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Cortical Connections Position Primate Area 25 as a Keystone
for Interoception, Emotion, and Memory
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The structural and functional integrity of subgenual cingulate area 25 (A25) is crucial for emotional expression and equilibrium. A25 has
a key role in affective networks, and its disruption has been linked to mood disorders, but its cortical connections have yet to be
systematically or fully studied. Using neural tracers in rhesus monkeys, we found that A25 was densely connected with other ventrome-
dial and posterior orbitofrontal areas associated with emotions and homeostasis. A moderate pathway linked A25 with frontopolar area
10, an area associated with complex cognition, which may regulate emotions and dampen negative affect. Beyond the frontal lobe, A25
was connected with auditory association areas and memory-related medial temporal cortices, and with the interoceptive-related anterior
insula. A25 mostly targeted the superficial cortical layers of other areas, where broadly dispersed terminations comingled with modula-
tory inhibitory or disinhibitory microsystems, suggesting a dominant excitatory effect. The architecture and connections suggest that
A25 is the consummate feedback system in the PFC. Conversely, in the entorhinal cortex, A25 pathways terminated in the middle-deep
layers amid a strong local inhibitory microenvironment, suggesting gating of hippocampal output to other cortices and memory storage.
The graded cortical architecture and associated laminar patterns of connections suggest how areas, layers, and functionally distinct
classes of inhibitory neurons can be recruited dynamically to meet task demands. The complement of cortical connections of A25 with
areas associated with memory, emotion, and somatic homeostasis provide the circuit basis to understand its vulnerability in psychiatric
and neurologic disorders.

Key words: connectome; cortical systematic variation; inhibitory neurons; mood disorders; subgenual cingulate; tract-tracing

Introduction
Area 25, found deep in the ventral and posterior aspect of the
subgenual cingulate region of the ventromedial prefrontal cortex
(vmPFC), has a significant role in emotion and visceromotor

function (Drevets et al., 2008a,b; Hamani et al., 2011; Myers-
Schulz and Koenigs, 2012; Gold, 2015; Palomero-Gallagher et al.,
2015). Classical studies have shown that stimulation of A25 elicits
changes in autonomic function (Kaada et al., 1949; Showers and
Crosby, 1958), consistent with its dense projections to the hypo-
thalamus (Nauta, 1971; Ongür et al., 1998; Rempel-Clower and
Barbas, 1998) and brainstem monoaminergic systems (Freedman
et al., 2000; Chiba et al., 2001). These structures have global ef-
fects on the brain and somatic states, such as the stress response.

Unlike most of the PFC, A25 has both a very strong sender and
receiver relationship with the amygdala (Ghashghaei et al., 2007),
which is associated with affective states and projects to auto-
nomic structures as well (Sah et al., 2003; Salzman and Fusi, 2010;
Pessoa, 2017). Further, A25 receives direct input from the hip-
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helpful discussions.

The authors declare no competing financial interests.
Correspondence should be addressed to Dr. Helen Barbas, Boston University, 635 Commonwealth Avenue, Room

431, Boston, MA 02215. E-mail: barbas@bu.edu.
DOI:10.1523/JNEUROSCI.2363-17.2017

Copyright © 2018 the authors 0270-6474/18/381677-22$15.00/0

Significance Statement

Integrity of the prefrontal subgenual cingulate cortex is crucial for healthy emotional function. Subgenual area 25 (A25) is mostly
linked with other prefrontal areas associated with emotion in a dense network positioned to recruit large fields of cortex. In healthy
states, A25 is associated with internal states, autonomic function, and transient negative affect. Constant hyperactivity in A25 is a
biomarker for depression in humans and may trigger extensive activation in its dominant connections with areas associated with
emotions and internal balance. A pathway between A25 and frontopolar area 10 may provide a critical link to regulate emotions
and dampen persistent negative affect, which may be explored for therapeutic intervention in depression.
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pocampus (Rosene and Van Hoesen, 1977; Barbas and Blatt,
1995; Insausti and Muñoz, 2001), a region known for its essential
role in long-term and contextual memory (for review, see Murray
and Wise, 2010; Schiller et al., 2015), and heavily innervates the
ventral striatum, associated with motivation and reward-driven
behavior (Heimer and Van Hoesen, 2006; Heilbronner et al.,
2016). Dysfunction of A25 is associated with psychiatric disor-
ders characterized by abnormal affect and emotional expression.
Accordingly, accumulating evidence has highlighted a role of A25
in major depression, accompanied by functional and morpho-
logical pathology (Mayberg, 1997; Drevets, 2001; Mayberg et al.,
2005; Drevets et al., 2008a).

Despite the involvement of A25 in vital autonomic systems
and its relevance for affective processes, its cortical connections
have yet to be investigated systematically. Limited information
on the cortical connections of A25 has been obtained incidentally
from studies with a focus elsewhere (for review, see Hamani et al.,
2011; Yeterian et al., 2012), leaving several questions unad-
dressed. Which cortical areas are connected with A25, and what
are their relative strengths? Do these pathways interact with spe-
cific cortical layers in a systematic way and within functionally
distinct local environments of inhibitory neurons? We addressed
these questions at the areal and laminar level in rhesus monkeys.
What emerges is a comprehensive and quantitatively based cor-
tical map at high resolution that positions A25 within the sub-
strate circuitry for interoception, emotion, and memory, and
provides insight into the circuitry that becomes disrupted in psy-
chiatric and neurologic diseases.

Materials and Methods
Experimental design and statistical analysis overview
Figure 1 depicts the experimental design. The goal was to map the cortical
pathways of A25 in rhesus monkeys and investigate their laminar pattern
of connections. To map incoming and outgoing pathways of A25, we
injected four distinct neural tracers in medial or orbital A25 (Table 1).
The tracers labeled neurons (incoming) and boutons (outgoing) in cor-
tical areas connected with the injection site (Fig. 1A). The extent of each
injection site was reconstructed from serial coronal sections, as described
in Results.

The rhesus monkeys were young adult (age 3– 4 years old, n � 4, 3
female). Cortical connections in this species are already in place within
the first postnatal year in visual as well as prefrontal cortices (Goldman
and Nauta, 1977; Schwartz and Goldman-Rakic, 1991; Rodman, 1994).
White matter changes continue until �4 years (Malkova et al., 2006) and
may be associated with the protracted myelination in primates (Yakovlev
and Lecours, 1967). After perfusion and coronal sectioning of each brain,
we used systematic sampling of coronal series to map labeled neurons by
cortical area in the entire cortex using exhaustive plotting (Fig. 1B; n �
42– 88 sections/case; the sampling rate was determined by case based on
labeling distribution). Cortical areas were parcellated using matched se-
ries stained with architectural markers (n � 3, 1 female; Table 1). We
used the coronal plots from each section to compute labeled neuron
density for each cortical area. We then used the normalized densities
from sections to reconstruct detailed quantitative maps on the brain
surfaces for each case; this method allowed direct comparison across
cases.

Because cortical connections are reciprocal but differ across directions
in strength and laminar distribution, we also quantified several comple-

Figure 1. Experimental design. A, Bidirectional tracer transport to study connections. B, Exhaustive mapping of tracer-labeled neurons in sections of cortex, a small portion of which is depicted
by the thick black outline. Arrowhead indicates a BDA neuron visualized with DAB. Scale bar, 250 �m. C, Strategy for unbiased, systematic stereologic sampling in cortical areas of interest (thick black
outline) to quantify density of tracer-labeled terminations (axon boutons) from A25. Terminations in blank squares are not counted. Arrowheads indicate BDA boutons visualized with DAB. Scale bar,
75 �m. D, Schematic depicts five different cortical types based on architectural differences. Agranular areas are three layered cortices with poorly defined lamination, whereas eulaminate II �

depicts areas with the highest level of laminar definition within areas with label in this study.
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mentary outgoing pathways through quantitative analysis of bouton
density from A25 axons in areas of interest that had moderate or heavy
label. We used unbiased stereologic methods (Fig. 1C) to map the distri-
bution of axon boutons and categorize them as small or large (n � 3–17
sections/area, based on pilot studies).

We then tested whether differences in the laminar distribution of con-
nections across areas were systematic. This analysis is based on a theoret-
ical framework that relates connections to the structural relationship of
the linked areas (Barbas and Rempel-Clower, 1997). This framework is
based on the systematic laminar variation of the cortical mantle to assign
areas into cortical types based on their laminar structure. Figure 1D
depicts a schematic of cortical types. The simplest structural type is
“agranular,” which describes areas that lack layer IV. Dysgranular in-
cludes areas that have an incipient layer IV. Eulaminate areas have six
cortical layers but can vary by the thickness of layer IV as well as the
distinction of the other layers. Thus, even though there are many cortical
areas, they can be reduced to a low dimension by cortical type across the
entire cerebral cortex (for review, see Barbas, 2015). We used ANOVA
(or nonparametric version) and linear regression to detect trends in the
laminar pattern of connections based on cortical type. We conducted
analyses across cases, as well as for individual cases to investigate the
generality of the findings (for further details of statistical analyses and
approach, see below and Results).

Finally, multiple labeling methods allowed qualitative analysis of the over-
lap of A25 terminations with neurochemically and functionally distinct
classes of inhibitory neurons in primates. To differentiate inhibitory neuron
populations, we used the calcium binding proteins parvalbumin (PV), cal-
bindin (CB), and calretinin (CR), which label largely nonoverlapping neu-
rochemical classes of inhibitory neurons in primates (DeFelipe, 1997).

Surgery, tracer injection, and tissue processing
Experiments were conducted on 7 rhesus monkeys (Macaca mulatta, 3– 4
years, n � 4 female) for tracing, architectonic parcellation, and photog-
raphy (Table 1). Experiments were conducted according to the National
Institutes of Health Guide for the care and use of laboratory animals ( pub-
lication 80 –22 revised, 1996). Protocols were approved by the Institu-
tional Animal Care and Use Committee at Boston University School of
Medicine, Harvard Medical School, and New England Primate Research
Center. Procedures were designed to minimize animal suffering. In all
cases, injections of multiple distinct tracers were placed in each case to
address questions in this and other studies, to reduce the number of
animals needed for research.

We first obtained high-resolution MRI scans on animals sedated (ket-
amine hydrochloride, 10 –15 mg/kg, i.m.), anesthetized (propofol, load-
ing dose 2.5–5 mg/kg, i.v.; continuous infusion rate 0.25– 0.4 mg/kg/
min), and placed in a stereotaxic apparatus (1430M; David Kopf
Instruments). MRI scans were used to calculate stereotaxic coordinates
using the interaural line as reference for injection of neural tracers.

We performed surgery under general anesthesia (isoflurane, to a sur-
gical level) with continuous monitoring of vital signs. We injected one
tracer in each monkey, as shown in Table 1. The dyes injected included:
Fast Blue (FB, Case BP, 3% dilution, 2 �l; Polysciences), biotinylated
dextran amine (BDA, Case BR, equal parts 10% 10 kDA and 10% 3 kDA,
5 �l; Invitrogen), Lucifer yellow (LY, Case BS, 10% dilution, 4 �l, 10
kDA; Invitrogen), and Fluoroemerald (FE, Case BU, fluorescein dextran/
Oregon Green, equal parts 10% 10 kDA and 10% 3 kDA, 5 �l; Invitro-
gen). The 10 kDA dextran amine (BDA, LY, FE) variant is optimal for
labeling axonal terminations, whereas the 3 kDA variant is optimal for

labeling cell bodies and proximal dendrites (Veenman et al., 1992; Rich-
mond et al., 1994; Reiner et al., 2000). Mixing molecular weight variants
allows for bidirectional tracing, whereas FB is only a retrograde tracer. To
avoid dye leakage along the needle trajectory, we loaded needles with a
small bubble of air after aspiration of the dye and left the syringe at the
site of injection for 5–10 min to allow local diffusion and prevent back-
ward suction of the dye during needle withdrawal. Animals were moni-
tored postoperatively and given antibiotics and analgesics.

After a survival period of 18 –20 d, the animals were anesthetized with
a lethal dose of sodium pentobarbital (�50 mg/kg, i.v., to effect) and
perfused transcardially with 4% PFA and 0.2% glutaraldehyde in 0.1 M

PBS, pH 7.4 (Cases BP, BR, BS, BU) or 4% PFA in cacodylate buffer in
0.1 M at pH 7.4 (Cases AN, AQ, BB). The brains were removed, photo-
graphed, cryoprotected in ascending concentrations of sucrose solutions
(10%–25% sucrose in 0.1 M PBS, pH 7.4, with 0.05% sodium azide;
Sigma-Aldrich), frozen in �80°C isopentane (Rosene et al., 1986), and
sectioned on a freezing microtome (AO Scientific Instruments/Reichert
Technologies) in 50 �m coronal sections (40 �m for Cases AN, AQ, BB).
Sections were collected systematically into 10 matched series and stored
in antifreeze (30% ethylene glycol, 30% glycerol, 0.05% sodium azide in
0.05 M phosphate buffer, pH 7.4). One of the 10 series was mounted
directly from the microtome blade onto gelatin-coated slides and placed
in cold storage (4°C) for mapping labeled neurons directly using epiflu-
orescence, as described previously (Barbas et al., 2005).

Visualization and imaging of markers of interest
To visualize tracers for mapping and quantification, we began with an
immunohistochemistry protocol for two tracers (LY, FE). Free-floating
sections were rinsed in 0.1 M phosphate buffer and incubated in 0.01 M

sodium citrate buffer ( pH 8.5, 80°C, 30 min) for antigen retrieval (Jiao et
al., 1999). Sections were incubated in 0.05 M glycine (4°C, 1 h) to bind free
aldehydes, and then in 0.3% H2O2 in 0.01 M PBS (30 min) to quench
endogenous peroxidases. Sections were preblocked (1 h, 4°C) in 5%–
10% NGS (Vector Laboratories), 5%–10% BSA (Sigma-Aldrich), 0.1%–
0.2% BSA-C (Aurion), and 0.2%– 0.4% Triton-X (Sigma-Aldrich) in
0.01 M PBS. Primary antibodies (LY, FE: rabbit polyclonal, 1:800, RRID:
AB_2536190 and RRID:AB_221562, respectively) were incubated overnight
(4°C) in antibody stock solution (1% NGS, 1% BSA, 0.1% BSA-C, and 0.1%
Triton-X in 0.1 M PB). Tissue was then incubated (3 h, room temperature) in
a biotin-conjugated goat anti-rabbit secondary antibody (1:200 in antibody
stock solution, RRID:AB_2313606). Antibody penetration was enhanced
during incubation steps by runs in a temperature-controlled variable watt-
age microwave oven (6–8 min, 150 W, 4°C; Pelco Biowave with ColdSpot
and ThermoCube; Ted Pella). Sections were then incubated in AB HRP
(Vectastain Elite ABC kit, Vector Laboratories, diluted 1:100 in 0.01 M PBS)
and visualized via the immunoperoxidase reaction using DAB (1–3 min,
DAB substrate kit, Vector Laboratories). For the BDA injection (Case BR),
sections underwent antigen retrieval, glycine incubation, H2O2 incubation,
AB-HRP incubation, and finally DAB.

Sections were then mounted on gelatin-coated glass slides, dried,
counterstained with Nissl (thionin stain, every other section) as previ-
ously described (García-Cabezas et al., 2016), and coverslipped with En-
tallan (Sigma-Aldrich). In the fourth case with an injection of FB,
sections were mounted from the microtome blade, dried, coverslipped
with Krystalon (Millipore), and labeled neurons were mapped directly
using epifluorescence.

To process tissue for architectural markers used to further aid cortical
parcellation, and for photography (Cases AN, AQ, BB), full series were

Table 1. Cases and neural tracers used

Case Sex Age Hemi Injection site Tracer Analysis

BP Female 3.5 Left Anterior orbital FB Retrograde
BR Female 3 Left Posterior medial BDA Bidirectional
BS Female 3.5 Left Anterior medial LY Bidirectional
BU Male 4 Right Anterior orbital FE Bidirectional
BB Female — Right NA NA Nissl and SMI-32 (areal architecture)
AN — — Right NA NA Nissl, SMI-32, and myelin (areal architecture)
AQ — — Right NA NA Nissl and SMI-32 (areal architecture)
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stained with thionin as described above, myelin (Gallyas, 1979; Zikopou-
los et al., 2016; García-Cabezas et al., 2017), or with an antibody for
SMI-32 (mouse monoclonal, 1:5000, Sternberger Monoclonals).

To view overlap of tracers (BDA, FE) and inhibitory neurons (PV, CB,
or CR; Cases BR, BU), we used double- or single-labeling immunohisto-
chemistry in matched sections. Sections underwent antigen retrieval,
glycine incubation, preblock incubation, and were placed in primary
antibody (FE, as above; PV, CB, CR: mouse monoclonal, 1:200, RRID:
AB_10000343, RRID:AB_10000347, RRID:AB_10000320, 40–48 h incuba-
tion), as described above. Sections were placed in secondary antibodies (FE:
AlexaFluor-488 goat anti-rabbit, 1:100, RRID:AB_143165; PV, CB, CR:
AlexaFluor-647 goat anti-mouse 1:100, RRID:AB_141693, 20–24 h incuba-
tion), and BDA was amplified using an ABC kit before sections were incu-
bated in fluorescently conjugated streptavidin (Streptavidin 647, catalog
#S32357, Invitrogen, 20–24 h incubation). Sections were washed, dried, and
coverslipped using Fluorosave (Calbiochem).

Sections that were processed for tracers and inhibitory neurons were
imaged on a laser-scanning confocal microscope (Axio Observer Z1,
LSM 880, Carl Zeiss) at 200� using a z-stack tiling function (Zen 2.1
package, RRID:SCR_013672). FE was visualized with a 488 nm argon
laser (Zeiss); inhibitory neurons and BDA were visualized with a 633
helium neon laser (Zeiss). Tiling effects were minimized by stitching
algorithms (Zen Blue 2.1). Images were superimposed to show all four
labeled populations (PV, CB, CR, and tracer terminations) and pseudo-
colored using Adobe Photoshop (RRID:SCR_014199) and ImageJ
(RRID:SCR_003070) (Rasband, 1997–2014).

For colocalization analysis of tracers with VAChT (for control exper-
iments) or vesicular glutamate transporters (VGLUT1, VGLUT2), we
used double-labeling immunofluorescence. Antibodies for tracers (BDA:
ABC amplification with Streptavidin 647, as above; FE: rabbit polyclonal,
as above, and goat anti-rabbit 488 Fab, 1:100, RRID:AB_2338058) were
coincubated with an antibody for VAChT (rabbit anti-VAChT, 1:2000,
Phoenix Pharmaceuticals, H-V005; secondary, Case BU: AlexaFluor-405
goat anti-rabbit 1:100 RRID:AB_221605, secondary, Case BR: AlexaFluor-
488 goat anti-rabbit 1:100) and otherwise processed as above. For VGLUTs,
antibodies for tracers (as above) were coincubated with VGLUT1 and
VGLUT2 antibodies (rabbit anti-VGLUT1 or VGLUT2, 1:2000, RRID:
AB_2315551 and RRID:AB_2315569, respectively; then biotinylated goat
anti-rabbit Fab, 1:200, RRID:AB_2337971; then Streptavidin 647, as above),
using a protocol we have described previously (Timbie and Barbas, 2015).
Stacks were obtained using laser-scanning confocal microscopy at 630�.
VAChT was visualized with a 405 nm diode laser (Zeiss), and green and far
red fluorophores were visualized using the lasers described above. Colocal-
ization analysis was performed using ImageJ and Reconstruct (RRID:
SCR_002716) (Fiala, 2005).

Brightfield photography was obtained via an Olympus optical micro-
scope (BX51) with a CCD camera (Olympus DP70) connected to
a commercial imaging system (DP Controller, Olympus). Figures were
assembled in Adobe Illustrator CC software (RRID:SCR_010279).
Brightness, contrast, and saturation adjustments were made overall with-
out retouching.

Pathway mapping and data analysis
Mapping incoming pathways to A25. We used exhaustive plotting to map
cortical pathways directed to A25 in a series of coronal sections through
the entire cortex (Fig. 1B). In 3 cases (BP, BS, BU), we examined a half
series of coronal sections through the ipsilateral hemisphere (1 in every
20 sections: a total of 42– 49 sections spaced at 1 mm), and in the fourth
case (BR), we examined a full series (1 in every 10 sections: 88 sections
spaced at 500 �m). In each series, we mapped all labeled cortical neurons
at 200� using brightfield (BR, BS, BU) or epifluorescence (BP) micros-
copy and a semiautomated commercial system (Neurolucida, RRID:
SCR_001775; Olympus BX60). Labeled neurons were included in one of
two laminar categories: superficial (layers II–III) or deep (layers V–VI),
according to the lower boundary of layer III.

To place architectonic borders, we used Nissl-counterstained sections
(thionin) from each mapped series and compared them with SMI-32 or
Nissl series from other cases (AN, AQ), according to the prefrontal map
of Barbas and Pandya (1989). We used several maps to determine archi-

tectonic boundaries for regions with label outside the PFC. For medial
temporal areas (areas 28, 35, 36, TH, TF), we relied on maps from pre-
vious studies (Suzuki and Amaral, 2003; Saleem et al., 2007), with some
modifications, mainly not subdividing TF, based on the extent of label in
our material. We adhered to temporal pole nomenclature as previously
described (Rempel-Clower and Barbas, 2000; Höistad and Barbas, 2008).
We parcellated the superior temporal gyrus (STG) and STS according to
previous maps (Pandya and Sanides, 1973; Seltzer and Pandya, 1978;
Galaburda and Pandya, 1983; Barbas et al., 1999; Medalla and Barbas,
2014). Areas Ts3, PaAlt, and Tpt overlap with parabelt and belt areas
(Hackett et al., 1998). We parcellated the posterior cingulate, retro-
splenial areas, and area prostriata based on previous maps (Morris et al.,
1999; Morecraft et al., 2000, 2004; Ding et al., 2003; Ding, 2013).

We used the parcellated raw plot of each coronal section to compute
the pathway density for every cortical area present on a section (number
of labeled projection neurons divided by surface area sampled). Densities
were log-transformed, in accord with reports that the strength of corti-
cocortical connections tends to be distributed lognormally, being either
very dense or sparse to absent (Scannell et al., 2000; Hilgetag et al., 2016).
For each case, the range of log-density was divided equally into six bins
and each was assigned a color (weakest connections, coldest color; stron-
gest connections, warmest color), producing coronal heatmaps accord-
ing to the density of labeled neurons in each cortical area.

The heatmaps from individual coronal sections were then recon-
structed topographically on the medial, lateral, and basal surfaces using
photographs with the sulcal morphology in each case. This method pro-
duced a unique heatmap of the cortical connections of A25 for each case
at the resolution of single sections. The normalization approach allowed
each case to be its own control, in view of likely variation across cases in
the size of injection sites, tracer transport dynamics, and immunolabel-
ing, even when identical procedures are used.

We then overlaid dots representing a scaled number of counted la-
beled neurons on each heatmap, to create a topographic histogram. Scal-
ing was performed by a factor appropriate for the order of magnitude of
each injection (1 dot: 5 neurons, Case BR; 10 neurons, Case BS; 100
neurons, Cases BP, BU). The figures thus convey both relative density
and absolute magnitude of each pathway, as well as the injection sites,
whose volume was estimated using the Cavalieri method (Howard and
Reed, 1998).

To compare laminar characteristics of pathways within and across
cases, we aggregated labeled neurons across sections for each cortical area
in each case. Pathways ranging from dense to light were included for the
laminar analysis when present in at least 3 cases, and if within each case
the cortical area in aggregate contained �20 labeled neurons, as previ-
ously described (Hilgetag et al., 2016), and �0.2% of the total cortical
neurons per case. We combined labeled neurons across some similar and
neighboring areas (e.g., areas PaI/Ia/Id; areas 24a/medial periallocortex
[MPAll]; areas 25/32). This approach made it possible to include light
but consistent pathways while excluding pathways that were too sparse to
allow reliable laminar analysis of label. We expressed laminar specificity
as the percentage of labeled neurons originating in the upper layers (II–
III). Percentages were averaged across cases and expressed with SEM. We
also analyzed data from each case separately to test the consistency of the
findings.

Quantifying outgoing pathways from A25. We used unbiased stereo-
logic methods (Fig. 1C) to quantify A25 terminations (boutons) in cor-
tical areas across a range of systems, including prefrontal (areas 32, 10,
orbital 12), auditory association areas of the superior temporal region (areas
Ts1–3, TAa), polymodal areas of the superior temporal sulcus (areas TPO,
PGa, IPa), and medial temporal areas (areas 28, 35, 36, TH, TF).

We performed stereology using the optical fractionator method via a semiau-
tomated commercial system (StereoInvestigator, RRID:SCR_002526; Olympus
BX60). The optical fractionator method extrapolates a density for the region
of interest based on section thickness and systematic sampling at regular
intervals (Howard and Reed, 1998). We used a disector of 50–75 �m2, a grid
size of 274–450 �m2, and a disector height of 6–11 �m with a guard zone of
2 �m at the top and bottom of each section. This sampling rate yielded a
coefficient of error �10%, as recommended (Gundersen, 1986). Boutons
were counted at 1000� with oil immersion. We systematically sampled the
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entirety of each area in every 20th section (spaced at 1 mm interval) through
the auditory STG (10–12 sections), polymodal STS (8–11 sections), agranu-
lar medial temporal lobe (MTL; 12–17 sections), dysgranular MTL (12–16
sections), area 10 (3–4 sections), orbital area 12 (7–11 sections), and mid-
to-posterior area 32 (3 sections).

We computed the density of terminations separately for laminar
groups and expressed data as percentage of boutons found in the super-
ficial layers (I–III). Boutons were counted as either large (largest diame-
ter �1 �m) or small (�1 �m) and expressed as a percentage of large
boutons per pathway, as described previously (Bunce and Barbas, 2011).
Percentages were averaged across cases and expressed with SEM.

Statistical analysis of laminar data. We averaged the percentage of neu-
rons or boutons found in the superficial layers across cases for each
pathway direction. We tested for normality using the Shapiro–Wilk test
and for homoscedasticity using the Levene Statistic to determine whether
parametric or nonparametric tests were appropriate. For laminar speci-
ficity of pathways to A25, we used a Jonckheere–Terpstra test to deter-
mine whether variance could be explained by architectonic type. For
laminar specificity of pathways from A25, we used a one-way ANOVA
with post hoc Tukey test to determine whether the variance could be
explained by architectonic type. We also performed linear regressions for
each direction of pathways to test whether cortical type is associated with
the proportion of neurons or boutons found in the superficial layers.
Regressions were performed by cortical type on cortical areas pooled
across cases and also for each case separately to study individual variabil-
ity. We used the Kruskal–Wallis H test to determine whether the variance
in the proportion of large boutons could be explained by cortical type or
pathway. Significance was set at p � 0.05. Descriptive statistics and anal-
ysis were performed using SPSS (RRID:SCR_002865).

Controls
We used neuroanatomic and analytical controls to determine whether any
labeling could be attributed to inadvertent invasion of unintended structures
en route to the deeply situated A25. In the posterior medial A25 injection
(Case BR), we controlled for impingement on cholinergic fibers arising from
the caudally situated cholinergic nuclei. We used double immunohisto-
chemical labeling to test for possible colocalization of the tracer and the
VAChT in A32, which is heavily innervated by cholinergic nuclei in the basal
forebrain (Mesulam et al., 1983; Ghashghaei and Barbas, 2001). We found
no evidence that neural tracer terminations in A32 colocalized with VAChT
(ImageJ, ColocalizeRBG plugin).

In the anterior medial A25 injection (BS), a small number of labeled
neurons were found in layer V of motor-related cortex (areas 6DC, 6Va,
SMA, and 4), sensory cortex (gustatory cortex, areas 1, 2, and 3), and
parietal cortex (areas PE, PF, and PG). This labeling was not seen in the
other cases in this study, or in incidental connections of A25 reported
previously (Mesulam et al., 1977; Pandya and Seltzer, 1982; Petrides and
Pandya, 1984; Cavada and Goldman-Rakic, 1989; Bates and Goldman-
Rakic, 1993; Barbas et al., 1999; Morecraft et al., 2004, 2012). Moreover,
these areas showed no labeled A25 terminations in any layers, a pattern
inconsistent with reciprocal corticocortical connections and transport by
bidirectional tracers. Because the neurons were found in layer V with an
absence of labeled terminations, we concluded that the above label was
due to spread of dye to some fibers leading to the striatum; thus, these
neurons were not included in the analysis.

Areas 9 and pre-SMA were excluded from the laminar analyses be-
cause they are situated along the needle trajectory, and we could not rule
out the possibility of a small amount of tracer seepage during retraction
of the needle from the ventrally positioned A25. Reported connections of
pre-SMA (Pandya and Kuypers, 1969; Morecraft et al., 2012) and lateral
area 9 (Barbas and Pandya, 1989; Barbas et al., 1999) do not include A25.

Finally, in immunohistochemical protocols, primary antibodies were
omitted in control sections of tissue, which showed no labeling.

Results
Architecture and parcellation of A25
In primates, A25 is located in the most ventral and posterior part
of the vmPFC, in the subgenual cingulate region (SGC) found
below the genu of the corpus callosum. The SGC includes A25

and a strip of areas 24a and the MPAll. Figure 2 shows coronal
sections through A25 stained with Nissl (top) and with SMI-32
and myelin (bottom). Anterior A25 extends from the medial wall
over the tip of the gyrus rectus, past the olfactory sulcus, and
toward the border of area 13 (Fig. 2A). As the anterior olfactory
nucleus fuses with the orbital cortex, it marks the orbital bound-
ary of posterior A25 (Fig. 2C) (García-Cabezas and Barbas, 2014).

A25 is a dysgranular type of cortex (Barbas and Pandya, 1989),
with a thin layer IV at its anterior extent (Fig. 2B) that is even
sparser at its posterior extent (Fig. 2E). Layers II/III and V/VI
appear, respectively, fused and their internal boundaries are dif-
ficult to parse. Effectively, this produces a minimally layered cor-
tex with layers I, II/III, V/VI, and a sparse layer IV. Among
prefrontal cortices, A25 stands out by a distinctively dense band
of layer V-VI neurons (Dombrowski et al., 2001), especially com-
pared with the upper cellular layer II/III (Fig. 2A,C,D).

On the orbital surface, anterior A25 abuts dysgranular area 13.
The boundary between A25 and area 13 can be discerned with the
SMI-32 marker (Fig. 2F), a nonphosphorylated intermediate
neurofilament protein that labels pyramidal projection neurons
prominently in layers III and V (Campbell et al., 1991; Barbas and
García-Cabezas, 2015, 2016), or a myelin stain (Fig. 2I). Both
SMI-32 and myelin are sparse in A25 (Fig. 2G,J). As the cortex
winds onto the orbital surface past the olfactory sulcus, these two
markers help to identify the transition to area 13. The border is
determined by a prominent increase in SMI-32 neurons in layer
III (Fig. 2H) and higher myelin content in layers III–VI in area 13
(Fig. 2K).

The orbital extent of A25 has been considered as a caudal part
of area 14 in some maps (Preuss and Goldman-Rakic, 1991; Car-
michael and Price, 1994), based on the map of Walker (1940).
However, Walker’s map did not extend into the most posterior
part of the vmPFC. Orbital A25 has also been called POdg in
another study, consistent with the type of cortex in this region
and its continuation with medial A25 (Morecraft et al., 1992).

The rationale for including orbital A25 as a continuation of
medial A25 in the map of Barbas and Pandya (1989) relies on a
cluster of salient features used in classical and current architec-
tonic studies used to determine what constitutes an architectonic
area, despite small architectonic variation across an area. For
example, the medial and lateral parts of M1 (area 4) are widely
accepted to belong to one area, as are the medial and lateral parts
of several visual areas, despite focal differences in architecture.
We used a similar approach to map A25 based on reliable archi-
tectonic features, including the cytoarchitecture and myeloarchi-
tecture (Barbas and Pandya, 1989) as well as the more recently
introduced marker SMI-32 (Fig. 2).

In a paper by Carmichael and Price (1994), the orbital part of
A25 is labeled area 14c. However, the descriptions and figures of
this region in their paper indicate that area 14c (our orbital A25)
differs markedly from the rostral part of area 14 (14r) by the
distribution of PV neurons and AChE, another salient architec-
tonic marker (see their Fig. 8, PV and their Fig. 20A,C, AChE).
On account of both markers, as well as the cytoarchitecture and
myeloarchitecture, orbital A25 appears to be continuous with the
medial part of A25. Our parcellation is further substantiated by a
detailed quantitative architecture of the region (Dombrowski et
al., 2001). Quantitative analysis based on 17 parameter dimen-
sions of architectonic features (including laminar densities of PV,
CB, CR, all neurons, etc.) placed area 14 and A25 at a consider-
able distance from each other, indicating individuality in these
areas. These findings were based on two independent analyses,
namely, multidimensional scaling and cluster analysis, which
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yielded identical results. This objective quantitative architectonic
analysis provided evidence that area 14 and A25 are distinct areas.
Further, this analysis showed that A25 is a unique area, distin-
guished from other prefrontal areas, including its closest neigh-
bors (Dombrowski et al., 2001).

Injection sites
The extent and reconstruction of the injection sites in A25 are
shown in Figure 3. Two injection sites were situated in medial
A25 (Fig. 3A), one posterior (Fig. 3B, Case BR), and one anterior

(Fig. 3C, Case BS). In the posterior medial injection site, BDA
spread through all layers and included area MPAll (Fig. 3B, Case
BR). In the anterior case, LY was found in all layers and promi-
nently occupied the deep layers of A25 (Fig. 3C, Case BS).

Two injection sites were situated in anterior orbital A25, and
their coordinates overlapped in a normalized brain space (Fig.
3D). In one of the two orbital injections (Fig. 3E, Case BU), FE
spread into all layers of A25 found just lateral to the olfactory
sulcus. In the other, FB diffused into all layers of A25 found just
medial to the olfactory sulcus (Fig. 3F, Case BP).

Figure 2. Architecture of A25. A, Nissl-stained coronal section through anterior A25 (Case BB). B, Higher-magnification inset of anterior medial A25. C, Nissl-stained coronal section through
mid-level A25. D, Nissl-stained coronal section through posterior A25. E, Higher-magnification inset of posterior medial A25. F, Coronal section stained for SMI-32 through anterior A25 and area 13
(Case BB). Gray arrowhead indicates the transition from A25 to area 13. G, Higher-magnification inset of anterior orbital A25. H, Higher-magnification inset of area 13. Black arrowheads indicate the
increase in SMI-32-labeled neurons and processes in layer III of area 13. I, Coronal section stained for myelin through anterior A25 and area 13 (Case AN). Gray arrowhead indicates the transition from
A25 to area 13. J, Higher-magnification inset of anterior orbital A25. K, Higher-magnification inset of area 13. Black arrowheads indicate the increase in myelin labeling in area 13 layers III–VI. Scale
bars: regional photomicrographs, 1 mm; column insets, 250 �m. All, Allocortex; aon, anterior olfactory nucleus; cc, corpus callosum; cd, caudate; gr, gyrus rectus; lot, lateral olfactory tract; mo,
medial orbital sulcus; OPAll, orbital periallocortex (agranular); OPro, orbital proisocortex (dysgranular); o, olfactory sulcus; WM, white matter; 25m, medial A25; 25o, orbital A25.
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The two orbital A25 injections labeled a large number of cor-
tical neurons (Case BU: 131,085 neurons; Case BP: 103,359; 1 in
every 20 sections, separated by 1 mm), while the two medial
injections labeled fewer neurons (Case BS: 8160 neurons, 1 in
every 20 sections; Case BR: 3446, 1 in every 10 sections, separated
by 500 �m). To determine whether injection site size affected the
magnitude of labeling, we correlated the volume of each recon-
structed injection site to the number of labeled neurons and
found no correlation (Fig. 3G; Pearson’s Correlation, r � �0.03,
p � 0.97). For example, a large injection site (Case BR) produced
the smallest number of labeled neurons at twice the sampling

rate, whereas a comparatively small injection site (Case BU)
yielded the largest number of labeled neurons. This evidence sug-
gests that medial A25 has overall sparser connections than orbital
A25.

Cortical projections to A25
We found that A25 connections were especially concentrated in
the PFC. Figures 4 and 5 depict coronal sections with raw maps of
retrogradely labeled neurons for each case. Figures 6 and 7 depict
normalized projection neuron density across cases, recon-
structed on the respective cortical surfaces of each case and over-

Figure 3. Injection sites. A, Normalized coordinates of the injection sites in A25 on medial surface of the rhesus monkey PFC. B, Coronal sections show deposit of BDA in deep layers of MPAll and
all layers of posterior medial A25 (Case BR). C, Coronal sections show deposit of LY in deep and upper layers of anterior medial A25 (Case BS). D, Normalized coordinates of the injection sites in A25
on the orbital (basal) surface of the rhesus monkey PFC. E, Coronal sections show deposit of FE in all layers of anterior orbital A25 (Case BU). F, Coronal sections show deposit of FB in all layers of
anterior orbital A25 (Case BP). G, There was no relationship between the size of the injection site and the number of labeled neurons in cortex. Scale bars, 1 mm. Arrowheads indicate injection sites.
ac, Anterior commissure; All, allocortex; cd, caudate; cg, cingulate sulcus; gr, gyrus rectus; lot, lateral olfactory tract; mo, medial orbital sulcus; olf, olfactory nuclei; o, olfactory sulcus; ro, rostral sulcus.
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laid with topographic histograms of raw labeled neuron counts.
This quantitative analysis shows the cortical connectome of A25
for each case at the resolution of the single sections plotted and
allows comparison among cases.

This analysis showed that the topography of projection neu-
rons was consistent across cases, but there was variation in their
relative proportion. In all cases, a substantial majority of afferent
retrogradely labeled neurons originated in the PFC (BP, BU:

Figure 4. Distribution of cortical labeled neurons directed to orbital A25. A–N, Coronal sections from rostral (A, H ) through caudal (G, N ) levels show distribution of retrogradely labeled neurons
across cortical areas in 2 cases (A–G: Case BP; H–N: Case BU). Dotted lines on coronal sections indicate boundary between superficial and deep layers as delimited by the bottom of layer III. Most
labeled projection neurons were found along the orbital and medial surfaces (B–D, I–K ). O, Q, Injection sites on the basal surface of the brain and the level of the coronal sections depicted above.
Scale bars, 2 mm. P, Proportion of labeled neurons found by cortical region (grouping of areas is shown below). There is striking similarity of the 2 A25 cases by injection site and distribution of labeled
neurons. Grouped areas are as follows: LPFC, areas 46, 9l, 8, 12l; aOFC, 11, 12o; ACC, 32, perigenual 24a and MPAll; SGC, 25, subgenual 24a and MPAll; pOFC, 13, OPro, OPAll; Mot/Premot, 6, preSMA,
SMA, 4; Insula, Ia, Id; TPole, TPro, TPAll, TPdm, TPvm; STG, PaI, PaAr, PaAlt, Ts3, Ts2, Ts1, Tpt, MST, TAa, TPO, PGa, IPa, FST; ITG, TEa, TEm, TE1, TE2, TE3, TEO; MTL, areas 28, 35, 36, TH, TF; Post Cing,
23, 30; Prostriata, agranular and dysgranular prostriata. a, Arcuate sulcus; aon, anterior olfactory nucleus; ca, calcarine sulcus; cg, cingulate sulcus; FPole, frontal pole; Ia, agranular insula; Id,
dysgranular insula; ITG, inferior temporal gyrus; lf, lateral fissure; lo, lateral orbital sulcus; lot, lateral olfactory tract; mo, medial orbital sulcus; OPAll, orbital periallocortex; OPro, orbital proisocortex;
p, principal sulcus; ProM, motor proisocortex; rh, rhinal sulcus; ro, rostral sulcus; st, superior temporal sulcus; TPAll, temporal periallocortex; TPdm, temporal proisocortex dorsomedial; TPvm,
temporal proisocortex ventromedial.
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Figure 5. Distribution of labeled cortical neurons directed to medial A25. A–N, Coronal sections from rostral (A, H ) to caudal (G, N ) levels show distribution of retrogradely labeled neurons across
cortical areas in 2 cases (A–G: Case BS; H–N: Case BR). Dotted lines on coronal sections indicate boundary between superficial and deep layers as delimited by the bottom of layer III. Most labeled
projection neurons were found along the orbital and medial surfaces (B–D, J–K ). O, Q, Injection sites on the medial surface of the brain and the level of the coronal sections depicted above. Scale
bars, 2 mm. P, Proportion of labeled neurons by cortical region. Grouped areas are as follows: LPFC, areas 46, 9l, 8, 12l; aOFC, 11, 12o; ACC, 32, perigenual 24a, MPAll; SGC, 25, subgenual 24a, MPAll;
pOFC, 13, OPro, OPAll; Mot/Premot, 6, preSMA; Insula, Ia, Id, Ig; TPole, TPro, TPAll, TPdm, TPvm; STG, PaI, PaAr, Ts3, Ts2, Ts1, Tpt, MST, TAa, TPO, PGa, IPa; ITG, TEa, TEm, TE1, TE2, TE3; MTL, areas
28, 35, 36, TH, TF; Par/Somatosens, 31, PEci; Post Cing, 23, 30; Prostriata, agranular and dysgranular area prostriata. a, Arcuate sulcus; aon, anterior olfactory nucleus; ca, calcarine sulcus; cg, cingulate
sulcus; FPole, frontal pole; Ia, agranular insula; Id, dysgranular insula; ITG, inferior temporal gyrus; lf, lateral fissure; lo, lateral orbital sulcus; lot, lateral olfactory tract; mo, medial orbital sulcus; OPAll,
orbital periallocortex; OPro, orbital proisocortex; p, principal sulcus; ProM, motor proisocortex; rh, rhinal sulcus; ro, rostral sulcus; st, superior temporal sulcus; TPAll, temporal periallocortex; TPdm,
temporal proisocortex dorsomedial; TPvm, temporal proisocortex ventromedial.

Joyce and Barbas • Cortical Connections of Subgenual Cortex J. Neurosci., February 14, 2018 • 38(7):1677–1698 • 1685



Figure 6. Density maps of projection neuron populations directed to orbital A25. A–C, Density of cortical connections to A25. Black represents injection site, Case BP. A, Basal surface. B, Medial
surface. C, Lateral surface. D, Enlargement of lateral temporal cortex and surrounding areas. E–G, Density of cortical connections to orbital A25. Black represents injection site, Case BU. E, Basal
surface. F, Medial surface. G, Lateral surface. H, Enlargement of lateral temporal cortex and surrounding areas. Colors represent the binned normalized density of neurons projecting to A25 from each
cortical area, from least dense (1 indicates dark blue) to the most dense (6 indicates red). Dotted lines indicate areal parcellation. Black dots represent every 100 labeled neurons counted from coronal
sections depicted as a topographic histogram of projection neurons directed to A25. For each area on a section, one dot was placed for the first bin of 1–100 neurons, and another dot for the next bin
of 101–200, and so forth. Dots were placed only once if the area was represented on multiple surfaces, but colors were placed on every surface on which a cortical area appeared (e.g., ventrolateral
10 contains colors in A and C, but dots were placed only in A). Scale bars, 2 mm.
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Figure 7. Density maps of projection neuron populations directed to medial A25. A–C, Density of cortical connections to A25. Black represents injection site, Case BR. A, Basal surface.
B, Medial surface. C, Lateral surface. D, Enlargement of lateral temporal cortex and surrounding areas. E–G, Density of cortical connections to medial A25. Black represents injection site, Case BS. E,
Basal surface. F, Medial surface. G, Lateral surface. H, Enlargement of lateral temporal cortex and surrounding areas. Colors represent the binned normalized density of neurons projecting to A25 from
each cortical area, with the least dense (1 indicates dark blue) to the most dense (6 indicates red). Dotted lines indicate areal parcellation. Each black dot represents a scaled number of labeled neurons
(5 neurons for Case BR; 10 neurons for Case BS) counted in coronal sections, and depicted as a topographic histogram of projection neurons directed to A25. For each area on a section, one dot was
placed for the first bin of 1–5 neurons for Case BR and 1–10 neurons for Case BS, and another dot for the next bin of 6 –10 neurons (11–20, Case BS), and so forth. Dots were placed only once if the
area was represented on multiple surfaces, but colors were placed on every surface on which a cortical area appeared (e.g., ventrolateral 10 contains colors in A and C, but dots were placed only in
A). Scale bars, 2 mm.
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90%, Fig. 4P; BS: 65%, BR: 84%, Fig. 5P). The two orbital injec-
tions (Cases BP, BU) showed a strikingly similar pattern of label-
ing, both in topographic distribution (Fig. 6) and relative
strength across areas (Fig. 4P), as well as in the order of magni-
tude of overall number of labeled neurons (Fig. 3G) despite the
distinct tracers used and differences in the size of the injection
sites. Thus, even though the relative efficacy of the two tracers is
unknown, these findings suggest that topography of the injection
site was a key factor in the pattern of labeling in these cases.

In all cases, the densest populations of projection neurons
were concentrated in the vmPFC (area 14, A25, and subgenual
24a and MPAll), perigenual ACC (A32, perigenual 24a and
MPAll), and posterior orbitofrontal cortex (pOFC: areas 13,
OPro, and OPAll; Figs. 6, 7A,B,E,F, warmest colors). The most
dense (red) populations of projection neurons were found within
the SGC, in MPAll/24a near the plane of the injection site, regard-
less of whether the injection site was situated in medial or orbital
A25 (Figs. 6, 7B,F). Frontopolar area 10 (A10) also contained
moderately dense populations of labeled neurons projecting to
A25. Populations of labeled neurons ranging from light to mod-
erate were also found in the anterior aspect of medial area 9 (9m;
Figs. 6, 7B,F). A few retrogradely labeled neurons were found in
the anterior parts of dlPFC areas 9 and 46 (Figs. 6, 7C,G). Area 12
(A12) had a weak or moderate population of labeled neurons
across cases, found mostly in its orbital part (Figs. 6, 7A,E). In all
cases, weak to sparse labeling was found in the pre-SMA region
(Figs. 6, 7B,F) and anterior area 6 (Figs. 6, 7C,G).

Outside the frontal lobe, projection neurons directed to A25
were found mostly in temporal cortices and were distributed in
the following: (1) the medial temporal lobe (Figs. 6, 7A,E; ante-
rior agranular MTL, including entorhinal area 28, perirhinal area
35, and parahippocampal area TH; medial aspects of dysgranular
MTL: perirhinal area 36, and parahippocampal area TF); (2) the
temporal pole (Figs. 6, 7B,F; areas TPAll, TPro, TPdm, and
TPvm); and (3) auditory association cortices of the STG (Ts1,
Ts2, Ts3, TAa; Figs. 6, 7D,H, enlarged insets) and polymodal
areas in STS (TPO, PGa, and IPa; Figs. 6, 7D,H, insets).

A few labeled neurons were found in the posterior cingulate
and retrosplenial areas 23 and 30 (Figs. 6, 7B,F). Similarly, small
proportions of labeled neurons were found in occipital area pros-
triata (Fig. 6B,F, area Pros; Fig. 7F) and in the anterior insula
(Figs. 6, 7D,H), which were concentrated in dense hotspots.

Variation in the pattern of retrograde labeling across cases
The pattern of labeling was similar across cases, but there were
some topographic and quantitative differences across cases. The
two orbital cases (Cases BU, BP) had more projection neurons in
orbital A25, area 14, and pOFC (compare Figs. 4P and 5P; Figs. 6,
7) than the medial cases. Carmichael and Price (1995, 1996) re-
ported on some cortical connections of an injection in their area
14c (which overlaps with our orbital A25), but the injection site
included their areas 14r, 25, and 10o (1996). The connections
shown in prefrontal (Carmichael and Price, 1996) and rhinal
areas (Carmichael and Price, 1995) are consistent with our find-
ings. Notably, orbital A25 here and their area 14c were both con-
nected with memory-related temporal areas. In a previous study,
we found that connections between the rostral gyrus rectus (our
area 14) and MTL connections are sparse, at best (Barbas et al.,
1999), corroborated by a later study (Kondo et al., 2005). Thus,
the connectional differences between area 14 and A25 are consis-
tent with our architectonically based parcellation.

On the other hand, medial A25 had concentrated connections
in the nearby midline ACC (Case BS, 22%), and especially in the

posterior sector SGC (Case BR, 66%, Fig. 5P). Partial informa-
tion about the cortical connections of medial A25 was provided
by Chiba et al. (2001), although the tracer injection included
neighboring areas, and by Kondo et al. (2005) and Saleem et al.
(2008). The major focus of these studies was either on subcortical
connections or temporal/insular connections of A25, and to this
extent our results are consistent with these findings.

In the 3 cases with more anterior injections in A25 (Cases BP,
BU, BS), projection neurons were spread out across frontal and
temporal areas (Figs. 6, 7). The posterior A25 case had the largest
injection site, and transport was seen in some distant regions as
well, such as the posterior medial wall (Fig. 7B, area 31). This
evidence suggests that topography of the injection site was a key
factor in the pattern of label, rather than the type of tracer, injec-
tion size, or tracer transport.

Cortical projections of A25
Reciprocal outgoing pathways from A25 terminated in cortical
areas that contained projection neurons directed to A25, as is a
general rule for corticocortical connections. We used the optical
fractionator method to systematically sample and quantify the
reciprocal pathways of A25 by studying their terminations (bou-
tons) in representative areas.

We quantified bouton density in three prefrontal areas: the
STG, the STS, and the memory-related MTL. Reciprocal path-
ways from A25 were consistent with the overall pattern of projec-
tion neurons described above. Qualitative observations across all
cortical areas indicated that bouton density was highest in A25
and the SGC in all cases. Densities in the sampled areas were
��100,000 boutons/mm 3, with two exceptions. The posterior
sector of A25 (Case BR) most densely innervated A32 at �4 times
the density in other areas (�425,500 boutons/mm 3), mirroring
the hyperdense connectivity of the reciprocal pathway of projec-
tion neurons from ACC and SGC, described above (Fig. 5P).
Orbital A25 most densely innervated orbital A12 (A12o; 135,000
boutons/mm 3), in line with findings that the orbital sector of A25
receives reciprocal projections from other orbital parts of PFC.

The laminar origin and termination of A25 pathways
We then studied the laminar distribution of pathways directed to,
or originating in, A25. Labeled neurons projecting to A25 were
distributed in superficial and deep layers, but proportions in each
varied. At one extreme, projection neurons were found mostly in
the upper layers in A12 (Fig. 8E), nearly equally in the upper and
deep layers, as seen in area 14 (Fig. 8D), or mostly in the deep
layers of entorhinal area 28 (A28, Fig. 8A, darkly labeled neurons
in layer V). Figure 9 shows the laminar distribution of labeled
neurons by pathway.

Within a given area, the laminar pattern of A25 terminations
mirrored the laminar pattern of projection neurons directed to
A25. There was a bias for A25 terminations to target the superfi-
cial layers in most areas, including areas 32, 10, 12o, and multiple
areas in the STG and STS (Fig. 10B). A25 targeted both laminar
groups of the MTL areas, with a bias toward the deep layers of the
agranular areas.

We then investigated whether the laminar distribution of con-
nections covaries with cortical type according to the structural
model for connections. The model is based on the relationship of
the type of cortices that are linked, and makes predictions about
the distribution of connections when an area is linked with an-
other area that is of a higher or lower type (Barbas and Rempel-
Clower, 1997). Type refers to the overall laminar structure of an
area, ranging from agranular areas to eulaminate areas that have
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well-delineated laminar architecture, as seen in a schematic in
Figure 1D.

A25 was connected with cortices of multiple types, as depicted
in Figure 9A. The simplest laminar structure is seen in agranular
areas (Fig. 9, red), which have the most impoverished lamination
and contain three layer groups: I, II/III, and V/VI (Fig. 1D). Layer
II is indistinguishable from layer III, and layer IV is not present.
Agranular areas form a ring-like structure at the base (core) of the
cortex (for review, see Barbas, 2015). Next, neighboring dys-
granular areas (Fig. 9, orange) display an incipient layer IV, and
layers II/III and V/VI begin to separate but laminar boundaries
remain difficult to discern (Fig. 1D). Eulaminate I areas (Fig. 9,
light blue) have six layers, and layers in eulaminate II areas (Fig. 9,
intermediate blue) are more distinctive in thickness and defini-

tion (Fig. 1D). The darkest blue shows the best delineated eulami-
nate areas.

Quantitative analysis of pathways by cortical type showed that
A25 was preferentially innervated by neurons found mostly in the
superficial layers of eulaminate areas, such as A12 (Figs. 8E, 9B).
In contrast, A25 was preferentially innervated by neurons in the
deep layers of agranular and dysgranular areas of the MTL (areas
28, 35, 36, TH, TF; Figs. 8A, 9B), the insula (Ia, Id), its contiguous
parainsular cortex (PaI), the temporal pole, and pOFC (area
OPAll; Fig. 9B). Other dysgranular and eulaminate cortices in-
nervated A25 in varying proportions from both laminar groups
(Figs. 8D, 9B). A significant portion of the variance in average
laminar specificity across cases could be explained by cortical
type (Fig. 9C; Jonckheere–Terpstra, Z � 2.6, p � 0.009), with a

Figure 8. Examples of laminar patterns of labeled projection neurons directed to A25. A, Wide column through area 28 shows darkly labeled neurons in the deep layers (arrowheads, Case BU).
B, Higher-magnification inset from layer V shows labeled neurons (arrowheads). C, Higher-magnification inset from B shows labeled axon terminations in layer V (e.g., arrowheads). D, Grayscale
epifluorescence shows wide column through area 14 with brightly labeled neurons in layers III and V–VI (e.g., arrowheads, Case BP). E, Wide column through area 12 shows darkly labeled neurons
in the superficial layers (arrowheads, Case BU). F, Higher-magnification inset of layer III shows labeled neuron (arrowhead). G, Higher-magnification inset of labeled axon terminations in layer III
(e.g., arrowhead). Dotted lines indicate laminar boundaries. ld, Lamina dissecans; WM, white matter.
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significant pairwise difference between agranular and eulaminate
I cortices (p � 0.02). A linear regression showed a shift in the
laminar location of labeled projection neurons toward superficial
layers as cortical areas increased in laminar complexity (Fig. 9C;
R 2 � 0.15, R 2 adjusted � 0.13, p � 0.003). The trend was seen in
each case (Fig. 9D), indicating consistency of the effect across
cases and distinct tracers.

Similarly, a significant portion of the variance in laminar spec-
ificity of the reciprocal pathways from A25 to other areas could be
explained by cortical type, based on stereologic analysis of a
large number of labeled boutons (Fig. 10B,C; one-way ANOVA,
F(2,18) � 7.8, p � 0.004), with a significant difference between
agranular and eulaminate I cortices (post hoc Tukey’s, p � 0.004).
Thus, there was a shift in the laminar location of A25 boutons
toward superficial layers as cortical areas innervated by A25 in-
creased in laminar complexity (Fig. 10C; R 2 � 0.46, R 2 ad-
justed � 0.43, p � 0.0007). As seen for the distribution of
projection neurons (described above), the trend was found in
each of the individual cases (Fig. 10D), suggesting a robust effect.

Boutons were categorized as large (largest diameter �1 �m)
or small (�1 �m). No significant differences in bouton size were
found by pathway or cortical type (data not shown; Kruskal–
Wallis, H � 9.9, p � 0.13 and H � 3.2, p � 0.21, respectively).

The relationship of axon terminations to neurochemically
distinct classes of inhibitory neurons
We then used multiple labeling techniques to visualize A25 ter-
minations against three distinct neurochemical classes of inhibi-
tory neurons labeled by the calcium binding proteins PV, CB, and
CR. In primates, these neurochemically defined classes are largely
nonoverlapping, and their laminar distribution is similar across
areas (DeFelipe, 1997). These classes also differ in their innerva-
tion of postsynaptic sites and physiologic dynamics (DeFelipe,
1997). CR neurons are most dense in layers I–IIIa in most areas,
where they often inhibit nearby inhibitory neurons (Meskenaite,
1997). In the entorhinal cortex (A28), we observed that CR neu-
rons were also abundant in the deep layers (Fig. 11A–C,F). CB
neurons are found mostly in layers II–III and frequently target
the intermediate and distal dendrites of pyramidal neurons (De-
Felipe, 1997; Wang et al., 2004; Barbas et al., 2005). PV neurons
are found mostly in layers IV–VI, and their fast spiking dynamics
and perisomatic targeting can produce strong inhibition (DeFe-
lipe, 1997; Kawaguchi and Kubota, 1997).

We found that A25 terminations in the upper layers intermin-
gled with CB and CR populations or coursed through the dense
plexus of apical dendrites in the largely neuron-sparse layer I (Fig.
11D,E,G–I). Conversely, terminations of A25 in deep layers in-

Figure 9. Laminar patterns of A25 pathways vary by cortical type: projection neurons. A, Map of cortical areas projecting to A25 are color-coded by cortical type: agranular (red) to eulaminate II �

(darkest blue). Areas outside the PFC with no A25 connections were left blank. B, Average percentage neurons (	SEM) across cases originating in superficial layers II–III, organized by system and
then by laminar structure (indicated by colors that represent cortical types) within each system. Data from some similar architectonic areas within systems were combined (e.g., areas MPAll and 24a).
C, Cortical areas in B were pooled across cases and regressed by cortical type. This analysis showed that the proportion of labeled neurons in the superficial layers increased as cortical structure (type)
was more elaborate. Average percentage (	SEM) shown (colors) with linear fit from the regression and corresponding adjusted R 2. D, Individual cases with average percentage of labeled neurons
in superficial layers (	SEM) and linear fit from regression show a consistent upward trend. Black circles represent individual cortical areas and convey variability. olf, Olfactory cortex and nuclei.
*significant difference.
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termingled with PV neurons and especially their processes (A28,
Fig. 11A–C). Differential laminar targeting by A25 terminations
suggests that A25 pathways may interact with functionally dis-
tinct inhibitory microenvironments depending on the cortical
area of termination.

Glutamatergic nature of A25 connections
We also conducted double-labeling experiments for the tracer
and VGLUT1 or VGLUT2 to investigate the glutamatergic nature
of A25 terminations. Although it is thought that corticocortical
connections generally express VGLUT1, some studies suggest
that there may be a small subset of corticocortical neurons in the
middle layers that express VGLUT2 mRNA (De Gois et al., 2005;
Hackett et al., 2011). We systematically sampled both layer
groups of A32 (Cases BR, BU) and ventral A10 (Case BU) for A25
boutons. There was no evidence that A25 boutons colocalized
with VGLUT2, which are larger and easier to detect (Timbie and
Barbas, 2015), while a subset of A25 boutons colocalized with
VGLUT1 (data not shown). This evidence suggests that there is
no differential VGLUT expression for A25 pathways terminating
in different cortical layers at the level of the protein.

Discussion
The principal cortical connections of A25
Our findings revealed that A25 is connected with cortices that are
broadly associated with emotion, memory, and internal states,
exemplified by strong connections with ventromedial and poste-
rior orbitofrontal regions. Beyond the PFC, pathways linked A25
with the temporal pole, medial temporal areas associated with
memory, and auditory association areas. Our findings provide a
comprehensive cortical connectome for A25 based on novel
quantitative maps, confirming and extending incidental findings
in nonhuman primates (Vogt and Pandya, 1987; Barbas and Pan-
dya, 1989; Morecraft et al., 1992; Barbas, 1993; Carmichael and
Price, 1995, 1996; Barbas et al., 1999; Rempel-Clower and Barbas,
2000; Kondo et al., 2003, 2005; Medalla et al., 2007; Petrides and
Pandya, 2007; Saleem et al., 2008) and humans (Johansen-Berg et
al., 2008; Gutman et al., 2009; Vergani et al., 2016). Our findings
of projections from STG, temporal pole, insula, and MTL are
consistent with results from a few cases with injection of tracers in
A25 (Chiba et al., 2001; Kondo et al., 2005; Saleem et al., 2008).

A25 had limited connections with sensory cortices outside the
auditory modality, a pattern also seen for other medial prefrontal
areas (Barbas et al., 1999). The auditory-related connections of

Figure 10. Laminar patterns of A25 pathways vary by cortical type: axon terminations. A, Map of cortical areas connected with A25 are color-coded by cortical type: agranular (red) to eulaminate
II � (darkest blue). Areas outside the PFC with no A25 connections were left blank. B, Average percentage boutons across cases from A25 (	SEM) found in superficial layers (Cases BU, BS, BR; Case
BP had only a retrograde tracer). C, Cortical areas from B were pooled across cases and regressed by cortical type. This analysis showed that the proportion of labeled boutons in the superficial layers
increased as cortical structure (type) became more elaborate. D, Individual cases with average percentage of labeled boutons in superficial layers (	SEM) and linear fit from regression show a
consistent upward trend. Black circles represent individual cortical areas and convey variability. olf, Olfactory cortex and nuclei. *significant difference.
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A25 included the anterior STG and temporal pole, which respond
to conspecific vocalizations, and complex aspects of audition and
their affective significance (Poremba et al., 2004, 2013; Romanski
and Averbeck, 2009; Plakke and Romanski, 2014). A novel path-
way linked A25 with area prostriata, a dysgranular area in the

anterior calcarine region, which may be part of the dorsal visual
system adapted for quick response to spatial stimuli (Ungerleider
and Mishkin, 1982; Yu et al., 2012; Ding, 2013).

Another significant contingent of A25 connections involved
entorhinal, perirhinal, and parahippocampal cortices, suggesting

Figure 11. Examples of A25 axon terminations within distinct inhibitory microenvironments. A–C, High magnification of layer V in medial entorhinal area 28 shows A25 terminations (green)
comingling with PV neurons and their processes (yellow) and with deeply situated CR neurons (blue). A, Inset from F. D, High magnification of layer III in area 32 shows A25 terminations comingling
with CB (red) and CR (blue) neurons (inset from G). E, High magnification of layer III in area 12o shows A25 terminations comingling with CB (red) and CR (blue) neurons (inset from H ). F, Low
magnification of column through the entire depth of medial entorhinal area 28 shows A25 terminations (green) seen mostly in layer V where PV (yellow) and CR (blue) inhibitory neurons are found
(Case BU). G, Low-magnification column through the cortical depth of area 32 shows A25 terminations in the superficial layers, where CB (red) and CR (blue) neurons are prominent (Case BR). H, Low
magnification of column through the cortical depth of orbital area 12 shows terminations from A25 mostly in the upper layers, where CB (red) and CR (blue) neurons are found (Case BU). I, High
magnification of layer I in area 32 shows A25 terminations coursing through layer I, which contains the apical dendrites from pyramidal neurons below (inset from G). Layer I contains almost no cell
bodies, with the exception of CR neurons. Empty arrowheads indicate A25 terminations (green) or color-coded processes of inhibitory neurons. Filled green arrowheads indicate labeled projection
neurons directed to A25. Scale bars: A, D, E, I, 100 �m; B, C, 50 �m; F–H, 200 �m. ld, Lamina dissecans.
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a role in memory-related processes, along with a strong pathway
from the hippocampus (Barbas and Blatt, 1995; Insausti and Mu-
ñoz, 2001). Focal connections were also noted in the agranular
and dysgranular insula, which may be associated with interocep-
tive and visceromotor functions (An et al., 1998; Ongür et al.,
1998; Rempel-Clower and Barbas, 1998; Freedman et al., 2000;
Ongür and Price, 2000; Chiba et al., 2001; Drevets et al., 2008a;
Gold, 2015).

Previous investigators suggested that A25 is an autonomic
effector region, based on subcortical connections (Chiba et al.,
2001). The present findings show how converging pathways from
cortices associated with interoception, affective states, memory,
and cognition provide diverse ways to trigger autonomic states
through A25. The posterior medial A25 was distinguished among
PFC for the strongest bidirectional connections with nearby SGC,

and the most robust connections with the
amygdala (Barbas et al., 1999; Ghashghaei
et al., 2007), suggesting a prominent role
in autonomic function. Other differences
between A25 sites included somewhat
stronger connections of orbital A25 with
nearby orbital areas and medial A25 with
neighboring cingulate cortices. The shared
features in architecture and overall pattern
of connections provide evidence that the
medial and orbital parts of this ventrome-
dial region in rhesus monkeys are part of
A25, as also reported by others (Petrides et
al., 2012).

The laminar pattern of connections and
cortical recruitment
A25 pathways showed a propensity for
terminating in the superficial layers of
most areas, in a pattern often called feed-
back, by analogy with directional process-
ing in sensory systems (Felleman and Van
Essen, 1991; Hilgetag et al., 2016). Feed-
back connections originate in the deep
layers and terminate expansively in the
upper layers (Rockland and Drash, 1996).
The densely populated deep layers of ma-
caque A25 stand in sharp contrast to the
sparser upper layers, forming a lopsided
laminar architecture, seen also in humans
(Mackey and Petrides, 2014). The laminar
architecture and connections suggest that
A25 may be the consummate prefrontal
feedback system (Fig. 12).

The widespread terminations in the
upper layers brought A25 pathways in
contact with populations of CB inhibitory
neurons, which are thought to have a
modulatory role (DeFelipe et al., 1989b;
Wang et al., 2004) and with CR neurons,
which have a disinhibitory role (Meske-
naite, 1997), suggesting a predominant
excitatory effect. This evidence suggests
that A25 can recruit large swaths of cor-
tex, consistent with the hypothesis that
limbic cortices, such as A25, have a tonic
influence on the neuraxis (Barbas, 1995,
2000).

In contrast to the feedback pattern of connections with most
areas, A25 pathways terminated preferentially in the middle-deep
layers of A28, where they overlapped with PV inhibitory neurons,
known for their perisomatic innervation of neighboring pyrami-
dal neurons (DeFelipe et al., 1989a; Mikkonen et al., 1997). The
deep layers of A28 receive hippocampal output destined for the
cortex, suggesting that A25 terminations may help gate signals
leaving the hippocampus for long-term memory storage (Canto
et al., 2008; Bunce and Barbas, 2011; Bunce et al., 2013; Anderson
et al., 2016). Theta oscillations in the deep layers of human ento-
rhinal A28 are associated with autobiographical memory re-
trieval (Steinvorth et al., 2010), processing internal mental
context (von Stein et al., 2000), and transfer of salient signals
from hippocampus to cortex (Kirk and Mackay, 2003). A25 ter-

Figure 12. Summary of the cortical connectome of A25. Pathways are color-coded as predominantly feedback or feedforward.
A25 is a preferential feedback system to most other areas. Summary schematic of strength (arrow thickness) and connectional type
(color) for pathways from A25 projecting to other areas. The thickest arrows fall in the lateral-feedback category. The pattern of
label in cortical areas with very sparse connections with A25 is shown with dashed lines. Data from a cortical area’s projections to
A25 were used in complement with terminations from A25. cc, Corpus callosum; pros, prostriata; retrospl, retrosplenial; TPole,
temporal pole.
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minations in MTL may thus affect the emotional valence of in-
ternal state representations for stored or retrieved memories.

The laminar connection patterns of A25 are in accord with the
structural model for connections, which predicts the laminar dis-
tribution and strength of connections (Barbas, 1986; Barbas and
Rempel-Clower, 1997; Goulas et al., 2014; Hilgetag et al., 2016;
Beul et al., 2017). The structural model is relational, with predic-
tions based on the relationship of the laminar architecture of
linked areas, such that connections from an area with simpler
laminar structure to an area with more complex structure follow
a predominant feedback pattern, whereas connections proceed-
ing in the reverse direction are mostly feedforward (Barbas,
2015). The systematic variation in cortical architecture is linked
to development (Barbas and García-Cabezas, 2016), suggesting a
similar developmental origin for the orderly laminar patterns of
corticocortical connections.

Feedforward processing in the primate visual system has been
associated with gamma oscillations, and feedback pathways with
alpha/beta oscillations (e.g., Buffalo et al., 2011; Spaak et al., 2012;
van Kerkoerle et al., 2014; Bastos et al., 2015; Michalareas et al.,
2016). In contrast, others suggest more complex patterns in cor-
tical rhythms (Csercsa et al., 2010; Haegens et al., 2015), which
vary with task demands (Schroeder and Lakatos, 2009; Cannon et
al., 2014; Wimmer et al., 2016). Oscillations depend on activation
of populations of inhibitory neurons (e.g., Le Van Quyen et al.,
2016; Teleńczuk et al., 2017). We suggest that shifts in cortical
rhythms may occur as laminar-specific pathways are recruited in
time to meet changing task demands and impinge on inhibitory
microenvironments with different dynamics. The dynamic na-
ture of cortical oscillations (Cannon et al., 2014; Kopell et al.,
2014) thus may be understood in the context of the graded vari-
ability of cortical connections superimposed on functionally dis-
tinct inhibitory microenvironments (Barbas, 2015). This model
provides a powerful mechanism to study shifts in cortical
rhythms and helps reconcile seemingly contradictory findings in
the cortical rhythm literature.

The cortical connections of A25 and psychiatric diseases
Area 25 is activated during transient healthy sadness (George et
al., 1995; Mayberg et al., 1999; Liotti et al., 2002), but in depres-
sion it becomes tonically hyperactive, a phenomenon correlated
with symptom severity that is normalized after successful treat-
ment (Drevets et al., 1997, 2008b; Mayberg, 1997, 2003; Mayberg
et al., 2005; Johansen-Berg et al., 2008; Hamani et al., 2009). The
predominant feedback nature of A25 pathways with eulaminate
areas suggests the potential to recruit widespread target fields.
Heightened activity in A25 will also recruit agranular areas in the
pOFC, vmPFC, MTL, and anterior insular areas, associated with
emotions, interoceptive processes, and memory. The predomi-
nant feedforward nature of these connections suggests that activ-
ity is initiated in A25, akin to the feedforward pattern from early
to later processing sensory areas. The persistent and inescap-
able effect severe depression has on patients may mirror the
pervasive and widespread pattern of connections A25 has with
areas associated with emotion and internal states, making it
difficult to disengage attention and focus elsewhere, as cir-
cumstances demand.

Depression is associated with an attenuated ability to regulate
emotion (Mayberg, 1997; Disner et al., 2011), and strategies that
reduce negative affect seem to dampen SGC activity (Liotti et al.,
2002; Mayberg, 2003; Mayberg et al., 2005; for review, see Phelps
et al., 2004; Myers-Schulz and Koenigs, 2012). Regulation strat-
egies may rely on interaction of A25 with areas associated with

cognition. Despite limited interface with the LPFC, we found a
moderate pathway that linked A25 with frontopolar A10, which
has been associated with complex cognition (Koechlin et al.,
1999; Dreher et al., 2008; Medalla and Barbas, 2010, 2014) and
regulation of emotion (Beauregard et al., 2001; Ochsner et al.,
2004; Blair et al., 2007). A10 achieves its greatest development in
apes and humans (Semendeferi et al., 2001), and its volume is
reduced in patients with depression (Bludau et al., 2016). Integ-
rity of this pathway may be critical for the ability to disengage
from negative affect and, consequently, may weaken in depres-
sion (Barbas and Zikopoulos, 2014; Riva-Posse et al., 2014) and
anxiety disorders (Fonzo et al., 2017a,b). The pathway between
A10 and A25 may thus be a promising target for therapeutic
interventions.

In conclusion, A25 is positioned at a crucial intersection of
systems involving emotional states, somatic responses to emo-
tion, internal states, and memory. The predominant connections
of A25 point to a role in mood and emotional equilibrium, and
suggest how hyperactivation of this area can disrupt fundamental
processes of the internal milieu and its fragile association with
complex cognition.
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Barbas H, García-Cabezas MÁ (2016) How the prefrontal executive got its
stripes. Curr Opin Neurobiol 40:125–134. CrossRef Medline

Barbas H, Pandya DN (1989) Architecture and intrinsic connections of the
prefrontal cortex in the rhesus monkey. J Comp Neurol 286:353–375.
CrossRef Medline

Barbas H, Rempel-Clower N (1997) Cortical structure predicts the pattern
of corticocortical connections. Cereb Cortex 7:635– 646. CrossRef
Medline

Barbas H, Zikopoulos B (2014) Toward patient-specific targeting and pa-
rameter setting of deep brain stimulation for relief of depression. Biol
Psychiatry 76:914 –916. CrossRef Medline

Barbas H, Ghashghaei H, Dombrowski SM, Rempel-Clower NL (1999) Me-
dial prefrontal cortices are unified by common connections with superior
temporal cortices and distinguished by input from memory-related areas
in the rhesus monkey. J Comp Neurol 410:343–367. CrossRef Medline

Barbas H, Medalla M, Alade O, Suski J, Zikopoulos B, Lera P (2005) Rela-
tionship of prefrontal connections to inhibitory systems in superior tem-
poral areas in the rhesus monkey. Cereb Cortex 15:1356 –1370. CrossRef
Medline

Bastos AM, Vezoli J, Bosman CA, Schoffelen JM, Oostenveld R, Dowdall JR,
De Weerd P, Kennedy H, Fries P (2015) Visual areas exert feedforward

1694 • J. Neurosci., February 14, 2018 • 38(7):1677–1698 Joyce and Barbas • Cortical Connections of Subgenual Cortex

http://dx.doi.org/10.1002/(SICI)1096-9861(19981130)401:4%3C455::AID-CNE3%3E3.0.CO;2-6
http://www.ncbi.nlm.nih.gov/pubmed/9826273
http://dx.doi.org/10.1016/j.nlm.2015.11.008
http://www.ncbi.nlm.nih.gov/pubmed/26642918
http://dx.doi.org/10.1002/cne.902520310
http://www.ncbi.nlm.nih.gov/pubmed/3793985
http://dx.doi.org/10.1016/0306-4522(93)90132-Y
http://www.ncbi.nlm.nih.gov/pubmed/8284038
http://dx.doi.org/10.1016/0149-7634(94)00053-4
http://www.ncbi.nlm.nih.gov/pubmed/7566750
http://dx.doi.org/10.1016/S0361-9230(99)00245-2
http://www.ncbi.nlm.nih.gov/pubmed/10922509
http://dx.doi.org/10.1146/annurev-neuro-071714-033936
http://www.ncbi.nlm.nih.gov/pubmed/25897871
http://dx.doi.org/10.1002/hipo.450050604
http://www.ncbi.nlm.nih.gov/pubmed/8646279
http://dx.doi.org/10.1016/j.tins.2015.03.005
http://www.ncbi.nlm.nih.gov/pubmed/25868984
http://dx.doi.org/10.1016/j.conb.2016.07.003
http://www.ncbi.nlm.nih.gov/pubmed/27479655
http://dx.doi.org/10.1002/cne.902860306
http://www.ncbi.nlm.nih.gov/pubmed/2768563
http://dx.doi.org/10.1093/cercor/7.7.635
http://www.ncbi.nlm.nih.gov/pubmed/9373019
http://dx.doi.org/10.1016/j.biopsych.2014.09.012
http://www.ncbi.nlm.nih.gov/pubmed/25454067
http://dx.doi.org/10.1002/(SICI)1096-9861(19990802)410:3%3C343::AID-CNE1%3E3.0.CO;2-1
http://www.ncbi.nlm.nih.gov/pubmed/10404405
http://dx.doi.org/10.1093/cercor/bhi018
http://www.ncbi.nlm.nih.gov/pubmed/15635060


and feedback influences through distinct frequency channels. Neuron
85:390 – 401. CrossRef Medline

Bates JF, Goldman-Rakic PS (1993) Prefrontal connections of medial motor
areas in the rhesus monkey. J Comp Neurol 336:211–228. CrossRef
Medline
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Höistad M, Barbas H (2008) Sequence of information processing for emo-
tions through pathways linking temporal and insular cortices with the
amygdala. Neuroimage 40:1016 –1033. CrossRef Medline

Howard CV, Reed MG (1998) Unbiased stereology, three-dimensional
measurement in microscopy. Oxford: BIOS Scientific.
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Teleńczuk B, Dehghani N, Le Van Quyen M, Cash SS, Halgren E, Hatsopoulos
NG, Destexhe A (2017) Local field potentials primarily reflect inhibitory
neuron activity in human and monkey cortex. Sci Rep 7:40211. CrossRef
Medline

Timbie C, Barbas H (2015) Pathways for emotions: specializations in the

Joyce and Barbas • Cortical Connections of Subgenual Cortex J. Neurosci., February 14, 2018 • 38(7):1677–1698 • 1697

http://dx.doi.org/10.1046/j.1460-9568.1999.00672.x
http://www.ncbi.nlm.nih.gov/pubmed/10383640
http://dx.doi.org/10.1016/j.neuropsychologia.2010.01.011
http://www.ncbi.nlm.nih.gov/pubmed/20097215
http://dx.doi.org/10.1038/mp.2011.88
http://www.ncbi.nlm.nih.gov/pubmed/21788943
http://dx.doi.org/10.1016/0022-3956(71)90017-3
http://www.ncbi.nlm.nih.gov/pubmed/5000109
http://dx.doi.org/10.1016/j.neuroimage.2004.06.030
http://www.ncbi.nlm.nih.gov/pubmed/15488398
http://dx.doi.org/10.1093/cercor/10.3.206
http://www.ncbi.nlm.nih.gov/pubmed/10731217
http://dx.doi.org/10.1002/(SICI)1096-9861(19981130)401:4%3C480::AID-CNE4%3E3.0.CO;2-F
http://www.ncbi.nlm.nih.gov/pubmed/9826274
http://dx.doi.org/10.1016/j.neuroimage.2015.04.053
http://www.ncbi.nlm.nih.gov/pubmed/25937490
http://dx.doi.org/10.1016/0006-8993(69)90141-3
http://www.ncbi.nlm.nih.gov/pubmed/4185124
http://dx.doi.org/10.1007/BF00523634
http://www.ncbi.nlm.nih.gov/pubmed/4197942
http://dx.doi.org/10.1002/cne.902040208
http://www.ncbi.nlm.nih.gov/pubmed/6276450
http://dx.doi.org/10.1016/j.tics.2017.03.002
http://www.ncbi.nlm.nih.gov/pubmed/28363681
http://dx.doi.org/10.1002/cne.902280110
http://www.ncbi.nlm.nih.gov/pubmed/6480903
http://dx.doi.org/10.1523/JNEUROSCI.2419-07.2007
http://www.ncbi.nlm.nih.gov/pubmed/17959800
http://dx.doi.org/10.1016/j.cortex.2011.07.002
http://www.ncbi.nlm.nih.gov/pubmed/21872854
http://dx.doi.org/10.1016/j.neuron.2004.08.042
http://www.ncbi.nlm.nih.gov/pubmed/15363399
http://dx.doi.org/10.3389/fnins.2014.00199
http://www.ncbi.nlm.nih.gov/pubmed/25100931
http://dx.doi.org/10.1038/nature02268
http://www.ncbi.nlm.nih.gov/pubmed/14749833
http://dx.doi.org/10.1016/j.heares.2013.06.005
http://www.ncbi.nlm.nih.gov/pubmed/23792078
http://dx.doi.org/10.1002/cne.903100402
http://www.ncbi.nlm.nih.gov/pubmed/1939732
http://dx.doi.org/10.1016/S0165-0270(00)00293-4
http://www.ncbi.nlm.nih.gov/pubmed/11074093
http://dx.doi.org/10.1002/(SICI)1096-9861(19980831)398:3%3C393::AID-CNE7%3E3.0.CO;2-V
http://www.ncbi.nlm.nih.gov/pubmed/9714151
http://dx.doi.org/10.1093/cercor/10.9.851
http://www.ncbi.nlm.nih.gov/pubmed/10982746
http://dx.doi.org/10.1016/0165-0270(94)90142-2
http://www.ncbi.nlm.nih.gov/pubmed/7527476
http://dx.doi.org/10.1016/j.biopsych.2014.03.029
http://www.ncbi.nlm.nih.gov/pubmed/24832866
http://dx.doi.org/10.1002/(SICI)1096-9861(19960930)373:4%3C529::AID-CNE5%3E3.0.CO;2-3
http://www.ncbi.nlm.nih.gov/pubmed/8889943
http://www.ncbi.nlm.nih.gov/pubmed/7833650
http://dx.doi.org/10.1146/annurev.neuro.051508.135431
http://www.ncbi.nlm.nih.gov/pubmed/19400713
http://dx.doi.org/10.1126/science.410102
http://www.ncbi.nlm.nih.gov/pubmed/410102
http://dx.doi.org/10.1177/34.10.3745909
http://www.ncbi.nlm.nih.gov/pubmed/3745909
http://dx.doi.org/10.1152/physrev.00002.2003
http://www.ncbi.nlm.nih.gov/pubmed/12843409
http://dx.doi.org/10.1002/cne.21141
http://www.ncbi.nlm.nih.gov/pubmed/17183540
http://dx.doi.org/10.1002/cne.21577
http://www.ncbi.nlm.nih.gov/pubmed/18067141
http://dx.doi.org/10.1146/annurev.neuro.051508.135256
http://www.ncbi.nlm.nih.gov/pubmed/20331363
http://dx.doi.org/10.1098/rstb.2000.0547
http://www.ncbi.nlm.nih.gov/pubmed/10703042
http://dx.doi.org/10.1523/JNEUROSCI.2618-15.2015
http://www.ncbi.nlm.nih.gov/pubmed/26468191
http://dx.doi.org/10.1016/j.tins.2008.09.012
http://www.ncbi.nlm.nih.gov/pubmed/19012975
http://dx.doi.org/10.1002/cne.903070113
http://www.ncbi.nlm.nih.gov/pubmed/1713225
http://dx.doi.org/10.1016/0006-8993(78)90584-X
http://www.ncbi.nlm.nih.gov/pubmed/418850
http://dx.doi.org/10.1002/1096-8644(200103)114:3%3C224::AID-AJPA1022%3E3.0.CO;2-I
http://www.ncbi.nlm.nih.gov/pubmed/11241188
http://dx.doi.org/10.1212/WNL.8.7.561
http://www.ncbi.nlm.nih.gov/pubmed/13566404
http://dx.doi.org/10.1016/j.cub.2012.10.020
http://www.ncbi.nlm.nih.gov/pubmed/23159599
http://dx.doi.org/10.1002/hipo.20597
http://www.ncbi.nlm.nih.gov/pubmed/19338019
http://dx.doi.org/10.1002/cne.10744
http://www.ncbi.nlm.nih.gov/pubmed/12811804
http://dx.doi.org/10.1038/srep40211
http://www.ncbi.nlm.nih.gov/pubmed/28074856


amygdalar, mediodorsal thalamic, and posterior orbitofrontal network.
J Neurosci 35:11976 –11987. CrossRef Medline

Ungerleider L, Mishkin M (1982) Two cortical visual systems. In: Analysis
of visual behavior (Ingle DJ, Goodale MA, Mansfield RJW, eds), pp 549 –
586. Cambridge: Massachusetts Institute of Technology.

van Kerkoerle T, Self MW, Dagnino B, Gariel-Mathis MA, Poort J, van der
Togt C, Roelfsema PR (2014) Alpha and gamma oscillations character-
ize feedback and feedforward processing in monkey visual cortex. Proc
Natl Acad Sci U S A 111:14332–14341. CrossRef Medline

Veenman CL, Reiner A, Honig MG (1992) Biotinylated dextran amine as an
anterograde tracer for single- and double-labeling studies. J Neurosci
Methods 41:239 –254. CrossRef Medline

Vergani F, Martino J, Morris C, Attems J, Ashkan K, Dell’Acqua F (2016)
Anatomic connections of the subgenual cingulate region. Neurosurgery
79:465– 472. CrossRef Medline

Vogt BA, Pandya DN (1987) Cingulate cortex of the rhesus monkey: II.
Cortical afferents. J Comp Neurol 262:271–289. CrossRef Medline

von Stein A, Chiang C, König P (2000) Top-down processing mediated by
interareal synchronization. Proc Natl Acad Sci U S A 97:14748 –14753.
CrossRef Medline

Walker AE (1940) A cytoarchitectural study of the prefrontal area of the
macaque monkey. J Comp Neurol 73:59 – 86. CrossRef

Wang XJ, Tegnér J, Constantinidis C, Goldman-Rakic PS (2004) Division of
labor among distinct subtypes of inhibitory neurons in a cortical micro-
circuit of working memory. Proc Natl Acad Sci U S A 101:1368 –1373.
CrossRef Medline

Wimmer K, Ramon M, Pasternak T, Compte A (2016) Transitions between
multiband oscillatory patterns characterize memory-guided perceptual
decisions in prefrontal circuits. J Neurosci 36:489 –505. CrossRef Medline

Yakovlev PI, Lecours AR (1967) The myelogenetic cycles of regional matu-
ration of the brain. In: Regional development of the brain in early life
(Minowski A, ed), pp 3–70. Oxford: Blackwell Scientific.

Yeterian EH, Pandya DN, Tomaiuolo F, Petrides M (2012) The cortical con-
nectivity of the prefrontal cortex in the monkey brain. Cortex 48:58 – 81.
CrossRef Medline

Yu HH, Chaplin TA, Davies AJ, Verma R, Rosa MG (2012) A specialized
area in limbic cortex for fast analysis of peripheral vision. Curr Biol 22:
1351–1357. CrossRef Medline

Zikopoulos B, John YJ, García-Cabezas MÁ, Bunce JG, Barbas H (2016) The
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