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Stress is a fact of life, affecting organisms from the smallest invertebrates to humans. Mediating the stress system is the ancient neuropeptide,
corticotropin releasing factor (CRF), which works as a neuromodulator to alter brain systems and homeostatic responses to stress. In humans,
many stress-related psychiatric illnesses are linked to dysregulation of monoamine systems, which have cross-talk with CRF-enriched circuits.
In this review, we focus on the CRF and the midbrain dopamine (DA) system, particularly as it relates to the nonhuman primate. While
tremendous knowledge of CRF-DA mechanisms has been gleaned from rodent models, treatments for stress-related diseases have been elusive,
raising the question of whether higher animal models might be required. Subtle shifts in CRF peptide or CRF receptor localization, and the
expansion and complexity of DA neuron populations, may hold some of the keys to understanding long-standing stress effects on the DA system
in humans. Our laboratory has especially been interested in laying out the neural architecture of the CRF-DA system interface in the nonhuman
primate, as a close anatomic model for human. Using rodent models as a starting point, we describe aspects of this complex system that inform
our understanding of CRF-DA interactions, and focus on results that have been, and those that still need to be, translated to nonhuman primate
models.
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Anatomy of the CRF Stress System and DA Neurons
As a key driver of the hypothalamic pituitary axis (HPA) in modulating
behavioral stress responses, corticotropin-releasing factor (CRF) [also
known as corticotropin-releasing hormone (CRH)] is a 41-amino acid pep-
tide that was first discovered in the rat hypothalamus over 40 years ago
(1). This peptide, like all neuropeptides, is packaged with classic “fast”
neurotransmitters and acts as a neuromodulator. Working in concert with
its primary transmitters, CRF has unique modes of action that can shape
stress circuitry throughout the brain. Although there is a vast literature
in rodent models, CRF mRNA and its peptide were subsequently identi-
fied throughout the brain in human and nonhuman primates, as well as
in rodent models, Review (2). In human, there is also considerable inter-
est in CRF receptors that are found in other organ systems, including the
immune (3), reproductive (4), metabolic (5), and cardiovascular systems
(6, 7) due to known stress effects on these systems and stress-related dis-
ease. Because stress, broadly defined, is implicated in the onset and re-
currence of numerous neuropsychiatric illnesses (8–11), CRF brain targets
continue to be a subject of inquiry.

Cross-species studies indicate that CRF mRNA and protein cellular dis-
tribution in the brain shares similarities but also important difference be-
tween rodents and nonhuman primates (2). One purpose of this review is
to highlight some of the known brain differences between the species.
Areas of dense distribution of CRF neurons in both nonhuman primates
and rodents include the “central extended amygdala” and ventral pal-
lidum (12–15). Species differences include a generally more diffuse dis-
tribution of CRF-containing cells in primate hypothalamus and extended
amygdala, and more discrete clusters within these regions in rodents, see
Review for details (Figure 1) (2, 14, 16). CRF-containing neurons are found
in many areas outside the extended amygdala, which have also been im-
plicated in anxiety-like behavior and/or sensory responses (particularly in
the auditory system). These regions include the periaqueductal gray, peri-
peduncular nucleus, pedunculopontine tegmental nucleus, parabrachial
nucleus, locus coeruleus (LC), lateral dorsal tegmental nucleus (LDTg),
median raphe nucleus, and pontine reticular nuclei.
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This review will also focus on the way CRF neurons influence a broad-
ened and more elaborate dopamine (DA) system in the primate. Stress
effects leading to excess DA release are well-documented across species,
but there is little known about the cellular and circuit basis of this, espe-
cially in higher primates. The “central extended amygdala,” a structural
continuity of the central amygdala nucleus through cell columns in the
forebrain with the lateral bed nucleus of the stria terminalis, that is en-
riched in CRF-containing neurons, has been one focus (17, 18). Central
“extended amygdala” CRF pathways are well known to project to the DA
system (19–21), and considered a means by which stress alters DA release,
and affects motivated and higher cognitive behaviors (22–27). Outside of
the well-studied extended amygdala, however, there are few studies doc-
umenting other CRF-modulated paths to the DA system [although see So-
den (28) and Chang (29)], which can be assumed to have specific targets
and affect specific systems. The mechanisms of how CRF release in general
influences DA firing also remains elusive (30, 31). As noted, knowledge of
the array of cell type–specific CRF inputs, and the complexity of postsy-
naptic cellular targets found in the ventral midbrain are missing pieces of
the puzzle. This is particularly true when it comes to understanding higher
species.

One clear piece of evidence is that there are high concentrations of
CRF-positive axons in the midbrain DA system in both rodents and pri-
mates (12, 13, 32–34). In both species, CRF-containing fibers overlap
the midline ventral tegmental area (VTA), and extend into the lateral
VTA (pigmented parabrachial nucleus, PBP) and into the retrorubral field
(RRF, or A8 group). These latter, non-midline, regions are especially well-
developed in primates (35, 36) and receive an abundance of CRF terminals
(Figure 2).

CRF is Packaged as a Neuromodulator
A key level of complexity for understanding CRF actions is that CRF is con-
sidered a “neuromodulator” instead of a “neurotransmitter.” Like most
peptides, it does not directly elicit an action potential (37). Instead, CRF
amplifies or attenuates the excitatory/inhibitory function of transmitters
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Figure 1. (A–C) Distribution of CRF-immunoreactive neurons in the nonhuman primate CEA and VP subregions. Labeled neurons are distributed broadly and
extend from the ventral striatum through the caudal central nucleus. Colored lines indicate various surrounding structures; red: striatum, cyan: ventricles, yellow:
globus pallidus, orange: thalamus, pink: cholinergic cell clusters, green: CRF-positive cells. (D) High-powered micrographs of CRF-labeled cells and processes in
BSTLcn, corresponding to boxed area in A. (E) High-powered micrographs of CRF-labeled cells and processes in VP, corresponding to boxed area in A. (F) High-
powered micrographs of CRF-labeled cells and processes in CeLcn, corresponding to boxed area in C. Scale bar = 100 μm. Abbreviations: AC, anterior commissure;
Astr, amygdalostriatal area; BSTLcn, bed nucleus of the stria terminalis; lateral central subdivision; BSTLP, bed nucleus of the stria terminalis, ventral posterior
subdivision; C, caudate nucleus, CeLcn, central nucleus, lateral central subdivision; CEM, central nucleus, medial subdivision; P, putamen; SLEAc, sublenticular
extended amygdala, central subdivision; VP, ventral pallidum. Figure used and modified with permission from (14).

released with it (38, 39). Therefore, CRF’s specific actions at terminals
must be considered in the context of the classic fast transmitters includ-
ing glutamate and/or GABA, with which it is packaged in specific circuits
(14, 37, 40). In both primates and rodents, CRF + axon terminals exhibit
synaptic profiles in the ventral midbrain based on electron microscopic
(EM) studies (33, 34). These terminals are filled with both CRF + dense
core vesicles and a more diffuse immunostaining that surrounds clear
(fast transmitter) vesicles. The physiologic impact of increased CRF re-
lease in response to stress is thought to regulate the excitatory/inhibitory
output of its circuit in a duration-dependent manner (41). Complicating
the picture, however, is the fact that while CRF is released at classical
synapses and binds presynaptic and postsynaptic membrane receptors,
it can also be released through exocytosis (also known as “volumetric” or
“extrasynaptic” release) directly through the axon membrane into the ex-
tracellular space (42). Therefore, while documenting the distribution and
characterization of CRF + axon terminals is important for understanding
co-modulation of classic transmitters in afferent sources, the location of
CRF receptors is also needed to help to clarify which cell types are affected
by both synaptic and “extrasynaptic” CRF release.

CRFR1 and CRFR2
The biological actions of CRF at postsynaptic targets are mediated
through at least two known receptors that have been identified in rat,
primate, and human brains: CRF receptor type 1 (CRFR1) and CRF re-
ceptor type 2 (CRFR2) (43). Both receptor subtypes are members of the
G protein–coupled receptor family and although they share significant
sequence homology, they are pharmacologically and anatomically dis-
tinct (44–46). Both the CRFR1 and CRFR2 receptors are coupled with
stimulatory G proteins, which undergo specific conformational changes
depending on ligand binding (47). CRF bind CRFR1 and CRFR2 with differ-
ing affinities, with CRF having a high affinity for CRFR1 and only a mod-
erate affinity for CRFR2. Urocortins, identified after the discovery of CRF,
share structural similarities with CRF (48–50), and either bind exclusively
to CRFR2 (UCN II, UNC III), or have a higher affinity for CRFR2 (UCN I) (49).

Early electrophysiological and pharmacological studies in rodents
demonstrated fundamental differences between CRFR1 and CRFR2 re-
ceptors, which have been reviewed extensively (43, 51–53). Generalized
CRFR1 antagonism (via intracerebroventricular injection of the CRFR1
antagonist, antalarmin) (54) and CRFR1 knockout (55, 56) suggested

Thought Leaders Invited Review
Fudge et al.

https://doi.org/10.61373/gp025i.0038
2 of 16

GENOMIC PSYCHIATRY
Genomic Press

D
ow

nloaded from
 https://prim

e-pdf-w
aterm

ark.prim
e-prod.pubfactory.com

/ at 2025-05-13 via O
pen Access. C

C
 BY-N

C
-N

D
 4.0. https://creativecom

m
ons.org/licenses/by-nc-nd/4.0/

https://gp.genomicpress.com
https://doi.org/10.61373/gp025i.0038


gp.genomicpress.com

Figure 2. Localization of CRF-immunoreactivity in ventral midbrain. (A) low magnification brightfield micrograph of the ventral midbrain rostrocentral level
visualized with CABP-IR, a marker of the A10 and A8 neurons. CABP-positive A10 neurons contrast with CABP-negative SNc/A9 neurons, outlined with dotted
lines. (B) CRF-IR in fibers in adjacent sections, visualized with darkfield microscopy. (C) A higher magnification of boxed region in B showing patches of thin
beaded CRF-positive fibers in a section of the PBP. (D) Low-magnification brightfield micrograph of CaBP-IR in the caudal ventral midbrain. CaBP-IR neurons
are found in the A10 and RRF/A8 and absent in SNc/A9 subregion (dotted line). (E) CRF-IR in neighboring section to D, seen under darkfield magnification.
(F) CRF-labeled fibers course through the RRF/A8, which is bisected by the medial lemniscus (ml) seen under higher magnification, boxed region in E. Scale
bar = 1 mm (A, B, D, E), 250 μm (C, F). Abbreviations: III, third nerve; CRF, corticotropin-releasing factor; CaBP, calbindin; IP, interpeduncular nucleus; cp, cerebral
peduncle; scp, superior cerebellar peduncle; ml, medial lemniscus; SNr, substantia nigra reticulata; PBP, parabrachial pigmented nucleus; RN, red nucleus; VTA,
ventral tegmental area. Figure used with permission from (33).

anxiogenic effects. Early studies also suggested a general opposing role
for CRFR1 and CRFR2, but it is now generally acknowledged that this is
an overly simplistic view (57). Subsequent studies using more advanced
techniques such as conditional and site-specific receptor manipulations
indicate a dependence on circuit and cell type–specific characteristics
for CRF receptor action. For example, it is now known that low levels of
anxiety after enriched housing are associated with low levels of CRFR1
mRNA in the amygdala, and amygdala-specific CRFR1 knockdown re-
duces anxiety (58). In contrast, CRFR1 knockdown in the globus pallidus
(GP) increases anxiety-like behavior, suggesting an anxiolytic role in GP
circuitry (59).

CRFR1 and CRFR2 mRNA and Protein Distribution: Some Species
Differences
Some of the earliest CRF-binding assays were performed in monkey, and
revealed intense CRF-binding occurring widely throughout the cortex,
amygdala, hippocampus, and cerebellum, in addition to selected thala-
mic, hypothalamic and brainstem nuclei (60, 61). However, to date, very
little is known of the actual distribution of the CRF receptors in the non-
human primate. Sanchez et al. (1999) mapped the neuroanatomic distri-
bution of CRFR1 and CRFR2 receptor subtypes in the adult rhesus mon-
key utilizing in situ hybridization and also receptor autoradiography (62).
Noting some differences between the two techniques, CRFR1 mRNA was
abundant throughout the cortex (including prefrontal, cingulate, insular,

parietal, and temporal neocortical areas), dentate gyrus of the hippocam-
pus, several amygdaloid subnuclei, cerebellar granule cell layer, pituitary,
and LC. High densities of CRFR2 were found in neocortical areas (pre-
frontal, striate, cingulate, and insular cortices), CA1 of the hippocam-
pal formation, the choroid plexus, the paraventricular hypothalamic nu-
cleus, supraoptic nucleus, amygdala, pituitary, and mammillary bodies.
Notably, many regions including the cortex, amygdala and hippocampus
have strong distributions of both receptors in the primate. However, some
brain regions had selective distributions of CRFR1 or CRFR2 mRNA, sup-
porting the hypothesis that each receptor subtype may have distinct but
complementary functional roles within the primate central nervous sys-
tem (CNS). Unfortunately, the midbrain was not included in these results,
leaving unaddressed the specific distribution or existence of these recep-
tors in this critical region.

CRFR1 protein studies in nonhuman primate largely converged with
the mRNA findings (63). CRFR1 peptide (AA 21-34) was generally local-
ized in cell bodies and dendrites highlighting a strong postsynaptic role.
In this broad survey of the monkey brain, CRFR1 immunoreactivity was
also present in regions of the cerebral cortex, basal forebrain, basal gan-
glia, thalamus, and cerebellum converging with prior mRNA results (62).
Importantly, CRFR1 was highly expressed in the ventral midbrain, partic-
ularly in the lateral substantia nigra and reticulata. No studies have con-
ducted a similarly broad survey of CRFR2 expression in the nonhuman
primate brain.
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Figure 3. Differential regulation of CRF signaling during baseline and stressed situations in males versus females. At baseline, CRFR is primarily distributed
at the cell surface in males versus a primarily cytoplasmic distribution in females. Following stress, CRFR is internalized in males versus relocation to the cell
surface in females. Figure used and modified with permission from (68).

The general CRF receptor distribution in primates reveals some im-
portant differences compared to the rodent. While the human and non-
human cortex express both CRFR1 and CRFR2 mRNA as noted above, the
rodent cortex exclusively expresses CRFR1 mRNA (45, 64). Similarly, in hu-
man and monkey, both receptor subtypes are abundant in the pituitary
(7, 62), and CRFR1 antagonists alone have relatively minor effects on
ACTH or cortisol release in humans (65, 66). In rodent, CRFR1 receptors
only are found on adrenotrophs in the anterior pituitary. Other disconti-
nuities in the distributions of the two receptors exist between the species,
suggesting possible differences in the balance of CRF receptor subtypes
across brain regions, highlighting the importance of nonhuman primate
models to improve our understanding of the human CRF system.

Presynaptic and Postsynaptic CRFR1 and CRFR2
Important EM work in rodents reveals that CRFR1R and CRFR2 exist presy-
naptically and postsynaptically, depending on the brain region assayed
(67–71). Thus, CRF effects likely result from a balance of influence on
presynaptic versus postsynaptic neural control via each receptor, which
vary in a site- and sex-specific manner. CRFR1 is differentially expressed
in some brain regions in females and males. Importantly, however, in brain
regions without apparent sex differences in CRF receptor expression,

differential receptor signaling/sensitivity may be at play (72, 73) Exoge-
nous factors such as stress and pharmacologic manipulations can dynam-
ically regulate CRF signaling with differing behavioral effects in each sex,
possibly through differences in CRF receptor sensitivity and engagement
with intracellular pathways. Depending on brain region and sex, signifi-
cant trafficking of postsynaptic CRFR1 and CRFR2 receptors between the
membrane and cytosol regulates the availability of the receptor for CRF
postsynaptic effects (74, 75) (Figure 3). In brain regions with baseline sex
differences in CRFR1 and CRFR2 receptor expression (68, 74), these differ-
ences can be exacerbated following stress via intracellular mechanisms
that internalize and externalize (recruit) receptors (68). Thus, against
a back-drop of sex differences, stress can be homeostatically regulated
in each sex by receptor tracking, at least in selected brain regions (74).
Knowledge of the basic anatomic locations of CRF receptors, and shifts
across development and stress effects in the two sexes, is evolving.

CRFR1 and CRFR2 Gene Variants in Human Disease
An important issue for translational approaches is splice variation in CRF
receptors, which have tissue specific distributions and vary by species
(76). Alternative splicing is a known mechanism for regulatory control
of signaling that can affect cellular function. Different isoforms of the
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Figure 4. The CRFR1 gene and isoforms following alternative splicing. Note that the CRF1 gene is on different chromosomes in human and mouse. (A) Schematic
of the human CRFR1 gene structure, with base pair (bp) numbers of exons (red) indicated below them. Exons are the coding sequences present in the mature
mRNA. Introns (noncoding sequences) are depicted with black lines. Deviations in the size of mouse exons (red) shown in parentheses and gray. (B) Human and
murine CRFR1 splice variants. Red color denotes exons, black color denotes introns, yellow denotes the exon segments encoding the signal peptide (SP). Exon
segments coding for transmembrane helices (TMs 1-7) are denoted by gray bars. In both A. and B. pink denotes 5’ or 3’ untranslated regions. ECD = extracellular
domain; GPBD = G protein–binding domain; ICD = intracellular domain. Figure from (76) used with permission.

receptor can be present in different tissues or cells. In the CRFR1 family,
the CRFR1α variant is dominant but its activity is dependent on expres-
sion of other isoforms that may compete with or dimerize/oligomerize
with the CRFR1α isoform, altering its activity. Human CRFR1 and CRFR2
genes are expressed on chromosomes 17 and 7, respectively, which con-
trasts with their location on chromosomes 11 and 6 in mouse. Both genes
have multiple isoforms, as a result of alternative splicing particularly in
human (76) (Figure 4). Gene variants of CRFR1 and CRFR2 are common
and, in humans, specific variants are associated with different conditions
that are regulated by stress: major depression, type II diabetes, polycystic
ovary disease, and irritable bowel syndrome (5, 77–79). The role of CRF
signaling in these disorders owes to effects on the HPA, and also to direct
CRF effects on external tissues. The tremendous variety in CRFR1 human
gene variants, and how they interact with environmental factors such as
adverse life experience, has been a focus of psychiatric genetics for sev-
eral decades (78). Early linkage studies looking for a role for CRF variants
in mood and anxiety disorders were not compelling, however, mainly be-
cause they were underpowered (80). Nonetheless, the sum of genotyping
clinical studies supports a role for CRFR1 in the pathophysiology of de-
pression, anxiety disorders, and alcohol abuse, the latter of which is highly
comorbid with anxiety and depression diagnoses. While it is understood
that single-gene effects are unlikely in complex disorders, CRFR1 variants
likely play a role in conjunction with other genetic risk factors, and also
with environmental perturbations (81).

CRF Signaling and Behavior Through the Midbrain DA System
Stressful stimuli lead to dramatic adaptive changes in ongoing behaviors
in order to shift the animal into more adaptive responses (82). Stress-
ful manipulations such as footshocks, pinches, or airpuffs, and prolonged
anxiogenic events (e.g., restraint), increase DA cell firing (83, 84), and re-
sult in DA release in striatum, amygdala, and prefrontal cortex (23–27,
85–87). Similarly, CRF stimulation in the midbrain generally increases DA
neuron activity (88) and release at the terminal (89, 90). Thus, stress
experience shapes DA signaling and behavior, including motivated be-
haviors, response to novelty and decision making (91–94). However, the
mechanisms behind these effects, or differential effects on specific brain
circuits, are far from clear.

In slice preparations, CRF excites VTA DA neurons in a bimodal, dose-
dependent manner (88, 95–97). In part, CRF increases excitability by ef-
fecting release of calcium from intracellular stores in DA neurons (98).
However, CRF promotes excitation of VTA DA neurons via both presynap-
tic and postsynaptic mechanisms involving both CRFR1 and CRFR2 (88,
96–101). Complicating this picture, CRF release can itself also alter the ex-
pression of CRFR1 and CRFR2 expression (102). Stress was recently shown
to regulate CRFR1 expression in DA neurons, with consequences for both
DA firing and behavior (103).

In vivo, most work has investigated how CRF modulates motivational
and decision-making processes, including addictive behaviors. For ex-
ample, both restraint stress and infusions of CRF into the VTA diminish

Thought Leaders Invited Review
Fudge et al.

https://doi.org/10.61373/gp025i.0038
5 of 16

GENOMIC PSYCHIATRY
Genomic Press

D
ow

nloaded from
 https://prim

e-pdf-w
aterm

ark.prim
e-prod.pubfactory.com

/ at 2025-05-13 via O
pen Access. C

C
 BY-N

C
-N

D
 4.0. https://creativecom

m
ons.org/licenses/by-nc-nd/4.0/

https://gp.genomicpress.com
https://doi.org/10.61373/gp025i.0038


gp.genomicpress.com

preference for larger rewards with a greater effort cost. Notably, CRF an-
tagonism blocks these effects in stressed animals (104). Similar studies
show that stress and CRF administration in the VTA reduce motivation to
work for food reward behaviors, but regulate DA firing in a pathway- and
stimulus-specific manner (105). This circuit-based approach makes clear
that CRF effects on behavior and DA release are critically dependent on
gating of specific active afferent/efferent pathways.

Stress likely also influences non-DA neuronal cells in the midbrain DA
system, including GABAergic interneurons (106–110). These neurons are
proposed to exert tight inhibitory control on DA neurons (108, 111, 112),
but the effects of CRF on these neurons have not been studied in detail.
CRF increases firing of inhibitory GABA neurons in the VTA, although it is
unclear if this a causative or compensatory effect related to CRF-induced
DA activation (95, 97). CRFR1 mRNA and CRF-binding protein (associated
with CRF receptors) is expressed in some VTA GABAergic neurons per stud-
ies in rodent (103, 113). Therefore, to better understand the ways in which
CRF differentially impacts the molecularly defined DA neuron subtypes as
well as non-DA neurons in the midbrain DA system, anatomic localization
of these subpopulations and their relative expression of CRF receptors is
a missing piece of the puzzle.

The Midbrain DA Target is Ruled by Anatomic Complexity
The midbrain DA neurons are no longer considered a homogeneous sys-
tem. DA neurons are physiologically heterogeneous with respect to both
intrinsic firing and coding properties. For example, DA neuron pace-
making and spiking depend on a variety of ion channels, which vary
across the DA subregions, giving rise to heterogeneity in spontaneous and
induced-spiking activity (114, 115). Many recent papers show that phys-
iologic activity, as well as molecular/transmitter content and circuit con-
nections, can be predicted from mediolateral and rostrocaudal anatomy
of ventral midbrain in both rodents and primates (116–122). This basic
anatomy (based on developmental trajectories) provides an important or-
ganizational principle for predicting cell types and connections between
the species. Although the primate ventral midbrain system is larger and
more elaborate, the mediolateral and rostrocaudal axes provide impor-
tant anchors for comparison.

The nonhuman primate ventral midbrain is an important, albeit un-
derstudied, bridge to understand human disorders because of its simi-
larity to the human (123–125). Because DA neurons serve the individ-
ual over the lifespan, the nonhuman primate is also a closer model for
understanding specific populations that are particularly plastic or that
are vulnerable over long time periods, that is, in aging or chronic envi-
ronmental insult. Fortunately, identification of the basic DA subregions
(A10, A9, and A8) across species can be done with specific histochemi-
cal markers, permitting regional comparisons across species (126–128)
(Figure 5).

The concept of DA neurons generating “reward prediction errors” in
learning was first discovered in nonhuman primate, and became a domi-
nant model of DA function (129, 130). As this concept has been debated
and expanded, location-dependent roles of different DA subregions have
been raised, with DA neurons in different midbrain regions involved in
other functions. In monkey, laterally displaced DA neurons appear to have
a separate role, signaling the biologic relevance (salience) of both reward
and nonreward predicting stimuli (salience coding) (131, 132). These DA
neurons may play a different role in complex behaviors such as orient-
ing, or preparing strategies to avoid potentially aversive cues (84, 131,
133–135). This general medial-lateral trend has been noted as well in
rodent studies, with different functional properties distributed along this
axis (27, 136).

DA Subregions are a Translational Anchor for Understanding
Heterogeneity
Although the vast majority of work on DA heterogeneity is in mouse and
rat, the conserved organization of the DA subregions serve as important
landmarks to approach higher species (137) (Figure 5). The nonhuman
primate system is expanded in both mediolateral and rostrocaudal di-
rections (Figure 5A and B, rostral; C and D caudal). Across rodents and

primates, the A10 subregion, referred to as the VTA, contains a number
of subnuclei. In addition to multiple midline subnuclei (mVTA), the A10
includes the lateral-most VTA subnucleus, the PBP. The PBP is dispropor-
tionately enlarged in higher primates (35). While previously referred to as
the “dorsal A9,” it is now clear that the primate lateral VTA (PBP) stretches
dorsolaterally over the A9, comprising a large expanse of the midbrain.
The entire A10 is closely related to the A8 subregion, and is continuous
with it in macaque and human (see below) (Figure 5C and D). Both re-
gions, in both rodent and primates (including human), have DA neurons
that express calbindin-D28K, a calcium-binding protein (CaBP, Figure 5A,
D, and E), which is absent in the A9. The A8 (also known as the RRF), is
enlarged volumetrically in nonhuman primates (36, 138), and is also an
important component of the mesolimbic path. The A9 is conspicuously
lacking in CaBP, but is enriched in other protein markers as noted below.

Major Transmitters in the DA Subregions
All DA subregions contain dopaminergic, GABAergic, and glutamatergic
neurons, with variable relative densities of transmitter-specific neurons
in each region. This has been shown across mice, rats, and primates (139–
143). In addition, “multiplexed” neurons that coexpress at least two of the
aforementioned neurotransmitters are well described in rodents (142,
144–147), and are beginning to be identified in higher species. (Although
not reviewed here, some DA neurons also coexpress coregulatory neu-
ropeptides: neurotensin (NT), cholecystokinin (CCK) (148–150), and va-
soactive intestinal protein (151). The DA subregions also contain glial
cells, including astrocytes, oligodendrocytes and microglia, which inter-
act with neurotransmitter release (152–154). Astrocytes in particular are
D2 receptor responsive, and are critical for controlling extracellular gluta-
mate levels, which in turn alters the excitability of DA neurons (153, 155,
156).

GABA
GABAergic neurons comprise the largest nondopaminergic subpopulation
among the DA subregions (157–159). While the surrounding pars reticu-
lata is comprised entirely of GABAergic cells, inhibitory neurons are also
interspersed among DA cells in all subregions (143, 160). All DA neurons
appear to be regulated by GABA receptors (158). GABAergic neuron activ-
ity in the ventral midbrain can be influenced by astrocytic activity (161), in
addition to afferent control by neuronal systems. GABAergic neurons es-
tablish local inhibitory connections on DAergic neurons, and also project
outside the VTA to the ventral striatum, basal forebrain, the prefrontal
cortex, the lateral habenula, lateral hypothalamus, and amygdala (162–
167). GABAergic neurons are themselves diverse, based on morphology
and immunostaining for neuropeptides, calcium-binding proteins, and ni-
tric oxide synthase (126, 168–170).

While GABAergic neurons make up about one-third of neurons in the
midbrain, the ratio of GABA-to-DA cells varies among DA subdivisions
(141, 171). In nonhuman primate animals of the same age and sex (puber-
tal males), we found that although GABAergic neurons comprise 30% neu-
rons, there are marked differences in the DA-to-GABAergic ratios across
subpopulations, with the greatest DA-GABA ratio (5:1) in the parabrachial
pigmented nucleus of the VTA, and the lowest DA-GABA ratio (1:1) in
the A8 neurons. These different ratios are largely accounted for by the
changes in DA neurons in each population, with GABAergic neuron num-
bers remaining similar across regions (140).

Colocalization of traditional markers for DA and GABA occurs in the
rodent midbrain but apparently comprise a relatively small subpopula-
tion of DA neurons (10%–15%) (172, 173). Nonetheless, GABA/DA coex-
pression in selective projections is recognized as an important local reg-
ulator of striatal modulation as there is an alternative GABA synthesis
pathway involving aldehyde dehydroxygenase-1 (173) found in many DA
neurons that may also play a role (see below, New ways of understand-
ing DA heterogeneity). As will be described below, a simple “dichotomy”
of DA-GABA ratios can be misleading, since many putative DA neurons
that co-contain glutamate also contain glutamate aldehyde decaroxy-
lase, GAD, an enzyme in the biosynthesis of GABA, as well as aldehyde
dehydroxygenase-1. Although GAD is not detected in some studies in
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Figure 5. Localization of the A10, A9, and A8 DA subregions following immunohistochemical labeling for CaBP and TH in nonhuman primate and murine ventral
midbrain. (A) Rostrocentral level of nonhuman primate ventral midbrain with CaBP-positive cells in mVTA (A10), PBP (A10) in contrast to CABP-negative labeling
in A9 (dotted outline). (B) Neighboring TH-IR section to A. (C) Caudal level of nonhuman primate ventral midbrain with CaBP-positive cells in RRF/A8 in contrast
to CABP-negative labeling in A9 (dotted outline). (D) Neighboring TH-IR section to C. (E) Murine ventral midbrain demonstrating CaBP-IR in VTA. A9 (substantia
nigra pars compacta) is CaBP-negative. (F) Neighboring section to E showing TH-IR. Abbreviations: ml, medial lemniscus; mVTA, medial ventral tegmental area;
PBP, parabrachial pigmented nucleus; RRF, retrorubral field; SNr, substantia nigra reticulata; vta, ventral tegmental area; zi, zona inserta.

mouse (174), we detected GAD1 mRNA signal both in interneurons and
DA neurons in the primate.

Glutamate
The discovery that some DA neurons coexpress glutamate over twenty
years ago created a paradigm shift in conceptualizing DA neuron func-
tion (142, 175). DA neurons can selectively express the glutamate vesic-
ular transporter 2 (VGluT2), which is differentially expressed in dif-
ferent DA subregions (144, 176–178). Consistent with this, glutamate
release from DA neurons is only detected in some forebrain targets in
rodents (179).

Importantly, the corelease of DA and glutamate appears to be de-
velopmentally regulated, due to the dynamic expression of tyrosine
hydroxylase (TH) (128). In early postnatal development, most postmi-
totic DA neuron progenitors express VGluT2 (180). These DA progenitors

migrate in waves so that the earliest neurons arrive in the lateral mid-
brain, and the most recently differentiated neurons populate the midline
structures (181, 182). During development, TH mRNA gradually increases
throughout the midbrain neurons, and VGluT2 expression declines (147,
183, 184). Depending on the animal’s age, the complement of VGluT2-
only cells, VGluT2-TH, and TH-only neurons can theoretically shift (183)
particularly in long-lived species like primates. “Pure” glutamatergic VTA
neurons are largely are localized to the midline in adult mice, marmosets,
and humans (185, 186), but found throughout the ventral midbrain (178).

Newer Ways of Understanding DA Heterogeneity
The understanding of the heterogeneity of DA subpopulations across the
midbrain has been advanced by newer transcriptomic methods in rodents,
including single-cell RNA sequencing (scRNA-seq) (187). When gene
expression heterogeneity in single cells is mapped and validated spatially,
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the distribution of combinations of mRNA transcripts is evident across
the medial-to-lateral and dorsal/ventral extent of the system. These ap-
proaches not only confirm DA subregional “markers,” also shed light on
molecules not previously identified within these regions (128, 188–190).
Replicating the results of traditional immunostaining studies, scRNA-
seq approaches, combined with in situ hybridization, show that calcium-
binding protein D28-K mRNA (CABP) maps onto the “dorsal tier” of A10
and the A8 neurons. Functionally, high CaBP levels are associated with
fast buffering of calcium influx, which controls the rate of synaptic vesi-
cle release following an action potential (191, 192). In primates CaBP +
DA neurons also lack high levels of autoregulatory molecules such as the
dopamine transporter (DAT) and the D2 receptor (193), suggesting a rela-
tive dependence on calcium buffering for controlling release at synapses.
“High” and “low” expressing levels of these autoregulatory molecules
in different DA subregions are now confirmed in scRNA-seq in mouse
(194). In contrast, CaBP-negative DA neurons of the ventral substantia
nigra (A9), are likely to express aldehyde dehydroxylase-1, which regu-
lates DA production and also serves as an alternate path for GABAergic
synthesis (173).

In macaques, CaBP + DA neurons neurons (A10 and A8) have spe-
cific projections to the ventral striatum, to the entire prefrontal cortex,
and the amygdala (122, 138, 195–197). In mouse studies, it is found that
a subset of CaBP + DA neurons further colocalize VGluT2 mRNA (121,
128, 179, 194). For example, CaBP/VGluT2-positive neurons of the mid-
line VTA project to the ventral striatum, while the CaBP/VGluT2 of the lat-
eral VTA(PBP), project specifically to the central nucleus of the amygdala
(179) and to the tail of the caudoventral striatum (121). As with VGluT2
expression, developmental shifts in CaBP have not been fully accounted
for, so that the picture as viewed from studies in adult animals may not be
static through life, or applicable to younger animals (189, 190). This may
be also relevant in higher species where development occurs over longer
time periods. For example, in the human, CaBP gene expression in DA neu-
rons is not seen prior to P7 (128).

Attempting to control for age and sex effects, we preliminarily exam-
ined two young male macaques for evidence of “multiplexed” transmit-
ter content using mRNA expression for TH, VGluT2, and GAD1 (Figure 6A–
H). These animals were considered “adolescent” at age 3 (early puberty)
and 6 (late puberty) (198). Using RNAScope methodology and a semiau-
tomated cell counting strategy, we found few differences between these
animals in either the numbers of single-labeled or “multiplexed” neurons.
Our method used RNAScope methods in evenly spaced coronal sections
throughout the midbrain (5–6 sections, spaced 1 mm apart). After set-
ting criteria for automated labeled cell detection in individual channels in
the triple-labeled sections in preliminary studies, the regions of interest
were drawn from adjacent CaBP-IR sections. After automated detection of
each cells in individual channels, colocalization was performed (Neurolu-
cida 360, Microbrightfield, Williston, VT) [see also (14)]. An independent
investigator randomly chose sections and subregions for manual count
validation, to check the fidelity of the semiautomated settings to mark-
ers placed by human expert users. We compared each animal in terms of
number of cells and the relative proportion of cells counted, which was
similar.

In this pilot, we were surprised to find that the majority of labeled
neurons contained two or more of these three transmitters, and formed
59% of all cells (Figure 6G). The remaining 41% were single-labeled for
either TH, VGluT2, or GAD1 mRNA. As expected, the majority of neurons
contained TH mRNA (82%). Somewhat surprisingly, however, the major-
ity (69%) of TH mRNA-positive neurons were multiplexed (Figure 6H),
with the predominant type being TH/VGluT2-coexpressing cells (light
and dark purple). A sizeable proportion of TH/VGluT2-expressing neu-
rons also cocontained GAD1 mRNA (dark purple). Pure glutamatergic neu-
rons (orange) were relatively rare (7%). Interestingly, GAD1 mRNA + neu-
rons constituted about 30% of all cells, consistent with prior results for
single-labeled immunohistochemical studies (140); yet these too con-
tained sizeable “multiplexed” populations (Figure 6G). We found that
GAD1 mRNA colocalization in TH-positive neurons almost always occurred
against a VGluT2 background (Figure 6H). Since GAD1 protein is a syn-

thetic enzyme responsible for converting glutamate to GABA, this ten-
dency for TH-GAD1-VGluT2 co-localization makes anatomic sense. Past
studies in rodent have not appreciated GAD1 mRNA in DA neurons, but
do find corelease of GABA at the DA terminals (173, 174).

It is hard to compare this work to prior work in humans and mar-
mosets, or rodents (185) not only due to potential species differences,
but also the relative age of the individuals [human samples are elderly,
when DA neurons decrease normally (183, 199)]. Importantly, a bigger
sample size and the inclusion of female animals is essential to fully in-
terpret our results. In general, however, as found previously, there are
relatively fewer VGluT2-single labeled neurons in nonhuman primate,
compared to rodents. In addition, there are three clear populations of
TH-single, TH/VGluT2, and TH/VGluT2/GAD1 containing neurons. In con-
trast to rodents, and similar to one other study in marmoset and human,
TH/VGluT2 containing neurons were not restricted to the midline VTA
structures (185).

The relatively young age of our animals may explain the relatively high
colocalization of VGluT2 mRNA in TH-positive neurons, since glutamate in
dopaminergic cells is developmentally regulated as noted above [see also
Fortin (147, 200)]. Furthermore, different methodologies across studies
have differing sensitivity for detecting these molecules. Prior work com-
pared immunohistochemistry for TH in conjunction with traditional meth-
ods for in situ double labeling of VGluT2 mRNA, whereas these results
employ RNAScope to detect transcripts for all molecules.

Correlating our mRNA results with protein levels is relatively straight-
forward for TH mRNA and protein, and the distribution is robust and sim-
ilar, as expected. The general distribution of GAD1 mRNA comported with
our previous experiments for GAD1 protein, as noted above. VGluT2 pro-
tein is found at terminals, although its transcript is found in the cell body,
leading to a mismatch of protein and transcript localization (201). The
presence of VGluT2 mRNA at the cell body, however, has been found to be
necessary and sufficient for glutamate exocytosis at the synapse, and is
considered a marker of glutamatergic transmisson (202).

Mapping CRF Receptors onto a Heterogeneous DA System
A comprehensive understanding of CRF effects in the DA system requires
a thorough understanding of CRF receptors distribution among specific
cell types and circuits in the DA system. In older anatomic studies, CRFR1
mRNA is distributed over the VTA and other midbrain structures (64, 203,
204), whereas there is reportedly little CRFR2 mRNA (204). One important
issue with lower resolution anatomic studies is that CRFR2 mRNA and pro-
tein are found in axon terminals innervating the ventral midbrain (70, 97).
Therefore, if CRFR2 mRNA (or protein) is not properly colocalized in presy-
naptic or postsynaptic structures using appropriate markers, the data can
be hard to interpret (67, 203).

More recent studies using mouse genetics indicate that CRFR1 is found
with relative abundance in DA versus non-DA cells (100, 103, 205), consis-
tent with patch clamp studies showing the CRFR1 activates DA neurons,
increasing spontaneous firing (88). CRFR1-containing GABAergic neurons
exist, but do not change their spontaneous firing pattern in response to
CRF (103). A recent report in mouse indicates that CRFR1 + neurons in
the VTA are > 87% DAergic, and segregate to the lateral VTA (PBP) neu-
rons which project to the lateral shell and core, but not the medial shell,
of the ventral striatum (205). While data in monkey are preliminary, we
find a very widespread distribution of CRFR1 mRNA in the ventral mid-
brain, mainly localized to DA neurons. CRFR1 is distributed broadly, not
only in the A10 neurons but also in the substantia nigra, pars compacta
(SNc) (Figure 6I). As in mouse, the lateral VTA (PBP) cells appear more
enriched in CRFR1 mRNA than the midline VTA cells, and CRFR1 mRNA is
strongly expressed across the SNc DA neurons as well. In adolescent an-
imals, we found that on average, 72% of CRFR1 mRNA-positive neurons
across all ventral midbrain subregions contained TH mRNA. Most of the
CRFR1-TH–positive neurons were “multiplexed” with GAD1 and/or VGluT2
(not shown) (Figure 6J).

Less is understood about the anatomy of the CRFR2 distribution in
the midbrain. Several reports using real-time PCR found low-level CRFR2
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Figure 6. Preliminary characterization of “multiplexed” neurons in A10, A9, and A8 subregions in macaque. (A) Overview of RNAScope processed section at 4X,
(B–D) Higher power (20X) images of various neuronal types in separate and merged channels. (C) Insets with TH mRNA + neurons in red, either single labeled, or
colabeled with VGluT2 (blue) and/or GAD1 (green) mRNA. Simple arrow = single-labeled TH + neurons, arrowhead = TH/VGluT2 + neuron, double arrowhead =
triple-labeled TH/VGluT2/GAD1 neurons (not all cells are labeled for simplicity). (D) Insets with similar neurons types, but depicting many triple-labeled neurons
(double arrowhead), and single labeled GAD1 mRNA + neurons (green arrows). (E, F) Maps of the distribution of TH-positive phenotypes at two rostrocaudal
levels. Light blue, TH only; light purple, TH/vGLUT2; dark purple, TH/vGLUT2/GAD1. (G) Mulitplexed and nonmultiplexed neurons in the ventral midbrain. (H)
Proportions of multiplexed neuronal types by transmitter types. (I) Macroscopic view of CRFR1 mRNA in macaque ventral midbrain. The majority of CRFR1 mRNA
is colocalized in TH-positive neurons (n = 3 animals). (J) Triple labeling for TH-GAD1-CRFR1 mRNA shows that the majority of CRFR1 neurons cocontain TH
mRNA.
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Figure 7. Piecing together CRF-DA anatomic relationships. (A) CRF can act via dual “fast”/short range and “slow”/long range mechanisms. CRF/ GABA afferent
terminals mainly contact non-DA neurons (putative interneurons). GABA-CRF terminals may autoregulate GABA release through presynaptic CRF2 receptors,
as in other brain regions. In the midbrain, classic GABAergic transmission “inhibits” the inhibitory GABAergic neuron, to modulate DA firing. (B) Under stress,
increased activity-dependent CRF production acts via both increased presynaptic transmission (increasing GABAergic fast signaling, blue) and volume (slow,
pink) transmission. Volume transmission permits CRF to more completely saturate CRFR1 receptors on DA membranes at some distance from extrasynaptic
release sites. In this way, it works in tandem with GABAergic signaling, ensuring that interneuron inhibition is decreased, before direct excitation via CRF1R
signaling. (C) Stress and CRF can change synaptic structure to enhance CRF effects (see text), although this possibility has not been explored in the CRF-DA path.
Increased active zone length and increased contact sites are potential mechanisms.

expression in the mouse VTA; however, these results have not been repro-
duced using in situ hybridization until recently.

While one report using real-time PCR found low-level CRFR2 expres-
sion in the mouse VTA (101), other researchers were unable to reproduce
those results (34, 113). Recently, using modern methods for in situ hy-
bridization, low baseline levels of CRFR2 were found in astrocytes (206).
Interestingly, CRFR2 was significantly upregulated by dopaminergic ag-
onists (cocaine and methamphetamine), and was seen in astrocytes and
TH-positive neurons after drug treatment. These studies suggest that low
baseline levels of CRFR2 in the midbrain are up-regulated by manipula-
tions such as stress or substances (86, 206), similar to effects on CRFR1
in diverse brain regions.

Future Directions
In summary, the mapping of gene expression patterns within distinct DA
subpopulations highlights a nuanced spatial distribution of TH, GAD1, and

VGluT2 mRNA transcripts that may change dynamically with age (182). We
are attempting to add in the distribution of CRF and CRFR1 the macaque.
We previously found that the vast majority CRF + axon terminals in this re-
gion make contacts onto non-DA (presumptive GABAergic) neurons (33).
CRFR1 mRNA is broadly distributed on DA neurons in the lateral VTA and
in the substantia nigra (A9), but it is unclear how development, sex differ-
ences, and stress factor into this pattern. This first “snapshot” suggests
that at least in young male animals, control of GABAergic neurons by CRF
in the lateral VTA is through direct synaptic, possibly presynaptic, mech-
anisms, while strong labeling for CRFR1 mRNA in DA neurons (and rela-
tively few direct CRF + synapses onto these cells), suggests that CRF “vol-
ume” transmission is also in play (Figure 7A and B).

“Volume transmission,” long described in seminal studies by Agnati,
Fuxe, and colleagues (207), explains how peptides confer long-range and
enduring effects on signaling, which are complementary to excitatory,
“fast” transmission. Peptides such as CRF “packaged” with classic fast
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transmitters in the same neuron allows for cooperativity and flexibility at
the target. They are packaged in large dense core vesicles, which require
high-frequency action potentials for release, in contrast to classic trans-
mitters. Once released, peptides such as CRF may take seconds to min-
utes to reach their receptors which are often found some distance from
the synapse, in contrast to synaptic fast transmission that occurs within
milliseconds through a synaptic cleft of less than 50 nm (208, 209). Neu-
ropeptide clearance is slower, unlike classic transmitter reuptake, and de-
pends on extracellular peptidases. These dual mechanisms provide varia-
tions in spatial and temporal control of DA firing (37, 68, 210). In a simple
model suggested by our preliminary results, GABA release can quickly re-
lease the inhibitory (GABA interneuron) brakes on DA, while more intense
firing rates in CRF/GABA terminals activates release of extrasynaptic CRF
which diffuses through the extracellular space to directly activate CRFR1
in a concentration dependent manner (Figure 7A and B). On the postsy-
naptic side, CRFR1 receptors on DA neurons may form oligomeric com-
plexes with other G protein–coupled receptors on the membrane surface,
to integrate peptide signaling (211).

Beyond signaling dynamics, another relatively underexplored facet of
the field is that CRF release has neuroplastic effects on synapse structure
(212–215). This is a potentially important modality for conferring long-
lasting synaptic changes in the stress system, including DA release (Figure
7C). Determining neuroplastic effects of CRF-containing projections on
the DA system will require exhaustive work using laborious techniques
like electron microscopy, but will be important on shedding light on how
long-term adaptations in the stress system occur, particularly in higher
species.

Authors Contributions
J.L.F. supervised I.M. on literature review, and both wrote the manuscript;
J.L.F. and E.A.K. provided editing and selection of figures. I.M. and
E.A.K collected and analyzed preliminary, original data presented in the
manuscript. E.A.K. contacted authors of adapted figures for permission to
present their work in the literature review. All authors take full responsi-
bility for all data, figures, and text and approve the content and submis-
sion of the study, supervised by J.L.F. No related work is under onsidera-
tion elsewhere. All authors state that all unprocessed data are available,
and all authors read and approved the paper.

Funding Sources
This work is supported from NIMH (R01MH115061, J.L.F., E.A.K.) and the
Levitan Family Endowment Fellowship (University of Rochester Medical
School, I.M.).

Author Disclosures
The authors have no competing interests to declare.

References
1. Vale W, Spiess J, Rivier C, Rivier J. Characterization of a 41-residue ovine

hypothalamic peptide that stimulates secretion of corticotropin and beta-
endorphin. Science. 1981;213(4514):1394–7. DOI: 10.1126/science.6267699.
PMID: 6267699

2. Kelly EA, Fudge JL. The neuroanatomic complexity of the CRF and DA sys-
tems and their interface: what we still don’t know. Neurosci Biobehav Rev.
2018;90:247–59. DOI: 10.1016/j.neubiorev.2018.04.014. PMID: 29704516;
PMCID: PMC5993645

3. Pawlikowski M, Zelazowski P, Dohler K, Stepien H. Effects of two neuropep-
tides, somatoliberin (GRF) and corticoliberin (CRF), on human lymphocyte
natural killer activity. Brain Behav Immun. 1988;2(1):50–6. DOI: 10.1016/
0889-1591(88)90005-0. PMID: 3140923

4. Wypior G, Jeschke U, Kurpisz M, Szekeres-Bartho J.Expression of CRH, CRH-
related peptide and CRH receptor in the ovary and potential CRH signalling
pathways. J Reprod Immunol. 2011;90(1):67–73. DOI: 10.1016/j.jri.2011.04.
009. PMID: 21696829

5. Huising MO, van der Meulen T, Vaughan JM, Matsumoto M, Donaldson CJ, Park
H, et al. CRFR1 is expressed on pancreatic beta cells, promotes beta cell pro-
liferation, and potentiates insulin secretion in a glucose-dependent manner.
Proc Natl Acad Sci U S A. 2010;107(2):912–7. DOI: 10.1073/pnas.0913610107.
PMID: 20080775; PMCID: PMC2818901

6. Takahashi K. Distribution of urocortins and corticotropin-releasing factor re-
ceptors in the cardiovascular system. Int J Endocrinol. 2012;2012:395284. DOI:
10.1155/2012/395284. PMID: 22675352; PMCID: PMC3362921

7. Hiroi N, Wong ML, Licinio J, Park C, Young M, Gold PW, et al. Expression of corti-
cotropin releasing hormone receptors type I and type II mRNA in suicide victims
and controls. Mol Psychiatry. 2001;6(5):540–6. DOI: 10.1038/sj.mp.4000908.
PMID: 11526468

8. Heim C, Shugart M, Craighead WE, Nemeroff CB. Neurobiological and
psychiatric consequences of child abuse and neglect. Dev Psychobiol.
2010;52(7):671–90. DOI: 10.1002/dev.20494. PMID: 20882586

9. Carrasco GA, Van de Kar LD. Neuroendocrine pharmacology of stress. Eur
J Pharmacol. 2003;463(1-3):235–72. DOI: 10.1016/s0014-2999(03)01285-8.
PMID: 12600714

10. Ressler KJ, Berretta S, Bolshakov VY, Rosso IM, Meloni EG, Rauch SL, et al. Post-
traumatic stress disorder: clinical and translational neuroscience from cells
to circuits. Nat Rev Neurol. 2022;18(5):273–88. DOI: 10.1038/s41582-022-
00635-8. PMID: 35352034; PMCID: PMC9682920

11. Howes OD, McCutcheon R, Owen MJ, Murray RM. The role of genes,
stress, and dopamine in the development of schizophrenia. Biol Psychia-
try. 2017;81(1):9–20. DOI: 10.1016/j.biopsych.2016.07.014. PMID: 27720198;
PMCID: PMC5675052

12. Swanson LW, Sawchenko PE, Rivier J, Vale WW. Organization of ovine
corticotropin-releasing factor immunoreactive cells and fibers in the rat brain:
an immunohistochemical study. Neuroendocrinology. 1983;36(3):165–86. DOI:
10.1159/000123454. PMID: 6601247

13. Olschowka JA, O’Donohue TL, Mueller GP, Jacobowitz DM. The distribu-
tion of corticotropin releasing factor-like immunoreactive neurons in rat
brain. Peptides. 1982;3(6):995–1015. DOI: 10.1016/0196-9781(82)90071-7.
PMID: 6984756

14. Fudge JL, Kelly EA, Hackett TA. Corticotropin releasing factor (CRF) co-
expression in GABAergic, glutamatergic and GABA/glutamatergic subpopula-
tions in the central extended amygdala and ventral pallidum of young male
primates. J Neurosci. 2022;42:8997–9010. DOI: 10.1523/JNEUROSCI.1453-22.
2022. PMID: 36280261; PMCID: PMC9732834

15. Bassett JL, Foote SL. Distribution of corticotropin-releasing factor-like im-
munoreactivity in squirrel monkey (Saimiri sciureus) amygdala. J Comp Neurol.
1992;323(1):91–102. DOI: 10.1002/cne.903230108. PMID: 1430317

16. Paull WK, Phelix CF, Copeland M, Palmiter P, Gibbs FP, Middleton C. Immunohis-
tochemical localization of corticotropin releasing factor (CRF) in the hypotha-
lamus of the squirrel monkey, Saimiri sciureus. Peptides. 1984;5 Suppl 1:45–
51. DOI: 10.1016/0196-9781(84)90264-x. PMID: 6384953

17. Alheid GF. Extended amygdala and basal forebrain. Ann N Y Acad Sci. 2003;985:
185–205. DOI: 10.1111/j.1749-6632.2003.tb07082.x. PMID: 12724159

18. Heimer L, De Olmos JS, Alheid GF, Person J, Sakamoto N, Shinoda K, et al. The
human basal forebrain. Part II. In: Bloom FE, Bjorkland A, Hokfelt T, editors.
Handbook of Chemical Neuroanatomy. 15: The Primate Nervous System, Part
III. Amsterdam: Elsevier; 1999. p. 57–226.

19. Rodaros D, Caruana DA, Amir S, Stewart J. Corticotropin-releasing factor pro-
jections from limbic forebrain and paraventricular nucleus of the hypothala-
mus to the region of the ventral tegmental area. Neuroscience. 2007;150(1):
8–13. DOI: 10.1016/j.neuroscience.2007.09.043. PMID: 17961928

20. Dabrowska J, Martinon D, Moaddab M, Rainnie DG. Targeting corticotropin-
releasing factor (CRF) projections from the oval nucleus of the BNST using
cell-type specific neuronal tracing studies in mouse and rat brain. J Neu-
roendocrinol. 2016;28:10.1111/jne.12442. DOI: 10.1111/jne.12442. PMID:
27805752; PMCID: PMC5362295

21. Fudge JL, Kelly EA, Pal R, Bedont JL, Park L, Ho B. Beyond the classic
VTA: extended amygdala projections to DA-striatal paths in the primate.
Neuropsychopharmacology. 2017;42(8):1563–76. DOI: 10.1038/npp.2017.38.
PMID: 28220796; PMCID: PMC5518904

22. Thierry AM, Tassin JP, Blanc G, Glowinski J. Selective activation of mesocortical
DA system by stress. Nature. 1976;263(5574):242–4. DOI: 10.1038/263242a0.
PMID: 958479

23. Abercrombie ED, Keefe KA, DiFrischia DS, Zigmond MJ. Differential effects of
stress on in vivo dopamine release in striatum, nucleus accumbens, and me-
dial frontal cortex. J Neurochem. 1989;52:1655–8. DOI: 10.1111/j.1471-4159.
1989.tb09224.x. PMID: 2709017

24. Coco ML, Kuhn CM, Ely TD, Kilts CD. Selective activation of mesoamyg-
daloid dopamine neurons by conditioned stress: attenuation by diazepam.
Brain Res. 1992;590(1-2):39–47. DOI: 10.1016/0006-8993(92)91079-t. PMID:
1422845

25. Kilts CD, Coco ML, Ely TD, Bissette G, Nemeroff CB. Differential effects of condi-
tioned and unconditioned stress on the neurotensin content of dopamine cell
body groups of the ventral mesencephalon. Ann NY Acad Sci. 1992;668:266–
76. DOI: 10.1111/j.1749-6632.1992.tb27355.x. PMID: 1361117

26. Inglis FM, Moghaddam B. Dopaminergic innervation of the amygdala is highly
responsive to stress. J Neurochem. 1999;72(3):1088–94. DOI: 10.1046/j.1471-
4159.1999.0721088.x. PMID: 10037480

Thought Leaders Invited Review
Fudge et al.

https://doi.org/10.61373/gp025i.0038
11 of 16

GENOMIC PSYCHIATRY
Genomic Press

D
ow

nloaded from
 https://prim

e-pdf-w
aterm

ark.prim
e-prod.pubfactory.com

/ at 2025-05-13 via O
pen Access. C

C
 BY-N

C
-N

D
 4.0. https://creativecom

m
ons.org/licenses/by-nc-nd/4.0/

https://gp.genomicpress.com
https://doi.org/10.1126/science.6267699
https://doi.org/10.1016/j.neubiorev.2018.04.014
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5993645
https://doi.org/10.1016/0889-1591(88)90005-0
https://doi.org/10.1016/j.jri.2011.04.009
https://doi.org/10.1073/pnas.0913610107
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2818901
https://doi.org/10.1155/2012/395284
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3362921
https://doi.org/10.1038/sj.mp.4000908
https://doi.org/10.1002/dev.20494
https://doi.org/10.1016/s0014-2999(03)01285-8
https://doi.org/10.1038/s41582-022-00635-8
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9682920
https://doi.org/10.1016/j.biopsych.2016.07.014
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5675052
https://doi.org/10.1159/000123454
https://doi.org/10.1016/0196-9781(82)90071-7
https://doi.org/10.1523/JNEUROSCI.1453-22.2022
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9732834
https://doi.org/10.1002/cne.903230108
https://doi.org/10.1016/0196-9781(84)90264-x
https://doi.org/10.1111/j.1749-6632.2003.tb07082.x
https://doi.org/10.1016/j.neuroscience.2007.09.043
https://doi.org/10.1111/jne.12442
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5362295
https://doi.org/10.1038/npp.2017.38
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5518904
https://doi.org/10.1038/263242a0
https://doi.org/10.1111/j.1471-4159.1989.tb09224.x
https://doi.org/10.1016/0006-8993(92)91079-t
https://doi.org/10.1111/j.1749-6632.1992.tb27355.x
https://doi.org/10.1046/j.1471-4159.1999.0721088.x
https://doi.org/10.61373/gp025i.0038


gp.genomicpress.com

27. Menegas W, Akiti K, Amo R, Uchida N, Watabe-Uchida M. Dopamine neurons
projecting to the posterior striatum reinforce avoidance of threatening stim-
uli. Nat Neurosci. 2018;21(10):1421–30. DOI: 10.1038/s41593-018-0222-1.
PMID: 30177795; PMCID: PMC6160326

28. Soden ME, Yee JX, Cuevas B, Rastani A, Elum J, Zweifel LS. Distinct encoding
of reward and aversion by peptidergic BNST inputs to the VTA. Front Neural
Circuits. 2022;16:918839. DOI: 10.3389/fncir.2022.918839. PMID: 35860212;
PMCID: PMC9289195

29. Chang S, Fermani F, Lao CL, Huang L, Jakovcevski M, Di Giaimo R, et al. Tripar-
tite extended amygdala-basal ganglia CRH circuit drives locomotor activation
and avoidance behavior. Sci Adv. 2022;8(46):eabo1023. DOI: 10.1126/sciadv.
abo1023. PMID: 36383658; PMCID: PMC9668302

30. Hupalo S, Bryce CA, Bangasser DA, Berridge CW, Valentino RJ, Floresco SB.
Corticotropin-releasing factor (CRF) circuit modulation of cognition and mo-
tivation. Neurosci Biobehav Rev. 2019;103:50–9. DOI: 10.1016/j.neubiorev.
2019.06.010. PMID: 31212019; PMCID: PMC6692202

31. Sanders J, Nemeroff C. The CRF System as a therapeutic target for neuropsychi-
atric disorders. Trends Pharmacol Sci. 2016;37:1045–54. DOI: 10.1016/j.tips.
2016.09.004. PMID: 27717506; PMCID: PMC5121012

32. Foote SL, Cha CI. Distribution of corticotropin-releasing-factor-like immunore-
activity in brainstem of two monkey species (Saimiri sciureus and Macaca fasci-
cularis): an immunohistochemical study. J Comp Neurol. 1988;276(2):239–64.
DOI: 10.1002/cne.902760208. PMID: 3265422

33. Kelly EA, Love TM, Fudge JL. Corticotropin-releasing factor-dopamine
interactions in male and female macaque: beyond the classic VTA. Synapse.
2023:78(1):e22284. DOI: 10.1002/syn.22284. PMID: 37996987; PMCID:
PMC10842953

34. Tagliaferro P, Morales M. Synapses between corticotropin-releasing factor-
containing axon terminals and dopaminergic neurons in the ventral tegmental
area are predominantly glutamatergic. J Comp Neurol. 2008;506(4):616–26.
DOI: 10.1002/cne.21576. PMID: 18067140; PMCID: PMC2440343

35. Halliday GM, Tork I. Comparative anatomy of the ventromedial mesencephalic
tegmentum in the rat, cat, monkey and human. J Comp Neurol. 1986;252:423–
45. DOI: 10.1002/cne.902520402. PMID: 3782510

36. Francois C, Yelnik J, Tande D, Agid Y, Hirsch EC. Dopaminergic cell group A8 in
the monkey: anatomical organization and projections to the striatum. J Comp
Neurol. 1999;414(3):334–47. PMID: 10516600

37. Nusbaum MP, Blitz DM, Marder E. Functional consequences of neuropeptide
and small-molecule co-transmission. Nat Rev Neurosci. 2017;18(7):389–403.
DOI: 10.1038/nrn.2017.56. PMID: 28592905; PMCID: PMC5547741

38. Hokfelt T, Bartfai T, Bloom F. Neuropeptides: opportunities for drug discov-
ery. Lancet Neurol. 2003;2(8):463–72. DOI: 10.1016/s1474-4422(03)00482-
4. PMID: 12878434

39. Gallagher JP, Orozco-Cabal LF, Liu J, Shinnick-Gallagher P. Synaptic physiology
of central CRH system. Eur J Pharmacol. 2008;583(2-3):215–25. DOI: 10.1016/
j.ejphar.2007.11.075. PMID: 18342852; PMCID: PMC2424315

40. Pomrenze MB, Giovanetti SM, Maiya R, Gordon AG, Kreeger LJ, Messing RO.
Dissecting the roles of GABA and neuropeptides from rat Central amygdala
CRF neurons in anxiety and fear learning. Cell Rep. 2019;29(1):13–21.e4. DOI:
10.1016/j.celrep.2019.08.083. PMID: 31577943; PMCID: PMC6879108

41. Chen Y, Andres AL, Frotscher M, Baram TZ. Tuning synaptic transmission in the
hippocampus by stress: the CRH system. Front Cell Neurosci. 2012;6:13. DOI:
10.3389/fncel.2012.00013. PMID: 22514519; PMCID: PMC3322336

42. Thureson-Klein AK, Klein RL. Exocytosis from neuronal large dense-cored vesi-
cles. Int Rev Cytol. 1990;121:67–126. DOI: 10.1016/s0074-7696(08)60659-2.
PMID: 1972143

43. Henckens MJ, Deussing JM, Chen A. Region-specific roles of the corticotropin-
releasing factor-urocortin system in stress. Nat Rev Neurosci. 2016;17(10):
636–51. DOI: 10.1038/nrn.2016.94. PMID: 27586075

44. Dautzenberg FM, Hauger RL. The CRF peptide family and their receptors: yet
more partners discovered. Trends Pharmacol Sci. 2002;23(2):71–7. DOI: 10.
1016/s0165-6147(02)01946-6. PMID: 11830263

45. Lovenberg TW, Liaw CW, Grigoriadis DE, Clevenger W, Chalmers DT, De Souza
EB, et al. Cloning and characterization of a functionally distinct corticotropin-
releasing factor receptor subtype from rat brain. Proc Natl Acad Sci U S A.
1995;92(3):836–40. DOI: 10.1073/pnas.92.3.836. PMID: 7846062; PMCID:
PMC42715

46. Perrin MH, Vale WW. Corticotropin releasing factor receptors and their ligand
family. Ann N Y Acad Sci. 1999;885:312–28. DOI: 10.1111/j.1749-6632.1999.
tb08687.x. PMID: 10816663

47. Ma S, Shen Q, Zhao LH, Mao C, Zhou XE, Shen DD, et al. Molecular basis
for hormone recognition and activation of corticotropin-releasing factor re-
ceptors. Mol Cell. 2020;77(3):669–80.e4. DOI: 10.1016/j.molcel.2020.01.013.
PMID: 32004470

48. Vaughan J, Donaldson C, Bittencourt J, Perrin MH, Lewis K, Sutton S,
et al. Urocortin, a mammalian neuropeptide related to fish urotensin I and
to corticotropin-releasing factor. Nature. 1995;378(6554):287–92. DOI: 10.
1038/378287a0. PMID: 7477349

49. Reyes TM, Lewis K, Perrin MH, Kunitake KS, Vaughan J, Arias CA, et al. Urocortin
II: a member of the corticotropin-releasing factor (CRF) neuropeptide family
that is selectively bound by type 2 CRF receptors. Proc Natl Acad Sci U S A.
2001;98(5):2843–8. DOI: 10.1073/pnas.051626398. PMID: 11226328; PMCID:
PMC30227

50. Lewis K, Li C, Perrin MH, Blount A, Kunitake K, Donaldson C, et al. Identifica-
tion of urocortin III, an additional member of the corticotropin-releasing fac-
tor (CRF) family with high affinity for the CRF2 receptor. Proc Natl Acad Sci
U S A. 2001;98(13):7570–5. DOI: 10.1073/pnas.121165198. PMID: 11416224;
PMCID: PMC34709

51. Bale TL, Contarino A, Smith GW, Chan R, Gold LH, Sawchenko PE, et al. Mice
deficient for corticotropin-releasing hormone receptor-2 display anxiety-like
behaviour and are hypersensitive to stress. Nat Genet. 2000;24(4):410–4. DOI:
10.1038/74263. PMID: 10742108

52. Kishimoto T, Radulovic J, Radulovic M, Lin CR, Schrick C, Hooshmand F, et al.
Deletion of crhr2 reveals an anxiolytic role for corticotropin-releasing hor-
mone receptor-2. Nat Genet. 2000;24(4):415–9. DOI: 10.1038/74271. PMID:
10742109

53. Radulovic J, Ruhmann A, Liepold T, Spiess J. Modulation of learning and anx-
iety by corticotropin-releasing factor (CRF) and stress: differential roles of
CRF receptors 1 and 2. Journal Neurosci. 1999;19(12):5016–25. DOI: 10.1523/
JNEUROSCI.19-12-05016.1999. PMID: 10366634; PMCID: PMC6782638

54. Zorrilla EP, Valdez GR, Nozulak J, Koob GF, Markou A. Effects of antalarmin,
a CRF type 1 receptor antagonist, on anxiety-like behavior and motor activa-
tion in the rat. Brain Res. 2002;952(2):188–99. DOI: 10.1016/s0006-8993(02)
03189-x. PMID: 12376179

55. Muller MB, Zimmermann S, Sillaber I, Hagemeyer TP, Deussing JM, Timpl P,
et al. Limbic corticotropin-releasing hormone receptor 1 mediates anxiety-
related behavior and hormonal adaptation to stress. Nat Neurosci. 2003;6(10):
1100–7. DOI: 10.1038/nn1123. PMID: 12973355

56. Smith GW, Aubry JM, Dellu F, Contarino A, Bilezikjian LM, Gold LH, et al. Cor-
ticotropin releasing factor receptor 1-deficient mice display decreased anx-
iety, impaired stress response, and aberrant neuroendocrine development.
Neuron. 1998;20(6):1093–102. DOI: 10.1016/s0896-6273(00)80491-2. PMID:
9655498

57. Janssen D, Kozicz T. Is it really a matter of simple dualism? Corticotropin-
releasing factor receptors in body and mental health. Front Endocrinol (Lau-
sanne). 2013;4:28. DOI: 10.3389/fendo.2013.00028. PMID: 23487366; PMCID:
PMC3594922

58. Sztainberg Y, Kuperman Y, Tsoory M, Lebow M, Chen A. The anxiolytic effect of
environmental enrichment is mediated via amygdalar CRF receptor type 1. Mol
Psychiatry. 2010;15(9):905–17. DOI: 10.1038/mp.2009.151. PMID: 20084060

59. Sztainberg Y, Kuperman Y, Justice N, Chen A. An anxiolytic role for CRF receptor
type 1 in the globus pallidus. J Neurosci. 2011;31(48):17416–24. DOI: 10.1523/
JNEUROSCI.3087-11.2011. PMID: 22131403; PMCID: PMC6623832

60. Millan MA, Jacobowitz DM, Hauger RL, Catt KJ, Aguilera G. Distribution of
corticotropin-releasing factor receptors in primate brain. Proc Natl Acad Sci
U S A. 1986;83(6):1921–5. DOI: 10.1073/pnas.83.6.1921. PMID: 2869491;
PMCID: PMC323196

61. Grigoriadis DE, Dent GW, Turner JG, Uno H, Shelton SE, De Souza EB, et al.
Corticotropin-releasing factor (CRF) receptors in infant rhesus monkey brain
and pituitary gland: biochemical characterization and autoradiographic lo-
calization. Dev Neurosci. 1995;17(5-6):357–67. DOI: 10.1159/000111306.
PMID: 8829925

62. Sanchez MM, Young LJ, Plotsky PM, Insel TR. Autoradiographic and in situ
hybridization localization of corticotropin-releasing factor 1 and 2 recep-
tors in nonhuman primate brain. J Comp Neurol. 1999;408(3):365–77. PMID:
10340512

63. Kostich WA, Grzanna R, Lu NZ, Largent BL. Immunohistochemical visualization
of corticotropin-releasing factor type 1 (CRF1) receptors in monkey brain. J
Comp Neurol. 2004;478(2):111–25. DOI: 10.1002/cne.20271. PMID: 15349973

64. Van Pett K, Viau V, Bittencourt JC, Chan RK, Li HY, Arias C, et al. Distribution
of mRNAs encoding CRF receptors in brain and pituitary of rat and mouse.
J Comp Neurol. 2000;428(2):191–212. DOI: 10.1002/1096-9861(20001211)
428:2〈191::aid-cne1〉3.0.co;2-u. PMID: 11064361

65. Habib KE, Weld KP, Rice KC, Pushkas J, Champoux M, Listwak S, et al. Oral
administration of a corticotropin-releasing hormone receptor antagonist sig-
nificantly attenuates behavioral, neuroendocrine, and autonomic responses
to stress in primates. Proc Natl Acad Sci U S A. 2000;97(11):6079–84. DOI:
10.1073/pnas.97.11.6079. PMID: 10823952; PMCID: PMC18561

Thought Leaders Invited Review
Fudge et al.

https://doi.org/10.61373/gp025i.0038
12 of 16

GENOMIC PSYCHIATRY
Genomic Press

D
ow

nloaded from
 https://prim

e-pdf-w
aterm

ark.prim
e-prod.pubfactory.com

/ at 2025-05-13 via O
pen Access. C

C
 BY-N

C
-N

D
 4.0. https://creativecom

m
ons.org/licenses/by-nc-nd/4.0/

https://gp.genomicpress.com
https://doi.org/10.1038/s41593-018-0222-1
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6160326
https://doi.org/10.3389/fncir.2022.918839
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9289195
https://doi.org/10.1126/sciadv.abo1023
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9668302
https://doi.org/10.1016/j.neubiorev.2019.06.010
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6692202
https://doi.org/10.1016/j.tips.2016.09.004
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5121012
https://doi.org/10.1002/cne.902760208
https://doi.org/10.1002/syn.22284
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10842953
https://doi.org/10.1002/cne.21576
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2440343
https://doi.org/10.1002/cne.902520402
https://doi.org/10.1038/nrn.2017.56
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5547741
https://doi.org/10.1016/s1474-4422(03)00482-4
https://doi.org/10.1016/j.ejphar.2007.11.075
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2424315
https://doi.org/10.1016/j.celrep.2019.08.083
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6879108
https://doi.org/10.3389/fncel.2012.00013
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3322336
https://doi.org/10.1016/s0074-7696(08)60659-2
https://doi.org/10.1038/nrn.2016.94
https://doi.org/10.1016/s0165-6147(02)01946-6
https://doi.org/10.1073/pnas.92.3.836
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC42715
https://doi.org/10.1111/j.1749-6632.1999.tb08687.x
https://doi.org/10.1016/j.molcel.2020.01.013
https://doi.org/10.1038/378287a0
https://doi.org/10.1073/pnas.051626398
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC30227
https://doi.org/10.1073/pnas.121165198
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC34709
https://doi.org/10.1038/74263
https://doi.org/10.1038/74271
https://doi.org/10.1523/JNEUROSCI.19-12-05016.1999
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6782638
https://doi.org/10.1016/s0006-8993(02)03189-x
https://doi.org/10.1038/nn1123
https://doi.org/10.1016/s0896-6273(00)80491-2
https://doi.org/10.3389/fendo.2013.00028
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3594922
https://doi.org/10.1038/mp.2009.151
https://doi.org/10.1523/JNEUROSCI.3087-11.2011
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6623832
https://doi.org/10.1073/pnas.83.6.1921
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC323196
https://doi.org/10.1159/000111306
https://doi.org/10.1002/cne.20271
https://doi.org/10.1002/1096-9861(20001211)428:2<191::aid-cne1>3.0.co;2-u
https://doi.org/10.1073/pnas.97.11.6079
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC18561
https://doi.org/10.61373/gp025i.0038


gp.genomicpress.com

66. Zobel AW, Nickel T, Kunzel HE, Ackl N, Sonntag A, Ising M, et al. Effects
of the high-affinity corticotropin-releasing hormone receptor 1 antagonist
R121919 in major depression: the first 20 patients treated. J Psychiatr Res.
2000;34(3):171–81. DOI: 10.1016/s0022-3956(00)00016-9. PMID: 10867111

67. Treweek JB, Jaferi A, Colago EE, Zhou P, Pickel VM. Electron microscopic lo-
calization of corticotropin-releasing factor (CRF) and CRF receptor in rat and
mouse central nucleus of the amygdala. J Comp Neurol. 2009;512(3):323–35.
DOI: 10.1002/cne.21884. PMID: 19003957; PMCID: PMC2873768

68. Reyes BAS, Bangasser DA, Valentino RJ, Van Bockstaele EJ. Using high res-
olution imaging to determine trafficking of corticotropin-releasing factor
receptors in noradrenergic neurons of the rat locus coeruleus. Life Sci. 2014;
112(1-2):2–9. DOI: 10.1016/j.lfs.2014.07.017. PMID: 25058917; PMCID:
PMC4163082

69. Waselus M, Nazzaro C, Valentino RJ, Van Bockstaele EJ. Stress-induced redistri-
bution of corticotropin-releasing factor receptor subtypes in the dorsal raphe
nucleus. Biol Psychiatry. 2009;66(1):76–83. DOI: 10.1016/j.biopsych.2009.02.
014. PMID: 19362706; PMCID: PMC2728006

70. Slater PG, Noches V, Gysling K. Corticotropin-releasing factor type-2 recep-
tor and corticotropin-releasing factor-binding protein coexist in rat ventral
tegmental area nerve terminals originated in the lateral hypothalamic area.
Eur J Neurosci. 2016;43(2):220–9. DOI: 10.1111/ejn.13113. PMID: 26503565

71. Tian JB, Shan X, Bishop GA, King JS. Presynaptic localization of a truncated
isoform of the type 2 corticotropin releasing factor receptor in the cerebel-
lum. Neuroscience. 2006;138(2):691–702. DOI: 10.1016/j.neuroscience.2005.
11.052. PMID: 16413121

72. Zhu M, Rogers NG, Jahad JV, Herman MA. Sex differences in the impact of
electronic nicotine vapor on corticotropin-releasing factor receptor 1 neurons
in the mouse ventral tegmental area. J Neurosci. 2023;43(17):3081–93. DOI:
10.1523/JNEUROSCI.2087-22.2023. PMID: 37001989; PMCID: PMC10146490

73. Bangasser DA, Curtis A, Reyes BA, Bethea TT, Parastatidis I, Ischiropoulos
H, et al. Sex differences in corticotropin-releasing factor receptor signal-
ing and trafficking: potential role in female vulnerability to stress-related
psychopathology. Mol Psychiatry. 2010;15(9):877, 96–904. DOI: 10.1038/mp.
2010.66. PMID: 20548297; PMCID: PMC2935505

74. McAlinn HR, Reich B, Contoreggi NH, Kamakura RP, Dyer AG, McEwen BS,
et al. Sex differences in the subcellular distribution of corticotropin-releasing
factor receptor 1 in the rat hippocampus following chronic immobilization
stress. Neuroscience. 2018;383:98–113. DOI: 10.1016/j.neuroscience.2018.05.
007. PMID: 29753863; PMCID: PMC5994383

75. Enman NM, Reyes BAS, Shi Y, Valentino RJ, Van Bockstaele EJ. Sex differences
in morphine-induced trafficking of mu-opioid and corticotropin-releasing fac-
tor receptors in locus coeruleus neurons. Brain Res. 2019;1706:75–85. DOI:
10.1016/j.brainres.2018.11.001. PMID: 30391476

76. Deussing JM, Chen A. The corticotropin-releasing factor Family: physiology of
the stress response. Physiol Rev. 2018;98(4):2225–86. DOI: 10.1152/physrev.
00042.2017. PMID: 30109816

77. Amin M, Horst N, Wu R, Gragnoli C. Novel corticotropin-releasing hormone re-
ceptor genes (CRHR1 and CRHR2) linkage to and association with polycystic
ovary syndrome. J Ovarian Res. 2023;16(1):155. DOI: 10.1186/s13048-023-
01159-5. PMID: 37543650; PMCID: PMC10403835

78. Binder EB, Nemeroff CB. The CRF system, stress, depression and anxiety-
insights from human genetic studies. Mol Psychiatry. 2010;15(6):574–88. DOI:
10.1038/mp.2009.141. PMID: 20010888; PMCID: PMC3666571

79. Tache Y, Larauche M, Yuan PQ, Million M. Brain and gut CRF signaling: bi-
ological actions and role in the gastrointestinal tract. Curr Mol Pharma-
col. 2018;11(1):51–71. DOI: 10.2174/1874467210666170224095741. PMID:
28240194; PMCID: PMC8091865

80. Risch N, Merikangas K. The future of genetic studies of complex human
diseases. Science. 1996;273(5281):1516–7. DOI: 10.1126/science.273.5281.
1516. PMID: 8801636

81. Lee PH, Anttila V, Won HJ, Feng YCA, Rosenthal J, Zhu ZZ, et al. Genomic re-
lationships, novel loci, and pleiotropic mechanisms across eight psychiatric
disorders. Cell. 2019;179(7):1469–82. DOI: 10.1016/j.cell.2019.11.020. PMID:
31835028; PMCID: PMC7077032

82. Koolhaas JM, Bartolomucci A, Buwalda B, de Boer SF, Flugge G, Korte SM, et al.
Stress revisited: a critical evaluation of the stress concept. Neurosci Biobe-
hav Rev. 2011;35(5):1291–301. DOI: 10.1016/j.neubiorev.2011.02.003. PMID:
21316391

83. Zweifel LS, Fadok JP, Argilli E, Garelick MG, Jones GL, Dickerson TM, et al. Ac-
tivation of dopamine neurons is critical for aversive conditioning and preven-
tion of generalized anxiety. Nat Neurosci. 2011;14(5):620–6. DOI: 10.1038/nn.
2808. PMID: 21499253; PMCID: PMC3083461

84. Brischoux F, Chakraborty S, Brierley DI, Ungless MA. Phasic excitation of
dopamine neurons in ventral VTA by noxious stimuli. Proc Natl Acad Sci U S A.

2009;106(12):4894–9. DOI: 10.1073/pnas.0811507106. PMID: 19261850; PM-
CID: PMC2660746

85. Merali Z, Lacosta S, Anisman H. Effects of interleukin-1beta and mild stress
on alterations of norepinephrine, dopamine and serotonin neurotransmission:
a regional microdialysis study. Brain Res. 1997;761(2):225–35. DOI: 10.1016/
s0006-8993(97)00312-0. PMID: 9252020

86. Holly EN, DeBold JF, Miczek KA. Increased mesocorticolimbic dopamine during
acute and repeated social defeat stress: modulation by corticotropin releas-
ing factor receptors in the ventral tegmental area. Psychopharmacology (Berl).
2015;232(24):4469–79. DOI: 10.1007/s00213-015-4082-z. PMID: 26403083;
PMCID: PMC4651830

87. Davis M, Hitchcock JM, Bowers MB, Berridge CW, Melia KR, Roth RH. Stress-
induced activation of prefrontal cortex dopamine turnover: blockade by le-
sions of the amygdala. Brain Res. 1994;664(1-2):207–10. DOI: 10.1016/0006-
8993(94)91972-0. PMID: 7895029

88. Wanat MJ, Hopf FW, Stuber GD, Phillips PE, Bonci A. Corticotropin-releasing
factor increases mouse ventral tegmental area dopamine neuron firing
through a protein kinase C-dependent enhancement of Ih. J Physiol.
2008;586(8):2157–70. DOI: 10.1113/jphysiol.2007.150078. PMID: 18308824;
PMCID: PMC2465205

89. Mor D, Becchi S, Bowring J, Tsoukalas M, Balleine BW. CRF-receptor1 modula-
tion of the dopamine projection to prelimbic cortex facilitates cognitive flex-
ibility after acute and chronic stress. Neurobiol Stress. 2022;16:100424. DOI:
10.1016/j.ynstr.2021.100424. PMID: 35005102; PMCID: PMC8718497

90. Mantsch JR. Corticotropin releasing factor and drug seeking in substance use
disorders: preclinical evidence and translational limitations. Addict Neurosci.
2022;4:100038. DOI: 10.1016/j.addicn.2022.100038. PMID: 36531188; PM-
CID: PMC9757758

91. Tidey JW, Miczek KA. Social defeat stress selectively alters mesocorticolim-
bic dopamine release: an in vivo microdialysis study. Brain Res. 1996;721
(1-2):140–9. DOI: 10.1016/0006-8993(96)00159-x. PMID: 8793094

92. Phillips AG, Barr AM. Effects of chronic mild stress on motivation for sucrose:
mixed messages. Psychopharmacology (Berl). 1997;134(4):361–6; discussion
71-7. DOI: 10.1007/s002130050469. PMID: 9452176

93. Hollon NG, Burgeno LM, Phillips PE. Stress effects on the neural substrates
of motivated behavior. Nat Neurosci. 2015;18(10):1405–12. DOI: 10.1038/nn.
4114. PMID: 26404715. PMCID: PMC4721524

94. Douma EH, de Kloet ER. Stress-induced plasticity and functioning of ventral
tegmental dopamine neurons. Neurosci Biobehav Rev. 2020;108:48–77. DOI:
10.1016/j.neubiorev.2019.10.015. PMID: 31666179

95. Korotkova TM, Brown RE, Sergeeva OA, Ponomarenko AA, Haas HL. Ef-
fects of arousal- and feeding-related neuropeptides on dopaminergic and
GABAergic neurons in the ventral tegmental area of the rat. Eur J Neu-
rosci. 2006;23(10):2677–85. DOI: 10.1111/j.1460-9568.2006.04792.x. PMID:
16817870

96. Beckstead MJ, Gantz SC, Ford CP, Stenzel-Poore MP, Phillips PE, Mark GP,
et al. CRF enhancement of GIRK channel-mediated transmission in dopamine
neurons. Neuropsychopharmacology. 2009;34(8):1926–35. DOI: 10.1038/npp.
2009.25. PMID: 19279570; PMCID: PMC3640552

97. Williams CL, Buchta WC, Riegel AC. CRF-R2 and the heterosynaptic regu-
lation of VTA glutamate during reinstatement of cocaine seeking. J Neu-
rosci. 2014;34(31):10402–14. DOI: 10.1523/JNEUROSCI.0911-13.2014. PMID:
25080599; PMCID: PMC4115144

98. Riegel AC, Williams JT. CRF facilitates calcium release from intracellular stores
in midbrain dopamine neurons. Neuron. 2008;57(4):559–70. DOI: 10.1016/j.
neuron.2007.12.029. PMID: 18304485; PMCID: PMC2696265

99. Hahn J, Hopf FW, Bonci A. Chronic cocaine enhances corticotropin-releasing
factor-dependent potentiation of excitatory transmission in ventral tegmen-
tal area dopamine neurons. J Neurosci. 2009;29(20):6535–44. DOI: 10.1523/
JNEUROSCI.4773-08.2009. PMID: 19458224; PMCID: PMC3077990

100. Refojo D, Schweizer M, Kuehne C, Ehrenberg S, Thoeringer C, Vogl AM, et al.
Glutamatergic and dopaminergic neurons mediate anxiogenic and anxiolytic
effects of CRHR1. Science. 2011;333(6051):1903–7. DOI: 10.1126/science.
1202107. PMID: 21885734

101. Ungless MA, Singh V, Crowder TL, Yaka R, Ron D, Bonci A. Corticotropin-
releasing factor requires CRF binding protein to potentiate NMDA receptors
via CRF receptor 2 in dopamine neurons. Neuron. 2003;39(3):401–7. DOI: 10.
1016/s0896-6273(03)00461-6. PMID: 12895416

102. Parham KL, Zervou S, Karteris E, Catalano RD, Old RW, Hillhouse EW. Promoter
analysis of human corticotropin-releasing factor (CRF) type 1 receptor and
regulation by CRF and urocortin. Endocrinology. 2004;145(8):3971–83. DOI:
10.1210/en.2004-0194. PMID: 15142984

103. Zalachoras I, Astori S, Meijer M, Grosse J, Zanoletti O, de Suduiraut IG, et al.
Opposite effects of stress on effortful motivation in high and low anxiety are

Thought Leaders Invited Review
Fudge et al.

https://doi.org/10.61373/gp025i.0038
13 of 16

GENOMIC PSYCHIATRY
Genomic Press

D
ow

nloaded from
 https://prim

e-pdf-w
aterm

ark.prim
e-prod.pubfactory.com

/ at 2025-05-13 via O
pen Access. C

C
 BY-N

C
-N

D
 4.0. https://creativecom

m
ons.org/licenses/by-nc-nd/4.0/

https://gp.genomicpress.com
https://doi.org/10.1016/s0022-3956(00)00016-9
https://doi.org/10.1002/cne.21884
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2873768
https://doi.org/10.1016/j.lfs.2014.07.017
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4163082
https://doi.org/10.1016/j.biopsych.2009.02.014
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2728006
https://doi.org/10.1111/ejn.13113
https://doi.org/10.1016/j.neuroscience.2005.11.052
https://doi.org/10.1523/JNEUROSCI.2087-22.2023
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10146490
https://doi.org/10.1038/mp.2010.66
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2935505
https://doi.org/10.1016/j.neuroscience.2018.05.007
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5994383
https://doi.org/10.1016/j.brainres.2018.11.001
https://doi.org/10.1152/physrev.00042.2017
https://doi.org/10.1186/s13048-023-01159-5
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10403835
https://doi.org/10.1038/mp.2009.141
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3666571
https://doi.org/10.2174/1874467210666170224095741
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8091865
https://doi.org/10.1126/science.273.5281.1516
https://doi.org/10.1016/j.cell.2019.11.020
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7077032
https://doi.org/10.1016/j.neubiorev.2011.02.003
https://doi.org/10.1038/nn.2808
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3083461
https://doi.org/10.1073/pnas.0811507106
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2660746
https://doi.org/10.1016/s0006-8993(97)00312-0
https://doi.org/10.1007/s00213-015-4082-z
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4651830
https://doi.org/10.1016/0006-8993(94)91972-0
https://doi.org/10.1113/jphysiol.2007.150078
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2465205
https://doi.org/10.1016/j.ynstr.2021.100424
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8718497
https://doi.org/10.1016/j.addicn.2022.100038
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9757758
https://doi.org/10.1016/0006-8993(96)00159-x
https://doi.org/10.1007/s002130050469
https://doi.org/10.1038/nn.4114
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4721524
https://doi.org/10.1016/j.neubiorev.2019.10.015
https://doi.org/10.1111/j.1460-9568.2006.04792.x
https://doi.org/10.1038/npp.2009.25
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3640552
https://doi.org/10.1523/JNEUROSCI.0911-13.2014
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4115144
https://doi.org/10.1016/j.neuron.2007.12.029
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2696265
https://doi.org/10.1523/JNEUROSCI.4773-08.2009
https://doi.org/10.1126/science.1202107
https://doi.org/10.1016/s0896-6273(03)00461-6
https://doi.org/10.1210/en.2004-0194
https://doi.org/10.61373/gp025i.0038


gp.genomicpress.com

mediated by CRHR1 in the VTA. Sci Adv. 2022;8(12):eabj9019. DOI: 10.1126/
sciadv.abj9019. PMID: 35319997; PMCID: PMC8942367

104. Bryce CA, Floresco SB. Perturbations in effort-related decision-making driven
by acute stress and corticotropin-releasing factor. Neuropsychopharma-
cology. 2016;41(8):2147–59. DOI: 10.1038/npp.2016.15. PMID: 26830960;
PMCID: PMC4908645

105. Wanat MJ, Bonci A, Phillips PE. CRF acts in the midbrain to attenuate ac-
cumbens dopamine release to rewards but not their predictors. Nat Neu-
rosci. 2013;16(4):383–5. DOI: 10.1038/nn.3335. PMID: 23416448; PMCID:
PMC3609940

106. Bouarab C, Thompson B, Polter AM. VTA GABA neurons at the interface of stress
and reward. Front Neural Circuits. 2019;13:78. DOI: 10.3389/fncir.2019.00078.
PMID: 31866835; PMCID: PMC6906177

107. Zhou Z, Liu X, Chen S, Zhang Z, Liu Y, Montardy Q, et al. A VTA GABAer-
gic neural circuit mediates visually evoked innate defensive responses.
Neuron. 2019;103(3):473–88.e6. DOI: 10.1016/j.neuron.2019.05.027. PMID:
31202540

108. Tan KR, Yvon C, Turiault M, Mirzabekov JJ, Doehner J, Labouebe G,
et al. GABA neurons of the VTA drive conditioned place aversion. Neuron.
2012;73(6):1173–83. DOI: 10.1016/j.neuron.2012.02.015. PMID: 22445344;
PMCID: PMC6690362

109. Yu X, Zhao G, Wang D, Wang S, Li R, Li A, et al. A specific circuit in the midbrain
detects stress and induces restorative sleep. Science. 2022;377(6601):63–72.
DOI: 10.1126/science.abn0853. PMID: 35771921; PMCID: PMC7612951

110. Eban-Rothschild A, Borniger JC, Rothschild G, Giardino WJ, Morrow JG, de Lecea
L. Arousal State-dependent alterations in VTA-GABAergic neuronal activity.
eNeuro. 2020;7(2):ENEURO.0356-19.2020. DOI: 10.1523/ENEURO.0356-19.
2020. PMID: 32054621; PMCID: PMC7218005

111. Cohen JY, Haesler S, Vong L, Lowell BB, Uchida N. Neuron-type-specific
signals for reward and punishment in the ventral tegmental area. Nature.
2012;482(7383):85–8. DOI: 10.1038/nature10754. PMID: 22258508; PMCID:
PMC3271183

112. van Zessen R, Phillips JL, Budygin EA, Stuber GD. Activation of VTA GABA
neurons disrupts reward consumption. Neuron. 2012;73(6):1184–94. DOI: 10.
1016/j.neuron.2012.02.016. PMID: 22445345; PMCID: PMC3314244

113. Wang HL, Morales M. Corticotropin-releasing factor binding protein within
the ventral tegmental area is expressed in a subset of dopaminergic neu-
rons. J Comp Neurol. 2008;509(3):302–18. DOI: 10.1002/cne.21751. PMID:
18478589; PMCID: PMC2575090

114. Juarez B, Kong MS, Jo YS, Elum JE, Yee JX, Ng-Evans S, et al. Temporal scaling of
dopamine neuron firing and dopamine release by distinct ion channels shape
behavior. Sci Adv. 2023;9(32):eadg8869. DOI: 10.1126/sciadv.adg8869. PMID:
37566654; PMCID: PMC10421029

115. Wolfart J, Neuhoff H, Franz O, Roeper J. Differential expression of the
small-conductance, calcium-activated potassium channel SK3 is critical
for pacemaker control in dopaminergic midbrain neurons. J Neurosci.
2001;21(10):3443–56. DOI: 10.1523/JNEUROSCI.21-10-03443.2001. PMID:
11331374; PMCID: PMC6762487

116. Azcorra M, Gaertner Z, Davidson C, He Q, Kim H, Nagappan S, et al. Unique func-
tional responses differentially map onto genetic subtypes of dopamine neu-
rons. Nat Neurosci. 2023;26(10):1762–74. DOI: 10.1038/s41593-023-01401-
9. PMID: 37537242; PMCID: PMC10545540

117. Luppi MP, Azcorra M, Caronia-Brown G, Poulin JF, Gaertner Z, Gatica S, et al.
Sox6 expression distinguishes dorsally and ventrally biased dopamine neu-
rons in the substantia nigra with distinctive properties and embryonic ori-
gins. Cell Rep. 2021;37(6):109975. DOI: 10.1016/j.celrep.2021.109975. PMID:
34758317; PMCID: PMC8607753

118. Lammel S, Ion DI, Roeper J, Malenka RC. Projection-specific modulation
of dopamine neuron synapses by aversive and rewarding stimuli. Neuron.
2011;70(5):855–62. DOI: 10.1016/j.neuron.2011.03.025. PMID: 21658580;
PMCID: PMC3112473

119. Beier KT, Steinberg EE, DeLoach KE, Xie S, Miyamichi K, Schwarz L, et al. Circuit
architecture of VTA dopamine neurons revealed by systematic input-output
mapping. Cell. 2015;162(3):622–34. DOI: 10.1016/j.cell.2015.07.015. PMID:
26232228; PMCID: PMC4522312

120. Lerner TN, Shilyansky C, Davidson TJ, Evans KE, Beier KT, Zalocusky KA, et al.
Intact-brain analyses reveal distinct information carried by SNc dopamine
subcircuits. Cell. 2015;162(3):635–47. DOI: 10.1016/j.cell.2015.07.014. PMID:
26232229; PMCID: PMC4790813

121. Poulin JF, Caronia G, Hofer C, Cui Q, Helm B, Ramakrishnan C, et al. Mapping
projections of molecularly defined dopamine neuron subtypes using intersec-
tional genetic approaches. Nat Neurosci. 2018;21(9):1260–71. DOI: 10.1038/
s41593-018-0203-4. PMID: 30104732. PMCID: PMC6342021

122. Haber SN, Fudge JL, McFarland N. Striatonigrostriatal pathways in pri-
mates form an ascending spiral from the shell to the dorsolateral striatum.

J Neurosci. 2000;20:2369–82. DOI: 10.1523/JNEUROSCI.20-06-02369.2000.
PMID: 10704511; PMCID: PMC6772499

123. Steinkellner T, Conrad WS, Kovacs I, Rissman RA, Lee EB, Trojanowski JQ, et al.
Dopamine neurons exhibit emergent glutamatergic identity in Parkinson’s
disease. Brain. 2022;145(3):879–86. DOI: 10.1093/brain/awab373. PMID:
35258081; PMCID: PMC9050538

124. Reyes S, Cottam V, Kirik D, Double KL, Halliday GM. Variability in neuronal ex-
pression of dopamine receptors and transporters in the substantia nigra. Mov
Disord. 2013;28(10):1351–9. DOI: 10.1002/mds.25493. PMID: 23674405

125. Bjorklund A, Dunnett SB. Dopamine neuron systems in the brain: an update.
Trends Neurosci. 2007;30(5):194–202. DOI: 10.1016/j.tins.2007.03.006. PMID:
17408759

126. McRitchie DA, Hardman CD, Halliday GM. Cytoarchitectural distribution of
calcium binding proteins in midbrain dopaminergic regions of rats and
humans. J Comp Neurol. 1996;364(1):121–50. DOI: 10.1002/(SICI)1096-
9861(19960101)364:1〈121::AID-CNE11〉3.0.CO;2-1. PMID: 8789281

127. Reyes S, Fu Y, Double K, Thompson L, Kirik D, Paxinos G, et al. GIRK2 ex-
pression in dopamine neurons of the substantia nigra and ventral tegmental
area. J Comp Neurol. 2012;520(12):2591–607. DOI: 10.1002/cne.23051. PMID:
22252428

128. Garritsen O, van Battum EY, Grossouw LM, Pasterkamp RJ. Development, wiring
and function of dopamine neuron subtypes. Nat Rev Neurosci. 2023;24(3):
134–52. DOI: 10.1038/s41583-022-00669-3. PMID: 36653531

129. Schultz W, Apicella P, Ljungberg T. Responses of monkey dopamine neurons to
reward and conditioned stimuli during successive steps of learning a delayed
response task. J Neurosci. 1993;13(3):900–13. DOI: 10.1523/JNEUROSCI.13-
03-00900.1993. PMID: 8441015; PMCID: PMC6576600

130. Kobayashi S, Schultz W. Influence of reward delays on responses of dopamine
neurons. J Neurosci. 2008;28(31):7837-46. DOI: 10.1523/JNEUROSCI.1600-
08.2008. PMID: 18667616; PMCID: PMC3844811

131. Matsumoto M, Hikosaka O. Two types of dopamine neuron distinctly convey
positive and negative motivational signals. Nature. 2009;459(7248):837-41.
DOI: 10.1038/nature08028. PMID: 19448610; PMCID: PMC2739096

132. Matsumoto M, Takada M. Distinct representations of cognitive and motiva-
tional signals in midbrain dopamine neurons. Neuron. 2013;79(5):1011–24.
DOI: 10.1016/j.neuron.2013.07.002. PMID: 23932490

133. Bromberg-Martin ES, Matsumoto M, Hikosaka O. Dopamine in motivational
control: rewarding, aversive, and alerting. Neuron. 2010;68(5):815–34. DOI:
10.1016/j.neuron.2010.11.022. PMID: 21144997; PMCID: PMC3032992

134. Pignatelli M, Bonci A. Role of dopamine neurons in reward and aversion: A
synaptic plasticity perspective. Neuron. 2015;86(5):1145–57. DOI: 10.1016/j.
neuron.2015.04.015. PMID: 26050034

135. Volman SF, Lammel S, Margolis EB, Kim Y, Richard JM, Roitman MF, et al. New
insights into the specificity and plasticity of reward and aversion encoding
in the mesolimbic system. J Neurosci. 2013;33(45):17569–76. DOI: 10.1523/
JNEUROSCI.3250-13.2013. PMID: 24198347; PMCID: PMC3818538

136. Verharen JPH, Zhu Y, Lammel S. Aversion hot spots in the dopamine system.
Curr Opin Neurobiol. 2020;64:46–52. DOI: 10.1016/j.conb.2020.02.002. PMID:
32146296; PMCID: PMC7483159

137. Fu Y, Paxinos G, Watson C, Halliday GM. The substantia nigra and ven-
tral tegmental dopaminergic neurons from development to degeneration.
J Chem Neuroanat. 2016;76(Pt B):98–107. DOI: 10.1016/j.jchemneu.2016.02.
001. PMID: 26859066

138. Cho YT, Fudge JL. Heterogeneous dopamine populations project to specific
subregions of the primate amygdala. Neuroscience. 2010;165(4):1501–
18. DOI: 10.1016/j.neuroscience.2009.11.004. PMID: 19914353; PMCID:
PMC2814979

139. Barker DJ, Root DH, Zhang S, Morales M. Multiplexed neurochemical signaling
by neurons of the ventral tegmental area. J Chem Neuroanat. 2016;73:33–42.
DOI: 10.1016/j.jchemneu.2015.12.016. PMID: 26763116 PMCID: PMC4818729

140. Kelly EA, Contraras JM, Duan A, Vassell R, Fudge JL. Unbiased stereological es-
timates of dopaminergic and GABAergic neurons in the A10, A9, and A8 subre-
gions in the young male Macaque. Neuroscience. 2022;496(496):152–64. DOI:
10.1016/j.neuroscience.2022.06.018. PMID: 35738547; PMCID: PMC9329254

141. Nair-Roberts RG, Chatelain-Badie SD, Benson E, White-Cooper H, Bolam JP,
Ungless MA. Stereological estimates of dopaminergic, GABAergic and glu-
tamatergic neurons in the ventral tegmental area, substantia nigra and
retrorubral field in the rat. Neuroscience. 2008;152(4):1024–31. DOI: 10.1016/
j.neuroscience.2008.01.046. PMID: 18355970; PMCID: PMC2575227

142. Trudeau LE, Hnasko TS, Wallen-Mackenzie A, Morales M, Rayport S, Sulzer D.
The multilingual nature of dopamine neurons. Prog Brain Res. 2014;211:141–
64. DOI: 10.1016/B978-0-444-63425-2.00006-4. PMID: 24968779; PMCID:
PMC4565795

143. Mugnaini E, Oertel WH. An atlas of the distribution of GABAergic neurons
and terminals in the rat CNS as revealed by GAD immunohistochemistry. In:

Thought Leaders Invited Review
Fudge et al.

https://doi.org/10.61373/gp025i.0038
14 of 16

GENOMIC PSYCHIATRY
Genomic Press

D
ow

nloaded from
 https://prim

e-pdf-w
aterm

ark.prim
e-prod.pubfactory.com

/ at 2025-05-13 via O
pen Access. C

C
 BY-N

C
-N

D
 4.0. https://creativecom

m
ons.org/licenses/by-nc-nd/4.0/

https://gp.genomicpress.com
https://doi.org/10.1126/sciadv.abj9019
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8942367
https://doi.org/10.1038/npp.2016.15
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4908645
https://doi.org/10.1038/nn.3335
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3609940
https://doi.org/10.3389/fncir.2019.00078
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6906177
https://doi.org/10.1016/j.neuron.2019.05.027
https://doi.org/10.1016/j.neuron.2012.02.015
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6690362
https://doi.org/10.1126/science.abn0853
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7612951
https://doi.org/10.1523/ENEURO.0356-19.2020
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7218005
https://doi.org/10.1038/nature10754
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3271183
https://doi.org/10.1016/j.neuron.2012.02.016
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3314244
https://doi.org/10.1002/cne.21751
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2575090
https://doi.org/10.1126/sciadv.adg8869
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10421029
https://doi.org/10.1523/JNEUROSCI.21-10-03443.2001
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6762487
https://doi.org/10.1038/s41593-023-01401-9
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10545540
https://doi.org/10.1016/j.celrep.2021.109975
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8607753
https://doi.org/10.1016/j.neuron.2011.03.025
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3112473
https://doi.org/10.1016/j.cell.2015.07.015
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4522312
https://doi.org/10.1016/j.cell.2015.07.014
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4790813
https://doi.org/10.1038/s41593-018-0203-4
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6342021
https://doi.org/10.1523/JNEUROSCI.20-06-02369.2000
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6772499
https://doi.org/10.1093/brain/awab373
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9050538
https://doi.org/10.1002/mds.25493
https://doi.org/10.1016/j.tins.2007.03.006
https://doi.org/10.1002/(SICI)1096-9861(19960101)364:1<121::AID-CNE11>3.0.CO;2-1
https://doi.org/10.1002/cne.23051
https://doi.org/10.1038/s41583-022-00669-3
https://doi.org/10.1523/JNEUROSCI.13-03-00900.1993
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6576600
https://doi.org/10.1523/JNEUROSCI.1600-08.2008
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3844811
https://doi.org/10.1038/nature08028
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2739096
https://doi.org/10.1016/j.neuron.2013.07.002
https://doi.org/10.1016/j.neuron.2010.11.022
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3032992
https://doi.org/10.1016/j.neuron.2015.04.015
https://doi.org/10.1523/JNEUROSCI.3250-13.2013
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3818538
https://doi.org/10.1016/j.conb.2020.02.002
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7483159
https://doi.org/10.1016/j.jchemneu.2016.02.001
https://doi.org/10.1016/j.neuroscience.2009.11.004
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2814979
https://doi.org/10.1016/j.jchemneu.2015.12.016
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4818729
https://doi.org/10.1016/j.neuroscience.2022.06.018
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9329254
https://doi.org/10.1016/j.neuroscience.2008.01.046
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2575227
https://doi.org/10.1016/B978-0-444-63425-2.00006-4
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4565795
https://doi.org/10.61373/gp025i.0038


gp.genomicpress.com

Bjorklund A, Hokfelt T, editors. Handbook of Chemical Neuroanatomy Part I,
GABA and neuropeptides in the CNS. Elsevier Science Publishers BV; 1985.
p. 436–608.

144. Yamaguchi T, Sheen W, Morales M. Glutamatergic neurons are present in the
rat ventral tegmental area. Eur J Neurosci. 2007;25(1):106–18. DOI: 10.1111/
j.1460-9568.2006.05263.x. PMID: 17241272; PMCID: PMC3209508

145. Yamaguchi T, Wang HL, Li X, Ng TH, Morales M. Mesocorticolimbic glutamater-
gic pathway. J Neurosci. 2011;31(23):8476–90. DOI: 10.1523/JNEUROSCI.
1598-11.2011. PMID: 21653852; PMCID: PMC6623324

146. Root DH, Mejias-Aponte CA, Zhang S, Wang HL, Hoffman AF, Lupica CR,
et al. Single rodent mesohabenular axons release glutamate and GABA. Nat
Neurosci. 2014;17(11):1543–51. DOI: 10.1038/nn.3823. PMID: 25242304; PM-
CID: PMC4843828

147. Mendez JA, Bourque MJ, Dal Bo G, Bourdeau ML, Danik M, Williams S, et al.
Developmental and target-dependent regulation of vesicular glutamate
transporter expression by dopamine neurons. J Neurosci. 2008;28(25):6309–
18. DOI: 10.1523/JNEUROSCI.1331-08.2008. PMID: 18562601; PMCID:
PMC6670902

148. Hökfelt T, Rehfeld JF, Skirboll L, Ivemark B, Goldstein M, Markey K. Evi-
dence for coexistence of dopamine and CCK in meso-limbic neurones. Nature.
1980;285(5765):476–8. DOI: 10.1038/285476a0. PMID: 6105617

149. Seroogy KB, Dangaran K, Lim S, Haycock JW, Fallon JH. Ventral mesen-
cephalic neurons containing both cholecystokinin- and tyrosine hydroxylase-
like immunoreactivities project to forebrain regions. J Comp Neurol.
1989;279(3):397–414. DOI: 10.1002/cne.902790306. PMID: 2563737

150. Skirboll LR, Grace AA, Hommer DW, Rehfeld J, Goldstein M, Hokfelt T, et al.
Peptide-monoamine coexistence: studies of the actions of cholecystokinin-like
peptide on the electrical activity of midbrain dopamine neurons. Neuroscience.
1981;6(11):2111–24. DOI: 10.1016/0306-4522(81)90002-6. PMID: 6120481

151. Anderegg A, Poulin JF, Awatramani R. Molecular heterogeneity of mid-
brain dopaminergic neurons–moving toward single cell resolution. FEBS
Lett. 2015;589(24 Pt A):3714–26. DOI: 10.1016/j.febslet.2015.10.022. PMID:
26505674; PMCID: PMC4679573

152. Gomez JA, Perkins JM, Beaudoin GM, Cook NB, Quraishi SA, Szoeke EA, et al.
Ventral tegmental area astrocytes orchestrate avoidance and approach be-
havior. Nat Commun. 2019;10(1):1455. DOI: 10.1038/s41467-019-09131-y.
PMID: 30926783; PMCID: PMC6440962

153. Xin W, Edwards N, Bonci A. VTA dopamine neuron plasticity – the unusual sus-
pects. Eur J Neurosci. 2016;44(12):2975–83. DOI: 10.1111/ejn.13425. PMID:
27711998; PMCID: PMC11466316

154. De Biase LM, Schuebel KE, Fusfeld ZH, Jair K, Hawes IA, Cimbro R, et al. Local
cues establish and maintain region-specific phenotypes of Basal ganglia mi-
croglia. Neuron. 2017;95(2):341–56.e6. DOI: 10.1016/j.neuron.2017.06.020.
PMID: 28689984; PMCID: PMC5754189

155. Mayhew J, Beart PM, Walker FR. Astrocyte and microglial control of glu-
tamatergic signalling: a primer on understanding the disruptive role of
chronic stress. J Neuroendocrinol. 2015;27(6):498–506. DOI: 10.1111/jne.
12273. PMID: 25737228

156. Xin W, Schuebel KE, Jair KW, Cimbro R, De Biase LM, Goldman D, et al.
Ventral midbrain astrocytes display unique physiological features and
sensitivity to dopamine D2 receptor signaling. Neuropsychopharmacology.
2019;44(2):344–55. DOI: 10.1038/s41386-018-0151-4. PMID: 30054584;
PMCID: PMC6300565

157. Oertel WH, Tappaz ML, Berod A, Mugnaini E. Two-color immunohistochem-
istry for dopamine and GABA neurons in rat substantia nigra and zona incerta.
Brain Res Bull. 1982;9:463–74. DOI: 10.1016/0361-9230(82)90155-1. PMID:
6129046

158. Margolis EB, Toy B, Himmels P, Morales M, Fields HL. Identification of rat ven-
tral tegmental area GABAergic neurons. PLoS One. 2012;7(7):e42365. DOI:
10.1371/journal.pone.0042365. PMID: 22860119; PMCID: PMC3409171

159. Nagai T, McGeer PL, McGeer EG. Distribution of GABA-T-intensive neurons in
the rat forebrain and midbrain. J Comp Neurol. 1983;218:220–38. DOI: 10.
1002/cne.902180209. PMID: 6886073

160. Olson VG, Nestler EJ. Topographical organization of GABAergic neurons within
the ventral tegmental area of the rat. Synapse. 2007;61(2):87–95. DOI: 10.
1002/syn.20345. PMID: 17117419

161. Yang J, Chen J, Liu Y, Chen KH, Baraban JM, Qiu Z. Ventral tegmen-
tal area astrocytes modulate cocaine reward by tonically releasing GABA.
Neuron. 2023;111(7):1104–17.e6. DOI: 10.1016/j.neuron.2022.12.033. PMID:
36681074; PMCID: PMC10079641

162. Breton JM, Charbit AR, Snyder BJ, Fong PTK, Dias EV, Himmels P, et al. Rela-
tive contributions and mapping of ventral tegmental area dopamine and GABA
neurons by projection target in the rat. J Comp Neurol. 2019;527(5):916–41.
DOI: 10.1002/cne.24572. PMID: 30393861; PMCID: PMC6347508

163. Carr DB, Sesack SR. GABA-containing neurons in the rat ventral tegmental area
project to the prefrontal cortex. Synapse. 2000;38(2):114–23. DOI: 10.1002/
1098-2396(200011)38:2〈114::AID-SYN2〉3.0.CO;2-R. PMID: 11018785

164. Omelchenko N, Sesack SR. Ultrastructural analysis of local collaterals of
rat ventral tegmental area neurons: GABA phenotype and synapses onto
dopamine and GABA cells. Synapse. 2009;63(10):895–906. DOI: 10.1002/syn.
20668. PMID: 19582784; PMCID: PMC2741309

165. Steffensen SC, Svingos AL, Pickel VM, Henriksen SJ. Electrophysiological char-
acterization of GABAergic neurons in the ventral tegmental area. J Neurosci.
1998;18(19):8003–15. DOI: 10.1523/JNEUROSCI.18-19-08003.1998. PMID:
9742167; PMCID: PMC6793009

166. Taylor SR, Badurek S, Dileone RJ, Nashmi R, Minichiello L, Picciotto MR.
GABAergic and glutamatergic efferents of the mouse ventral tegmental
area. J Comp Neurol. 2014;522(14):3308–34. DOI: 10.1002/cne.23603. PMID:
24715505; PMCID: PMC4107038

167. Van Bockstaele EJ, Pickel VM. GABA-containing neurons in the ventral tegmen-
tal area project to the nucleus accumbens in rat brain. Brain Res. 1995;682(1-
2):215–21. DOI: 10.1016/0006-8993(95)00334-m. PMID: 7552315

168. Parent A, Côté PY, Lavoie B. Chemical anatomy of primate basal ganglia. Prog
Neurobiol. 1995;46(2–3):131–97. PMID: 7568912

169. Paul EJ, Kalk E, Tossell K, Irvine EE, Franks NP, Wisden W, et al. nNOS-
expressing neurons in the ventral tegmental area and substantia nigra pars
compacta. eNeuro. 2018;5(5):ENEURO.0381-18.2018. DOI: 10.1523/ENEURO.
0381-18.2018. PMID: 30456293; PMCID: PMC6240015

170. Nagaeva E, Zubarev I, Bengtsson Gonzales C, Forss M, Nikouei K, de Miguel
E, et al. Heterogeneous somatostatin-expressing neuron population in mouse
ventral tegmental area. Elife. 2020;9:e59328. DOI: 10.7554/eLife.59328.
PMID: 32749220; PMCID: PMC7440918

171. Morales M, Margolis EB. Ventral tegmental area: cellular heterogeneity, con-
nectivity and behaviour. Nat Rev Neurosci. 2017;18(2):73–85. DOI: 10.1038/
nrn.2016.165. PMID: 28053327

172. González-Hernández T, Barroso-Chinea P, Acevedo A, Salido E, Rodríguez M.
Colocalization of tyrosine hydroxylase and GAD65 mRNA in mesostriatal neu-
rons. Eur J Neurosci. 2001;13(1):57–67. PMID: 11135004

173. Kim JI, Ganesan S, Luo SX, Wu YW, Park E, Huang EJ, et al. Aldehyde dehy-
drogenase 1a1 mediates a GABA synthesis pathway in midbrain dopaminer-
gic neurons. Science. 2015;350(6256):102–6. DOI: 10.1126/science.aac4690.
PMID: 26430123; PMCID: PMC4725325

174. Tritsch NX, Oh WJ, Gu C, Sabatini BL. Midbrain dopamine neurons sustain in-
hibitory transmission using plasma membrane uptake of GABA, not synthe-
sis. Elife. 2014;3:e01936. DOI: 10.7554/eLife.01936. PMID: 24843012; PMCID:
PMC4001323

175. Sulzer D, Joyce MP, Lin L, Geldwert D, Haber SN, Hattori T, et al. Dopamine
neurons make Glutamatergic synapses in vitro. J Neurosci. 1998;18(12):4588–
602. DOI: 10.1523/JNEUROSCI.18-12-04588.1998. PMID: 9614234; PMCID:
PMC6792695

176. Dal Bo G, Berube-Carriere N, Mendez JA, Leo D, Riad M, Descarries L, et al. En-
hanced glutamatergic phenotype of mesencephalic dopamine neurons after
neonatal 6-hydroxydopamine lesion. Neuroscience. 2008;156(1):59–70. DOI:
10.1016/j.neuroscience.2008.07.032. PMID: 18706980

177. Kawano M, Kawasaki A, Sakata-Haga H, Fukui Y, Kawano H, Nogami H, et al.
Particular subpopulations of midbrain and hypothalamic dopamine neurons
express vesicular glutamate transporter 2 in the rat brain. J Comp Neurol.
2006;498(5):581–92. DOI: 10.1002/cne.21054. PMID: 16917821

178. Yamaguchi T, Wang HL, Morales M. Glutamate neurons in the substantia ni-
gra compacta and retrorubral field. Eur J Neurosci. 2013;38(11):3602–10. DOI:
10.1111/ejn.12359. PMID: 24102658; PMCID: PMC3903463

179. Mingote S, Chuhma N, Kusnoor SV, Field B, Deutch AY, Rayport S. Functional
connectome analysis of dopamine neuron glutamatergic connections in fore-
brain regions. J neurosci. 2015;35(49):16259–71. DOI: 10.1523/JNEUROSCI.
1674-15.2015. PMID: 26658874; PMCID: PMC4682788

180. Boulland JL, Qureshi T, Seal RP, Rafiki A, Gundersen V, Bergersen LH, et al.
Expression of the vesicular glutamate transporters during development indi-
cates the widespread corelease of multiple neurotransmitters. J Comp Neurol.
2004;480(3):264–80. DOI: 10.1002/cne.20354. PMID: 15515175

181. Bayer SA, Wills KV, Triarhou LC, Ghetti B. Time of neuron origin and gradients of
neurogenesis in midbrain dopaminergic neurons in the mouse. Exp Brain Res.
1995;105(2):191–9. DOI: 10.1007/BF00240955. PMID: 7498372

182. Brignani S, Pasterkamp RJ. Neuronal subset-specific migration and axonal
wiring mechanisms in the developing midbrain dopamine system. Front
Neuroanat. 2017;11:55. DOI: 10.3389/fnana.2017.00055. PMID: 28740464;
PMCID: PMC5502286

183. Steinkellner T, Zell V, Farino ZJ, Sonders MS, Villeneuve M, Freyberg RJ, et al.
Role for VGLUT2 in selective vulnerability of midbrain dopamine neurons. J Clin

Thought Leaders Invited Review
Fudge et al.

https://doi.org/10.61373/gp025i.0038
15 of 16

GENOMIC PSYCHIATRY
Genomic Press

D
ow

nloaded from
 https://prim

e-pdf-w
aterm

ark.prim
e-prod.pubfactory.com

/ at 2025-05-13 via O
pen Access. C

C
 BY-N

C
-N

D
 4.0. https://creativecom

m
ons.org/licenses/by-nc-nd/4.0/

https://gp.genomicpress.com
https://doi.org/10.1111/j.1460-9568.2006.05263.x
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3209508
https://doi.org/10.1523/JNEUROSCI.1598-11.2011
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6623324
https://doi.org/10.1038/nn.3823
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4843828
https://doi.org/10.1523/JNEUROSCI.1331-08.2008
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6670902
https://doi.org/10.1038/285476a0
https://doi.org/10.1002/cne.902790306
https://doi.org/10.1016/0306-4522(81)90002-6
https://doi.org/10.1016/j.febslet.2015.10.022
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4679573
https://doi.org/10.1038/s41467-019-09131-y
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6440962
https://doi.org/10.1111/ejn.13425
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11466316
https://doi.org/10.1016/j.neuron.2017.06.020
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5754189
https://doi.org/10.1111/jne.12273
https://doi.org/10.1038/s41386-018-0151-4
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6300565
https://doi.org/10.1016/0361-9230(82)90155-1
https://doi.org/10.1371/journal.pone.0042365
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3409171
https://doi.org/10.1002/cne.902180209
https://doi.org/10.1002/syn.20345
https://doi.org/10.1016/j.neuron.2022.12.033
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10079641
https://doi.org/10.1002/cne.24572
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6347508
https://doi.org/10.1002/1098-2396(200011)38:2<114::AID-SYN2>3.0.CO;2-R
https://doi.org/10.1002/syn.20668
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2741309
https://doi.org/10.1523/JNEUROSCI.18-19-08003.1998
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6793009
https://doi.org/10.1002/cne.23603
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4107038
https://doi.org/10.1016/0006-8993(95)00334-m
https://doi.org/10.1523/ENEURO.0381-18.2018
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6240015
https://doi.org/10.7554/eLife.59328
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7440918
https://doi.org/10.1038/nrn.2016.165
https://doi.org/10.1126/science.aac4690
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4725325
https://doi.org/10.7554/eLife.01936
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4001323
https://doi.org/10.1523/JNEUROSCI.18-12-04588.1998
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6792695
https://doi.org/10.1016/j.neuroscience.2008.07.032
https://doi.org/10.1002/cne.21054
https://doi.org/10.1111/ejn.12359
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3903463
https://doi.org/10.1523/JNEUROSCI.1674-15.2015
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4682788
https://doi.org/10.1002/cne.20354
https://doi.org/10.1007/BF00240955
https://doi.org/10.3389/fnana.2017.00055
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5502286
https://doi.org/10.61373/gp025i.0038


gp.genomicpress.com

Invest. 2018;128(2):774–88. DOI: 10.1172/JCI95795. PMID: 29337309; PMCID:
PMC5785252

184. Bérubé-Carrière N, Riad M, Dal Bo G, Lévesque D, Trudeau LE, Descar-
ries L. The dual dopamine-glutamate phenotype of growing mesencephalic
neurons regresses in mature rat brain. J Comp Neurol. 2009;517(6):873–91.
DOI: 10.1002/cne.22194. PMID: 19844994

185. Root DH, Wang HL, Liu B, Barker DJ, Mód L, Szocsics P, et al. Glutamate neurons
are intermixed with midbrain dopamine neurons in nonhuman primates and
humans. Sci Rep. 2016;6:30615. DOI: 10.1038/srep30615. PMID: 27477243;
PMCID: PMC4967922

186. Yamaguchi T, Qi J, Wang HL, Zhang S, Morales M. Glutamatergic and dopamin-
ergic neurons in the mouse ventral tegmental area. Eur J Neurosci. 2015;41(6):
760–72. DOI: 10.1111/ejn.12818. PMID: 25572002; PMCID: PMC4363208

187. Conrad WS, Oriol L, Kollman GJ, Faget L, Hnasko TS. Proportion and distribution
of neurotransmitter-defined cell types in the ventral tegmental area and sub-
stantia nigra pars compacta. bioRxiv. 2024. DOI: 10.1101/2024.02.28.582356.
PMID: 38464250; PMCID: PMC10925288

188. Poulin JF, Zou J, Drouin-Ouellet J, Kim KY, Cicchetti F, Awatramani RB. Defining
midbrain dopaminergic neuron diversity by single-cell gene expression pro-
filing. Cell Rep. 2014;9(3):930–43. DOI: 10.1016/j.celrep.2014.10.008. PMID:
25437550; PMCID: PMC4251558

189. La Manno G, Gyllborg D, Codeluppi S, Nishimura K, Salto C, Zeisel A, et al. Molec-
ular diversity of midbrain development in mouse, Human, and stem cells. Cell.
2016;167(2):566–80.e19. DOI: 10.1016/j.cell.2016.09.027. PMID: 27716510;
PMCID: PMC5055122

190. Tiklová K, Björklund ÅK, Lahti L, Fiorenzano A, Nolbrant S, Gillberg L, et al.
Single-cell RNA sequencing reveals midbrain dopamine neuron diversity
emerging during mouse brain development. Nat Commun. 2019;10(1):581.
DOI: 10.1038/s41467-019-08453-1. PMID: 30718509; PMCID: PMC6362095

191. Pan P-Y, Ryan TA. Calbindin controls release probability in ventral tegmental
area dopamine neurons. Nat Neurosci. 2012;15:813–5. DOI: 10.1038/nn.3099.
PMID: 22544312; PMCID: PMC3703651

192. Evans RC. Dendritic involvement in inhibition and disinhibition of vulnerable
dopaminergic neurons in healthy and pathological conditions. Neurobiol Dis.
2022;172:105815. DOI: 10.1016/j.nbd.2022.105815. PMID: 35820645; PMCID:
PMC9851599

193. Haber SN, Ryoo H, Cox C, Lu W. Subsets of midbrain dopaminergic neurons
in monkeys are distinguished by different levels of mRNA for the dopamine
transporter: comparison with the mRNA for the D2 receptor, tyrosine hydroxy-
lase and calbindin immunoreactivity. J Comp Neurol. 1995;362(3):400–10. DOI:
10.1002/cne.903620308. PMID: 8576447

194. Poulin JF, Gaertner Z, Moreno-Ramos OA, Awatramani R. Classification of
midbrain dopamine neurons using single-cell gene expression profiling
approaches. Trends Neurosci. 2020;43(3):155–69. DOI: 10.1016/j.tins.2020.
01.004. PMID: 32101709; PMCID: PMC7285906

195. Williams SM, Goldman-Rakic PS. Widespread origin of the primate mesofrontal
dopamine system. Cereb Cortex. 1998;8(4):321–45. DOI: 10.1093/cercor/8.4.
321. PMID: 9651129

196. Gaspar P, Heizmann CW, Kaas JH. Calbindin D-28K in the dopaminergic meso-
cortical projection of a monkey (Aotus trivirgatus). Brain Res. 1993;603(1):
166–72. DOI: 10.1016/0006-8993(93)91317-l. PMID: 8095839

197. Gaspar P, Stepneiwska I, Kaas JH. Topography and collateralization of the
dopaminergic projections to motor and lateral prefrontal cortex in owl mon-
keys. J Comp Neurol. 1992;325:1–21. DOI: 10.1002/cne.903250102. PMID:
1362430

198. Plant TM, Terasawa Ei, Witchel SF. Puberty in non-human primates and man.
Physiological Control Systems and Governing Gonadal Function. 4th Edition;
2015, 1487–536.

199. Morgan DG, Finch CE. Dopaminergic changes in the basal ganglia. A general-
ized phenomenon of aging in mammals. Ann N Y Acad Sci. 1988;515:145–60.
DOI: 10.1111/j.1749-6632.1988.tb32978.x. PMID: 3364883

200. Fortin GM, Bourque MJ, Mendez JA, Leo D, Nordenankar K, Birgner C, et al. Glu-
tamate corelease promotes growth and survival of midbrain dopamine neu-
rons. J Neurosci. 2012;32(48):17477–91. DOI: 10.1523/JNEUROSCI.1939-12.
2012. PMID: 23197738; PMCID: PMC6621856

201. Fremeau RT Jr., Troyer MD, Pahner I, Nygaard GO, Tran CH, Reimer RJ, et al.
The expression of vesicular glutamate transporters defines two classes of ex-
citatory synapse. Neuron. 2001;31(2):247–60. DOI: 10.1016/s0896-6273(01)
00344-0. PMID: 11502256

202. Hnasko TS, Chuhma N, Zhang H, Goh GY, Sulzer D, Palmiter RD, et al. Vesicular
glutamate transport promotes dopamine storage and glutamate corelease in
vivo. Neuron. 2010;65(5):643–56. DOI: 10.1016/j.neuron.2010.02.012. PMID:
20223200; PMCID: PMC2846457

203. Justice NJ, Yuan ZF, Sawchenko PE, Vale W. Type 1 corticotropin-releasing
factor receptor expression reported in BAC transgenic mice: implications for
reconciling ligand-receptor mismatch in the central corticotropin-releasing
factor system. J Comp Neurol. 2008;511(4):479–96. DOI: 10.1002/cne.21848.
PMID: 18853426; PMCID: PMC2597626

204. Wise RA, Morales M. A ventral tegmental CRF-glutamate-dopamine interac-
tion in addiction. Brain Res. 2010;1314:38–43. DOI: 10.1016/j.brainres.2009.
09.101. PMID: 19800323; PMCID: PMC2819620

205. Heymann G, Jo YS, Reichard KL, McFarland N, Chavkin C, Palmiter RD, et al. Syn-
ergy of distinct dopamine projection populations in behavioral reinforcement.
Neuron. 2020;105(5):909–20.e5. DOI: 10.1016/j.neuron.2019.11.024. PMID:
31879163; PMCID: PMC7060117

206. Sharpe AL, Trzeciak M, Eliason NL, Blankenship HE, Byrd BAM, Douglas PD, et al.
Repeated cocaine or methamphetamine treatment alters astrocytic CRF2 and
GLAST expression in the ventral midbrain. Addict Biol. 2022;27(2):e13120. DOI:
10.1111/adb.13120. PMID: 34825430; PMCID: PMC9872560

207. Zoli M, Torri C, Ferrari R, Jansson A, Zini I, Fuxe K, et al. The emergence of the
volume transmission concept. Brain Res Brain Res Rev. 1998;26(2-3):136–47.
DOI: 10.1016/s0165-0173(97)00048-9. PMID: 9651506

208. Jiang Z, Rajamanickam S, Justice NJ. Local corticotropin-releasing factor sig-
naling in the hypothalamic paraventricular nucleus. J Neurosci. 2018;38(8):
1874–90. DOI: 10.1523/JNEUROSCI.1492-17.2017. PMID: 29352046; PMCID:
PMC5824736

209. Hökfelt T. Neuropeptides in perspective: the last ten years. Neuron. 1991;
7(6):867–79. DOI: 10.1016/0896-6273(91)90333-u. PMID: 1684901

210. van den Pol AN. Neuropeptide transmission in brain circuits. Neuron. 2012;
76(1):98–115. DOI: 10.1016/j.neuron.2012.09.014. PMID: 23040809; PMCID:
PMC3918222

211. Ferré S. Hormones and neuropeptide receptor heteromers in the ventral
tegmental area. Targets for the treatment of loss of control of food in-
take and substance use disorders. Curr Treat Options Psychiatry. 2017;
4(2):167–83. DOI: 10.1007/s40501-017-0109-x. PMID: 28580231; PMCID:
PMC5432584

212. Chen Y, Kramár EA, Chen LY, Babayan AH, Andres AL, Gall CM, et al. Impairment
of synaptic plasticity by the stress mediator CRH involves selective destruction
of thin dendritic spines via RhoA signaling. Mol Psychiatry. 2013;18(4):485–96.
DOI: 10.1038/mp.2012.17. PMID: 22411227; PMCID: PMC3440527

213. Gounko NV, Swinny JD, Kalicharan D, Jafari S, Corteen N, Seifi M, et al.
Corticotropin-releasing factor and urocortin regulate spine and synapse for-
mation: structural basis for stress-induced neuronal remodeling and pathol-
ogy. Mol Psychiatry. 2013;18(1):86–92. DOI: 10.1038/mp.2012.43. PMID:
22547117

214. Vandael D, Wierda K, Vints K, Baatsen P, De Groef L, Moons L, et al.
Corticotropin-releasing factor induces functional and structural synaptic re-
modelling in acute stress. Transl Psychiatry. 2021;11(1):378. DOI: 10.1038/
s41398-021-01497-2. PMID: 34234103; PMCID: PMC8263770

215. Curran MM, Sandman CA, Poggi Davis E, Glynn LM, Baram TZ. Abnormal den-
dritic maturation of developing cortical neurons exposed to corticotropin re-
leasing hormone (CRH): insights into effects of prenatal adversity? PLoS One.
2017;12(6):e0180311. DOI: 10.1371/journal.pone.0180311. PMID: 28658297;
PMCID: PMC5489219

Publisher’s note: Genomic Press maintains a position of impartiality and neutrality
regarding territorial assertions represented in published materials and affiliations
of institutional nature. As such, we will use the affiliations provided by the authors,
without editing them. Such use simply reflects what the authors submitted to us and
it does not indicate that Genomic Press supports any type of territorial assertions.

Open Access. This article is licensed to Genomic Press under the Cre-
ative Commons Attribution-NonCommercial-NoDerivatives 4.0 Inter-

national License (CC BY-NC-ND 4.0). The license mandates: (1) Attribution: Credit
must be given to the original work, with a link to the license and notification of any
changes. The acknowledgment should not imply licensor endorsement. (2) NonCom-
mercial: The material cannot be used for commercial purposes. (3) NoDerivatives:
Modified versions of the work cannot be distributed. (4) No additional legal or tech-
nological restrictions may be applied beyond those stipulated in the license. Public
domain materials or those covered by statutory exceptions are exempt from these
terms. This license does not cover all potential rights, such as publicity or privacy
rights, which may restrict material use. Third-party content in this article falls un-
der the article’s Creative Commons license unless otherwise stated. If use exceeds
the license scope or statutory regulation, permission must be obtained from the
copyright holder. For complete license details, visit https://creativecommons.org/
licenses/by-nc-nd/4.0/. The license is provided without warranties.

Thought Leaders Invited Review
Fudge et al.

https://doi.org/10.61373/gp025i.0038
16 of 16

GENOMIC PSYCHIATRY
Genomic Press

D
ow

nloaded from
 https://prim

e-pdf-w
aterm

ark.prim
e-prod.pubfactory.com

/ at 2025-05-13 via O
pen Access. C

C
 BY-N

C
-N

D
 4.0. https://creativecom

m
ons.org/licenses/by-nc-nd/4.0/

https://gp.genomicpress.com
https://doi.org/10.1172/JCI95795
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5785252
https://doi.org/10.1002/cne.22194
https://doi.org/10.1038/srep30615
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4967922
https://doi.org/10.1111/ejn.12818
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4363208
https://doi.org/10.1101/2024.02.28.582356
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10925288
https://doi.org/10.1016/j.celrep.2014.10.008
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4251558
https://doi.org/10.1016/j.cell.2016.09.027
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5055122
https://doi.org/10.1038/s41467-019-08453-1
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6362095
https://doi.org/10.1038/nn.3099
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3703651
https://doi.org/10.1016/j.nbd.2022.105815
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9851599
https://doi.org/10.1002/cne.903620308
https://doi.org/10.1016/j.tins.2020.01.004
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7285906
https://doi.org/10.1093/cercor/8.4.321
https://doi.org/10.1016/0006-8993(93)91317-l
https://doi.org/10.1002/cne.903250102
https://doi.org/10.1111/j.1749-6632.1988.tb32978.x
https://doi.org/10.1523/JNEUROSCI.1939-12.2012
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6621856
https://doi.org/10.1016/s0896-6273(01)00344-0
https://doi.org/10.1016/j.neuron.2010.02.012
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2846457
https://doi.org/10.1002/cne.21848
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2597626
https://doi.org/10.1016/j.brainres.2009.09.101
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2819620
https://doi.org/10.1016/j.neuron.2019.11.024
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7060117
https://doi.org/10.1111/adb.13120
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9872560
https://doi.org/10.1016/s0165-0173(97)00048-9
https://doi.org/10.1523/JNEUROSCI.1492-17.2017
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5824736
https://doi.org/10.1016/0896-6273(91)90333-u
https://doi.org/10.1016/j.neuron.2012.09.014
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3918222
https://doi.org/10.1007/s40501-017-0109-x
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5432584
https://doi.org/10.1038/mp.2012.17
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3440527
https://doi.org/10.1038/mp.2012.43
https://doi.org/10.1038/s41398-021-01497-2
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8263770
https://doi.org/10.1371/journal.pone.0180311
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5489219
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.61373/gp025i.0038

