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Systems/Circuits

Pathways for Emotions: Specializations in the Amygdalar,
Mediodorsal Thalamic, and Posterior Orbitofrontal Network

Clare Timbie'? and Helen Barbas'>
Department of Anatomy and Neurobiology, Boston University School of Medicine, Boston, Massachusetts 02118, and 2Neural Systems Laboratory,
Department of Health Sciences, Boston University, Boston, Massachusetts 02215

The primate amygdala projects to posterior orbitofrontal cortex (pOFC) directly and possibly indirectly through a pathway to the
magnocellular mediodorsal thalamic nucleus (MDmc), which may convey signals about the significance of stimuli. However, because
MDmc receives input from structures in addition to the amygdala and MDmc projects to areas in addition to pOFC, it is unknown whether
amygdalar pathways in MDmc innervate pOFC-bound neurons. We addressed this issue using double- or triple-labeling approaches to
identify pathways and key cellular and molecular features in rhesus monkeys. We found that amygdalar terminations innervated labeled
neurons in MDmc that project to pOFC. Projection neurons in MDmc directed to pOFC included comparatively fewer “core” parvalbumin
neurons that project focally to the middle cortical layers and more “matrix” calbindin neurons that project expansively to the upper
cortical layers. In addition, a small and hitherto unknown pathway originated from MDmc calretinin neurons and projected to pOFC.
Further, whereas projection neurons directed to MDmc and to pOFC were intermingled in the amygdala, none projected to both struc-
tures. Larger amygdalar neurons projected to MDmc and expressed the vesicular glutamate transporter 2 (VGLUT2), which is found in
highly efficient “driver” pathways. In contrast, smaller amygdalar neurons directed to pOFC expressed VGLUT1 found in modulatory
pathways. The indirect pathway from the amygdala to pOFC via MDmc may provide information about the emotional significance of
events and, along with a parallel direct pathway, ensures transfer of signals to all layers of pOFC.
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The amygdala—the brain’s center for emotions—is strongly linked with the orbital cortex, a region associated with social interactions.
This study provides evidence that a robust pathway from the amygdala reaches neurons in the thalamus that link directly with the orbital
cortex, forming a tight tripartite network. The dual pathways from the amygdala to the orbital cortex and to the thalamus are distinct by
morphology, neurochemistry, and function. This tightly linked network suggests the presence of fool-proof avenues for emotions to
influence high-order cortical areas associated with affective reasoning. Specific nodes of this tripartite network are disrupted in psychi-
atric diseases, divorcing areas that integrate emotions and thoughts for decisions and flexible behavior. j
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zman and Fusi, 2010; West et al., 2011). The strongest amygdalar
pathways reach posterior orbitofrontal cortex (pOFC), where af-
fective signals and sensory information converge and enable rep-
resentation of task state (Davis and Whalen, 2001; Ghashghaei et
al., 2007; Wilson et al., 2014). The primate amygdala and pOFC

Introduction

The amygdala is critical for processing the affective content of
stimuli (Davis and Whalen, 2001; Baxter and Murray, 2002; Sal-
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are also interconnected with the medial (magnocellular) medi-
odorsal (MDmc) thalamic nucleus (Porrino etal., 1981; Aggleton
and Mishkin, 1984; McFarland and Haber, 2002; Miyashita et al.,
2007; Izquierdo and Murray, 2010), forming a tripartite network.

A key unanswered question is whether the amygdalar pathway
to MDmc targets neurons that project to pOFC, which could
convey information about the significance of events. This ques-
tion arises because MDmc receives input from several structures

DOL:10.1523/INEUR0SC1.2157-15.2015
Copyright © 2015 the authors  0270-6474/15/3511976-12515.00/0



Timbie and Barbas e Tripartite Amygdalar-MDmc-Orbitofrontal Network

Table 1. Injection sites in pOFC, amygdala, and thalamus

Case/hemisphere  Injection site/division Tracer ~ Sex  Agel(y)
BC/right A13 FE M 3
BJ/right pOFC/orbital pro-isocortex LY F 2
BK/right pOFC/orbital pro-isocortex (BL F 2.5
BM/left pOFC/orbital pro-isocortex FE F 35
BP/right pOFC/orbital pro-isocortex FR F 35
BL/right Amygdala/cortical, basomedial FR M 3
BM/left Amygdala/basolateral, lateral FR F 35
BN/right Amygdala/basomedial, basolateral FE M 2
BS/left pOFC/orbital pro-isocortex FB F 3.5
BS/left Mediodorsal thalamus/magnocellular, ~ FR F 3.5
parvicellular

and projects to areas in addition to pOFC (Mitchell and
Chakraborty, 2013). Previous studies have shown that amygdalar
and thalamic MD pathways in pOFC are complementary. Path-
ways from the amygdala terminate most densely in the upper
layers of pOFC, whereas thalamic pathways terminate mostly in
the middle layers (Giguere and Goldman-Rakic, 1988; McFar-
land and Haber, 2002; Timbie and Barbas, 2014). If projections
from MDmc represent an indirect route for amygdalar input to
pOFC, then the amygdala may have laminar-specific effects in
pOFC through the direct and indirect pathways. In this context,
the direct amygdalar pathway targets functionally distinct classes
of inhibitory neurons in the upper and middle-deep layers of
pOFC (Timbie and Barbas, 2014).

Also unexplored are functionally relevant features of the tri-
partite circuit that links the amygdala with MDmc and both
structures with pOFC. One of these pertains to dual excitatory
pathway systems in the thalamus that project to the cortex. The
classical thalamocortical pathway in sensory systems origi-
nates in excitatory PV neurons and projects to the middle
cortical layers. A parallel pathway from excitatory CB neurons
projects to the upper cortical layers (Jones, 1998). The relative
prevalence of PV and CB neurons that give rise to dual projec-
tion systems from the high-order MDmc thalamic nucleus to
pOEC is unknown.

Another issue pertains to the neurochemical features of the
dual amygdalar pathways to MDmc and to pOFC. Available data
hint that the two pathways differ in rats (McDonald, 1987) and
primates (Miyashita et al., 2007); however, there is no informa-
tion about the identity of these pathways with respect to recently
described functionally distinct classes of glutamatergic pathways
(Fremeau et al., 2004; Santos et al., 2009).

To investigate these key features of the tripartite circuit, we
addressed the following questions: (1) is there evidence of a se-
quential amygdalar-MDmc-pOFC pathway? (2) what is the rela-
tive prevalence of PV and CB projection neurons in MD directed
to pOFC? and (3) do the dual amygdalar pathways to pOFC and
to MD arise from the same or different neuronal populations? We
provide evidence of salient differences in these pathways that are
associated with affective reasoning for flexible behavior and are
often disrupted in psychiatric diseases.

Materials and Methods

Surgery, tracer injections, and tissue processing

Experiments were conducted on eight rhesus monkeys (Macaca mulatta)
of both sexes aged 2-3.5 years, which were injected with 1-2 distinct
neural tracers (see Fig. 1, Table 1). Experiments were conducted accord-
ing to the Guide for the Care and Use of Laboratory Animals (National
Research Council, 2011). Experimental methods were approved by the
Institutional Animal Care and Use Committee at Boston University
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School of Medicine, Harvard Medical School, and New England Primate
Research Center. Procedures involving animals were designed to reduce
the number of animals needed and to minimize animal suffering.

Before surgery, we obtained MRIs after animal sedation with ketamine
hydrochloride (10-15 mg/kg, i.m.), propofol anesthesia (loading dose
2.5-5 mg/kg, i.v.; infusion rate, 0.25-0.4 mg/kg/min) and placement in a
stereotaxic apparatus (1430M; David Kopf Instruments). The images
were used to calculate stereotaxic coordinates for the injection sites. Sur-
gery for injection of tracers was conducted under sterile conditions and
animals were monitored continuously for respiratory rate, oxygen satu-
ration, heart rate, and temperature. The animals were sedated with ket-
amine hydrochloride, anesthetized with isofluorane, and positioned in
the same stereotaxic apparatus as for imaging (the Kopf 1430M). A small
opening was made in the skull and dura to inject neural tracers into
amygdalar nuclei, pOFC, or MD using Hamilton syringes (10 ul). Trac-
ers included: 3% dilutions of fast blue (FB, 2 ul; Polysciences) or 10%
dilutions of lucifer yellow dextran (LY, 4 ul, 10 kDa; Invitrogen), fluo-
roemerald (FE, fluorescein dextran, 3 ul of 10 kDa or a mixture of 3 and
10 kDa; Invitrogen), fluororuby (FR, tetramethylrhodamine dextran,
3—4 pl of a mixture of 3 and 10 kDa; Invitrogen), or cascade blue dextran
(CBL, 6 ul of a mixture of 3 and 10 kDa; Invitrogen). We adjusted the
volume of dye injected to account for differences in diffusion pattern
among the dyes. Injection sites were small relative to the size of the target
area (Fig. 1). Hamilton syringes were filled with dye and then a small
amount of air to prevent transfer of dye to dorsal structures during
injection. Syringes were left in place for 5-10 min after injection to allow
absorption locally and to prevent backward suction of the dye in the
needle after injection.

After 18 d, the animals were anesthetized with sodium pentobarbital
and perfused transcardially with 4% paraformaldehyde, 0.2% glutaral-
dehyde in 0.1 M PBS, pH 7.4. The brain was removed, cryoprotected in
ascending sucrose solutions (10-30% sucrose w/v in 0.1 M PBS, pH 7.4,
with 0.05% sodium azide; Sigma-Aldrich; Rosene et al., 1986), frozen in
isopentane (Fisher Scientific) at —80°C, and cut on a freezing microtome
(AO Scientific Instruments/Reichert Technologies) in 50 um coronal
sections forming 10 matched series. Sections were stored free floating at
—20°Cin a solution of 30% ethylene glycol, 30% glycerol, 0.05% sodium
azide in 0.05 M phosphate buffer, pH 7.4.

Bright-field and confocal microscopy

To identify overlap between amygdalar axons and neurons in MDmc that
project to pOFC, the thalamus was removed after perfusion and before
cryoprotection, postfixed for 3 d in 4% paraformaldehyde, embedded in
7% agarose (Electron Microscopy Sciences), and cut on a vibratome at
100 wm (case BM-L). Sections were mounted on glass slides and cover-
slipped while damp with Prolong Gold Antifade mounting medium (In-
vitrogen). Areas of overlap between amygdalar axons and neurons in
MDmc that project to pOFC were imaged using laser scanning confocal
microscopy (Fluoview FV-300, Olympus; LSM-510, Carl Zeiss) at a
630X to 1000X magnification. Stacks of optical sections 0.3 uwm thick
were acquired in MDmc to identify appositions between amygdalar axon
terminals and neurons in MDmc that project to pOFC. Appositions were
defined as close contacts that were visible at all angles between a labeled
bouton and labeled dendrite. FE tracer was visualized with a 488 nm
argon laser and FR tracer with a 568 nm krypton laser (Olympus) or a 543
nm helium neon laser (Zeiss). We also mapped the overlap between
labeled neurons in MDmc that project to pOFC and amygdalar fibers in
MD. We used exhaustive sampling of one of four sections through MD
and identified the proportion of neurons in MDmc that project to pOFC
that were within 100 wm of an amygdalar fiber (Stereolnvestigator 10,
MBF Biosciences; BX60, Olympus).

In the amygdala, we mapped labeled neurons directed to pOFC and to
MD to investigate whether amygdalar neurons project to both structures
(case BS-L). We used exhaustive sampling of one in 10 sections through
the amygdala and a microscope equipped with a motorized stage to
identify labeled neurons throughout the amygdala (Stereolnvestigator
10, MBF Biosciences; BX60, Olympus). We also estimated the area of
each labeled neuron using the nucleator method to identify any popula-
tion differences in neuron size (Stereolnvestigator 10).
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Immunohistochemistry. To label thalamic projection neurons and their
content of CB, PV, or CR, free floating 50 wm sections containing MD
were rinsed in PB and then incubated in 0.01 M sodium citrate buffer, pH
8.5, at 35—45°C for 30 min (Jiao et al., 1999). A 30 min incubation with
0.3% hydrogen peroxide in 0.01 M PBS, pH 7.4, quenched endogenous
peroxidases. Sections were rinsed in PBS and then incubated for 1 h at
4°C in 0.05 M glycine (Sigma-Aldrich) and preblocked for 1 h at 4°C in
5% normal goat serum (NGS; Vector Laboratories), 5% bovine serum
albumin (BSA; Sigma-Aldrich), and 0.2% Triton-X (Sigma-Aldrich) in
0.01 M PBS. Tracers and calcium-binding proteins were bound overnight
at 4°C with primary antibodies (FE, FR, CBL, or LY: 1:800 in 1% NGS,
1% BSA, and 0.1% Triton-X in PBS; rabbit polyclonal, Invitrogen; and
CB, CR, or PV: 1:2000, mouse monoclonal, Swiss Antibodies). For each
incubation, primary and secondary antibody penetration was enhanced
with 8 min runs (3 min on, 2 min off, 3 min on) in a temperature-
controlled variable wattage microwave oven (150 W at 4°C; Pelco Bio-
wave with ColdSpot and ThermoCube; Ted Pella). Next, the tissue was
rinsed in PBS and incubated overnight at 4°C in secondary antibodies
conjugated with fluorescent label (1:100 in 1% NGS, 1% BSA, and 0.1%
Triton-Xin PBS; Alexa Fluor 568 goat anti-rabbit or goat anti-mouse IgG
and Alexa Fluor 488 goat anti-mouse or goat anti-rabbit IgG; Invitro-
gen). Sections were rinsed in PB, mounted on gelatin-coated glass slides,
and coverslipped while damp with Prolong Gold Antifade mounting
medium (Invitrogen) or FluorSave reagent (Millipore).

For analysis of vesicular glutamate transporters 1 and 2 (VGLUT1 and
VGLUT?2), sections were incubated in sodium citrate buffer and glycine
and blocked as above and any BDA tracer was blocked using avidin-
biotin blocking solution (AB blocking kit; Vector Laboratories). Sections
were then incubated overnight in primary antibodies to VGLUT1 (1:
2000 in 1% NGS, 1% BSA, and 0.1% Triton-X in PBS; anti VGLUT1
rabbit polyclonal; MAb Technologies) or VGLUT?2 (1:2000 in 1% NGS,
1% BSA, and 0.1% Triton-X in PBS; anti VGLUT?2 rabbit polyclonal;
MADb Technologies). Sections were rinsed in PBS and then incubated for
2 h at 4°C in biotinylated secondary antibodies (1:200 in 1% NGS, 1%
BSA, and 0.1% Triton-X in PBS; biotin-SP Fab fragment goat anti-rabbit
IgG; Jackson ImmunoResearch). Sections were then incubated for 1 h at
25°C with avidin-biotin horseradish peroxidase (AB-HRP, Vectastain
Elite ABCKkit; Vector Laboratories) ata 1:100 dilution in PBS, followed by
rinses in PBS. VGLUT signal was amplified through incubation in bio-
tinylated tyramide signal amplification solution (1:4000 in PBS, TSA
Biotin Kit; PerkinElmer) with 0.005% hydrogen peroxide for 20 min at
25°C. This step also ensured that any rabbit-binding sites on the primary
or secondary antibody were blocked before incubation with a second
rabbit primary antibody. Sections were then rinsed in PBS and incubated
overnight at 4°C in antibodies to label tracers (FE or FR: 1:800 in 1%
NGS, 1% BSA, and 0.1% Triton-X in PBS; rabbit polyclonal; Invitrogen).
After rinses in PBS, sections were incubated overnight at 4°C in strepta-
vidin conjugates to visualize VGLUT (1:100 Alexa Fluor 647 streptavidin;
Invitrogen) and secondary antibodies to visualize tracers [1:100 in 1%
NGS, 1% BSA, and 0.1% Triton-X in PBS; Alexa Fluor 488-AffiniPure
Fab fragment goat anti-rabbit IgG (FE) or Rhodamine Red-X-AffiniPure
Fab fragment goat anti-rabbit IgG; Jackson Immuno Research). In con-
trol experiments, omission of the primary antibodies and incubating in
secondary antibody solutions showed no immunolabeling.

Data analysis. In four to eight evenly spaced sections, we analyzed
retrogradely labeled pOFC projection neurons in MD also labeled for CB
or PV (three cases: BJ-R, BK-R, BP-R) through the entire rostral-caudal
extent of MD (Olszewski, 1952). We analyzed one additional case (BC-R)
with an injection site confined to layers 5-6 and white matter below
orbital area 13 for comparison. In one case (BJ-R), an additional series of
sections was labeled for CR. For each section, all retrogradely labeled
neurons in MD were counted at 200X magnification and colocalization
with CB or PV was determined using an epifluorescence microscope and
digital camera (BX51 and DP70 digital camera; Olympus).

To study colocalization between fluorescently labeled tracer and
VGLUTI or VGLUT2, we used laser scanning confocal microscopy
(LSM-510; Carl Zeiss). Stacks of optical sections 0.3 wm thick were ac-
quired in patches of labeled fibers in upper layers 2—3a of pOFC or in
MDmc at 630X magnification. Alexa Fluor 488 conjugates were visual-
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ized with a 488 nm argon laser, rhodamine red X conjugates with a 543
nm helium neon laser, and Alexa Fluor 647 conjugates with a 633 nm
helium neon laser. Images were deconvolved to remove noise and fluo-
rescent halo (AutoDeblur, version X1.4.1; MediaCybernetics). All la-
beled boutons were counted and Image] and ColocalizeRGB plugin were
used to detect colocalization between labeled boutons and VGLUT1 or
VGLUT?2 (Rasband, 1997-2014). x tests were used to compare propor-
tions of VGLUT1 or VGLUT?2 colocalized boutons in pOFC and MDmc.
Student’s t test (two-tailed) was used to test for differences in the two
populations of projection neurons in the amygdala.

Electron microscopy

Immunohistochemistry and embedding. To study pathways in the electron
microscope (EM), we used triple immunohistochemistry to identify trac-
ers with DAB (which appears as uniform dark precipitate under EM) and
calcium binding proteins (CB or PV) using gold labeling with silver
enhancement (forms clumps of round particles) and tetramethylbenzi-
dine (TMB) staining (forms rod-shaped precipitate). Tissue sections
were incubated as above in 0.01 M sodium citrate, pH 8.5 (30 min at
35°C), 0.05 M glycine (1 h at 4°C), and BDA tracer was blocked with AB
blocking solutions. Background binding was blocked with incubation for
1 h at 4°C in 5% NGS, 5% BSA, 0.025% Triton X-100 (Roche), 0.1%
acetylated BSA-c (Aurion), and 3.5% mouse blocking reagent (MOM
basic kit; Vector Laboratories) in PBS. Sections were then bound over-
night at 4°C with antibodies for tracers (FE, FR, or LY: 1:800 in 1% NGS,
1% BSA, 0.1% BSA-c, 0.025% Triton X-100, and 8% MOM protein
concentrate, MOM basic kit; Vector Laboratories in PBS; rabbit poly-
clonal IgG; Invitrogen) and one of two calcium-binding proteins (CB or
PV: 1:2000, mouse monoclonal IgG; Swant). All primary and secondary
antibody incubations included an 8 min microwave run as above.

Sections were rinsed in PBS and then incubated for 6 h at 25°C with
biotinylated secondary antibodies for tracers [1:200 in 1% NGS, 1% BSA,
0.1% BSA-c, 0.025% Triton X-100, 8% MOM protein concentrate, and
0.1% coldwater fish gelatin (Aurion) in PBS; biotinylated goat anti-
rabbit IgG (Vector Laboratories) and gold-conjugated secondary anti-
bodies for calcium-binding proteins (1:50 UltraSmall ImmunoGold
F(ab) fragment of goat anti-mouse IgG; Aurion). Sections were then
postfixed with 3% glutaraldehyde and 1% paraformaldehyde in PB in a
microwave oven (2 min at 150 W, 4°C). Sections were rinsed in glycine (5
min) and rinsed in PB (2 X 10 min), followed by enhancement condi-
tioning solution (ECS, 1:10, 2 X 10 min; Aurion). Gold-conjugated pro-
teins were visualized by silver enhancement for 60-90 min (R-Gent
SE-EM; Aurion) and the tissue was then rinsed in ECS (2 X 10 min) and
then PB (2 X 10 min). Tracers were visualized with DAB as above. For all
rinses, after silver enhancement, we used 0.1 M PB, pH 7.4, and, in some
pieces of tissue, the order of labeling was reversed to control for any
attraction between gold and biotin. Any remaining biotin-binding sites
were blocked with AB-blocking solutions and then any remaining
mouse-binding sites were blocked with incubation for 1 h at 4°C in 3.5%
mouse-blocking reagent (5% NGS, 5% BSA, 0.025% Triton X-100, and
0.1% BSA-c in PB).

Sections were incubated overnight at 4°C with antibody for a second
calcium-binding protein (CB or PV: 1:2000 in 1% NGS, 1% BSA, 0.1%
BSA-c, 0.025% Triton X-100, and 8% MOM protein concentrate in PB;
mouse monoclonal IgG; Swant), followed by rinses in PB and incubation
for 1-2 h at 25°C in biotinylated secondary antibody (1:200 in 1% NGS,
1% BSA, 0.1% BSA-c, 0.025% Triton X-100, and 8% MOM protein
concentrate in PB; biotinylated goat anti-mouse IgG; Vector Laborato-
ries), rinsed in PB, and incubated in AB-HRP as above. These calcium-
binding proteins were visualized with TMB staining as follows: sections
were firstincubated for 15 min in 0.005% TMB (Sigma-Aldrich), 0.004%
ammonium chloride (Sigma-Aldrich), and 5% ammonium paratung-
state (Sigma-Aldrich) in 0.1 M PB, pH 6.0, and then incubated for 1-5
min in the same solution plus 0.005% hydrogen peroxide (Sigma-
Aldrich) until staining appeared. The staining was stabilized by incubat-
ing sections for 10 min in a solution of 0.05% DAB (SigmaFast DAB
tablet; Sigma-Aldrich), 0.02% cobalt chloride (Sigma-Aldrich), 0.004%
ammonium chloride (Sigma-Aldrich), and 0.005% hydrogen peroxide
(Sigma-Aldrich) in 0.1 M PB, pH 6.0. Finally, sections were rinsed in PB
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Figure 1.  Label of pathways with neural tracer injections in the amygdala, pOFC and the thalamic MD. A, Experimental design: injections of retrograde tracer in pOFC and anterograde tracer in
the amygdala label overlapping zones in MD. B, Injection sites in pOFC shown on the orbital surface of a rhesus monkey brain. Scale bar, 5 mm. (—H, Coronal sections through pOFC show injection
sites of neural tracer in fluorescence microscopy (G, F, G) or converted for bright-field microscopy (D, E, H). Scale bar in Cis T mm and applies to (—H. I, Injection sites in the amygdala are shown
schematically on a coronal section. Scale bar, 1 mm. J-L, Fresh tissue sections in the amygdala show injection sites of neural tracers (arrows). Scale barin Jis 1 mm and applies to J—L. M, Coronal
section through the thalamic MD shows injection site of FR tracer mostly in MDmc. Scale bar, T mm.
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and postfixed in 6% glutaraldehyde and 2%
paraformaldehyde in PB with a microwave
oven (150 W at 15°C) until the sample temper-
ature reached 30-35°C (Jensen and Harris,
1989). Control experiments were conducted
on tissue by omitting primary antibodies and
incubating in secondary antibody solutions
and no immunolabeling was found.

Sections were rinsed in PB (3 X 20 min) and
postfixed for 15 min in 1% osmium tetroxide
(Electron Microscopy Sciences) with 1.5% po-
tassium ferrocyanide (Electron Microscopy
Sciences) in PB with a microwave oven (100 W
at 12°C, 2 min on, 2 min off, 2 min on) and
rinsed in PB (3 X 2 min) and water (3 X 2
min). Sections were then rinsed in 50% ethanol
(3 X 5min), stained with 1% uranyl acetate (30
min in 70% ethanol; Electron Microscopy Sci-
ences), and dehydrated in a series of ethanols
(90%, 95%, 100%; 3 X 5 min each). For em-
bedding, sections were infiltrated with propyl-
ene oxide (2 X 7 min; Electron Microscopy
Sciences) and then a 1:1 mixture of Araldite
(Electron Microscopy Sciences) and propylene
oxide (1 h). Sections were infiltrated with
Araldite overnight, followed by flat embedding
in Araldite in aclar (Ted Pella). Aclar-
embedded tissue was cured for 48 h at 60°C.
Small pieces of tissue 500-750 um wide were
cut from each section, reembedded in Araldite
blocks, and cured for 48 h at 60°C.

Serial sectioning and data analysis. To recon-
struct postsynaptic sites, Araldite blocks con-
taining embedded tissue from MDmc were
sectioned at 50 nm using an ultramicrotome (Ultracut UCT; Leica Mi-
crosystems) and collected on pioloform-coated copper slot grids, to form
series of ~75-150 sections. Using 80 kV transmission EM at 16,000 X -
26,000X (100CX; Jeol), a few sections were sampled to identify ~10-30
labeled boutons in each series. Each bouton was photographed in serial
sections through at least 20 sections. Labeled boutons were analyzed
using Reconstruct to trace bouton profiles and their postsynaptic sites
(Fiala, 2005). Synapses, axon terminals, and postsynaptic sites were iden-
tified using classical criteria (Peters et al., 1991). A two-tailed z-test for
proportions was used to determine whether amygdalar axons targeted
CB and PV neurons equally or if they innervated one type preferentially.

Figure 2.

Results

Amygdalar axons target labeled neurons in MDmc that
project to pOFC

The amygdala projects to MDmc, which projects robustly to
pOFC, but it is not known whether this pathway is sequential
because other subcortical structures also project to MD and MD
also projects to areas in addition to pOFC (Russchen et al., 1987;
Erickson et al., 2004; Rovo et al., 2012). To address this issue, we
injected retrograde tracers in pOFC and anterograde tracers in
the amygdala simultaneously (Fig. 1A). We first investigated
whether the projection systems overlap in MDmc. We found that
amygdalar axons in MDmc terminated in dense patches, many of
which overlapped with retrogradely labeled pOFC projection neu-
rons (Fig. 2A-C) even though the injection sites were small within
the respective structures (Fig. 1 F,L). Using laser scanning confocal
microscopy to analyze areas of overlap, we found labeled amygdalar
axons forming close appositions with labeled neurons in MDmc that
project to pOFC (Fig. 2 D, E). Only the cell body and proximal den-
drites of retrogradely labeled neurons in MDmc that project to
pOFC were labeled by this method, so only proximal targets of
amygdalar axons could be identified.

MDmc »pOFC neurons
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Amygdalar axons > MDmc

In MDmc, neurons projecting to pOFC overlapped with amygdalar axons. A—C, Neurons in MDmc projecting to pOFC
(left), overlapped with patches of labeled amygdalar axons (middle), as seenin the merged images (right). Scale barin Ais 100 m
and applies to A—C. D, E, Laser scanning confocal microscopy showing close appositions (white arrowheads) between pOFC
projection neurons (green) and amygdalar axons (red) in MDmc. Scale bar in Dis 20 um and applies to D and E.

To further characterize the overlap between amygdalar termi-
nations and neurons in MDmc that project to pOFC, we calcu-
lated the proportion of pOFC projection neurons that were
within 100 wm of a labeled amygdalar terminal. We found that
44% of labeled neurons in MDmc that project to pOFC met this
criterion (n = 386 of 877 pOFC projection neurons in MD),
suggesting that these pathways overlap substantially in MD (Fig.
2A-C). These findings provide evidence of a sequential pathway
from the amygdala to pOFC through MD, which includes strong
proximal inputs on relay neurons in MD that project to pOFC.
Therefore, in addition to sending signals to pOFC directly, the
amygdala sends signals indirectly to pOFC through MDmc.

Two thalamic pathways from CB and PV neurons project

to pOFC

We then investigated the types and prevalence of thalamic neu-
rons from MDmc that project to pOFC. Unlike the cortex, in the
primate thalamus, CB and PV neurons form two classes of excit-
atory projection neurons. CB neurons project diffusely and
mostly to the upper layers of cortex, whereas PV neurons project
focally to the middle cortical layers (Jones and Hendry, 1989; for
discussion see Jones, 1998). Injections of tracers covering all cor-
tical layers in pOFC (Fig. 1D-H) labeled projection neurons ret-
rogradely in the thalamic MD nucleus. We then labeled tissue
through the thalamus for CB or PV to study the proportion of
projection neurons that were double labeled (Fig. 3A—C). Among
double-labeled neurons in MD, in each case, there was a consis-
tent trend of a greater proportion of CB-positive projection neu-
rons among retrogradely labeled neurons (CB-positive: mean *
SEM, 36.1 = 7.5%; PV-positive: 13.8 = 3.0%; n = 3 cases; two-
tailed ttest, t(,) = 2.4, p = 0.1; Fig. 3C). To investigate the identity
of the remaining retrogradely labeled neurons, in one case, we
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also double labeled for CR and found that 3.1% of retrogradely
labeled neurons were positive for CR. The remaining projection
neurons in MD that were directed to pOFC were unlabeled; this
may represent lightly labeled CB or PV neurons that did not reach
threshold to determine possible colocalization. Alternatively,
there may be thalamic projection neurons that do not colocalize
with any of the known calcium-binding proteins (CB, PV, or
CR), a question that remains to be addressed in future studies.
In one additional case, the tracer was confined to layers 5 and
6 of pOFC and the white matter below (case BC-R; Fig. 1C). In
this case, 38% of double-labeled neurons in MD were PV-
positive and comparatively fewer (29%) were CB-positive. This
evidence suggests that PV neurons in MD target the middle and
deep cortical layers preferentially, whereas CB-positive neurons
project diffusely to the upper and to the deep layers of pOFC.
Previous studies have shown that MD terminals are densest in the
middle layers of pOFC and are comparatively less dense in the
upper cortical layers (Giguere and Goldman-Rakic, 1988). How-
ever, we found a tendency for a higher proportion of CB com-
pared with PV projection neurons in MD directed to pOFC. One
possible explanation for this finding may be related to the focal
projection of PV neurons in the middle layers contrasted by the

widespread projection of CB neurons to the upper layers, as well
as the additional projection to the deep layers. Therefore, cortical
injections label more CB neurons in MD, as depicted schemati-
cally in Figure 3D.

Amygdalar pathways form synapses with excitatory CB and
PV projection neurons in MDmc

We next investigated whether the amygdala innervates both CB
and PV neurons in MD or preferentially one type over another.
To address this issue, we labeled the amygdalar pathway to
MDmc with anterograde tracers and identified its postsynaptic
targets in the EM by morphology and for the presence of label for
CB or PV in thalamic projection neurons (Fig. 4). All amygdalar
boutons formed excitatory synapses in MDmc. Further, this anal-
ysis revealed that the majority of amygdalar axons formed at least
one synapse with an excitatory dendrite in MDmc (89%, n = 34
of 38 boutons; Fig. 4E). Amygdalar axons did not target CB and
PV neurons equally: CB dendrites in MDmc were innervated
significantly more frequently than PV dendrites (CB = 68%, n =
21 of 31 labeled dendrites; the remainder innervated PV den-
drites; two-tailed z-test, z = 2.0, p = 0.046; Fig. 4A-D). This ratio
closely matches the relative proportion of CB- and PV-positive
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neurons in MDmc that project to pOFC.
This finding suggests that amygdalar in-
put to MDmc preferentially and most ro-
bustly influences the upper cortical layers
and, to a lesser extent, the deep layers
through synapses on CB thalamic projec-
tion neurons. However, about one-third
of amygdalar boutons innervated PV neu-
rons in MDmc, which project focally to
the middle layers of pOFC.

Amygdalar pathways to pOFC and to
MD are distinct

We next investigated whether pathways
from the amygdala to the thalamic MDmc
and to pOFC overlap or are distinct. To
address this issue, we first investigated
whether neurons in the amygdala project
to both MDmc and to pOFC after com-
paratively large injections of distinct trac-
ers in MD and pOFC (case BS-L; Fig.
1G,M). We mapped retrogradely labeled
neurons in the amygdala (n = 882; 422
projected to MDmc; 460 projected to
pOFC). Neurons directed to MDmc or
pOFC were intermingled in the basolat-
eral, basomedial (also known as accessory
basal), cortical, and lateral amygdalar nu-
clei (Fig. 5D-F), but none projected to
both structures (Fig. 5A-C). This evi-
dence suggests that pathways to MDmc
and to pOFC arise from separate populations in the amygdala.

We then tested whether the two populations of neurons in the
amygdala differ in size by analysis of surface area. Labeled neu-
rons in the amygdala projecting to MD were significantly larger
than those projecting to pOFC (n = 882 neurons; MD-projecting
neurons: mean + SEM, 287.7 um?® = 7.2; pOFC-projecting
neurons: 208.2 um?” * 3.4; two-tailed  test, f,) = 2.0, p <
0.001; Fig. 5G).

The morphological differences between amygdalar neurons
that project to MDmc and those that project to pOFC suggest that
these pathways may also be distinct by the specificity of their
glutamatergic terminations. Although both of these pathways are
excitatory and glutamatergic, we investigated whether they could
be further distinguished by expression of VGLUT1 or VGLUT2,
which is unknown for these pathways. To address this issue, we
used immunofluorescence to investigate colocalization between
labeled amygdalar axon terminals and VGLUT1 or VGLUT?2 in
pOFC and MDmc (n = 1626 boutons from two cases; Fig. 6). We
found that, in the upper layers of pOFC, labeled amygdalar axons
colocalized more frequently with VGLUT1 (33% VGLUTIL, n = 161
of 485 boutons from 2 cases; 3% VGLUT2, n = 16 of 611 boutons
from 2 cases; X(1. , — 1006) = 186.7, p < 0.0001; Fig. 6 A, B, E, F). The
remainder boutons were unlabeled and may represent boutons
that were lightly labeled by VGLUT1 or VGLUT2 and did not
meet detection for colocalization. In contrast, in MDmc, labeled
amygdalar axons colocalized frequently with VGLUT2 (70%
VGLUT?2, n = 179 of 257 boutons from 2 cases; 0.4% VGLUT1,
n = 1 of 273 boutons from 2 cases; X’ , — s30) = 283.3, p <
0.0001; the remainder were unlabeled; Fig. 6C—F). This finding
reveals that the dual amygdalar pathways that terminate in pOFC
and MDmc differ by their glutamate transporter. In conjunction
with the morphological differences between the two pathways,

Figure4.
forming a synapse (white arrowheads) with a (B dendrite labeled with TMB (black asterisk),and also forming synapses with
inhibitory dendrites (black arrowheads). B, Amygdalar axon terminal forming a synapse (white arrowheads) with a (B dendrite
labeled with TMB (black asterisk). C, Amygdalar axon terminal forming a synapse (white arrowheads) with a PV dendrite labeled
with gold (white asterisk). D, Amygdalar axons formed synapses more frequently with labeled CB dendrites in MD. E, The majority
of amygdalar axons formed a synapse with at least one excitatory thalamic dendrite. Amy At, amygdalar axon terminal; (B den,
calbindin dendrite; inhib den, inhibitory dendrite; PV den, parvalbumin dendrite.
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these findings support the idea that amygdalar projections to
cortex and MDmc arise from distinct neurons in the amygdala, as
has been proposed in rats (McDonald, 1987).

Discussion

Our findings show that a pathway from the amygdala targets
thalamic neurons in MDmc that project to pOFC, providing ev-
idence for an indirect route through which signals from the
amygdala reach pOFC (Fig. 7). The tripartite system that links the
amygdala, MDmc, and pOFC showed novel specializations, as
discussed below.

Direct and indirect routes connect the amygdala with pOFC
The primate amygdala projects to MDmc, which is reciprocally
connected with pOFC (Giguere and Goldman-Rakic, 1988; Der-
mon and Barbas, 1994). However, because other inputs also con-
verge on MDmc and neurons in MD project to other areas
(Russchen et al., 1987; Erickson et al., 2004; Rovo et al., 2012), it
was uncertain whether an indirect pathway connects the
amygdala with pOFC through MD. We provide direct evidence
about the existence of a sequential pathway between the basal and
cortical nuclei of the amygdala to pOFC through MD. This indi-
rect route may allow the amygdala to activate thalamic afferents
to pOFC, along with a direct amygdalar pathway to pOFC.

The two pathways from MDmc and the amygdala differ in
their preferred laminar distribution and interactions with dis-
tinct classes of inhibitory neurons in pOFC (Timbie and Barbas,
2014). Amygdalar pathways terminate most densely in the upper
layers of pOFC (Porrino et al., 1981; Ghashghaei et al., 2007),
form synapses largely with excitatory neurons, and their termi-
nals are even larger than thalamic terminals in the middle cortical
layers (Timbie and Barbas, 2014), which are considered to be
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or pOFC (blue dots). Scale barin Dis T mm and applies to D—F. G, Mean area of labeled amygdalar projection neurons directed to MD was significantly larger than for projection neurons directed to

pOFC. Vertical lines indicate SEM.

“drivers” (Jones, 1998; Sherman and Guillery, 1998). The
amygdala is thus poised to have a significant impact on all layers
of pOFG, in the upper layers through large terminals via both a
direct pathway and an indirect pathway by activating MD that
projects to the middle and upper layers.

Our findings showed that both the CB and PV systems from
MDmc project to pOFC, such as the relay thalamic nuclei to
sensory areas, which mark excitatory projection neurons in two
parallel thalamocortical pathways: axons from CB neurons ter-
minate mostly in the upper cortical layers, whereas axons from
PV neurons terminate in the middle layers (Jones and Hendry,

1989). Unlike the pattern for sensory areas, we found that there
was a tendency for a higher prevalence of CB neurons in MDmc
that project to pOFC, suggesting a bias of innervation of the
upper and deep layers. The CB bias may reflect differences in the
pattern of innervation by the two thalamic systems. Therefore,
whereas the axon of each thalamic PV neuron terminates in a
dense patch focally in the middle cortical layers, each thalamic CB
neuron terminates in a widespread arbor covering the upper cor-
tical layers. The broad terminations of each CB neuron thus over-
lap and extend beyond the narrow column of axon terminations
in the middle layers from each PV neuron, as shown schemati-
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Figure 6.  Amygdalar axons in MDmc and pOFC express different glutamate transporters. A, B, Amygdalar axons (top, white arrowheads) in the upper layers of pOFC colocalized with VGLUT1
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proportion of amygdalar boutons in each case which colocalized with VGLUT1 or VGLUT2 in MDmc or pOFC. F, Overall proportion of amygdalar boutons that colocalized with VGLUT1 or VGLUT2 in

MDmc or pOFC.

cally in Figure 3D. Further, we provide evidence for a novel
calretinin-positive pathway emanating from a small number of
neurons in MDmc directed to pOFC.

The predominance of CB-positive projection neurons to
pOFC may be a specialized projection to limbic cortices, which

complete their development earlier than the six-layered eulami-
nate cortices (Rakic, 2002), as had been hypothesized on the basis
of their laminar structure (Dombrowski et al., 2001; Barbas,
2015). This timing coincides more closely with the earlier devel-
opment of CB neurons than PV neurons in the human thalamus
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VGLUT1

Figure7.  Amygdalar signals reach pOFC directly and indirectly through the thalamus. Bot-
tom, Neurons from the amygdala that project to the thalamus are large and express VGLUT2
(dark blue), whereas amygdalar neurons that project to pOFC are comparatively smaller and
express VGLUT1 (light blue). Left, Excitatory CB neurons (light green) and excitatory PV neurons
(dark green) in MDmc project to pOFCat a ratio of 2:1. Direct amygdalar projections target most
densely the upper layers, whereas indirect projections through the thalamus may target upper
and middle layers through (B and PV thalamic neurons to enhance cortical signaling of affective
content.

(Kultas-Ilinsky et al., 2004). In addition, the lack of a well devel-
oped layer 4 in limbic cortices could shift thalamic input to other
layers.

Direct and indirect routes that connect the amygdala with
pOFC are distinct
The direct and indirect amygdalar pathways to pOFC differ by
morphology. Neurons in the amygdala that innervated MD were
larger than those that projected to pOFC. Further, the two
amygdalar pathways differed in their expression of vesicular glu-
tamate transporters: the amygdalar terminals in MDmc ex-
pressed predominantly VGLUT2, whereas amygdalar terminals
to cortex were mostly positive for VGLUT1. This evidence sug-
gests that the presence of a specific glutamate transporter in path-
ways that originate from a given region depends on the
destination and specific type of innervation by each pathway.
The functional significance of this finding is based on the
fundamental role of glutamate transporters to fill vesicles with
glutamate and maintain the readily releasable pool of vesicles at
axon terminals of glutamatergic neurons (Fremeau et al., 2001;
Varoqui et al., 2002; Fremeau et al., 2004; Weston et al., 2011).
Corticocortical and corticothalamic axons express VGLUTI,
whereas thalamocortical axons express primarily VGLUT2 in
primates (Hackett et al., 2011). Compared with VGLUT1 termi-
nals, VGLUT?2 thalamocortical terminals have a higher probabil-
ity of vesicular release (Weston et al., 2011). This suggests that
VGLUT?2 terminals from the amygdala are highly efficient and
likely elicit action potentials in their postsynaptic targets in MD,
ensuring transmission of signals. In the primate visual system,
pathways with VGLUT2 terminals have been likened to feedfor-
ward “driver” connections and those with VGLUT1 with modu-
lator “feedback” pathways (Balaram et al., 2013). Our finding of
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dissociation of amygdalar pathways to pOFC and to MDmc by
their vesicular neurochemistry reinforces the suggestion that the
two pathways are distinct in both rats and monkeys (McDonald,
1987; Miyashita et al., 2007).

The morphological and chemical differences suggest that neu-
rons in the amygdala that project to the thalamus or cortex may
also differ physiologically. Two types of excitatory projection
neurons have been described in the basolateral amygdala of cats
and rats: bursting and regular spiking (Rainnie et al., 1993; Paré et
al., 1995). Bursting neurons are larger and have a lower input
resistance, so they may be less excitable (Rainnie et al., 1993).
There is evidence for the presence of two such groups in the
hippocampal subiculum as well, in which bursting neurons proj-
ect to presubiculum, whereas regular spiking neurons project to
the entorhinal cortex (for review, see O’Mara et al., 2001). By
analogy, large neurons in the amygdala that project to MD may
be bursting neurons that respond to sensory stimuli with affective
content (Gonzalez Andino and Grave de Peralta Menendez,
2012). The possibility that bursting amygdalar neurons project to
MDmc provides a physiologic mechanism for salient stimuli to
activate thalamic neurons for transmission to pOFC.

Role of the high-order MDmc thalamic nucleus in emotion
The central node in the tripartite circuit, the thalamic MDmc
nucleus, has an important role in processing affective content.
Neurons in MDmc in rats fire differentially in response to stimuli
associated with reward (Oyoshietal., 1996; Liet al., 2004), similar
to neurons in the primate amygdala and orbitofrontal cortex
(Belova et al., 2008; Morrison and Salzman, 2011). However,
thalamic neurons differ from cortical and amygdalar neurons in
their physiological properties. Unlike the amygdala, thalamic
projection neurons may switch between firing in bursting or
tonic modes, which elicit different network effects (Steriade et al.,
1997; Jones, 2009).

The nature of signals sent through the sequential pathway
from the amygdala to MDmc and pOFC is not known, but other
thalamic pathways may offer clues. A sequential pathway from
the primate superior colliculus innervates another part of MD,
the lateral sector that projects to the frontal eye fields (FEF; Som-
mer and Wurtz, 2004). In this sequential pathway, it has been
suggested that MD acts as a high-pass filter to transmit high-
frequency signals from the superior colliculus to the FEF. Signals
sent along this pathway are thought to represent corollary dis-
charges related to planned saccades (Sommer and Wurtz, 2004).
By analogy, amygdalar neurons may send corollary signals
through MDmc to transmit affective content and recruit relevant
cortical areas and ensure that signals arriving via the direct
amygdalo-pOFC pathway are received. A similar role has been
proposed for the pulvinar thalamic nucleus: amygdalar connec-
tions with pulvinar projection neurons may activate visual corti-
ces to coordinate cortical processing of visual stimuli with
emotional relevance (Pessoa and Adolphs, 2010).

Lesions of MD impair conditioned fear learning in rats (Li et
al., 2004) and, in primates, they impair memory and reinforce-
ment devaluation, a process that requires updating the value of
rewards (Markowitsch, 1982; Zola-Morgan and Squire, 1985; Iz-
quierdo and Murray, 2010; for review, see Mitchell and
Chakraborty, 2013). Deficits in reward processing may be related
to loss of the sequential amygdalar pathway to MDmc and pOFC
in lesioned animals. In this context, mice with selective dele-
tion of VGLUT2 show changes in social behavior, including in-
creased risk taking and decreased avoidance behavior (Wallén-
Mackenzie et al, 2009), which may be attributed to
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disconnection in the pathway from the amygdala to pOFC
through MDmc. Conversely, increasing activity in MD produces
the opposite behavioral changes, including anxiety-like symp-
toms, supporting a role of the sequential pathway in emotional
behavior (Rotge et al., 2012). Our findings suggest that the strong
and efficient excitatory pathway from the amygdala to MD acti-
vates cortically projecting neurons, including those that project
widely to the upper layers of cortex, and may be necessary for
recruiting cortical areas during tasks with affective import. Fur-
ther, the finding of direct and indirect amygdalar pathways sug-
gests enhanced access of stimuli with affective significance to all
layers of pOFC.
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