Interneurons in cortex expressing a NP represent an important
group, as shown in animal studies (19, 62, 64) and human studies
(64). A total of 25 NPs were listed as expressed in inhibitory inter-
neurons in hPFC, including, for example, CCK, NPY, SST,
vasoactive intestinal polypeptide (VIP), CRH, hypocretin/orexin
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(HCRT/ORX), TACI1 (neurokinin A, substance P, and more),
and TAC3 (neurokinin B), as well as 17 NPs that are expressed in
excitatory interneurons (“near-projecting”), including, for exam-
ple, prepronociceptin (PNOC) and urocortin (UCN) (Fig. 4). In
addition, we suggest that 20 NPs are expressed in candidate inter-
neurons based on local presence of both the NP and the corre-
sponding NPR(s). They include, for example, adrenomedullin
(ADM), apelin (APLN), gastrin (GAST), OXT, and SCT.

Projection (pyramidal) neurons represent the largest cell
group in cortex. They usually release glutamate and NPs in
other cortical regions, thalamus, or more distal subcortical
regions, and often lack local NPRs for their NPs. These NPs
include, for example, gastrin-releasing peptide (GRP), neuro-
medin B (NMB), prodynorphin (PDYN), and CCK. Since
receptors for ghrelin (GHRL), gonadotropin-releasing hormone
1/2 (GNRH1/2), neuropeptide B (NPB), neuropeptide W
(NPW), thyrotropin-releasing hormone (TRH), peptide YY
(PYY), and urotensin 2B (UTS2B) were not detected, these
NPs are most likely released and active outside hPFC in regions
innervated by neurons located in hPFC (Fig. 4). Cocaine and
amphetamine-regulated transcript peptide (CARTPT) repre-
sents a special case: Even though discovered already in 1995,
still no receptor has been identified (65). It is robustly
expressed with >5-fold differences between subregions, and the
lowest levels are found in ACC-ORB. Interestingly, pyramidal
neurons projecting to extracortical regions often do not synthe-
size NPs themselves but do express NPRs (64). Thus, cortical
NPs released from inhibitory interneurons may indirectly influence
extracortical regions via exciting or inhibiting such NP-sensing pro-
jection neurons.

A few of the NPs and NPRs were also detected in non-neuronal
cells (Fig. 4). Of these, GNRHI1 and three of the NPRs,
APLNR, NTSR2, and RAMP3, are so far only detected in

non-neuronal cells.

In Situ RNA Hybridization of Peptidergic Systems in ACC. To
extend the RNA-seq results to the cellular level, we have further
employed the RNAscope method for a selected number of NPs
and NPRs focusing on ACC, the NP-rich region. Altogether,
we have analyzed 11 transcripts and throughout used double
labeling for VGAT and VGLUT transcripts, namely in an
actempt to decide if the NPs/NPRs are expressed, principally,
in GABAergic interneurons and/or glutamatergic projection
neurons. We have chosen both abundant and rare transcripts
and succeeded in obtaining a signal for 9 transcripts (Fig. 3 and
SI Appendix, Fig. S4). CCK mRNA was found to be expressed
in both GABA and glutamatergic neurons and in all the cortical
layers, except layer 4 (Fig. 5). Layer 1 apparently expressed
CCK alone, and further phenotypic characterization is needed.
In addition, layer 4 showed very few CCK-positive cells. We
can confirm the high expression of CCK both in GABA and
glutamate neurons, but we also found transcripts that were not
phenotyped in the single-cell analysis (63): ADM, POMC, and
the receptors for CRHR1 and growth hormone-releasing hor-
mone (GHRHR). ADM (high levels) and POMC (low levels)
were expressed both in GABA and glutamate neurons, and
OXT only at low levels in a few cells and only in glutamate neu-
rons. The receptors CRHR1 (strong signal) and GHRHR1 (weak
signal) were expressed both in GABA and glutamate neurons.
AGTRI was only found in a few, undefined cells.

We have paid special attention to the galanin (GAL and GALRI
to R3) and the HCRT/ORX and HCRTR2/ORXR2 systems.
Thus, the signals for both GAL and GALRI are strong versus weak
for GALR3, but all three were found both in glutamate and
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Fig. 4. Categorization of peptidergic cell types in ACC based on expression profiles of NPs and their NPRs. Overview of the gene expression of 78 NPs and

their corresponding NPRs in ACC. The three boxes (Left) indicate the existence of the NPs in GABAergic, glutamatergic, and nonneuronal cells which were
inferred from a published snRNA dataset of the hACC region from Khrameeva et al. (63). The color code of the heatmap indicates the expression levels of
the NPs/NPRs in ACC. The hypothalamic NPs are outlined with dashed boxes.

GABAergic neurons. GALR2 could not be detected, in agreement
with the RNA-seq results. A weak to moderately strong signal for
both HCRT/ORX and HCRTR2/ORX2 was seen in glutamate
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and GABAergic neurons. An analysis of the expression profiles of
these two peptidergic systems in hPFC will be described more in
depth below.
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NGLUTA

VGLUT1

Fig. 5. Distribution of CCK, VGLUT1, and VGAT mRNA-positive cells in ACC. ISH was performed with RNAscope probes targeting CCK (red), VGLUT1 (green),
and VGAT (green). Nuclei were counterstained with DAPI (blue) (A-C). CCK mRNA was coexpressed in glutamatergic (D) as well as GABAergic (E) cells.
Layer-specific expression of CCK, VGLUT1, and VGAT mRNA (F). Note the lack of CCK transcripts in lamina IV. Examples of coexpression of CCK with VGLUT1
(G) and VGAT (H) are indicated by arrowheads, and arrows represent CCK-only cells. CCK coexists much more frequently with VGLUT1 than with VGAT, and
VGLUT1-positive cells (G7) are much more abundant than VGAT-positive cells (H7). High-magnification images at the single-cell level for CCK, VGLUT1, and
VGAT (/-/2). (Scale bars, 100 pm [A-F], 50 pm [G and H], and 5 pm [/-/2].) See Figshare for a higher-quality version of Fig. 5 (116).

Local Circuits of “Hypothalamic” Neuropeptides in PFC. Some
NPs detected in hPFC have long since been associated with
hypothalamus and its functions (indicated as dashed boxes in
Fig. 4). Most of their corresponding NPRs were robustly
expressed in hPFC, supporting the existence of additional local
circuits (Fig. 4). Exceptions were TRH and GNRHI. They
may influence intracortical and subcortical signaling processes,
through actions via GABAergic interneurons and glutamatergic
projection neurons, possibly also forming feedback loops for
blood-borne hormones.

An interesting example is OXT, which is expressed in hypo-
thalamic magnocellular neurons and released from dendrites
and nerve endings in posterior pituitary (66, 67). OXT is
involved in the milk-¢jection reflex and uterine contractility
and is also a stress hormone (68) with projections to many
brain areas including, in the mouse, PFC (69). In addition to
intraparenchymal/extracellular volume transmission, OXT may
reach hPFC after passing the blood-brain barrier (BBB) via
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RAGE (also known as AGER; advanced glycosylation end
product—specific receptor) (70), which is expressed at low levels
in all hPFC regions and RefCorts (see gene-specific pages in
the HPA Brain Adas). The present results suggest a fourth,
minor local OXT source in PFC: OXT-positive glutamatergic
neurons (Fig. 2C and S/ Appendix, Fig. S2E). Low levels of
OXT-positive, glutamatergic neurons have also been observed
in nonpathological PFC samples by Mathys et al. (71).

These results are interesting in view of OXT’s pleiotropic
actions, involving stress, social behavior anxiety (67), and
involvement in cortical development (72), all functions poten-
tially related to PFC. In contrast, OXTRs are expressed in
all 20 cortical subregions in glutamatergic projection neurons
(ST Appendix, Fig. S2E). Thus, OXT signaling may also influence
other cortical and subcortical regions, in addition to forming an
intrinsic oxytocinergic hPFC circuitry. CD38, a transmembrane
glycoprotein important for OXT release and social behavior (73),
has recently been found across the human brain (74), and as
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shown here also in all hPFC regions (see gene-specific pages in
the HPA Brain Atlas).

Also, four hypothalamic “releasing” hormones, discovered by
Guillemin’s, Schally’s, and Wylie Vale’s teams, reviewed by
Guillemin (75), were expressed in PFC with current investiga-
tion—TRH, GNRHI1, CRH, and GHRH-—likely having
cortical functions and complementing another hypothalamic
hormone, SST, an inhibitor of GH release, long since known as
a cotransmitter in inhibitory GABAergic interneurons (51, 52).

POMC and agouti-related peptide (AgRP), often referred to
as the melanocortin system (76), were detected in hPFC and are
associated with hypothalamic arcuate nucleus and, in particular,
with feeding. These two NPs act, among others, via MC4R,
expressed in all hPFC regions. As mentioned, both HCRT/ORX
and KISS1 and their corresponding NPRs (HCRTR2 and
KISSIR) are expressed in the ACC-ORB region, suggesting local
circuits. MC4R and HCRTR2 in PFC may also be activated by
the respective NP released from nerve endings originating from

>

-4 25

IF H” uiﬁ i-L hionid nH ;

hypothalamic parent cell bodies. In addition, receptors of two
pituitary hormones, PRL and GH, were detected in hPFC, indi-
cating that these two hormones may reach and influence cortical
activities (S/ Appendix, Note II).

Integrative Analysis of Peptidergic Systems. Mapping chemi-
cal circuits at the cellular level in the human brain represents a
major challenge. This contrasts with the situation in rodents,
where novel methods introduced during the last decade(s) have
offered unique opportunities (77). However, based on results
presented in this study, by integrating RNA-seq and ISH data,
we can suggest some hypothetical transmitter-identified micro-
circuitries in hPFC as a resource for further dissection of NP
effects via their GPCRs. As an example, an integrative analysis
of the galanin system was conducted. Both GAL and GALR3
are highest in ACC, whereas GALRI is evenly distributed in all
20 regions (Fig. 64). Using histochemical and cellular analysis
of the ACC region with RNAscope, we observed a distinct

B

| GeneISH-VGAT |[ Gene ISH - VGLUT |[ RNAseq]

Regions M aCGpd M aCGpv [ aCGs IFGtr IFGorb M OrGl OrGp PFCvi M PFCvm [ PFCdl
M PFCdm [ FM FP M OrGm M GS WSCG M SFG Tcort Fcort M Pcort
Locus Coeruleus
afferents
GAL + NA GALR1
(GALR3) A
GAL + Glu Left Right
hemisphere hemisphere
GAL + Glu
@ Galanin (GAL) Sew,
= Glutamate (Glu) cC
o Noradrenaline (NA) sz
Glu

Thalamus and beyond

Fig. 6. Expression of the GAL system in ACC. (A) Bar plots showing the expression profiles of GAL and two of its receptors, GAL1R and GAL3R (the latter
just above detectable threshold, nTPM >0.1, and only in ACC), in hPFC and reference cortical subregions. The y axis represents the consensus nTPM values
for each gene. The x axis represents the 20 human cortical subregions (color code; Bottom). Error bars represent mean + SD. Bar plots are ISH results for
each gene in glutamatergic (VGLUT1) and GABAergic (VGAT) cells. Color code: cell type analyzed, red; gene of interest, green. (Scale bar, 5 pm.) (B) Bar plots
showing the expression profiles of transcripts for HCRT/ORX and HCRTR2/ORXR2 in hPFC and reference cortical subregions. Color code: cell type analyzed,
red; gene of interest, green. Arrowheads depict positive cells for VGLUT1 and arrows for VGAT-positive cells. (Scale bar, 5 pm.) (C) Schematic illustration of
the GAL system (hypothesis). We speculate that GAL, released together with noradrenaline (NA) from afferents originating in locus coeruleus [established in
rat experiments (97)], could act on glutamatergic, pyramidal neurons expressing GALR1 (or GALR3, expressed at very low levels). These receptors can also
be targeted by GAL released from glutamatergic, pyramidal neurons. The potential projections of the pyramidal neurons described in this figure have been
defined in some detail in S/ Appendix, Fig. S6. The present cartoon is principally also valid for the HCRT/ORX system. However, its afferents originate in lateral
hypothalamus and are glutamatergic [established in rat experiments (115)]. Both HCRT/ORX as well as the receptors are also expressed in glutamatergic,
pyramidal cells (a detailed hypothesis is in S/ Appendix, Fig. S7). Both GAL and HCRT/ORX peptides and receptors are in addition expressed in GABAergic
interneurons, but are not included in this cartoon.
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signal from three of the four GAL system transcripts in gluta-
matergic neurons, GALR3 being very low (Fig. 64). In addition,
GAL and GALRI were also observed in some VGAT cells. Over-
all, this is in agreement with the single-cell data by Mathys et al.
(71) showing much higher GAL and higher GALRI transcript
levels in excitatory than in inhibitory neurons, whereas GALR3 is
detected (at low levels) only in excitatory neurons. This contrasts
with rodents, where the cortical galanin system is very discrete
(78, 79). This may point to a distinct species difference and indi-
cate a more profound role of the cortical galanin system in
humans. A hypothetical overview of this system in hACC is out-
lined in Fig. 6Cand SI Appendix, Fig. S6.

The HCRT/ORX system was independently discovered by two
groups and found, in rodents, only in a discrete, bilateral region in
lateral hypothalamus (80, 81). Here, we find that the peptide is
expressed in both glutamatergic projection neurons and GABAer-
gic interneurons (63) (Fig. 6B), and likely in hypothalamic affer-
ents. The type 2 receptor was detected in glutamatergic neurons
(Fig. 6B). These findings are in agreement with single-cell results
(71), but here no significant differences in transcript levels were
observed between excitatory neurons and interneurons. Fig. 6C'is
applicable also for the cellular localization of the HCRT/ORX sys-
tem in hPFC. For functional implications, see Discussion (GAL)
and ST Appendix, Note II (HCRT/ORX).

PFC May Sense Peptidergic Inputs from Afferents. The pres-
ence of afferent peptidergic inputs to the 17 hPFC subregions
is indicated by the expression of the NPR but apparent lack
of NP. In total, 17 such cases were identified in hPFC, including
receptors, for example, for arginine-vasopressin (AVP), endothe-
lin 2/B (EDN2/B), NTS, neuropeptide FF (NPVF), neuropep-
tide S (NPS), prolactin-releasing hormone (PRLH), neuromedin
S (NMS), and urocortin 3 (UCN3) (Fig. 4). Those NPs are
thus released from afferents originating in other brain regions, or
arrive via volume transmission (82). The tissue or brain region
origins of the afferent NPs are shown in S Appendix, Fig. S8,
based on the integrative analysis of the tissue elevated genes from
the HPA Tissue Atlas (83), brain regionally expressed genes
from the HPA Brain Atlas (84), and blood secreted proteins from
the human secretome (85). As an example, NTS is expressed in
many other brain regions but cannot be detected in PFC. A sum-
mary of the origins of the afferent NPs is also outlined in Fig. 7.

Other brain regions

Arginine-vasopressin, Endothelin 2, Neuromedin S,
Neuropeptide S, Neuropeptide VF, Neurotensin,
Oxytocin, Prolactin, Prolactin-releasing hormone,
Urocortin 3

Pituitary gland

Anterior pituitary cells
Growth hormone, Prolactin

Posterior pituitary nerve endings
Arginine-vasopressin, Oxytocin

Fat cells
Adiponectin, Leptin J

Gut and Fat Hormones May Participate in hPFC Signaling.
Four “gastrointestinal” (GI) peptides were detected in PFC:
SCT, GAST, PYY, and GHRL. The receptors of both secretin
(SCTR) and gastrin (together with CCK) have been found in
hPFC. However, no receptor could be detected for PYY (NPYR4)
or ghrelin/obestatin (GHRL). Thus, PYY and GHRL are puta-
tively expressed in, among others, projection neurons.

There are receptors in hPFC that may be activated by periph-
eral peptides produced in fat cells (adiponectin [ADIPOQ)], leptin
[LEP]), pancreatic f-cells (islet amyloid peptide [IAPP]/amylin),
K cells (gastric inhibitory peptide [GIP]; also known as glucose-
dependent insulinotropic polypeptide), or L cells (PYY, NTS, and
glucagon-like peptide 2 [GLP2]). K and L cells are located in the
GI tract (Fig. 7). These peptides may access the brain via penetra-
tion of the BBB or via regions with a “leaky” BBB.

LEP is a protein important for feeding control but with many
other functions (86), even including synaptogenesis (87). Its
transport across endothelial cells may be mediated by robustly
expressed LEP receptors (88). LEP receptors are found in gluta-
matergic and GABAergic neurons as well as in endothelial cells
and astrocytes (64), the latter two cell types being part of the
BBB. Also, ADIPOQ is assumed to reach the brain, even if only
at 0.1% of blood levels (89).

Nonpeptidergic Systems Including Monoamine and Cholinergic
Receptors, Growth Factors, Nitric Oxide Synthases, and Amino
Acid Systems. S/ Appendix, Note III and Fig. S9 include details.

Discussion

We here present the neuropeptide system in hPFC based on gene
expression in microdissected (bulk) samples from 17 subregions
and 3 RefCorts. The results revealed that NP and NPR genes are
expressed with a unique subregional profile, often at distinctly
higher levels in hPFC than in RefCorts, and especially in the
ACC-ORB subregions—the NP-rich region. ACC is known to
be part of the affective network and to be activated by reward and
emotions (2, 3, 9, 90). Sub- and pregenual ACC are related to,
respectively, autonomic processes and subjective emotional feel-
ings. The former receives inputs from medial orbitofrontal cortex,
insula, amygdala, and hypothalamus, and also from the lower
brainstem (periaqueductal gray, parabrachial nucleus), the latter
in addition to dorsomedial and rostromedial PFC, as well as the

Prefrontal cortex

— Blood-borne

B-cells (Pancreas)
Amylin/IAPP

K cells (small intestine)
Gastric inhibitory peptide

L

L cells (small intestine)
Glucagon-like peptide 2
PYY, Neurotensin

Fig. 7. Peptides from diverse afferent sources. Schematic overview of the possible origins of afferent peptidergic inputs to hPFC. There are 16 NPs that can-
not be detected in hPFC, contrasting with the presence of, often robust, receptor expression levels. These receptors are likely activated by peptides released
from neurons outside hPFC (released from neuronal afferents or via volume transmission), or alternatively by blood-borne hormones from endocrine glands

or fat cells.
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subgenual region (2, 8, 9). For example, the latter shows struc-
tural abnormalities (reduction in volume) and reduced metabolic
activity in depressed patients (3). Interestingly, depressed patients
receiving electromagnetic stimulation at cortical sites, especially
DLPEC, show a marked improvement in global depression scores
when connected with subgenual ACC (91-93), even if this effect
is indirect and relayed via an intrinsic circuit (94).

By mapping the results to published cell type-specific expression
profiles, we managed to identify several NPs that are expressed by
interneurons and some NPs that are markers for efferent projection
(pyramidal) neurons. In addition, certain NPRs are identified as
targets for extraregional/extracortical peptidergic neuronal afferents/
diffusion by volume transmission or for blood-borne hormones
that thus may influence signaling in hPFC. Several NPs, firmly
associated with hypothalamic circuitries, fat cells, or GI endocrine
cells, are also expressed in hPFC. This may appear surprising, but
the name of the NP often just reflects the tissue/organ from which
an NP was first isolated, and/or the very first function associated
with the NP. NPs are cogwheels in a large machinery, and the
same NP is produced and active in many parts of the nervous sys-
tem, like classic transmitters. Their effects then depend on the type
of GPCRs and G proteins involved. The varying sources of the
peptides, including being blood-borne, may influence PFC physiol-
ogy and pathophysiology.

We further explored the GAL system described above (cf. Fig.
60 by integrating the results from a single-cell dataset from the
Allen Brain Adas (64, 95), in which 120 cell types have been
identified based on samples from multiple cortex regions. A
hypothesis on circuitry has been generated: Galanin released bilat-
erally from nerve endings of GAL-positive, intratelencephalic-
projecting pyramidal neurons act on GALRI expressed in
glutamatergic neurons projecting to thalamus (S Appendix, Fig.
S6). Since GALR1 and GALR3 mostly are postsynaptic and
cause inhibition by opening potassium channels (96), we suggest
that the role of galanin is, for example, to prevent excessive glu-
tamate release, namely to eventually protect against excitotoxic-
ity. Based on animal experiments, this effect could be enhanced
by galanin released from noradrenergic afferent nerves costoring
galanin (97), acting on GALR1/-3 postsynaptic receptors (98).
Taken together, GAL may surveil and suppress excitability in the
ACC circuitry. Since GAL from pyramidal neurons is coreleased
with the excitatory transmitter glutamate, this could be an example
of cotransmitter antagonism. We have created a similar scenario
for the excitatory NP HCRT/ORX system, but this is an example
of cotransmitter agonism, since HCRT/ORX is an excitatory pep-
tide (87 Appendix, Note 11, Hypocretin/Orexin and Fig. S7).

The GAL system has previously been associated with, among
others, depression and resilience against depression via mecha-
nisms intrinsic to pontine noradrenergic locus coeruleus (LC)
(44, 99-101). The present results show that the GAL system is
also expressed in hPFC, mainly in glutamatergic neurons. In
agreement, both genetic (38) and neurochemical (39) analyses
suggest association between the GAL system and major depres-
sion disorder, possibly also involving glutamatergic neurons, in
addition to the pontine LC system. This is interesting in view of
the proposed “reconceptualization of the biology of depression,”
that is, a shift from the monoamine hypothesis to amino acids
(102). One reason is breakthrough research showing that the
glutamate receptor antagonist ketamine has a rapid effect on
treatment-resistant depression (102, 103).

Most of the NPs, often expressed in cortex/PFC, have been
discussed in relation to multiple mental and/or neurological
disorders, primarily based on animal experiments (27). Several

NPs (NPY, SST, CRF, and DYN) have in clinical studies been
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shown to be up- or down-regulated in disorders such as schizo-
phrenia, bipolar disorder, depression, and alcohol use disorder.
Moreover, it has been reported that ADIPOQ, APLN, and
NOC are associated with depression, and ADIPOQ, ADM,
APLN, bradykinin, CARTPT, EDNs, relaxin, GAL, GIP, GLP1,
GLP2, and VIP are associated with Alzheimer’s disease (AD).
Even more NPs are related to stress.

The large number of NPRs represents potential targets for
drug development (28,104-107). In fact, today nearly 50 drugs
acting via GPCRs have been approved by the Food and Drug
Administration for various therapeutic interventions (106), some
acting via neuropeptide systems: a substance P antagonist for
treatment of chemotherapy-induced nausea (108), orexin antago-
nists for treatment of insomnia (109), and CGRP antibodies/
antagonists for treatment of migraine (110). Finally, GLPR1 ago-
nists are not only useful for treatment of metabolic syndrome
(111) but together with GIPR and GLPR2 agonists they have in
animal experiments/models (e.g., AD and Parkinson’s disease)
been shown to reduce chronic inflammation and mitochondrial
damage, improve memory, and reduce plaque load (112, 113). In
fact, recently a clinical trial has been initiated by Novo Nordisk,
the Danish pharmaceutical company, with an agonist (Rybelsus)
at the peptide receptor GLP1R for treatment of AD.

In summary, we present a peptidergic transcriptomic PFC
landscape, where closely located and functionally different sub-
regions are heterogeneous with unique peptide/transmitter—
related transcript profiles, including microcircuitries, involving
local glutamatergic neurons coexpressing HCRT/ORX, GAL,
or OXT and respective receptors. Here we report such mole-
cules in this critically important part of the human brain. Here,
the peptide may represent a cotransmitter agonist (HCRT/
ORX) or antagonist (GAL). Specific hPFC receptors have been
identified as targets for neuronal afferents, like NTS, and for
peripheral blood-borne peptide hormones, like LEP, ADIPOQ,
and GIP, as well as GH and PRL. Importantly, NP-rich regions
(the seven ACC-ORB subregions) were identified with abundant
NPs and NPRs. Also, some markers for catecholaminergic, cho-
linergic, histaminergic (HRH3), and nitrergic signaling (NOS3)
are enriched there. These insights into the global gene expression
of PFC reveal a spectrum of peptidergic systems that may fine-
tune/modulate functions executed during health and disease.
Moreover, the sustained actions over longer periods characteristic
of NPs may contribute to stabilizing circuit connectivity. The
results will contribute to the basic understanding of PFC and will
facilitate efforts to identify novel therapeutic strategies of relevance
for human brain disorders.

Limitations of the Study. A limitation is that the expression
landscape presented here is based on transcriptomics. Apart from
the uncertainty of translation into protein, transcript levels may
be dependent on peptide release (reflecting neuronal activity)
and may thus vary with the state of the brain at the moment of
death. Therefore, the fact should be noted that the brains stud-
ied were from subjects who died from stroke, although all
regions affected by stroke were far from PFC. Another limitation
is that an arbitrary and low cutoff for detection of genes has
been used (nTPM > 0.1), resulting in a large number of genes
detected in the subregions. The fact that we have been able to
visualize, for example, GALR3 with RNAscope in ACC, where
the n'TPM values for the transcript are 0.12 to 0.14, together
with some further examples of this type, supports that the low
cutoff is valid. Nevertheless, results close to the cutoff, like
GALR3 and OXT, need to be confirmed in future studies, and

the decision on cutoff will always remain a source of uncertainty.
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The probe-based RNAscope analysis only encompassed a limited
number of transcripts, and not all experiments resulted in detect-
able signals expected based on RNA-seq results. This is not unex-
pected, since we, in an earlier radioactive, autoradiographic ISH
study experienced that, for example, the GALR3 transcript could
only be detected in human brains with very short postmortem
time and long exposures (114). Here, we used a separate brain
that had been especially processed for RNAscope analysis. The
high-abundance neuropeptide transcripts, such as CCK, were eas-
ily demonstrated, and we are satisfied that also a number of other
important neuropeptide system transcripts could be visualized.

Materials and Methods

Full details regarding the human brain sample collection, processing, RNA extrac-
tion, RNA-seq, RNAscope analysis, data quality control, and statistical analysis are
provided in SI Appendiix. All brain samples were collected by the Human Brain Tis-
sue Bank (HBTB; Semmelweis University) and the Human Brain Research Labora-
tory (ELKH Institute of Experimental Medicine). The activity of the HBTB has been
authorized by the Committee of Science and Research Ethics of the Ministry of
Health Hungary (ETT TUKEB: 189/K0/02.6008/2002/ETT) and the Semmelweis Uni-
versity Regional Committee of Science and Research Ethics (32/1992/TUKEB) to
remove human brain tissue samples, collect, store, and use them for research.
Obtaining human samples by the Human Brain Research Laboratory was approved
by the ethics committee at the Regional and Institutional Committee of Science
and Research Ethics of the Scientific Council of Health (ETT TUKEB15032/2019/EKU).

Data Availability. The transcriptomics data reported in this article for the 17
human prefrontal cortex subregions and 3 reference cortical regions (frontal,
parietal, and temporal cortex), gene information, and normalized TPM values are
available, open-access, and downloadable from the Human Protein Atlas data-
base (https://www.proteinatlas.org/about/download) (53).

All data are included in the article and/or supporting information.
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