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Abstract

The amygdala has a pivotal role in deciphering the emotional significance of sensory stimuli enabling
emotional memory formation. We have previously shown that prefrontal cortices in rhesus monkeys
project to the amygdala mainly from their deep layers, suggesting feedback communication. If
sensory areas convey signals pertinent to the state of the environment, they should issue feedforward
projections to the amygdala, arising mainly from the upper layers, consistent with the flow of
information from earlier-to later-processing sensory cortices. Here we addressed this hypothesis in
cases with injection of tracers in sites of the amygdala known to have robust connections with
prefrontal cortices, and mapped connections in insular and temporal cortices associated with sensory
processing and memory. The medial temporal pole, the entorhinal and perirhinal areas, and the
agranular and dysgranular insula had the densest connections with the amygdala, and the lateral
temporal pole, the parahippocampal region, and the granular insula had sparser connections. Most
areas projected to the amygdala predominantly from the upper layers, suggesting feedforward
communication, and received reciprocal amygdalar innervation primarily in their superficial layers,
suggesting feedback communication. In contrast, the entorhinal cortex issued projections to the
amygdala from its deep layers, suggesting feedback communication, and received reciprocal
amygdalar projections most densely in layers 1l1-111, which project to the hippocampus. These
findings may help explain how the amygdala can attach emotional value to environmental stimuli,
participate in the sequence of information processing of emations, and modulate the formation of
emotional memories.

The amygdala has a role in extracting the affective significance of sensory stimuli and
mediating the formation of emotional memories. It receives convergent information from all
sensory systems, originating mainly in high-order sensory cortices associated with visual,
auditory, olfactory, gustatory, somatosensory, visceral and polymodal processing [reviewed
in (McDonald, 1998; Pitkanen, 2000; Zald, 2003)]. Sensory information is transmitted to the
amygdala through modality-specific cortico-cortical cascades that originate in the primary
sensory cortices and flow towards high-order association areas, or directly through the
thalamus (Aggleton et al., 1980; McDonald, 1998). Projections from polymodal cortices to the
amygdala originate in the perirhinal and hippocampal regions (McDonald, 1998) and the
prefrontal cortex [e.g., (Aggleton et al., 1980; Porrino et al., 1981; Ottersen, 1982; Russchen,
1982)]. Behavioral responses are generated primarily through the central and medial nuclei of
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the amygdala which project to hypothalamic and brainstem centers involved in autonomic
control (Price and Amaral, 1981; McDonald, 1998; Pitkanen, 2000; Barbas et al., 2003). The
amygdala also projects to the cortex, targeting heavily polymodal areas such as the entorhinal
and perirhinal areas (Pitkanen, 2000) and the prefrontal cortex (Aggleton et al., 1980; Porrino
etal., 1981; Barbas and De Olmos, 1990; Carmichael and Price, 1995; Ghashghaei and Barbas,
2002; Ghashghaei et al., 2007). The connections between the amygdala and the entorhinal and
perirhinal cortices as well as the hippocampus contribute to emotional memory (Cahill and
McGaugh, 1998; McCaugh et al., 2000), while the prefrontal cortex has a role in the cognitive
and emotional interpretation of valenced sensory stimuli, and in controlling the subsequent
behavioral responses (Fuster, 1989).

We have recently shown that in rhesus monkeys caudal orbitofrontal and caudal medial
prefrontal cortices are heavily innervated by the amygdala in a feedforward manner, which
then send reciprocal projections to the amygdala that originate primarily from layer V,
resembling “feedback” projections (Ghashghaei et al., 2007). In this study we investigated the
laminar origin of neurons in sensory and polymodal cortices that project to the same sites in
the amygdala. We reasoned that if sensory areas convey signals to the amygdala pertinent to
the state of the environment, they should resemble feedforward connections and originate in
the upper layers of the cortex, consistent with the flow of information from earlier to later
processing sensory areas. To test this hypothesis, we studied amygdalar connections in
temporal and insular cortices, using the same cases injected with bidirectional tracers in the
amygdala to map prefrontal connections in a previous study (Ghashghaei et al., 2007). Using
the opposite experimental approach, with injections of tracers in cortical areas, we had earlier
found that the connections of temporal visual, auditory, and polymodal cortices overlap
extensively in the amygdala with connections of prefrontal cortices (Ghashghaei and Barbas,
2002). Based on these findings, we focused on sensory association areas that may provide
information about the status of the environment, including the anterior temporal areas,
associated with processing high-order olfactory, auditory and visual signals, and the insula,
associated with gustatory, visceral, and somatosensory processing. In addition, we studied the
amygdalar connections in medial temporal entorhinal, perirhinal and parahippocampal regions,
associated with long-term memory.

Materials and methods

Animals

Experiments for injection of multiple tracers in the amygdala were conducted on three young
adult rhesus monkeys (Macaca mulatta; 2-2.5 years old; 2—-3 kg body weight, of both sexes),
obtained through the New England Regional Primate Research Center (NEPRC, MA, USA).
All efforts were made to minimize animal suffering. Experiments were conducted in
accordance with National Institutes of Health Guide for the Care and Use of Laboratory
Animals (NIH publications 86-23 revised 1987 and 80-22 revised 1996). The experiments
were approved by the Institutional Animal Care and Use Committee at Boston University
School of Medicine, Harvard Medical School, and New England Primate Research Center.

Brain imaging

Prior to surgery for injection of tracers, the coordinates of the amygdala were calculated using
magnetic resonance imaging (Brigham and Womens Hospital, Harvard Medical School,
Boston, MA). The monkeys were sedated with ketamine hydrochloride (10 mg/kg,
intramuscularly) and then anesthetized with sodium pentobarbital (30 mg/kg intravenously)
through a femoral catheter. Animals were placed in a non-magnetic stereotaxic frame with
hollow ear bars filled with betadine salve (H, Purdue Pharma, CT) that is visible on the MRI.
A T1 weighted 3D SPGR (TR70 ms, TE6 ms, Flip 45°) was obtained through the amygdala
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using 512 x 384 matrices and 16 x 16 FOVSs. The interaural line was used as reference, and
the coordinates for the amygdala injections were measured in three dimensions: medio-lateral
relative to the midline; antero-posterior relative to the interaural line, and dorso-ventral relative
to the brain surface.

Surgical procedures

Surgery for injection of neural tracers was conducted immediately after, or one week after, the
MRI. The monkeys were sedated with ketamine hydrochloride (10-15 mg/kg, intramuscularly)
intubated and anesthetized with isoflurane until a surgical level of anesthesia was achieved.
Surgery was performed under aseptic conditions, and heart rate, muscle tone, respiration, and
pupillary dilatation were closely monitored. The monkeys were placed in the same stereotaxic
apparatus used for imaging. A midline incision was made in the scalp and the skull was exposed.
A small burr hole over the region of the cortex above the amygdala was made. The tracers were
injected using a microsyringe (Hamilton 701, 26s gauge, Reno, NV, Cat #80383) mounted
onto a microdrive. In all cases, 1-3 penetrations were made from the top of the brain to the
calculated depth in the amygdala. The experiments comprised 6 tracer injection sites, which
included six of the seven injection sites used previously to study the connections between the
amygdala and the prefrontal cortex (Ghashghaei et al., 2007).

Neural tracers

We used a combination of retrograde (Fast Blue) and bidirectional (Fluoro Ruby; Biotinylated
Dextran Amine) tracers, which are distinct and can be injected simultaneously in each animal.
This approach maximizes the amount of information obtained with the least number of animals.
Fast Blue is an excellent retrograde tracer, and Biotinylated Dextran Amine (BDA) and Fluoro
Ruby are excellent bidirectional tracers that label neuronal cell bodies retrogradely and axons
and terminal boutons anterogradely. Fast Blue (1ul of 2 mg/ml in dH,0; Mw 379.84, Sigma,
St. Louis, MO, Cat #F5756) was injected in the amygdala in the left hemisphere of one animal
(case BB-B), and Fluoro Ruby (dextran tetramethylrhodamine, 2.5 ul of 2 mg/ml in dH,0,

Mw 3000, Molecular Probes; CAT#D-3308) was injected on the left side of another animal

(case AX-L). Biotinylated Dextran Amine (BDA, Mw 3000, Molecular Probes, Eugene, OR,
Cat # D-7135) was injected in both hemispheres of two monkeys (10ul of 10 mg/ml in dH,0;
cases BB-R, BB-L, BD-R and BD-L). Connections between the cortex and the amygdala are
ipsilateral in rhesus monkeys (Ghashghaei and Barbas, 2002), as they are in rats (Cassell et al.,
1989), so injections in two hemispheres in the same animal can be considered independent.

Perfusion and tissue sectioning

Histological

After a survival period of 18 days, the monkeys were anesthetized with a lethal dose of sodium
pentobarbital (>50 mg/kg, intravenously) and transcardially perfused with 4%
paraformaldehyde in 0.1 M phosphate buffer (PB, pH 7.4). The brains were removed from the
skull, photographed, and cryoprotected in graded solutions of sucrose (10-30%) in 0.01M PBS.
The brains were frozen in —75°C isopentane (Fisher Scientific, Pittsburgh, PA) and cut on a
freezing microtome in the coronal plane at 50 um to produce ten series of 1/10 sections. One
series was directly mounted on gelatin coated glass slides, stained for Nissl and coverslipped.
In cases with fluorescent tracers, two series of sections were mounted directly on glass slides
after sectioning, and were stored at 4°C until analysis.

procedures

In experiments with BDA injections, we processed one series of sections to see labeled boutons
and projection neurons as described previously (Ghashghaei et al., 2007). Briefly, free-floating
sections were rinsed in 0.01M PBS and incubated for 1h in an avidin—biotin HRP complex

(AB kit, Vector Laboratories, Burlingame, CA) diluted 1:100 in 0.01M PBS with 0.1% Triton
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X-100. The sections were then washed and processed for immunoperoxidase reaction using
diaminobenzidine (DAB; Zymed, San Francisco, CA), washed, mounted and dried. Every other
section was counterstained with thionin for Nissl, and all sections were coverslipped. Adjacent
series of sections were stained for acetylcholinesterase to delineate the nuclei of the amygdala
(Geneser-Jensen and Blackstad, 1971).

Data analysis

We marked the borders of architectonic areas of temporal and insular cortices and their layers
in sections counterstained with thionin. Coronal sections through the rostro-caudal extent of
the temporal cortex were numbered and architectonic areas within each section identified.

Retrograde analysis: Exhaustive sampling—Sections through the temporal cortex
ipsilateral to the injection sites were viewed under a microscope (Olympus, BX60) using
brightfield or fluorescence illumination. Labeled neuronal cell bodies were mapped
quantitatively using a system designed in our laboratory, as described previously (Barbas and
De Olmaos, 1990), or using a semi-automated commercial system with a motorized stage and
software (Neurolucida, Microbrightfield, Williston, VT). In both systems, projection neurons
were mapped in precise register with respect to anatomical landmarks. We used systematic
exhaustive mapping of labeled projection neurons after injection of tracers in the amygdala.
We mapped and counted projection neurons in every other section in one series of each case,
so that 1/20 sections through the temporal and insular cortices were used for quantitative
analyses of labeled neurons.

Anterograde analysis: Stereology—We performed stereological analysis of BDA-
labeled boutons using an Olympus BX60 microscope under brightfield illumination. We
employed standard stereological procedures to estimate the areal and laminar density of
boutons in the temporal and insular cortices, using the optical fractionator according to the
method described previously [(Gundersenetal., 1988; West et al., 1991); reviewed in (Howard
and Reed, 1998)]. Data for stereological analysis were obtained using a semi-automated
commercial system and software (Stereolnvestigator, MicroBrightfield, Williston, VT). We
used 600x magnification, 50x50 um counting frame, 200-1000 um grid size (depending on
the size of the architectonic areas), and 3—30 sampling sites for every layer in 3 sections for
each injection site. These settings consistently resulted in reliable bouton estimates with a
coefficient of error (CE) below 10%, in accordance with studies performed in the prefrontal
cortex (Ghashghaei et al., 2007). The counting frames included exclusion and inclusion zones
to avoid overestimating, as well as guard zones (2 um each on top and bottom of the sections)
to avoid error due to plucked boutons at the cut edge of sections (Williams and Rakic, 1988).
For each area, three sections were selected using systematic random sampling to count boutons
in different laminar compartments (layer I, layers 11-I11, layer IV (when present), and layers
V-VI). The stereological data included volume calculations for each layer, which take into
consideration the area of the layer and thickness of each section. The volume estimates along
with the total estimates of boutons were used to calculate the density of boutons per unit volume
(mm3).

Normalization of data—The relative density of labeled projection neurons or boutons in
each area was expressed as a percentage of the total number of labeled neurons or density of
boutons mapped in temporal and insular cortices for each injection site. The relative laminar
density of labeled projection neurons or boutons found in the upper layers (layers 11-I11 for
neurons; layer | and I1-111 for boutons) or in the deep layers (layers V-VI for neurons; and
layers IV=VI for boutons) was expressed as a percentage of the total number of labeled neurons
or relative density of boutons in each area. The laminar density normalization (i.e., within
areas) does not reveal density differences across areas, whereas the regional density
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normalization (i.e., across areas) does. Only areas with significant label (>20 neurons or >50
boutons) were used for regional and laminar comparisons. For the regional analyses, an input/
output density ratio (1/0) was generated to reflect the input from the amygdala to the temporal
and insular cortices versus the reciprocal output from the temporal and insular cortices to the
amygdala. A density sum (1+O) was generated to reflect the overall connection strength
between the amygdala and a given area in the temporal and insular cortices.

Photography

Results

Photomicrographs were captured directly from histological slides using a CCD camera
mounted on an Olympus Optical microscope (BX60) connected to a personal computer, using
a commercial imaging system (NeuroLucida, Virtual Slice software, MicroBrightfield,
Williston, VT, USA). Images were imported into Adobe Photoshop for assembly, labeling,
and adjustment of overall brightness, but were not retouched.

Nomenclature

Amygdala—The nuclei of the amygdala were delineated from Nissl and acetylcholinesterase
stains and the terminology used was based on the maps of Johnston (Johnston, 1923),
complemented when necessary with the map of DeOlmos for the human (De Olmos, 1990)
and Price et al. for the macaque monkey (Price et al., 1987). The borders of nuclei do not differ
in the various maps. However, there is variation in the names used for some nuclei, and in those
cases we mention all names for clarity. The basolateral complex includes the lateral nucleus
(L), the basolateral nucleus (BL) and the basomedial nucleus (BM, also known as the accessory
basal nucleus). The basolateral nucleus is further subdivided into magnocellular (BLmc),
intermediate (BLi) and parvicellular (BLpc) divisions, and the basomedial nucleus is
subdivided into magnocellular (BMmc) and parvicellular (BMpc) divisions. The cortical group
is composed of an anterior part (ACo), a posterior part (PCo), as described by Price et al. (Price
et al., 1987), and a ventral part (VCo), as described (Barbas and De Olmos, 1990).

Temporal and insular cortices—The nomenclature of the temporal and insular areas is
varied in the literature, most notably in the temporal pole. We used a descriptive terminology
for the temporal pole, which was divided into the medially located agranular temporal
periallocortex (Tpall), the dysgranular dorsomedial temporal pole (TPdm), and the dysgranular
ventromedial temporal pole (TPvm). The lateral (granular) parts of the temporal pole and the
adjacent temporal gyrus include the rostral portions of the auditory association areas Ts1 and
Ts2, and the rostral portion of visual association area TEL. Alternative terminologies used for
the temporal pole include area 38 (Brodmann, 1909), area TG (VVon Bonin and Bailey, 1947),
area Pro (Pandya and Sanides, 1973; Seltzer and Pandya, 1978; Galaburda and Pandya,
1983), agranular/dysgranular temporal pole (TPa-p, TPdg) (Mesulam and Mufson, 19823;
Moran et al., 1987), and periallocortical/ventral proisocortical temporal pole [(TppAll,
TpproV) (Gower, 1989)].

The medial temporal cortex consists of the entorhinal cortex (area 28), perirhinal areas 35 and
36, and parahippocampal areas TH and TF (Suzuki and Amaral, 1994; Suzuki and Amaral,
2003a). Area 36 was further subdivided into a medial (36M) and a lateral part (36L). The insular
cortex has granular (1g), dysgranular (Idg), and agranular (lag) parts and the adjacent
parainsular area Pal (Mesulam and Mufson, 1982a). These areas have also been called Al, DI
and GlI, respectively in the monkey, rat, and cat (McDonald, 1998).
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Injection sites

There were six injection sites in the amygdala, including bilateral injections of BDA in two
monkeys, a unilateral injection of the fluorescent tracer Fast Blue in one monkey, and a
unilateral injection of Fluoro Ruby in another monkey (Fig. 1). In the BDA cases, the tracer
occupied extensive parts of the amygdala, centered mainly in the basolateral and basomedial
nuclei, and to a lesser extent in the parts of the cortical (Co) and medial (Me) nuclei and the
anterior amygdalar area (AAA). In the case with injection of the fluorescent tracer Fast Blue
the tracer occupied restricted sites of the medial aspects of the basolateral and basomedial
nuclei. In a case with injection of the fluorescent tracer Fluoro Ruby the tracer was restricted
to the basomedial nucleus (also known as accessory basal), and included its magnocellular as
well as the parvicellular sector.

Overview of amygdalar connections in temporal and insular cortices

The regions containing labeled neuronal cell bodies after injection of tracer in the amygdala
were delineated and mapped throughout the temporal and insular cortices (Fig. 2). Labeled
projection neurons and axon terminals varied in density in different areas and layers of temporal
and insular cortices. The areas with the highest number of labeled projection neurons included
the medial regions of the temporal pole (Tpall and TPvm), the entorhinal (area 28) and
perirhinal areas (area 35 and 36) of the medial temporal cortex, the agranular (lag) and
dysgranular (1dg) parts of the insula, and the adjacent parainsular cortex (area Pal). Sparser
projections originated in the auditory association cortices in the lateral parts of the temporal
pole (areas Ts1 and Ts2), the high order visual association area TE1, the parahippocampal
region (area TH and TF), and the granular insula (Ig). These regional patterns were observed
in all cases in spite of the fact that the injection sites were centered in different parts of the
amygdala (Figs. 1, 2).

Scattered projection neurons were observed in the caudally located auditory, visual and
polymodal association cortices in the superior and inferior temporal gyri. A few labeled neurons
and terminals were seen in occipital areas as well, consistent with previous findings (Amaral
et al., 2003), but these were not included in the analyses.

Figure 3 shows low magnification photomicrographs of the key regions that displayed the
densest connections with the amygdala (the temporal pole, the medial temporal cortex, and the
insula). At higher magnification, various morphological features of these regions are shown in
Figure 4 (temporal pole), Figure 5 (medial temporal cortex), and Figure 6 (insula). Although
all labeled neurons that projected to the amygdala appeared to belong to the pyramidal class
of neurons, coronal sections through the temporal pole showed diverse morphologies that may
be associated with cortical folding (Hilgetag and Barbas, 2006). Some projection neurons had
prominent labeled dendrites resembling Golgi labeled neurons (Fig. 4). In the medial temporal
cortex there was an abrupt change in the laminar distribution of labeled projection neurons, as
well as the innervation pattern of amygdalar input, when progressing laterally from area 28
through areas 35 to 36 (Fig. 5). Most notably, in areas 28 and 35 labeled projection neurons
were found primarily in the deep layers, while in area 36 labeled projection neurons were found
predominantly in the upper layers. At the border between areas 35 and 36M there was a
dramatically higher innervation of layer | in area 36M compared to area 35 (Fig 5A, E).

Maps of areas with the densest connections provided the basis for our selection of areas of
interest to examine quantitatively using stereological methods. Quantitative data of labeled
projection neurons were obtained from five injection sites (four BDA, one Fast Blue), and
stereological data of labeled boutons were obtained from four injection sites of BDA, as
described below. A case with an injection site restricted to the basomedial nucleus (case AX-
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L) showed the same pattern of connections as the other cases, and was used as a confirmatory
case but is not included in the quantitative analyses.

Temporo-amygdalar projections: retrograde label

Regional distribution—Most labeled projection neurons directed to the amygdala were
found in the temporal pole, the medial temporal cortex and the insula (Fig. 7A). In the temporal
pole, the highest densities of labeled neurons were found in the temporal periallocortex (Tpall)
and in the ventromedial temporal pole (TPvm). Fewer projection neurons were found in the
dorsomedial temporal pole (TPdm), the rostral visual association area TE1, and in the laterally
situated auditory association areas Ts1 and Ts2. In the medial temporal cortices, which
comprise the entorhinal cortex (area 28) and perirhinal cortices (areas 35 and 36), area 36 had
the highest density of projection neurons, followed by area 28. Comparatively fewer projection
neurons were found in perirhinal area 35 and in the parahippocampal areas TH and TF. In the
insula, the dysgranular (Idg) area had the highest densities of projection neurons, followed by
the rostral part of the granular insula (lg). The adjacent agranular insula (lag) and the
parainsular area (Pal) had a moderate density of labeled neurons.

Laminar distribution—The laminar distribution of labeled neurons is shown in Figure 7B.
In most regions, the majority of labeled projection neurons were found in the upper layers.
This pattern was seen in the medial parts of the temporal pole, which had the highest overall
density of projection neurons, although the deep layers also had a significant proportion of
labeled neurons. In the lateral temporal pole (rostral TE1 and rostral areas Ts1 and Ts2) the
overall density of labeled neurons was lower, but the laminar distribution pattern was also
mainly in the upper layers. In the parainsular area and in the parahippocampal areas (TH and
TF) projection neurons were likewise primarily found in the upper layers. We noted the same
pattern of preferential origin in the upper layers in the agranular, dysgranular and granular
sectors of the insula, though significant numbers of projection neurons were also found in the
deep layers. Overall, the insula showed the highest variability in the laminar origin of projection
neurons among cases with moderate labeling. The highest variability was seen in areas with
sparse projections. In area 36, which had dense connections, most projection neurons were
found in the upper layers, exhibiting the same laminar pattern as the more rostrally adjacent
polar region (TPvm). In sharp contrast to all other areas examined, in medial temporal areas
28 and 35, the majority of the labeled projection neurons were found in the deep layers,
exhibiting a dramatic shift in the laminar distribution at the area 35-36 border (Fig. 5A).

Amygdalo-temporal projections: anterograde label

Regional distribution—As with the distribution of labeled projection neurons, the axonal
terminations from the amygdala were most dense in the temporal pole, the medial temporal
cortex and the insula (Fig. 7C). In the temporal pole, most labeled boutons from the amygdala
were noted in the temporal periallocortex (Tpall), the dorsomedial (TPdm) and ventromedial
(TPvm) portions of the temporal pole, and the rostral portions of area TE1. Fewer labeled
boutons were found in the rostral parts of the laterally located auditory association areas Ts1
and Ts2. In the medial temporal cortex, the entorhinal and perirhinal areas received the heaviest
projections from the amygdala, while the parahippocampal region received sparser projections.
Axonal terminations in the insula were most densely distributed in its agranular and dysgranular
parts, and in the adjacent parainsular area, and were moderately distributed in the granular
insula.

Laminar distribution—The laminar distribution of labeled boutons is shown in Figure 7D.
In the temporal pole, labeled boutons in Tpall and TPvm were found throughout all layers;

these areas also had the highest density of boutons and projection neurons. In the dorsomedial
temporal pole (TPdm) and in area TE1, labeled boutons were found mainly in the upper layers,
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especially layer I. This pattern was even more prominent in areas Ts1 and Ts2, and in the
parahippocampal areas TH and TF (Fig. 7D). In the medial temporal areas 28 and 35 the
majority of labeled boutons were found in layers I1-I11, the two areas where the majority of
labeled projection neurons were found in the deep layers. When progressing from area 35
towards area 36M, there was an abrupt change in the laminar innervation pattern at the border
between area 35 and area 36M. In layer | of area 35 there was a moderate proportion of labeled
boutons, in contrast to a dense proportion in area 36M (Fig. 5A). No other region showed a
similarly abrupt change in innervation pattern at areal borders. In the insula, the agranular area
showed an equal distribution of boutons among layers, while in the dysgranular and granular
areas terminations were concentrated in the upper layers, primarily layer I.

Comparison of the laminar distribution of labeled neurons and boutons

We then compared the relative laminar densities of labeled neurons and boutons (Fig. 8). In
most areas the majority of projection neurons were found in the upper layers, consistent with
feedforward projections. In marked contrast, in areas 28 and 35 a large majority of projection
neurons were found in the deep layers, consistent with feedback projections. Moreover, areas
28 and 35 had the lowest proportion of labeled boutons in layer | among those studied (Fig.
8A). In contrast, all other areas had labeled boutons primarily in the upper layers, including
significant proportions in layer I. Interestingly, areas 28 and 35 had the highest proportion of
labeled boutons in layers Il and 111, which project to the hippocampus.

Comparison of input and output zones

We then compared the relative density of projection neurons to the relative density of axonal
terminals in the temporal and insular cortices, in order to determine to what extent the different
areas were primarily recipients of input from the amygdala, or primarily providers of output
to the amygdala. We expressed data for each area as a proportion of the entire series of temporal
and insular areas examined, and used the normalized data to generate an input/output (1/0)
ratio of connections in the cortex with the amygdala, and an overall input+output (1+O)
parameter; the latter was considered to be a marker for the overall “connection strength”. As
shown in Figure 9, area 36 had comparatively more output projections than input fibers (O>1),
although it received dense innervation from the amygdala. This pattern suggests that area 36
may be regarded primarily as a “sender” of cortical information to the amygdala. In area 28
the relative input to relative output were approximately equal. In the remaining temporal areas
analyzed the relative input was greater than the relative output (1>0), including areas with
robust connections (Tpall, TPvm and TPdm in the temporal pole, and insular areas ldg and
lag), as well as in areas with sparser connections (medial temporal areas 35, TH and TF,
temporal polar areas TE1, Ts1 and Ts2, and insular areas Pal and 1g). All of these areas thus
may be regarded primarily as “receivers” of information from the amygdala. The individual
cases did not differ significantly in their input/output ratios, in spite of the differences in the
injection sites within the amygdala. Figure 10 summarizes schematically the regional densities
of the input (boutons) and output (neurons) distribution patterns in medial temporal and insular
cortices at different rostro-caudal levels, using color-coded ranks of increasing densities (blue-
green-yellow to red).

Discussion

Classical studies have revealed a large number of connections between the amygdala and the
cerebral cortex. In particular, agranular and dysgranular (limbic) parts of different cortical
regions, such as the posterior orbitofrontal cortex, the anterior cingulate, the temporal pole and
the anterior insula, heavily project to the amygdala [e.g., (Nauta, 1962; Herzog and Van
Hoesen, 1976; Aggleton et al., 1980; Turner et al., 1980; Mufson et al., 1981; Porrino et al.,
1981; Van Hoesen, 1981; Amaral and Price, 1984; lwai et al., 1987; Iwai and Yukie, 1987;
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Barbas and De Olmos, 1990; Carmichael and Price, 1995) from the upper and deep layers
(Aggleton et al., 1980; Turner et al., 1980; Mufson et al., 1981; Saper, 1982; Mesulam and
Mufson, 1982b; Friedman et al., 1986; Amaral and Insausti, 1992; Stefanacci and Amaral,
2000; Stefanacci and Amaral, 2002). The present study confirms and extends these findings
by showing that the strongest connections of the amygdala were found in the medial temporal
pole, medial temporal entorhinal and perirhinal areas (areas 35 and 36), and the agranular and
dysgranular areas of the anterior insula. Weaker connections with the amygdala were found in
the lateral temporal pole, the parahippocampal region, and the granular insula, consistent with
previous findings in the monkey, catand rat [e.g., (McDonald, 1998; Pikkarainen and Pitkanen,
2001; Pitkanen et al., 2002)]. Moreover, we found that sensory association areas projected to
the amygdala mostly from their upper layers, while medial temporal areas, which are associated
with long-term memory, projected to the amygdala from their deep layers. These findings
suggest a laminar-based sequence of information processing for emotions and the formation
of emotional memory, as elaborated below.

Sensory processing for emotions

Convergent information from all sensory modalities originating in high-order visual, auditory,
olfactory, gustatory, visceral, somatosensory and polymodal cortices reaches the amygdala
[reviewed in (McDonald, 1998; Pitkanen, 2000)]. Information from these sensory cortices is
preferentially issued from areas associated with complex sensory processing with emotional
significance. For example, in anterior inferior temporal cortex (area TE1), neurons respond to
complex visual stimuli, such as faces and facial expressions, and bilateral lesions of the
amygdala impair recognition of facial emotional expressions [e.g., (Baylis etal., 1987; Adolphs
etal., 1994; Kim et al., 2004)]. Similarly, within the auditory modality, species specific calls
have special emotional significance (Poremba et al., 2004), and the amygdala is activated in
association with non-linguistic emotional vocalizations (Sander and Scheich, 2005; Fecteau et
al., 2007). These functions may depend on the strong bidirectional connections between the
amygdala and anterior temporal visual, auditory, and polymodal association cortices in the
temporal pole (Pribram and MacLean, 1953; Markowitsch et al., 1985; Moran et al., 1987). In
view of these interconnections between the temporal pole and the amygdala, it is possible that
high-order sensory information becomes linked to emotional value (Olson et al., 2007).

The insula, and especially its agranular and dysgranular parts, had prominent connections with
the amygdala as well, in line with previous observations (Aggleton et al., 1980; Turner et al.,
1980; Mufson et al., 1981; Saper, 1982; Mesulam and Mufson, 1982b; Friedman et al., 1986;
Amaral and Insausti, 1992; Stefanacci and Amaral, 2000; Stefanacci and Amaral, 2002). The
insula has been implicated in a variety of somatosensory, gustatory and visceral functions [e.g.,
(Mufson and Mesulam, 1982; Saper, 1982; Mesulam and Mufson, 1982b)], and in the complex
processing accompanying the experience of disgust and the visual perception of disgust in
others (Phillips et al., 1997; Wicker et al., 2003). The insula and the orbitofrontal cortex also
send projections to the temporal pole (Pandya and Kuypers, 1969; Nauta, 1972; Mesulam and
Mufson, 1982a; Mesulam and Mufson, 1982b; Markowitsch et al., 1985; Kondo et al., 2003;
Barbas et al., 2005), in circuits thought to have a role in visceral-autonomic function and
gustatory-olfactory integration (Mesulam and Mufson, 1982a).

Sequence of sensory processing for emotions—~Previous studies have shown that the
lateral nucleus of the amygdala is the major recipient of projections from sensory association
cortices. Intrinsic connections link the lateral nucleus with other parts of the basal complex of
the amygdala, which then project to the central nucleus, the main output of the amygdala to
the hypothalamus and brainstem [reviewed in (LeDoux, 1995)]. However, projections from
sensory association cortices extend beyond the lateral nucleus, reaching the basolateral,
basomedial (also known as accessory basal), and the cortical nuclei of the amygdala [e.g.,
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(Mufson et al., 1981; Ghashghaei and Barbas, 2002; reviewed in (McDonald, 1998; Pitkanen
et al., 2000a)]. Further, the connections of the prefrontal cortex with the amygdala are highly
distributed, and include not only the basolateral and basomedial nuclei, but also the lateral and
cortical nuclei, albeit to a lesser extent [e.g., (Barbas and De Olmos, 1990; Carmichael and
Price, 1995)]. Moreover, the connections of orbitofrontal and anterior cingulate cortices
overlap extensively in the amygdala with the connections of temporal sensory association
cortices, suggesting widespread influence of prefrontal cortices on sensory and intrinsic
processing in the amygdala (Ghashghaei and Barbas, 2002).

The laminar pattern of connections provides a novel approach to deciphering information
processing for emotions through sensory cortices, the amygdala and the prefrontal cortex. This
was accomplished by comparing how the same sites in the amygdala are connected with sensory
cortices, shown in this study, and with the prefrontal cortex, shown in a previous study
(Ghashghaei et al., 2007). We hypothesized that if polymodal and sensory association areas
convey signals to the amygdala pertinent to the state of the environment, they should resemble
feedforward connections, arising mainly from the upper layers (11-111), consistent with the flow
of information from earlier- to later-processing sensory areas (Felleman and Van Essen,
1991). Our findings support this hypothesis, since in most sensory association and polymodal
areas labeled projection neurons directed to the amygdala were indeed found primarily in the
upper layers, resembling feedforward projections. The perirhinal area 36 in the medial temporal
cortex, in particular, had dense connections with the amygdala, and a comparison of its input
and output patterns showed that it issued comparatively more projections to the amygdala than
it received, acting as a primary “sender” of feedforward information to the amygdala. These
findings indicate that a large variety of sensory association and polymodal cortices issue
feedforward projections to the amygdala. In the reverse direction, axonal terminations from
the amygdala to the temporal and insular cortices, targeted preferentially the upper layers, most
prominently layer I, consistent with feedback cortico-cortical projections.

The same sites of the amygdala that receive feedforward information from temporal and insular
sensory association and polymodal cortices, as shown in this study, are also robustly connected
with prefrontal cortices. In a previous study, using the same cases, the densest and most
specialized connections of the amygdala were found in caudal orbitofrontal cortex and the
anterior cingulate (Ghashghaei et al., 2007). The amygdala innervates all layers of orbitofrontal
and anterior cingulate cortices in complex laminar patterns, including the middle layers,
suggesting a strong feedforward innervation. In the reverse direction, a vast majority of
prefrontal projection neurons targeting the amygdala originate in layer V, resembling feedback
projections. Previous studies have shown that the same sensory association and polymodal
cortices that project to the amygdala also project to prefrontal cortices (Barbas and Mesulam,
1985; Barbas et al., 1999; Rempel-Clower and Barbas, 2000; Barbas et al., 2005) in a
feedforward manner as well (Rempel-Clower and Barbas, 2000), providing the circuits for
direct and indirect feedforward sensory input to orbitofrontal cortex [reviewed in (Barbas,
1995; Barbas, 2007)]. These findings suggest a possible route through which sensory signals
with emotional significance are forwarded from temporal and insular structures to the
amygdala, and are then relayed through feedforward projections to orbitofrontal areas and the
anterior cingulate, as summarized in Figure 11. In turn, the caudal orbitofrontal cortex issues
specialized projections to specific regions of the amygdala, including the intercalated masses
of the amygdala (Ghashghaei and Barbas, 2002), which may be recruited in emotional arousal
(Barbas et al., 2003).

Pathways for emotional memories

The medial temporal entorhinal (area 28) and perirhinal (areas 36, 35) cortices, which have a
key role in long-term memory (Zola-Morgan et al., 1989; Squire and Zola-Morgan, 1991;
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Meunier et al., 1993; Suzuki et al., 1993; Malkova et al., 1995; Buckley and Gaffan, 1998;
Murray and Bussey, 1999; Eichenbaum, 2000; Simons and Spiers, 2003), had robust
connections with the amygdala, consistent with previous findings in rats and monkeys (Krettek
and Price, 1977; Ottersen, 1982; McDonald and Jackson, 1987; Amaral et al., 1992; Petrovich
et al., 1996; Pitkanen et al., 2000b; Stefanacci and Amaral, 2002). These medial temporal
cortices are high-order polymodal association areas and recipients of unimodal sensory and
polymodal signals [e.g., (Jones and Powell, 1970; Van Hoesen et al., 1975; Van Hoesen and
Pandya, 1975a; Suzuki and Amaral, 1994; Suzuki and Amaral, 2003a); reviewed in (Suzuki
and Amaral, 2003b; Saleem et al., 2007)]. Convergent projections from sensory association
cortices are sent in cortico-cortical cascades to areas 36, 35 and 28, and then to the hippocampus
(Van Hoesen and Pandya, 1975b). This evidence suggests that medial temporal cortices provide
a gateway between the sensory cortices and the hippocampus (de Curtis and Pare, 2004). These
sensory-related pathways and their connections with the amygdala provide the structural basis
for the linkage of sensory signals with emotional context and the formation of long-term
memories. The convergence of sensory signals and amygdalar connections in medial temporal
cortices may help explain the high correlation between the degree of amygdala activation at
encoding and subsequent recall of information (Cahill et al., 1996), and why memaory for
emotionally arousing events is better than for neutral events (Adolphs et al., 1997; Dolcos et
al., 2004; McGaugh, 2004; McGaugh, 2006). Consistent with these findings, humans with
lesions of the amygdala lack arousal for emotional events (Kilpatrick and Cahill, 2003).

Sequence of mnemonic processing for emotions—In sharp contrast to the
feedforward projections from polymodal area 36 to the amygdala, there was an abrupt shift in
the laminar origin and termination of connections at the border between areas 36 and 35, so
that perirhinal area 35 and entorhinal area 28 issued projections to the amygdala primarily from
the deep layers, predominantly from layer V, resembling the pattern of projection of other
limbic areas in cortico-cortical connections (Barbas, 1986; Barbas and Rempel-Clower,
1997). In the reverse direction, axons from the amygdala terminated in several layers of areas
35 and 28, but mostly in layers I1-111, and sparsely in layer I, consistent with previous findings
(Pitkanen et al., 2002). Interestingly, layers 11 and I11 of the entorhinal cortex, which were the
primary targets of projections from the amygdala, project to the hippocampus (Van Hoesen
and Pandya, 1975b; Steward and Scoville, 1976; Witter et al., 1989; Witter and Amaral,
1991). This laminar specific pathway from the amygdala to the entorhinal cortex may be the
anatomical substrate for the enhanced memaory for emotionally significant events, although the
physiological mechanism is unknown.

Recent studies suggest that transfer of information from the neocortex to the hippocampus
occurs with low probability (Pelletier et al., 2004), due to powerful inhibitory control by the
rhinal cortices (de Curtis and Pare, 2004). The amygdala may facilitate declarative memory
by enhancing transfer of sensory cues during behaviorally salient events to the hippocampus
(Pelletier et al., 2005; Paz et al., 2006). Interestingly, a robust projection from the caudal
orbitofrontal cortex terminates in the entorhinal cortex in a feedforward manner as well
(Rempel-Clower and Barbas, 2000). Like the amygdala, the orbitofrontal cortex receives rich
multimodal information from all sensory association cortices (Barbas, 1993; Barbas, 2000;
Cavada et al., 2000; Barbas et al., 2002), and may thus provide an additional route through
which pre-processed sensory information reaches the amygdala as well as the entorhinal cortex.
Our findings thus suggest that dual pathways may participate in transferring this information
to the entorhinal cortex, as summarized in Figure 11. A direct pathway from the amygdala
reaches layers Il and Il of the entorhinal cortex, as shown in this study, and a robust
feedforward pathway from the posterior orbitofrontal cortex projects to the entorhinal cortex
as well (Rempel-Clower and Barbas, 2000). Together, these dual mechanisms of activation
may help open the gate to the hippocampus allowing the formation of memories for emotionally
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significant events. Abnormal activation of these pathways may underlie several psychiatric
disorders associated with anxiety, such as post-traumatic stress disorder.
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Fig. 1.

Composites of tracer injection sites in the amygdala. Coronal sections through rostral to caudal
levels in: A-F, left hemisphere; A-E’, right hemisphere. Color key shows the corresponding
cases. Scale bar: 1 mm. Abbreviations: AAA - anterior amygdalar area; ACo - anterior cortical
nucleus; AHA — amygdalo-hippocampal area; BDA - biotinylated dextran amine; BM -
basomedial nucleus (also known as accessory basal nucleus; mc - magnocellular; pc -
parvicellular part); BL - basolateral nucleus (also known as basal nucleus; mc - magnocellular;
pc - parvicellular; i - intermediate parts of nuclei); Ce - central nucleus; D -dorsal; Hippo -
hippocampus; IM - intercalated masses; L - lateral nucleus; M - medial; Me - medial nucleus;
nLOT - nucleus of the lateral olfactory tract; OT - optic tract; PCo - posterior cortical nucleus;
VCo - ventral cortical nucleus.
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Case BB-B Case BB-L Case BD-R

Fig. 2.

Origin of projection neurons directed to the amygdala from temporal and insular cortices.
Projection neurons (black dots) shown on coronal sections at four representative rostro-caudal
levels (top to bottom in each column) from three injection sites, mapped after injection of
bidirectional or retrograde tracers in the amygdala. A-D: Case BB-B; Fast Blue injection
localized to BLpc, BMpc, nLOT, ACo. E-H: Case BB-L; BDA injection localized to BMmc,
BMpc, BLi, BLpc, AAA. I-L: Case BD-R; BDA injection localized to Me, BMmc, PCo, VCo,
BMpc, BLpc (abbreviations of amygdalar nuclei are as in Fig. 1). The dotted line through the
cortex shows the upper border of layer V. Scale bar: 5 mm. Abbreviations: 28 - entorhinal
cortex; 35 -perirhinal area 35; 36M - medial perirhinal area 36; 36L - lateral perirhinal area
36; amt - anterior middle temporal dimple; Amy - amygdala; Cd - caudate nucleus; Hippo -
hippocampus; lag - agranular insular cortex; Idg - dysgranular insular cortex; Ig - granular
insular cortex; OLF - olfactory area; OPro - orbital proisocortex (dysgranular cortex); Pal -
parainsular area; ProA - prokoniocortical auditory area; Pu -putamen; rf - rhinal fissure; sts -
superior temporal sulcus; TE1 — inferior temporal visual association area 1; TF - area TF of
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the temporal cortex; TH - area TH of the temporal cortex; Tpall - temporal periallocortex;
TPdm - dorsomedial area of the temporal pole; TPvm - ventromedial area of the temporal pole;
Ts1 —superior temporal auditory association area 1; Ts2 — superior temporal auditory
association area 2.
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Fig. 3.

Overview of connections of the temporal and insular cortices with the amygdala. Brightfield
photomicrographs showing examples of coronal sections through temporal and insular areas
with labeled projection neurons and axon terminals after injection of BDA in the amygdala.
A: Temporal pole: BDA label with Nissl counterstain, B: Temporal pole: BDA label, adjacent
section. C: Medial temporal cortex: BDA label with Nissl counterstain, D: Medial temporal
cortex: BDA label, adjacent section. E: Insula: BDA label with Nissl counterstain, F: Insula:
BDA label, adjacent section. Scale bars: 1 mm. For all panels, medial is to the left and dorsal
at top. Abbreviations: 28 - entorhinal cortex; 35 - perirhinal area 35; 36M - medial perirhinal
area 36; 36L - lateral perirhinal area 36; lag - agranular insular cortex; Idg - dysgranular insular
cortex; g - granular insular cortex; Pal - parainsular area; TE1 - temporal visual association
area 1; Tpall -temporal periallocortex; TPdm - dorsomedial area of the temporal pole; TPvm
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- ventromedial area of the temporal pole; Ts1 - temporal auditory association area 1; Ts2 -
temporal auditory association area 2.
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Fig. 4.
Examples of connections between the temporal pole and the amygdala. Brightfield
photomicrographs of areas showing projection neurons and axonal fibers and terminations after

BDA injection in the amygdala. A: Area TPdm layers I-111. Labeled neurons in layers 11-111
with long apical dendrites extending to layer I. B: Area TPvm layers I-111. Labeled neurons in
layers 1I-111. C: Rostral part of area TE1. Labeled neurons in layers l1-111. D: Rostral part of

area TEL. Distinct labeled pyramidal neuron in layer Il with prominent apical dendrite reaching
layer I. E: Rostral part of area Ts1. Labeled neuron in layer V displaying long dendritic
branching. F: Rostral part of area Ts2. Large labeled neuron in layer V/VI. Scale bars: 250
um (A-B) and 100 um (C-F). For all panels, medial is to the left and dorsal at top.
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Fig. 5.

Examples of connections between the medial temporal cortex and the amygdala. Brightfield
photomicrographs of coronal sections through areas showing labeled projection neurons and
axonal fibers and terminations after BDA injection in the amygdala. A: Areas 28 (entorhinal
cortex), and 35-36 (perirhinal cortex). Labeled neurons in areas 28 and 35 are seen in layers
V-VI, while labeled neurons in area 36M are found in layers I1-111. Note the faint cell-free
band (Lamina Dissecans, LD) in area 28, and the abrupt change in the axonal innervation of
layer | at the border between areas 35 and 36M, and a shift of labeled neurons from the deep
to the upper layers. Insets in panel A are shown in B-D at higher magnification. B: Area 28.
Labeled neurons in layers V=VI. C: Area 35. Prominent branching of a labeled axon at the
border between layers I-11. D: Medial part of area 36. Labeled neurons in layers I1-111. E: Area
36M. Dense innervation of axonal terminals in layer I. Scale bars: 500 um (A) and 100 um
(B-E). For all panels, medial is to the left and dorsal at top.
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Fig. 6.

Examples of connections between the insula and the amygdala. Brightfield photomicrographs
of coronal sections through areas showing labeled projection neurons and axonal fibers and
terminals after BDA injection in the amygdala. A-B: Area Ig, granular insula. C-D: Area ldg,
dysgranular insula. E-F: Area Pal, parainsular area. Panels A, C and E show labeled projection
neurons in layers l1-I11; panels B, D and F show labeled axonal terminations in layer I. Scale
bars: 100 um. For all panels, medial is to the left and dorsal at top.
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Fig. 7.

Distribution of labeled projection neurons and boutons in the temporal and insular cortices
after tracer injection in the amygdala. A: Normalized areal distribution of neurons expressed
as a percentage of the total number of labeled neurons in temporal and insular cortices for each
injection site; B: Normalized laminar distribution of labeled neurons in the superficial (layers
11-111) and deep (V-V1) layers, expressed as percentages of the total number of labeled neurons
in each area; C: Normalized areal distribution of labeled boutons expressed as a percentage of
the total density in temporal and insular cortices for each injection site; D: Normalized
distribution of boutons in laminar compartments (layers I, lI-111 and IV-VI) expressed as
percentages of the total density for each area. Abbreviations are as in Fig. 2.

Neuroimage. Author manuscript; available in PMC 2009 May 11.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Hoistad and Barbas

>
—
o
o

1 UPPER LAYERS

Page 27

e Boutons (Layer |)

Boutons (Layers II-ll1)
¥ Neurons (Layers II-1Il)
— v
~ 80 - i '
< v Y
S Yy v 4 oy
5 604 |y T T Yy
Q 2NN A I . A
= Poob b e Y P ; ;o
%) S A o | >y |
5 41 46 T8 * !
5 b Y e L e 64
£ T te s e
£ 204 P ? : |
© P é i 5
- P i i
0 - i i . —
= E E T T N 0o 0w 2 A I L oo Fm O
EgpgreeRB8gREF-ELLS
FoF
Temporal Pole Medial Temporal Ctx  Insular Ctx
B 1001 DEEP LAYERS e Boutons (Layers IV-VI)
¥ Neurons (Layers V-VI)
X 80+
~ v
c 5
0 '
S 60
2 Y
G 1
5] M 3
0O 40 v : :
= : s | vvv?Y
@ v i Y f I v
= R ZEPURE SRS B S z * . .
§ 200 I R B é
- v 0 M
0 : S - P .
= E E « - « s 4 T L oD oD § O
5 S 5L w9 RBIZELERSF S
e R o - F F o @
Temporal Pole Medial Temporal Ctx  Insular Ctx
Fig. 8.

Laminar distribution of labeled projection neurons and boutons in temporal and insular cortices
after tracer injection in the amygdala. A: Label in the upper layers (I-111). Normalized data
showing the average proportion of labeled boutons from the amygdala terminating in layer |
or layers 1I-I1l, and labeled projection neurons from layers l1-I11 directed to the amygdala.
B: Label inthe deep layers (IV-V1). Average proportion of labeled boutons from the amygdala
terminating in layers IV=VI, and labeled projection neurons from layers V=VI directed to the

amygdala. Abbreviations are as in Fig. 2.
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Fig. 9.

Relative proportions of input and output connections between the amygdala and temporal and
insular cortices. A: Regional distribution of boutons (input), or projection neurons (output) in
temporal and insular cortices originating from, or projecting to, the amygdala. Values are
expressed as percentages of the total number of labeled boutons or neurons in the temporal and
insular areas for each injection site. Note that only area 36 (and to a lesser extent area 28)
displayed comparatively more output (neurons) than input (boutons). B: Ratios of boutons
(I=input) to projection neurons (O=output) in the cortex. A low I/O ratio implies more output
than input, and a high 1/O ratio implies more input than output. Only area 36 (and to a lesser
extent area 28) displayed comparatively more output than input. C: Input/output ratios (1/0)
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to the overall sum of input and output (1+0). Densely interconnected areas with high 1+O values
are seen in the upper squares; areas with lighter connections have low 1+O values and are seen
in the lower squares. Areas to the left (areas 28 and 36M and 36L), have proportionately more
output (O>I) projections to the amygdala, while areas to the right have proportionately higher
input from the amygdala than output to the amygdala (1>0). Abbreviations are as in Fig. 2.
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Fig. 10.

Summary of the distribution of input and output linking temporal and insular cortices with the
amygdala. A—C: Input (labeled boutons) shown on coronal sections through insular and
temporal cortices; E-G: Output (labeled neurons) in the temporal and insular cortices
connected with the amygdala. Densitfies are color-coded based on ranks and mapped onto
schematic coronal sections at three different rostro-caudal levels (top to bottom). Blue-green-
yellow to red show differences in densities based on percentages of the total number of labeled
boutons or neurons averaged across cases, as follows: blue: <2%; green: 2-5%; yellow: 5-
10%; red: >10 %. D: Surface view of areas visible on the basal surface; input is shown on the
left and output on the right. Scale bars: 5 mm. Abbreviations are as in Fig. 2.

Neuroimage. Author manuscript; available in PMC 2009 May 11.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hoistad and Barbas

Page 31

Temporal Pole

Amygdala
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Fig. 11.

Model summarizing the sequence of emotional processing through laminar-specific
connections between the amygdala, the temporal and insular areas, and the posterior
orbitofrontal cortex. The amygdala receives feedforward projections from the upper layers
(blue arrows) of the temporal pole as well as from area 36 of the medial temporal cortex, and
sends reciprocal feedback projections (red arrows) to the upper layers of the same areas. This
pattern was also seen in the insula, adjacent temporal sensory association areas, and the
parahippocampal areas (not shown). The amygdala also projects to all layers, including the
middle layers, in a feedforward fashion to the posterior orbitofrontal (green arrow) and medial
prefrontal cortices (not shown), which send mostly feedback projections from their deep layers
(red arrow) to the amygdala. The amygdala projects robustly to entorhinal layers 11 and 111
(purple hatched arrows), which, in turn, project to the hippocampus (purple hatched arrows)
and can thus be considered ‘feedforward’ in this system. The posterior orbitofrontal cortex
projects to the middle layers of the entorhinal cortex as well (purple hatched arrows). These
combined pathways from the amygdala and the posterior orbitofrontal cortex may facilitate
transmission of motivationally relevant signals, enabling the formation of emotional memories.
Dots: axonal terminals. Triangles: projection neurons.
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