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Abstract
The human anterior cingulate and frontoinsular cortices are distinguished by 2 unique Layer 5 neuronal morphotypes, the
von Economo neurons (VENs) and fork cells, whose biological identity remains mysterious. Insights could impact research
on diverse neuropsychiatric diseases to which these cells have been linked. Here, we leveraged the Allen Brain Atlas to
evaluate mRNA expression of 176 neurotransmitter-related genes and identified vesicular monoamine transporter 2
(VMAT2), gamma-aminobutyric acid (GABA) receptor subunit θ (GABRQ), and adrenoreceptor α-1A (ADRA1A) expression in
human VENs, fork cells, and a minority of neighboring Layer 5 neurons. We confirmed these results using
immunohistochemistry or in situ hybridization. VMAT2 and GABRQ expression was absent in mouse cerebral cortex.
Although VMAT2 is known to package monoamines into synaptic vesicles, in VENs and fork cells its expression occurs in
the absence of monoamine-synthesizing enzymes or reuptake transporters. Thus, VENs and fork cells may possess a novel,
uncharacterized mode of cortical monoaminergic function that distinguishes them from most other mammalian Layer 5
neurons.
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Introduction
The anterior cingulate (ACC) and frontoinsular (FI) cortices
represent key hubs within a large-scale network involved in
social-emotional and autonomic functions (Seeley et al. 2007;
Jones et al. 2010; Craig 2011). In humans, these regions house
an atypical population of Layer 5b projection neurons, the von
Economo neurons (VENs), distinguished from neighboring pyr-
amidal neurons by their large spindle-shaped perikarya and
thick basal and apical dendrites (von Economo 1926). In FI, VENs
are often positioned alongside fork cells, a companion popula-
tion also characterized by a single large basal dendrite and, in
contrast to VENs, a divided apical dendrite (Ngowyang 1936;
Seeley et al. 2012). VENs have been identified in humans, great

apes, and macaques (Nimchinsky et al. 1999; Allman et al. 2010;
Evrard et al. 2012) as well as in distantly related mammals such
as cetaceans (Butti et al. 2009), perissodactyls (Raghanti et al.
2014), and elephants (Hakeem et al. 2009). VEN and fork cell func-
tions remain unknown, but the topographic restriction of human
VENs and fork cells to ACC and FI suggests involvement in
sophisticated social-emotional-autonomic functions (Seeley
2008). Supporting this hypothesis, VENs represent an early target
in the behavioral variant of frontotemporal dementia (bvFTD), a
neurodegenerative disorder that slowly erodes social behavior
and personal conduct (Seeley et al. 2006; Kim et al. 2012; Santillo
and Englund 2014). VEN abnormalities have also been linked to
other conditions characterized by social-emotional deficits, such
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as autism (Santos et al. 2011), suicidal psychosis (Brune et al.
2011), agenesis of the corpus callosum (Kaufman et al. 2008), and
schizophrenia (Brune et al. 2010). For these reasons, understand-
ing basic VEN and fork cell biology is an important priority for
understanding normal and disordered human behavior.

Efforts to determine the VEN molecular profile have thus far
consisted of candidate-based studies, mainly using immuno-
histochemistry. VENs are rich in nonphosphorylated neurofila-
ment (Nimchinsky et al. 1995; Evrard et al. 2012), and some
data suggest that VENs are immunopositive for a range of pro-
teins associated with psychiatric disorders, such as DISC1
(Allman et al. 2010; Evrard et al. 2012), serotonin receptor 2B
(HTR2B) (Allman et al. 2005; Evrard et al. 2012), and dopamine
receptor D3 (DRD3) (Allman et al. 2005; Evrard et al. 2012). VENs
also express FEZF2 and CTIP2 (Cobos and Seeley 2013), tran-
scription factors that regulate the fate and differentiation of
subcerebral projection neurons (Chen et al. 2008). VEN connec-
tions in humans remain unknown and difficult to study, but
preliminary evidence suggests that macaque FI VEN projections
include ipsilateral midinsula and contralateral FI (Evrard et al.
2012), implying that VENs may have diverse cortical and sub-
cerebral targets (Cobos and Seeley 2013).

To further explore the biochemical phenotype of VENs and
fork cells, we adopted a hypothesis-independent approach by
leveraging the Allen Brain Atlas (ABA), an online public data
resource that integrates extensive gene expression and neuro-
anatomical data (Hawrylycz et al. 2012). To date, the ABA has
provided in situ hybridization (ISH) expression data from 4
neurologically normal subjects of 176 neurotransmitter-related
genes across 17–24 brain regions, including ACC and FI. Review
of these data uncovered 3 novel VEN and fork cell mRNA
markers: vesicular monoamine transporter 2 (VMAT2), gamma-
aminobutyric acid (GABA) receptor subunit θ (GABRQ), and adre-
noreceptor α-1A (ADRA1A). VMAT2 in VENs and fork cells is not
accompanied by monoamine and GABA-synthesizing enzymes
or monoamine reuptake transporters, suggesting a new, previ-
ously undescribed monoaminergic phenotype among these
select cortical projection neurons.

Materials and Methods
ABA ISH Data Mining Approach

Human Subject, Block, and Probe Selection
The ABA is a standardized atlas of gene expression visualized
by ISH (© 2015 Allen Institute for Brain Science. Allen Human
Brain Atlas [Internet]. Available from: http://human.brain-map.
org/) (Hawrylycz et al. 2012). The ABA human neurotransmitter
study utilized frozen tissue blocks from 4 control subjects, aged
28–57 years, with 17–24 anatomical structures from one cere-
bral hemisphere available per donor. Staining for most genes is
visualized in multiple sections throughout each tissue block,
and every approximately 20th section is Nissl stained with
thionin to provide anatomical context for nearby ISH-treated
sections. From this ABA study, regions marked “cingulate cor-
tex” (ACC) and “claustrum/insula” (FI) were selected for ana-
lysis. The ability to detect VENs and fork cells, which depends
on regional position and plane of section, was determined in
the Nissl-stained sections. Two blocks per region were selected
as those with the highest VEN and fork cell densities: 112 913
273 (donor H0351.1010; sections 1–276) and 121 133 933 (donor
H0351.1009; sections 1–848) for ACC; and 113 817 898 (donor
H0351.1016; sections 448–1048) and 1 25 512 939 (donor H0351.1012;
sections 448–1048) for FI (Figure S1).

Section Rating and Categorization
VEN-containing regions in ACC and FI were determined based
on the Nissl-stained reference sections. ISH patterns within
VEN-containing regions were assessed within each block
(details in Figure S1). In brief, rating was initially based on gen-
eral staining appearance: 1) strong cytoplasmic staining; 2)
weak cytoplasmic or nuclear-only staining (precluding neur-
onal morphotype determination), or 3) absent staining. Positive
staining was then assessed by location: 1) Layer 5 predominant;
2) Layer 5 and other layers; or 3) non-Layer 5. If the ISH pattern
was strong, cytoplasmic, and present in Layer 5, then the pres-
ence of VENs and/or fork cells was evaluated (Figure S2) accord-
ing to previous guidelines (Kim et al. 2012). Three markers
showed Layer 5-predominant staining that prominently
included VENs and/or fork cells: VMAT2, GABRQ, and ADRA1A.

VMAT2, GABRQ, and ADRA1A mRNA Expression Across Regions
and Species
The presence of VMAT2, GABRQ, and ADRA1A expression was
assessed in other publicly available ABA databases. In the
BrainSpan Atlas of the Developing Human Brain (© 2015 Allen
Institute for Brain Science. BrainSpan Atlas of the Developing
Human Brain [Internet], available from: http://brainspan.org/)
(Miller et al. 2014), ADRA1A ISH is also available for the insular
cortex/putamen in 3-, 5-, and 8-month-old subjects and in 8-,
13-, and 17-year-old subjects. All 3 markers are available in
multiple coronally or sagittally sectioned brains in the ABA’s
extensive mouse ISH data set (© 2015 Allen Institute for Brain
Science, Allen Mouse Brain Atlas [Internet]. Available from:
http://mouse.brain-map.org/) (Lein et al. 2007). Finally, an ISH
atlas for rhesus macaques (© 2015 Allen Institute for Brain
Science. NIH Blueprint Non-Human Primate (NHP) Atlas
[Internet], available from: http://www.blueprintnhpatlas.org/)
currently includes ADRA1A data in a “ventral striatum” block
that also contains parts of the subgenual ACC and FI.

The specificity of the ABA ISH probes was assessed using a
BLAST search (http://blast.ncbi.nlm.nih.gov/Blast.cgi). The ABA
ISH sequences for VMAT2, GABRQ, and ADRA1A show no sig-
nificant overlap with other human transcripts.

Validation and Follow-Up Studies

Case Materials
Archival tissue was obtained from the University of California,
San Francisco Neurodegenerative Disease Brain Bank (UCSF
NDBB). Four control subjects without significant cognitive
impairment and having only age-related incidental neuro-
pathological findings were selected for validation of VMAT2
and GABRQ expression using immunohistochemistry.
Demographic and pathological details for each donor are pro-
vided in Table S1. All brains were freshly cut into coronal slabs
that were alternately fixed in 10% neutral buffered formalin or
rapidly frozen. After 72 h in formalin, fixed slabs were trans-
ferred to phosphate-buffered saline with 0.02% sodium azide
(PBS-Az) until dissection into standard tissue blocks. ACC and
FI tissue blocks were immersed in graded sucrose solutions,
frozen, and cut into 50-µm-thick sections for free-floating
immunohistochemistry. Blocks containing the tuberomammi-
lary nucleus (TMN), substantia nigra (SN), dorsal or median
raphe nucleus, and locus ceruleus (LC) were similarly sec-
tioned and used as positive controls for histamine-, dopamine-,
serotonin-, and noradrenaline-related markers. To perform a
more comprehensive regional survey, we performed VMAT2
and GABRQ immunohistochemistry using 8-µm-thick sections
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from 23 standard diagnostic paraffin-embedded fixed tissue
blocks, encompassing samples from 52 distinct brain regions
(see Table S3).

For ISH, we used 20-µm-thick frozen sections cut from ACC
and FI blocks obtained from 2 control subjects from the NICHD
Brain and Tissue Bank for Developmental Disorders, University
of Maryland, Baltimore. Sections cut from the left hemi-
brainstem of one control subject obtained from Oregon Health
& Science University were used as positive controls for
reuptake transporter ISH experiments.

Donors or their surrogates provided informed consent to
undergo autopsy and brain donation. The UCSF Committee on
Human Research and local institutional review boards at con-
tributing brain banks approved all procedures used in the
study.

Validation of VMAT2 and GABRQ using Immunohistochemistry
Free-floating 50-μm-thick ACC and FI sections were washed
well (6 × 10min) in PBS, and heat-induced (80 °C) antigen
retrieval was performed in TRIS buffer at pH 9.0 for 2 h. After
washing with PBS (3 × 10min), sections were incubated in 0.3%
H2O2 diluted in PBS-Az for 30min to block endogenous peroxid-
ase activity. Next, sections were washed and incubated in 10%
normal serum in PBS with 0.25% Triton X (PBT) for 1 h, then in
primary antibody (GABRQ 1:750, HPA002063, Sigma-Aldrich;
VMAT2 1:1000, AB1598P, EMD Millipore) in PBT for 2 nights at
4 °C. After washing, sections were incubated with biotinylated
secondary antibody (BA-1000, Vector Laboratories; 1:500 in PBT,
1 h), washed, then incubated with avidin–biotin–peroxidase
complexes (ABC, PK-6100, Vector Laboratories, 1:500 each in
PBT). After washing, immunostaining was visualized with
chromogen 3,3’-diaminobenzidine (DAB); sections were coun-
terstained with hematoxylin (SH26-500D; Fisher Scientific),
dehydrated, and coverslipped. Negative controls for each pri-
mary antibody were included by omitting the primary antibody,
and showed no immunoreactivity.

Paraffin sections were deparaffinized in xylene for 15min,
washed in 100% and 95% ethanol, and incubated in 3% H2O2

diluted in methanol for 30min. Next, heat-induced (121 °C auto-
clave) antigen retrieval was performed in TRIS buffer, pH 9.0, for
5min. Sections were washed and incubated in 5% nonfat dry
milk diluted in PBS for 30min followed by incubation with pri-
mary antibody in 5% milk/PBS (VMAT2: 1:500; GABRQ; 1:250)
overnight at room temperature. The next day, the sections were
washed in PBS (3 × 5min) incubated for 30min with secondary
antibody diluted 1:200 in PBS, washed, and then incubated 30
min with ABC diluted 1:200 in PBS. After washing, slides were
developed in DAB, counterstained, and coverslipped as above.

The precise epitopes recognized by the VMAT2 and GABRQ
polyclonal antibodies are unknown, but a BLAST search on the
antigen sequences yielded no other significant hits. Additional
validation information for each antibody is provided here.

The specificity of the VMAT2 primary antibody (AB1598P,
EMD Millipore) was previously assessed on western blot and
immunohistochemistry by preabsorption of the VMAT2 anti-
body with the peptide antigen used for antibody production ([C]
SYPIGDDEESESD) (Liu et al. 1994; Nirenberg et al. 1995; Peter
et al. 1995). The specificity has been confirmed by substitution
of the primary antibody with nonimmune serum or by
preabsorption of the primary antibody with the peptide antigen
in rat (Kourtesis et al. 2015). Expression of VMAT2 is present in
monoaminergic structures, such as the LC, SN, raphe nucleus,
and TMN (Erickson et al. 1996). Our regional survey of VMAT

expression throughout the human brain showed a subcortical
and brainstem localization strongly convergent with that
reported in the literature.

The antibody against GABRQ (HPA002063, Sigma-Aldrich)
was previously validated as part of the Human Protein Atlas.
Antibody specificity was shown by antigen microarray based
on the interaction with 384 different antigens including its own
target. GABRQ showed only a single peak corresponding to
interaction only with its own antigen. Upon western blotting,
the antiserum for GABRQ stains a single band of approximately
70 kD molecular weight on western blot (manufacturer’s tech-
nical information), and has a predicted molecular weight of
72 kD. To our knowledge, no specificity was tested using anti-
sera. Our regional survey shows that the expression of GABRQ
is observed in structures that have been shown to express
GABRQ in rodents, such as the LC, raphe nucleus, and periaqui-
ductal gray (Sinkkonen et al. 2000; Moragues et al. 2002; Pape
et al. 2009; Masocha 2015).

Each of our experiments included a brainstem section as a
positive control. For VMAT2 we used the SN, whereas for
GABRQ we used the dorsal raphe nucleus.

Quantification of VMAT2- and GABRQ-Expressing Neurons
The photomicrographs available on the ABA do not lend them-
selves to rigorous quantification of the proportion of ISH-positive
neurons because the ISH sections are not counterstained and the
nearest Nissl-stained sections may not be sufficiently close to
the ISH sections to provide a meaningful denominator. We
therefore quantified VMAT2 and GABRQ expression across cell
types in 50-μm-thick immunostained sections that were Nissl
counterstained with hematoxylin.

The proportion of VENs, fork cells, and neighboring neu-
rons immunopositive for VMAT2 or GABRQ was assessed in
virtual (i.e., digital) sections created from VMAT2- and
GABRQ-immunostained sections in 4 controls. For each sec-
tion, Layer 5 of the FI was traced in StereoInvestigator V11.0.3
(MicroBrightField, Inc). The tracing was exported into ZEN
software (Zeiss). Montaged digital, high magnification (×63,
1.4 NA objective) image stacks (z-stack interval: 0.4 µm) of the
entire FI Layer 5 were acquired using an AxioObserver Z1
microscope equipped with a motorized x, y, z stage and an
ICC1 camera (Zeiss). Stitched montages were initially saved as
CZI images, exported as TIFF images, and converted to virtual
JPX slides for viewing in StereoInvestigator using a virtual ×40
objective. The total number of VMAT2- or GABRQ-positive and
-negative VENs, fork cells, and neighboring Layer 5 neurons
with pyramidal morphology was then counted using the
optical fractionator probe in StereoInvestigator software to
obtain the percentage of immunopositive neurons in each popu-
lation (West 2002). All slides were counted by a single examiner
(A.N.L.) trained to recognize VENs and fork cells following proce-
dures described in our previous work (Kim et al. 2012).

Validation of ADRA1A Expression Using ISH
Due to a lack of specific antibodies to the ADRA1A receptor,
some ABA ADRA1A findings were validated in-house using ISH
(ViewRNA ISH Tissue 1-Plex Assays; Affymetrix, as per the
manufacturer’s instructions). Probes were specific to the
sequence regions spanning nucleotides 546–1504 for ADRA1A
(catalog #VA1-10215) or 63–1177 for the housekeeping gene
GAPDH (#VA1-10119). Briefly, fresh frozen ACC and FI tissue
blocks (2 donors) and brainstem positive control blocks (one
donor) were cut into 20-µm-thick sections on a cryostat;
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sections were fixed for 16–18 h in 10% neutral buffered forma-
lin, pretreated with 1 h of 60 °C heat and then exposed to 10
min of proteinase K (50 µg/µL) prior to hybridization with the
target oligonucleotide probes. Preamplifier, amplifier, and alka-
line phosphatase-labeled oligonucleotides were then hybri-
dized sequentially at 40 °C, followed by 30min of chromogenic
precipitate development with Fast Red. Each sample was
quality-controlled for RNA integrity with a ViewRNA probe spe-
cific to GAPDH RNA, and each target probe was quality-
controlled for positive staining signal with brainstem sections
including LC, raphe nuclei, and SN. Specific RNA staining signal
was identified as red puncta. To visualize the spatial distribu-
tion and morphology of VENs and fork cells, samples were
counterstained post-ISH with gallocyanin.

Follow-Up: Absence of Monoamine-Synthesizing Enzymes and
Reuptake Transporters in VENs and Fork Cells
The presence of synthesizing enzymes and reuptake transpor-
ters for dopamine, noradrenaline, serotonin, and histamine in
ACC and FI sections was examined using immunohistochemis-
try. The rate-limiting enzyme for dopamine and noradrenaline
synthesis is tyrosine hydroxylase (TH; antibody PA1-4605,
Thermo Scientific). Serotonin synthesis involves tryptophan
hydroxylases 1 and 2 (TPH1 and TPH2); we used a PH8 antibody
(MAB5278, Chemicon) to detect these enzymes in fixed tissue.
Histamine is synthesized by histidine decarboxylase (HDC;
antibody 03-16045, American Research Products). Amino-acid
decarboxylase (AADC; antibody D0180, Sigma-Aldrich) catalyzes
the conversion of multiple aromatic L-amino acids into neuro-
transmitters including dopamine, serotonin, and histamine.
The presence of monoamine reuptake transporters was
explored with antibodies to dopamine (dopamine reuptake
transporter [DAT]; AB5990, Abcam), noradrenaline (noradren-
aline reuptake transporter [NET]; NET17-1; MAb Technologies),
and serotonin (serotonin reuptake transporter [SERT]; sc-1458,
Santa Cruz Biotechnology, Inc.) reuptake transporters.
Involvement of GABA was tested by immunostaining for GABA-
synthesizing enzymes glutamic acid decarboxylase 1 (GAD1)
and glutamic acid decarboxylase 2 (GAD2) (GAD1/2; AB1511,
Millipore), and aldehyde dehydroxylase 1a1 (ALDH1A1;
ab52492, Abcam). Free-floating 50-μm sections of ACC, FI, and
positive control tissues (AADC, DAT, and TH: SN; NET: LC;
SERT, and PH8: dorsal raphe nuclei in the upper pons at the
level of the LC; HDC: TMN; ALDH1A1 and GAD1/2: cerebral cor-
tex) were used for immunohistochemistry as described above.
Briefly, heat-induced (80 °C) antigen retrieval was performed in
citrate buffer pH 6.0 (TH, PH8, SERT, ALDH1A1) or TRIS buffer
pH 9.0 (AADC, DAT, NET, HDC, GAD1/2). Sections were incu-
bated in 5% nonfat dry milk (PH8, TH, SERT, GAD1/2, ALDH1A1)
or 5% normal goat (HDC, DAT) or horse (AADC, NET) serum in
PBT. Next, we incubated the sections with primary antibody for
2 nights at 4 °C (AADC: 1:30 000; TH: 1:500; PH8: 1:6000; HDC:
1:9000; ALDH1A1: 1:500; GAD1/2: 1:2000; DAT: 1:100; SERT:
1:10 000 and NET: 1:1500). Sections were incubated for 1 h with
biotinylated secondary antibody (TH, HDC, ALDH1A1, GAD1/2
BA-1000; AADC, PH8, NET BA-2000; DAT BA-9400; SERT BA-
9500; Vector Laboratories) diluted 1:500 in PBT and for 1 h with
ABC (1:500 each in PBT). DAB and counterstaining procedures
were as described above. Negative controls for each primary
antibody were included by omitting the primary antibody and
showed no immunoreactivity.

Because it is possible that DAT, NET, and SERT protein are
locally synthesized in VEN and fork cell distal dendrites, a

proximal somatodendritic signal was needed to rule out the
possibility of distal monoamine transporter expression by VENs
and fork cells. Therefore, we performed ISH as described above
using probes for SERT (nucleotides 1585–2750, #VA1-17005), DAT
(801–2899, #VA1-17004), and NET (801–2899, #VA-17003).

Results
VENs and Fork Cells Express VMAT2, GABRQ, and
ADRA1A

At the time of this study, the ABA offered human ISH data sets
for 176 genes in ACC- or FI-containing sections. Our overall
strategy for review of these data is shown in Figure S1 (also see
Materials and Methods). In brief, we visually examined over
2000 relevant ISH sections and rated each ISH data set to char-
acterize the intensity, localization, and distribution of hybrid-
ization signal (Figure S2). With this approach, we identified 38
genes expressed in VENs and/or fork cells (Table 1). VGLUT1
expression in VENs and fork cells unambiguously confirmed
the glutamatergic nature of these cells, as suggested in a previ-
ous study (Evrard et al. 2012). ISH for genes coding for HTR2B
and DRD3 (Allman et al. 2005; Evrard et al. 2012) did not show a
conclusive VEN- or fork cell-like staining pattern because the
staining intensity was too weak to distinguish neuronal mor-
photypes. Three genes—VMAT2, GABRQ, and ADRA1A (Table 1
and Fig. 1)—were expressed predominantly in ACC and FI Layer
5 neurons and conspicuously in VENs and fork cells. A com-
plete listing of genes and ratings in VEN- and fork cell-
containing structures is provided in Table S2.

VMAT2 and GABRQ Expression Is Present in Other
Human Cortical Areas But Absent in Mouse Cerebral
Cortex

Having identified VMAT2, GABRQ, and ADRA1A mRNA expression
in VENs and fork cells, we sought to determine the human brain-
wide distribution of neurons expressing these markers. ISH stud-
ies of VMAT2, GABRQ, and ADRA1A are available in the ABA for
regions in the frontal, temporal, occipital, and parieto-occipital
lobes in 4 adult human controls. In addition, GABRQ is available
for adult human hippocampus and striatum. In the human
developmental atlas, ADRA1A is available for the FI and puta-
men. Reviewing these studies, we observed scarce VMAT2 and
GABRQ expression in frontal and temporal cortices, with 0–10
positive Layer 5 neurons per section. While no GABRQ expression
was observed in primary visual cortex, variable GABRQ expres-
sion was noted across subjects in the hippocampal granule cell
layer and CA3, as well as parieto-occipital cortex. ADRA1A expres-
sion was present in all cortical layers in blocks from parieto-
occipital, temporal, and visual cortices, with the most prominent
expression in Layers 2 and 5. In the ABA human developmental
atlas, Layer 5 cortical neurons were ADRA1A positive in FI of the
8-, 13-, and 17-year-old donors, but it was not possible to deter-
mine specific neuronal morphologies. No ADRA1A staining was
observed in the 3-, 5-, and 8-month-old donors. Overall, VMAT2
appeared to be more selectively expressed in FI and ACC com-
pared with GABRQ, considering the variable GABRQ expression
observed in parieto-occipital cortex. ADRA1A is expressed in
Layer 2 and 5 neurons throughout the cerebral cortex.

The mouse brain contains cortical regions that are in many
ways homologous to human ACC and FI. The nearest mouse
homologs for human ACC are infralimbic (IL), prelimbic (PL),
and anterior cingulate area (ACA) cortices (Vogt and Paxinos
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2014). For human FI, ventral agranular insula (AIv) and dorsal
agranular insula (AId) of the mouse pertain (Nieuwenhuys 2012).
Despite these homologies, mice lack neuronal morphotypes
resembling VENs or fork cells (Nimchinsky et al. 1999). We ques-
tioned whether mice might nevertheless harbor a population of
Layer 5 neurons expressing VMAT2, GABRQ, and/or ADRA1A.
Relevant data from the ABA mouse ISH database are shown in
Figure 2. VMAT2 expression was observed in areas including the
lateral septal nucleus and monoaminergic nuclei. GABRQ expres-
sion was detected in the bed nucleus of the stria terminalis,
hypothalamus, amygdala, and several brainstem structures. In
contrast to the human brain ABA findings, no VMAT2 or GABRQ
staining was observed anywhere throughout the mouse cerebral
cortex, including the ACC and FI homologs (Fig. 2). As in
humans, mouse ADRA1A showed a more widespread pattern,
with expression in regionally distributed Layer 5 cortical neurons
and in structures such as the hippocampus, hypothalamus,
olfactory bulb, and several brainstem nuclei (Fig. 2).

Recently, macaque monkeys were added to the list of spe-
cies in which ACC and FI VENs and fork cells can be identified
(Evrard et al. 2012). In the ABA rhesus macaque data set, Layer
5 neurons in the insular and subgenual ACC showed expression
of ADRA1A, but VENs and fork cells could not be distinguished
due to insufficient staining intensity. To date, no ISH has been
performed for VMAT2 or GABRQ in the macaque.

VMAT2, GABRQ, and ADRA1A Protein Is Expressed in
VENs, Fork Cells and a Subset of Neighboring Layer 5
Neurons with Pyramidal Morphology

To validate the human ABA ISH findings and estimate the pro-
portion of VENs and fork cells expressing the protein product of
the mRNA markers, we performed immunohistochemistry for
VMAT2 and GABRQ in human postmortem brain. VENs and
fork cells in the ACC and FI were strongly immunopositive for
VMAT2 (Fig. 3, Figure S3) and GABRQ (Fig. 4, Figure S3). In

Table 1 Overview of positive ISH findings in VENs and fork cells in the ACC and FI

Gene symbol Gene name VENs and Layer
5 predominant

VENs and other
layers

ACC FI ACC FI

VMAT2 (SLC18A2) Vesicular monoamine transporter 2 n/c ✓

GABRQ GABA-A receptor, theta ✓ ✓

ADRA1A Adrenoceptor alpha 1 A ✓ ✓

ABAT 4-Aminobutyrate aminotransferase ✓ ✓

CBLN2 Cerebellin 2 precursor ✓ ✓

CHRM1 Cholinergic receptor, muscarinic 1 ✓* ✓

CHRM4 Cholinergic receptor, muscarinic 4 n/a ✓

CHRNA4 Cholinergic receptor, nicotinic, alpha 4 (neuronal) ✓ n/c
CNR1 Cannabinoid receptor 1 (brain) n/c ✓*
CRYM Crystallin, mu ✓ ✓

DLD Dihydrolipoamide dehydrogenase ✓ ✓*
GABBR1 Gamma-aminobutyric acid (GABA) B receptor, 1 ✓ ✓

GABBR2 Gamma-aminobutyric acid (GABA) B receptor, 2 n/c ✓

GABRA5 Gamma-aminobutyric acid (GABA) A receptor, alpha 5 ✓ ✓

GABRB2 Gamma-aminobutyric acid (GABA) A receptor, beta 2 ✓ ✓

GABRB3 Gamma-aminobutyric acid (GABA) A receptor, beta 3 n/c ✓

GABRD Gamma-aminobutyric acid (GABA) A receptor, delta ✓ ✓

GLRB Glycine receptor, beta ✓ ✓*
GLS Glutaminase ✓ ✓*
GOT1 Glutamic-oxaloacetic transaminase 1, soluble ✓ ✓*
GOT2 Glutamic-oxaloacetic transaminase 2, mitochondrial n/c ✓*
GRIA1 Glutamate receptor, ionotropic, AMPA 1 ✓ ✓*
GRIA2 Glutamate receptor, ionotropic, AMPA 2 ✓ n/a
GRIA3 Glutamate receptor, ionotropic, AMPA 3 ✓ n/a
GRIK2 Glutamate receptor, ionotropic, kainate 2 n/c ✓*
GRIN1 Glutamate receptor, ionotropic, N-methyl D-aspartate 1 ✓ ✓*
GRIN2A Glutamate receptor, ionotropic, N-methyl D-aspartate 2 A ✓ ✓*
GRIN2B Glutamate receptor, ionotropic, N-methyl D-aspartate 2B n/c ✓*
GRIN3A Glutamate receptor, ionotropic, N-methyl-D-aspartate 3 A n/c ✓*
HRH3 Histamine receptor H3 n/c ✓

HTR3B 5-hydroxytryptamine (serotonin) receptor 3B, ionotropic ✓ n/a
NEFH Neurofilament, heavy polypeptide ✓ ✓*
NNAT Neuronatin ✓ ✓

SCG2 Secretogranin II ✓ ✓*
VGLUT1 (SLC17A7) Vesicular glutamate transporter 1 ✓ ✓*
SYT2 Synaptotagmin II ✓ n/c
TAC1 Tachykinin, precursor 1 n/c ✓*
VGF VGF nerve growth factor inducible ✓ n/c

Note: ✓ = present in both blocks of one region, ✓* = present in one block of one region, but not available or indeterminate in the other block. n/a = not available: no

data available in the 2 blocks available for each region. n/c = not consistent: blocks showed inconsistent staining patterns between regions or blocks.
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addition, we observed VMAT2 and GABRQ immunopositivity in
a subset of neighboring large Layer 5 neurons with a pyramidal
morphology, in concordance with the human ABA ISH data.
Systematic, unbiased counting in the FI revealed that, on aver-
age, 92% of VENs (range 88–95%) and 84% (range 63–96%) of fork
cells expressed VMAT2 and 82% of VENs (range 78–86%) and
84% of fork cells (range 78–90%) expressed GABRQ. In contrast,
28% (range 19–35%) of Layer 5 pyramidal-shaped neurons were
immunopositive for VMAT2 and 35% (range 27–44) for GABRQ.

To survey VMAT2 and GABRQ expression throughout the
human brain, we studied a wide range of brain regions, including
cortical, subcortical, limbic, diencephalic, brainstem, and spinal
cord regions. This approach revealed only scattered VMAT2- and
GABRQ-positive Layer 5 neurons in other cortical regions, includ-
ing the frontal pole, anterior orbital gyrus, middle and inferior
frontal gyri, inferior temporal gyrus, and entorhinal cortex.
Among these regions, anterior orbital gyrus showed the most
numerous VMAT2-immunopositive Layer 5 neurons, but the
number was roughly 5-fold fewer than seen in the VEN-
containing regions (Figure S4). For VMAT2, abundant immuno-
positive neurons were further observed in monoaminergic
structures, whereas GABRQ showed a wider range of immuno-
positive brainstem structures, including monoaminergic nuclei.

In contrast to the human ABA ISH findings, IHC did not identify
pan-laminar parieto-occipital cortex GABRQ protein expression
in any of our 4 donors, suggesting that the ABA findings might
have resulted from high background staining in some parieto-
occipital cortex blocks. Table S3 provides a complete listing of
VMAT2- and GABRQ-stained regions and results.

To validate the expression of ADRA1A in VENS and fork
cells, we used ISH (see Materials and Methods) because no spe-
cific antibodies were available (Jensen et al. 2009; Bohmer et al.
2014). Our ISH results confirmed ADRA1A mRNA expression in
VENs and fork cells (Fig. 5) and in other neurons, including
those occupying cortical Layers 1 and 2 of the ACC and FI.

VMAT2-Expressing VENs and Fork Cells Do Not Utilize
a Classical Monoaminergic Output

VMAT2 is a transporter protein that packages monoamines
into synaptic vesicles (Schafer et al. 2013). Therefore, observing
VMAT2 expression in human VENs and fork cells led us to the
unconventional hypothesis that these cells utilize, in addition
to glutamate, a classical monoamine output transmitter. To
explore this possibility, we evaluated the synthesizing enzymes
and reuptake transporters for the monoamines dopamine,

Figure 1. Human ACC and FI Layer 5 ISH patterns from the ABA. VMAT2, GABRQ, and ADRA1A show Layer 5-predominant expression patterns, including VENs, fork

cells, and a subset of neighboring neurons with a pyramidal morphology. Nissl-stained sections capturing the (A) ACC (block ID 112913273) and (B) FI (block ID

113817898) provided anatomical reference. Arrows indicate outer boundaries of each subregion containing VENs and fork cells. VMAT2 ISH in ACC (C, E; weak com-

pared with FI (D, F)). GABRQ ISH in ACC (G, K) and FI (H, L); ADRA1A ISH in ACC (I, M) and FI (J, N). Scale bars represent 50mm (A, B), 400 μm (C, D, G, H, I, and J), and

100 μm (E, F, K, L, M, and N); (C–N) highlight L5, apical surface up. Image credits: Allen Institute for Brain Science.
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Figure 2. Regional distribution of VMAT2, GABRQ, and ADRA1A expression in the mouse (ABA mouse database). A lateral, 3-dimensionally rendered whole-brain view

of mRNA expression is shown for VMAT2 (experiment 967) (A), GABRQ (experiment 79591569) (B), and ADRA1A (experiment 75042247) (C). Bar shows ISH staining

intensity. White lines in (A–C) indicate level of the higher magnification coronal section views in (D–F) and (G–I). Expression maps and raw ISH data in ACA and agra-

nular ventral insula are shown for VMAT2 (D) GABRQ (E), and ADRA1A (F). ISH patterns in the brainstem are shown for VMAT (G), GABRQ (H), and ADRA1A (I). ACAv,

anterior cingulate area, ventral; LSN, lateral septal nucleus; HY, hypothalamus; RN, raphe nucleus; NI, nucleus incertus; PBN, parabrachial nucleus; VII, facial nucleus;

V, motor nucleus of the trigeminal nerve. Scale bar represents 500 μm. Image credits: Allen Institute for Brain Science.

Figure 3. VMAT2 immunohistochemistry in human ACC and FI Layer 5. Layer 5-predominant brown VMAT2 immunoreactivity is seen in the ACC (A) and FI (B) and

prominently includes VENs and fork cells, as well as a subset of neighboring neurons with a pyramidal morphology (C, E). Higher magnification views of VMAT2-

positive VENs in ACC (D) and FI (F) and fork cells in FI (G). Black arrowheads indicate examples of stained VENs, black arrows indicate stained fork cells, and white

arrows indicate stained pyramidal-shaped neurons. Scale bars represent 100 μm (A, B), 50 μm (C, E), or 10 μm (D, F, G); apical at top.
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serotonin, noradrenaline, and histamine, to the extent possible,
in ACC and FI using immunohistochemistry and ISH. TH is the
rate-limiting enzyme involved in dopamine and noradrenaline
synthesis. In the human ABA, ACC and FI TH showed a “weak
or nuclear” staining pattern, predominantly in Layer 5/6, with-
out evidence of VEN or fork cell expression. Previous immuno-
histochemical studies of multiple regions, including ACC, have
shown that TH is expressed in interneurons and a small minor-
ity of cortical pyramidal-like neurons, chiefly in Layers 5 and 6
(Trottier et al. 1989; Ikemoto et al. 1999). Here, we replicated
these findings in the ACC and extended them to FI, but found
no TH in VENs or fork cells in either region (Fig. 6), consistent
with the ABA ISH data. To date, no human data from the litera-
ture or ABA ISH are available concerning ACC or FI expression
of the serotonin-synthesizing enzymes TPH1 and TPH2 or the
histamine-synthesizing enzyme, HDC. Using immunohisto-
chemistry, we observed no expression of TPH1, TPH2, or HDC
in VENs, fork cells, or other cells in the ACC and FI (Fig. 6).
Moreover, AADC, which catalyzes the final step in dopamine,
serotonin, and noradrenaline synthesis, was not detectable in

VENs and fork cells. We did identify small populations of TH-
and AADC-expressing Layer 5 and 6 pyramidal-shaped neurons
in ACC and FI, corroborating a previous report on AADC-
positive pyramidal neurons in the ACC (Figure S5) (Ikemoto
et al. 1999).

Having ruled out synthesis of the major monoamines in
VENs and fork cells, we next questioned whether these neurons
might internalize, via reuptake transporters, monoamines
arriving from brainstem or hypothalamic projections (Lebrand
et al. 1998). Using immunohistochemistry, we assessed the
presence of the DAT, NET, and SERT in adult human ACC and
FI. Mechanisms of neuronal histamine reuptake remain
unknown. It has been postulated that the plasma membrane
monoamine transporter (PMAT) and the extracellular mono-
amine transporter (EMT) are transporters for histamine in
human astrocytes (Grundemann et al. 1999; Yoshikawa et al.
2013), but the relevance of PMAT and EMT in cortical neurons
remains to be explored. As expected, arriving monoaminergic
axons showed immunoreactivity for DAT, NET, and SERT, but
these proteins were not detected in VEN and fork cell perikarya

Figure 4. GABRQ immunohistochemistry in human ACC and FI Layer 5. Layer 5-predominant GABRQ immunoreactivity in the ACC (A) and FI (B), including VENs, fork

cells, and a subset of neighboring Layer 5 neurons with a pyramidal-shaped morphology (C, E). Higher magnification views of GABRQ-positive VENs in ACC (D) and FI

(F) and a fork cell in FI (G). Black arrowheads indicate stained VENs, black arrows indicate stained fork cells, and white arrows indicate stained pyramidal-shaped neu-

rons. Scale bars represent 100 μm (A, B), 50 μm (C, E), 10 μm (D, F, G); apical at top.

Figure 5. ADRA1A mRNA expression in ACC and FI confirmed by ISH. Red punctate ADRA1A ISH in VENs, fork cells, and some neighboring Layer 5 neurons with a pyr-

amidal morphology (A, C). Higher magnification views of ADRA1A-expressing VENs in ACC (B) and FI (D) and a fork cell in FI (E). Purple gallocyanin counterstain.

Arrowheads indicate VENs. Scale bars represent 50 μm (A, C) or 10 μm (B, D, E).
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(Fig. 7). Immunohistochemistry would fail to detect these pro-
teins in VENs and fork cells, however, if the mRNA is locally
translated in distal dendrites. Accordingly, we performed ISH
for DAT, NET, and SERT in the ACC and FI. Using this method,
we found no DAT, NET, or SERT mRNA expression in VENs and
fork cells (Fig. 7).

Another possible substrate for VMAT2 is GABA. In dopamin-
ergic neurons, VMAT2 is known to use both dopamine and
GABA as a substrate, even in the absence of the vesicular GABA
transporter (Tritsch et al. 2012). Using the ABA, we observed
neither evidence for expression of the GABA-synthesizing
enzymes glutamate decarboxylase (GAD), GAD1 and GAD2, nor
evidence for the main neuronal GABA reuptake transporter,
GAT-1, in VENs and fork cells (Figure S6). In addition, immuno-
histochemistry for GAD1 and GAD2 revealed only punctate,
likely synaptic, staining in ACC and FI, with no staining of
VEN or fork cell perikarya (Figure S7). Recently, it was shown
that ALDH1A1 is also responsible for GABA synthesis in

VMAT2-positive nigral dopaminergic neurons (Kim et al. 2015).
Here, we found that ALDH1A1 mRNA is expressed in Layer 5 in
ACC and FI. Using immunohistochemistry, we detected ALDH1A1
protein expression in Layer 5 pyramidal-shaped neurons and
bipolar interneurons. No immunopositive VENs of fork cells
were found (Figure S8). Taken together, these findings suggest
that VMAT2 expression in most VENs and fork cells and a
minority of neighboring Layer 5 pyramidal-shaped neurons
relates to a novel and yet to be characterized mode of monoa-
minergic function or some other cellular process that remains
to be identified.

Discussion
The VENs and fork cells represent a clinically relevant yet mys-
terious neuronal class embedded in the heart of the social
brain. We utilized the ABA, an online public database, to dis-
cover a novel molecular identity of VENs and fork cells in

Figure 6. Absence of monoamine-synthesizing enzymes in FI VENs and fork cells. Immunohistochemistry for the synthesizing enzymes for norepinephrine and dopa-

mine (A; TH), serotonin (B; TPH, PH8), or histamine (C; HDC) in FI. Immunohistochemistry showed a pattern consistent with arriving TH axons, but no immunostain-

ing was observed in VEN, fork cell, or neighboring pyramidal-shaped neuron somata. Higher magnification views are shown for VENs stained for TH (A’), PH8 (B’), and

HDC (C’). Right panel shows positive controls for TH (SN, A”), PH8 (raphe nucleus, B”), and HDC (TMN, C”). Arrowheads indicate VENs; arrows indicate fork cells. Scale

bars represent 50 μm (A, B, C) and 10 μm (A’, A”, B’, B”, C’, C”)

Figure 7. Absence of monoamine reuptake transporters in VENs and fork cells. Immunohistochemistry (A, C, E) and ISH (B, D, F) for reuptake transporters in ACC and

FI. Reuptake transporters for dopamine (A, B; DAT), norepinephrine (C, D; NET), and serotonin (E, F; SERT) were absent in VENs and fork cells. The FI is strongly inner-

vated by arriving SERT axons (E). Lower panel shows the positive controls for DAT IHC (A”) and ISH (B’) in SN, NET IHC (C”) and ISH (D’) in LC, and SERT IHC (E”) and

ISH (F’) in raphe nucleus. Arrowheads indicate VENs and arrows indicate fork cells. Scale bars represent 50 μm (A, C, E), 10 μm (A’, B, C’, D, E’, F, A”, C”, E”), and 20 μm
(B’, D’, F’).

Monoaminergic Signature of VENs and Fork Cells Dijkstra et al. | 139

http://cercor.oxfordjournals.org/lookup/suppl/doi:10.1093/cercor/bhw358/-/DC1
http://cercor.oxfordjournals.org/lookup/suppl/doi:10.1093/cercor/bhw358/-/DC1
http://cercor.oxfordjournals.org/lookup/suppl/doi:10.1093/cercor/bhw358/-/DC1


humans. Using a data-driven approach, we derived a neuro-
chemical profile of VENs and fork cells that confirmed the glu-
tamatergic identity of these neurons. Remarkably, within this
profile we discovered VMAT2, GABRQ, and ADRA1A as a previ-
ously unrecognized set of human Layer 5-predominant markers
expressed in VENs, fork cells, and a subpopulation of neighbor-
ing Layer 5 neurons. Among the 3 markers identified here,
VMAT2 expression was the most selective for human ACC and
FI and labeled nearly all VENs and fork cells and a subpopula-
tion of neurons with a pyramidal morphology but was not
observed in any neuron within homologous regions of the
mouse cerebral cortex. These findings suggest that VENs, fork
cells, and the neighboring pyramidal-shaped neurons may
share a specialized and as yet unknown function. In addition,
these findings suggest that not only the VENs and fork cells but
also Layer 5 more generally has undergone evolutionary
changes since the last common ancestor shared by mice and
humans. VMAT2 and GABRQ may also be expressed in other
highly social, large-brained mammals in which VENs and fork
cells are found, but additional work is needed to detail the com-
parative neuroanatomy of the anterior cingulate and anterior
insula in light of our findings.

An Uncharacterized Mode of Monoaminergic Function
in VENs and Fork Cells

Classical VMAT2 expression takes place in monoaminergic
neurons of brainstem and hypothalamic projection nuclei
(Erickson et al. 1996). Within these neurons, VMAT2 transports
monoamines across the synaptic vesicular membrane by
exchanging 2 protons for a monoamine, facilitating neurotrans-
mission and limiting the toxicity of cytosolic monoamines via
sequestration (Parsons 2000; Schafer et al. 2013). VMAT2
expression in these nuclei is accompanied by expression of
monoamine-synthesizing enzymes and high affinity trans-
porter proteins DAT, NET, and SERT, which reclaim serotonin,
noradrenaline, and dopamine from the synaptic cleft after ves-
icle fusion with the presynaptic membrane.

Nearly all cortical Layer 5 projection neurons, including VENs
and fork cells, use glutamate as their major excitatory output
neurotransmitter (Evrard et al. 2012). Reports describing mono-
amine release by cortical neurons are limited (Lebrand et al.
1998). Corelease of monoamines and glutamate by VMAT2-
expressing neurons has been described in monoaminergic neu-
rons of the brainstem and hypothalamus (Hnasko et al. 2010;
Hnasko and Edwards 2012), but not in cortical neurons. For these
reasons, we first questioned whether VMAT2 expression in VENs
and fork cells indicated an unprecedented cortical monoaminer-
gic neuronal phenotype. We found no evidence, however, that
VENs or fork cells express monoamine-synthesizing enzymes
(AADC, TH, TPH1, TPH2, or HDC), suggesting that VMAT2 might
serve a different, nonclassical function in these neurons.

Nonclassical VMAT2 function has been implicated in 2 neur-
onal contexts in which monoamines may be used as the
VMAT2 substrate. First, neuron populations in several rodent
brain regions express VMAT2 during a brief period of develop-
ment. In some of these neurons, VMAT2 and SERT are transi-
ently co-expressed in the absence of synthesizing enzymes for
serotonin or other monoamines (Lebrand et al. 1998). This
observation suggests that such VMAT2/SERT neurons take up
serotonin from the extracellular space. The absence of mono-
amine transporter proteins in VENs and fork cells argues
against this possibility. In the second nonclassical context,
monoaminergic neurons constitutively express one of the

monoamine-synthesizing enzymes but no other enzymes in
the monoamine synthesizing pathways. The expression of
dopamine-related synthesizing enzymes, such as TH and
AADC, has been thoroughly explored in rats and humans
(Ikemoto et al. 1999; Balan et al. 2000; Ugrumov et al. 2004;
Ugrumov 2009, 2013). Several neuronal populations in human
ACC express TH but lack AADC, or express AADC but lack TH
(Ikemoto et al. 1999). These “mono-enzymatic neurons” are
thought to synthesize dopamine in cooperation: TH-expressing
neurons produce L-dopa and may transfer it using an unknown
mechanism to mono-enzymatic neurons that lack TH but
express AADC (Ugrumov et al. 2014). Notably, these neuron
populations have not been evaluated for VMAT2 expression in
the human brain. We found expression of AADC or TH in ACC
and FI Layers 3, 5, and 6 in scattered fusiform and pyramidal-
shaped neurons, consistent with the literature (Ikemoto et al.
1999). In contrast, VENs and fork cells expressed neither AADC
nor TH, ruling out this second nonclassical form of VMAT2
expression.

A noncanonical role for VMAT2 itself has been described in
dopaminergic neurons, where VMAT2 transports dopamine, as
well as GABA, into vesicles (Tritsch et al. 2012). These dopamin-
ergic neurons express TH and the GABA-synthesizing enzyme
GAD, suggesting that both substrates are synthesized within
the cell. Another GABA-synthesizing pathway has been desc-
ribed in which ALDH1A1 mediates GABA synthesis in nigral
dopaminergic neurons of the mouse (Kim et al. 2015). We found
no expression of GAD or ALDH1A1 in VENs and fork cells. The
absence of monoamine- and GABA-synthesizing enzymes and
reuptake transporters suggests a novel role for VMAT2 in VENs,
fork cells, and some nearby pyramidal-shaped neurons. One
possibility is that VMAT2 transports another as yet unidentified
substrate into vesicles. Another possibility is that histamine is
taken up by VENs and fork cells via mechanisms that remain
unknown. Finally, VMAT2 could play a role unrelated to neuro-
transmission, such as sequestration of some toxic metabolite
or other substrate.

Presence of GABRQ and ADRA1A Receptors Suggests a
Specialized Role for VENs and Fork Cells in
Monoaminergic Neurotransmission and Autonomic
Functioning

Functional GABA-A receptors represent a heteropentameric
assembly (Nayeem et al. 1994), most often consisting of 2 α, 2 β,
and 1 γ subunits (McKernan and Whiting 1996). Nineteen dis-
tinct receptor subunits have been described, giving rise to an
enormous diversity of potential subunit combinations. The
GABA-A receptor subunit assembly state influences the recep-
tor’s functional properties and binding affinities for GABA and
GABA-ergic drugs (Olsen and Sieghart 2009). Using the ABA, we
observed VEN and fork cell mRNA expression of GABA-A recep-
tor subunits α-5, β-2, β-3, δ, and, most specifically, θ (encoded by
GABRQ). Other GABA-A subunits showed staining patterns
inadequate to identify VENs and fork cells. For example, γ-1
and ε subunits showed Layer 5-predominant nuclear and weak
cytoplasmic mRNA expression in ACC and FI (Table S2), but
VENs and fork cells, though possibly included among cells
expressing these markers, could not be identified by morph-
ology. The θ subunit is expressed only in mammals. In rat LC
neurons, θ is co-expressed with α-2, α-3, β-1, β-3, and ε subunits,
but not with others (Sinkkonen et al. 2000; Moragues et al.
2002), but the precise co-assembly subunit partners of θ in rats
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and humans remain unknown. Additional work is needed to
determine which subunits combine with θ to form functional
GABA-A receptors in VENs and fork cells and how these assem-
blies impact phasic and tonic inhibitory neurotransmission
onto these neurons.

Regarding topography, we found GABRQ expression in
selected human brainstem and subcortical/limbic regions, pre-
dominantly those linked to monoaminergic neurotransmission
(raphe nuclei and LC) and autonomic functioning (hypothal-
amus, parabrachial nucleus, and others, Table S3) (Bonnert
et al. 1999), consistent with GABRQ findings from the mouse
ABA (Fig. 2) and GABRQ protein and mRNA expression in previ-
ous studies of rodents and monkeys (Bonnert et al. 1999;
Moragues et al. 2002; Pape et al. 2009). Focal GABRQ binding has
also been observed with autoradiography in monkey ACC and
piriform cortex, in a region near or including the agranular
anterior insula (Bonnert et al. 1999), but no cortical expression
has been observed across methodologically diverse rodent
studies (Sinkkonen et al. 2000; Moragues et al. 2002; Pape et al.
2009; Masocha 2015). In the human brain, we found prominent
GABRQ expression in ACC and FI Layer 5 VENs, fork cells, and
some pyramidal-shaped neurons as well as scattered Layer 5
pyramidal-shaped neurons in selected frontal and temporal
cortices. The divergent DNA sequences of rodent and human
GABRQ homologs suggest that the θ subunit has evolved more
rapidly than other GABA-A receptor subunits (Sinkkonen et al.
2000; Martyniuk et al. 2007). Therefore, as for VMAT2, GABRQ
expression in human ACC and FI Layer 5 neurons may
represent an evolutionary specialization within large-brained
mammals, the significance of which should be further
explored.

The expression of ADRA1A in VENs and fork cells indicates
that these neurons receive noradrenergic input. The ascending
adrenergic system responds to salient internal and external stim-
uli by increasing the gain within forebrain systems for attention,
alerting, and other cognitive functions (Sirvio and MacDonald
1999). Adrenergic receptors are G protein-coupled receptors,
including α-1, α-2, and β receptor subtypes. α-1 Receptors are fur-
ther divided into α-1a (ADRA1A), α-1b (ADRA1B), and α-1d
(ADRA1D) subtypes. Adrenergic α-1 and α-2 receptor mRNAs other
than ADRA1A were included in the ABA human ISH study, but
due to weak staining patterns these materials could not be used
to distinguish cellular morphotypes. In transgenic mice expres-
sing a constitutively active mutant α-1a receptor, increases in α-
1a stimulation are linked to improved learning and memory,
decreased anxiety and depression, and increased lifespan (Doze
et al. 2011; Collette et al. 2014). ADRA1A knockout mice, in con-
trast, display poor learning and memory (Doze et al. 2011). In the
rat brain, ADRA1A is involved in the mechanism of action of anti-
depressant drugs (Nalepa et al. 2002; Kreiner et al. 2011). Two
selective α-1a receptor antagonists are known, phentolamine and
WB4101 (Zhao et al. 1996), and could be used to manipulate recep-
tor function in model systems.

In rodents, ADRA1A is expressed across a wide range of brain
regions, including hippocampus, hypothalamus, and brainstem
structures such as the nucleus ambiguus, parabrachial nucleus,
and reticular formation (Day et al. 1997; Papay et al. 2006). In
rats, the strongest telencephalic ADRA1A mRNA expression was
observed in piriform cortex using ISH (Domyancic and Morilak
1997). The human and mouse ABA data reveal a more wide-
spread ADRA1A mRNA expression pattern than VMAT2 and
GABRQ, being present throughout the cortex, especially in Layers
2 and 5, and in brainstem structures including the nucleus

ambiguus, parabrachial nucleus, and the reticular formation.
Collectively, many regions characterized by ADRA1A expression
can be considered part of a central homeostatic-autonomic-
alertness core. In humans, the ACC and FI are important hubs
within a large-scale network that processes homeostatically sali-
ent information (Seeley et al. 2007; Touroutoglou et al. 2012;
Zhou and Seeley 2014). Engagement of these hubs increases
with noradrenergic (Hermans et al. 2011) and autonomic nervous
system activation (Critchley and Harrison 2013), and focal vascu-
lar or degenerative lesions to ACC and FI are associated with
social, emotional, and autonomic deficits (Bush et al. 2000; Zhou
et al. 2010; Cho et al. 2012). Further studies are needed to deter-
mine how ADRA1A expression relates to VENs and fork cell
functioning within the network hubs where these cells reside.

Future Directions

Our findings provide new avenues for understanding the phe-
nomenology and pathogenesis of prevalent neuropsychiatric
illnesses, such as bvFTD, autism, and schizophrenia, in which
VENs and fork cells have been implicated (Seeley et al. 2006,
2008; Brune et al. 2010; Santos et al. 2011; Kim et al. 2012;
Santillo and Englund 2014). As neurochemical mediators, the
proteins encoded by VMAT2, GABRQ, and ADRA1A may
represent new drug targets for symptomatic therapy. In human
genetics studies, variants in VMAT2 have been associated with
altered cognition in patients with psychosis (Simons et al.
2013), and GABRQ truncating mutations characterize a family
with autism spectrum disorder (Piton et al. 2013). Our findings
further underscore the importance of these potential thera-
peutic targets and provide novel opportunities to refine the bio-
logical identity of VENs and fork cells. For example, these
markers provide a potential means for identifying VENs and
fork cells in human-induced pluripotent stem cell-derived neu-
ron cultures and in relevant animal model and human post-
mortem tissue research. Comparative anatomists can now
investigate whether the human VEN- and fork cell signature is
seen across the diverse VEN- and fork cell-containing mamma-
lian species. As cell surface receptors, the GABRQ and α-1a
adrenergic receptor provide potential targets not only for drugs
but also for molecular imaging ligands that could be used for
diagnosis and treatment monitoring. Mapping the density and
distribution of these and other receptors along the unique VEN
and fork cell dendritic arbors may help clarify the information
processed by these specialized neurons.
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