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Abstract

The anterior cingulate cortex (ACC), situated in the caudal part of the medial prefrontal cortex, is
involved in monitoring on-going behavior pertaining to memory of previously learned outcomes.
How ACC information interacts with the medial temporal lobe (MTL) memory system is not well
understood. The present study used a multitiered approach to address two questions on the
interactions between the ACC and the parahippocampal cortices in the rhesus monkey: 1) What
are the presynaptic characteristics of ACC projections to the parahippocampal cortices? 2) What
are the postsynaptic targets of the pathway and are there laminar differences in innervation of local
excitatory and inhibitory systems? Labeled ACC terminations were quantified in parahippocampal
areas TH and TF and a cluster analysis showed that boutons varied in size, with a population of
small (< 0.97 um) and large (>0.97 wm) terminations that were nearly evenly distributed in the
upper and deep layers. Exhaustive sampling as well as unbiased stereological techniques
independently showed that small and large boutons were about evenly distributed within cortical
layers in the parahippocampal cortex. Synaptic analysis of the pathway, performed at the electron
microscope (EM) showed that while most of the ACC projections formed synapses with excitatory
neurons, a significant proportion (23%) targeted presumed inhibitory classes with a preference for
parvalbumin (PV+) inhibitory neurons. These findings suggest synaptic mechanisms that may help
integrate signals associated with attention and memory.
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1. Introduction

The anterior cingulate cortex (ACC), situated in the caudal part of the medial prefrontal
cortex is involved in monitoring on-going behavior pertaining to memory of previously
learned outcomes (MacDonald et al., 2000; Botvinick et al., 2004; Rushworth et al., 2007;
2009 for reviews). Specifically, the ACC is thought to play a role in keeping track of the
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consequences of recently made choices (Kennerley et al., 2006). How ACC information
interacts with the medial temporal lobe (MTL) memory system is not well understood, but
could underlie the integration of attentional context with mnemonic information. Previous
studies have reported robust and non-reciprocal projections from the hippocampal formation
to the medial prefrontal cortices in macaque monkeys (e.g., Barbas and Blatt, 1995; Munoz
and Insausti, 2005). Several reports have shown a projection from ACC to MTL cortices, but
there is no information at the synaptic level on the types of neurons innervated in this
pathway in monkeys (Carmichael and Price, 1995; Kondo et al., 2005; Apergis-Schoute et
al., 2006; Saleem et al., 2008).

The cascade of information flow through the MTL is organized in a laminar manner with
multiple cortical areas serving the relational processes necessary for episodic memory (Van
Hoesen et al., 1972; Zola-Morgan et al., 1989; Suzuki et al., 1993; Wellman and Rockland,
1997; Burwell and Amaral, 1998; Blatt et al., 2003; Lavenex et al., 2004; Manns and
Eichenbaum, 2006; see Suzuki, 2006 and Lavenex and Amaral, 2000 for reviews). The
upper layers of the parahippocampal cortices (TH and TF) serve as the cortical foundation of
the circuit and originate the principal projection to the rhinal cortices (areas 28, 35, 36),
which convey cortical input to the hippocampus (Van Hoesen and Pandya, 1975;
Mohedano-Moriano et al., 2007; 2008; Insausti and Amaral, 2008). The deep layers of the
parahippocampal cortex receive hippocampal output from the rhinal cortices, including the
entorhinal (area 28) and perirhinal (areas 35 and 36) cortices and direct projections to high
order association cortices (Swanson and Kohler, 1986; Suzuki and Amaral, 1994a; 1994b;
Burwell and Amaral 1998; Lavenex et al., 2002).

Information flow, both to and from the hippocampal formation (HCF), is not a passive
process. Signals arriving in the rhinal cortices must overcome robust local inhibition to gain
access to the hippocampus (Biella et al., 2002; de Curtis and Paré, 2004; Pelletier et al.,
2004). The way by which signals impinge on MTL local circuit dynamics to gain access to
hippocampus is unclear (Kloosterman et al., 2003; Kajiwara et al., 2003; Koganezawa et al.,
2008). Previous work has shown that laminar-specific pathways linking prefrontal and
temporal cortices differ in the size of terminations and interactions with distinct inhibitory
systems (Barbas et al., 2005; Germuska et al., 2006; Medalla et al., 2007). Here, we
investigated whether the ACC-parahippocampal pathway shows similar synaptic specificity.

We used a multitiered approach to address two unanswered questions surrounding the circuit
from the ACC to the parahippocampal cortices: 1) What are the presynaptic characteristics
of ACC projections to the parahippocampal cortices? 2) What are the postsynaptic targets of
the pathway and are there laminar differences in innervation of local excitatory/inhibitory
systems that serve the input and output of this circuit?

2. Methods

2.1 Animals

Studies were conducted on 4 young adult (2.0-3.0 years of age) rhesus monkeys (Macaca
mulatta) of both sexes weighing 3.2-4.5 kg. Analyses were based on five tracer injections (4
biotinylated dextran amine, 1 lucifer yellow), a sample that was sufficient for statistical
analyses (e.g., Hoistad and Barbas, 2008). Experiments were conducted in accordance with
NIH Guide for the Care and Use of Laboratory Animals, and every effort was made to
minimize pain or distress, and to minimize the number of animals used for each study. A
detailed protocol describing all procedures involving animals, including their transport to an
imaging center, sedation, anesthesia, surgery, post-surgical care and euthanasia, was
approved by the Institute for Animal Care and Use Committee (IACUC) at Boston
University, Harvard Medical School (for New England Primate Research Center [NEPRC]),
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and Massachusetts General Hospital (for imaging), as being consistent with humane
treatment of animals.

Animals were purchased from NEPRC, located in Southborough, MA, where they were
housed before and after surgery, and up to euthanasia. The monkeys were maintained on a
balanced diet of Purina Monkey Chow supplemented with fresh fruit. The monkeys were
housed in individual cages, but in full view of other monkeys to allow for social interactions.
Climbing bars and toys were placed in cages to enrich the environment of the animals.

2.2 Brain Imaging

One week prior to surgery, we conducted magnetic resonance imaging (MRI) to guide the
injection of neural tracers during surgery. For imaging, the monkey was sedated with
propofol (loading dose, 2.5-5 mg/kg intravenous; continuous rate infusion, 0.25-0.4 mg/kgt
min-1) and positioned in a nonmetallic stereotaxic device. MRI was performed with a 3T
superconducting magnet (Phillips; or Siemens). A T1 weighted 3D SPGR (TR70, TES, Flip
45) was obtained through the brain, using a 512 x 384 matrix and a 16 x 16 FOV. Section
thickness ranged from 0.65-1 mm with no gaps between successive sections. After imaging
the animal was transported back to NEPRC.

2.3 Surgical Procedure to Inject Neural Tracers

One week after imaging we performed surgery to inject neural tracers under general
anesthesia at a surgical suite at NEPRC. The monkeys were sedated with ketamine
hydrochloride (10-15 mg/kg, intramuscularly), then deeply anesthetized with gas anesthetic
(isoflurane), until a surgical level of anesthesia was achieved. Heart rate, muscle tone and
respiration were evaluated to maintain a surgical level of anesthesia. Surgery was performed
under sterile conditions with the monkey's head held by a stereotaxic apparatus. A
craniotomy was made over the site for injection, the dura retracted, and cortex exposed.
Tracer injections were made using a microsyringe (5 or 10 pl, Hamilton, Reno, NV, USA)
mounted on a microdrive. The bidirectional tracers biotinylated dextran amine (BDA) or
lucifer yellow (LY) were of 10kDa molecular weight, optimized for anterograde labeling
(Veenman et al., 1992; Reiner et al., 2000). For each injection site, the dye was diluted to 10
mg/ml in distilled water and delivered in 2-4 penetrations spaced 0.5 mm apart, to inject a
total volume of 5 pl of dye. After injection of neural tracers, the wound was closed and the
animal was given antibiotics and analgesics (buprenex, 0.01 mg/kg) every 12 hrs, or as
needed. The animal was monitored until recovery from anesthesia, and then returned to a
recovery room at NEPRC.

2.4 Perfusion and tissue processing

After a survival period of 19 days, which allowed the dyes to travel from the injection site to
axon terminals, the animal was given an overdose of anesthetic (sodium pentobarbitol, >50
mg/kg, to effect) and perfused with 4% paraformaldehyde, 0.2% glutaraldehyde in 0.1 M
phosphate buffer (PB; pH 7.4) at 37° C. The brain was removed and cryoprotected in
increasing concentrations of sucrose (15%, 20%, 30% in 0.01 M PBS). The brain was then
frozen by immersion in isopentane for rapid and uniform freezing at -70°C and cut in the
coronal plane at 50 wm sections in 10 matched series on a freezing microtome. To preserve
the ultrastructure, tissue was stored in -20°C in antifreeze solution (30% ethylene glycol,
30% glycerol, 40% 0.05M PB, pH 7.4 with 0.05% azide).

2.5 Immunohistochemistry to visualize boutons labeled with BDA/LY

We used the avidin-biotin (AB) with horseradish peroxidase (HRP) method (Vectastain
PK-6100 ABC Elite kit, Vector Laboratories, Burlingame, CA, USA). All assays were
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conducted at 4°C. Free floating brain sections were washed in 0.01 M PBS and sections
were incubated in 0.05 M glycine and pre-blocked in 5% normal goat serum (NGS) and 5%
bovine serum albumin (BSA) with 0.2% Triton X, placed in sodium borohydride (1%) or
glycine (0.05%). Sections with BDA were incubated in AB-HRP solution for one hour
(1:100 in PBS containing 0.1% Triton-X). The tissue was rinsed and processed using the
peroxidase-catalyzed polymerization of diaminobenzidine (DAB; 0.05% DAB, and 0.004%
H»0, in PBS) for 2-3 min (DAB kit, Vector or Zymed Laboratories Inc., South San
Francisco, CA, USA). Sections with fluorescent tracer were incubated overnight in antibody
against LY (1:800, in PBS, 1% NGS, 1% BSA, 0.1% Triton-X; rabbit polyclonal, Molecular
Probes), followed by incubation in secondary biotinylated goat anti-rabbit 1gG (1:200, for 2
hrs; Vector), then in AB-HRP and DAB as previously described. Following processing,
sections were rinsed, mounted on gelatin-coated slides, dried, dehydrated in graded alcohols,
cleared in xylenes and coverslipped with Permount. Every other section was counterstained
with thionin (Sigma, St. Louis, MO, USA) to define areal and laminar boundaries. We used
the same procedure to process BDA tissue for electron microscopy, but with 0.025% Triton-
X to preserve the ultrastructure.

2.6 Triple pre-embedding immunohistochemical labeling for EM

Triple labeling pre-embedding immunohistochemistry for serial electron microscopy was
used to investigate pathway interactions of multiple pre- and postsynaptic elements. Pre-
embedding labeling has the advantage of strong, specific labeling due to easier penetration
of reagents in free-floating sections, before they are dehydrated and embedded in resin. We
used triple immunohistochemical methods to label neural tracers with DAB (above) and
parvalbumin (PV) or calbindin (CB) neurons with either silver-enhanced gold-conjugated or
tetramethylbenzidine (TMB) labeled secondary antibodies. These methods show distinct
labeling at the EM: DAB appears as a dark uniform precipitate, silver-enhanced gold
particles as circular clumps of variable size, and TMB as rod-shaped crystals (e.g., Pinto et
al., 2003; Gonchar and Burkhalter, 2003; Moore et al., 2004; Zikopoulos and Barbas, 2007).

After labeling fibers with DAB, sections were incubated in AB blocking reagent to prevent
cross-reaction with TMB. For BDA labeled tissue, sections were co-incubated overnight in
the primary antibodies for PV (1:2,000, rabbit polyclonal) and CB (1:2,000 mouse
polyclonal; Swiss Antibodies, Bellinzona, Switzerland) and then in biotinylated anti-mouse
1gG, followed by AB-HRP. Sections were post-fixed in 6% glutaraldehyde with 2%
paraformaldehyde using a variable wattage microwave (3-6 min at 150W in the Biowave;
Ted Pella, Redding, CA, USA) until the fixative temperature reached 30°C. Gold labeling
was intensified with silver (6-12 min; IntenSE M kit, Amersham), which results in
aggregates of gold particles of variable sizes. Sections were processed for TMB, then
stabilized with DAB-cobalt chloride solution. In control experiments we omitted primary
antibodies to test the specificity of secondary antibodies and used the AB blocking kit prior
to AB binding to test the specificity of labeling.

After labeling we cut small pieces of cortex (all layers) with anterograde label in areas TH
and TF. These pieces were post-fixed in osmium, rinsed, dehydrated in increasing
concentrations of ethanol (50-100%), stained with 1% uranyl acetate (EM Sciences,
Hatfield, PA, USA) infiltrated with propylene oxide, and flat embedded in LX112 (Ladd
Research Industries, Williston, VT, USA) using aclar plastic (Ted Pella, Redding, CA,
USA). Pieces of aclar-embedded tissue were cut and re-embedded in resin blocks and
sectioned at 50 nm with a diamond knife (Diatome USA, Hatfield, PA, USA) using an
ultramicrotome (Ultracut, Leica, Wein, Austria). Serial ultrathin sections were collected on
single slot pioloform-coated grids.
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2.7 Data analysis

2.7.1 Population Analysis—Photomicrographs of labeled boutons in the
parahippocampal cortices were captured at the light microscope (LM) using a high
resolution CCD camera (Olympus DP70). We acquired image stacks of multiple focal
planes to create pictures through the entire thickness of the sections in the z-axis using
ImageJ (v. 132 for Windows; NIH, USA) as described (Medalla and Barbas, 2006;
Zikopoulos and Barbas, 2006). To obtain population estimates of bouton size we captured
images at high magnification (1,000x) of >3 random sites within a region of anterograde
label in the upper and deep layers of areas TH and TF. Within each stack of images, we
manually traced the profile of each labeled bouton to measure the major diameter using
ImageJ.

2.7.2 Quantitative mapping: LM analysis—We collected all data quantitatively using
exhaustive sampling or unbiased stereologic procedures and analyzed them using
conventional statistics, or multidimensional analyses when it was necessary to consider
multiple factors simultaneously (Dombrowski et al., 2001; Hilgetag et al., 2002).

Labeled boutons in MTL were mapped in precise register with respect to anatomic
landmarks using a work station with an encoded microscope stage interfaced to a computer
using commercial software (Neurolucida, Microbrightfield). Exhaustive sampling of labeled
boutons was achieved by using a meander scan to systematically progress through the
entirety of each area. The exhaustive sampling data included bouton frequencies and
calculations for area, which were used to calculate the relative density of boutons per unit
area (mm?). We estimated bouton density in all areas using exhaustive sampling or
stereologic procedures aided by a semi-automated system (Stereolnvestigator,
Microbrightfield), as described (e.g., Germuska et al., 2006; Zikopoulos and Barbas, 2007;
Medalla et al., 2007). For each area, a minimum of three evenly spaced sections were
selected using systematic random sampling to count boutons in different laminar
compartments (superficial layers I-111 and deep layer IV-V1). The stereological data included
volume calculation for each laminar group, which takes into consideration the area of the
layer and thickness of each section. We counted boutons using an optical disector restricted
to the central fraction of the tissue thickness (11 wm). The top and bottom of each section
(minimum 2 um for 15 wm sections after shrinkage) thus were used as guard zones to avoid
error due to possible uneven tissue sectioning. The actual thickness of mounted sections was
measured by the program at each counting site. The counting frame/disector size (area 40 x
40 wm; height = 11 um) and grid spacing (ranging from 100 x 100 um to 400 x 400 pm)
were set to employ a sampling fraction to yield a coefficient of error of < 10%), as
recommended (see Gundersen et al., 1988; Howard and Reed, 1998 for review). The
stereologic analysis yielded estimates of the total number of boutons in each laminar group
and the volume of the laminar group examined. The volume estimates along with the total
estimates of boutons were used to calculate the density of boutons per unit volume (mm3).
We normalized data to account for variability of labeling due to differences in the size of the
injections. The relative density of labeled boutons in each area was expressed as a
percentage of the total density of boutons mapped in the MTL cortices for each injection
site. The relative laminar density of small and large boutons in each area was expressed as a
percentage of the total density of boutons within a laminar group in each area for each
injection site. Densities within areas TH and TF were subsequently collapsed to express an
omnibus relative laminar density for the superficial and deep layers of the parahippocampal
cortices. This was expressed as the percentage of small and large boutons within the
superficial (I-111) or deep (IV-V1) layers for each injection and then averaged across cases.
Numerical data were transferred to a database (MS Excel).
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2.7.3 Correlated LM-EM analyses—We used a combined LM-EM approach to study
synapses of the ACC-parahippocampal pathway (e.g., Barbas et al., 2003; Medalla and
Barbas, 2010). Briefly, after tissue processing to view tracer label, we mounted brain
sections with labeled axon boutons in the areas of interest on glass slides, viewed them
while wet, captured images of labeled sites with a CCD camera, and cut small blocks of
tissue containing label, osmicated and embedded them for ultrathin sectioning. We then cut
the blocks of tissue into ultrathin sections (Ultracut, Leica) in series to reconstruct labeled
synapses, as described briefly below and in previous studies (e.g., Zikopoulos and Barbas,
2006; 2007; Germuska et al., 2006; Medalla et al., 2007; Bunce and Barbas; 2008).

We viewed fields with labeled boutons at the EM (100CX, JEOL, Peabody, MA, USA) and
captured images using a digital camera (ES1000W, Gatan, Pleasanton, CA, USA) at a
magnification of 6,000-33,000x. We determined synapse type, and measured synapses from
the images using image analysis systems (ImageJ; Reconstruct, Fiala; 2005). For serial
reconstruction, we first aligned images to correct misalignment caused by serial sectioning
and imaging of the tissue, and used the software to apply transformations expressed
explicitly as a set of rotations, scaling and stretches, or implicitly by specifying a set of
corresponding points in contiguous images. The points were then aligned using a selection
of linear and non-linear transformations. To ensure that the generated 3D object was
geometrically accurate, the dimensions of each serial image were calibrated. We
photographed a diffraction grating at the same time as the series to calibrate the x and y axes
from the specified grid spacing. Section thickness was measured by the method of
cylindrical diameters (Fiala and Harris, 2001). We traced pre- and postsynaptic elements and
generated a 3D reconstruction of an object represented in the aligned image sections. The
boundaries of an object were defined by contours for each section. Once all object contours
were defined in serial sections, the program generated a 3D Virtual Reality Modeling
Language object.

2.7.4 Quantitative analysis of labeled synapses: EM—Images of sites containing
labeled synapses were imported in Reconstruct to mark synapses by type, cross-sectional
area and synaptic length (e.g., Barbas et al., 2003; Germuska et al., 2006). Conventional
(e.g., ANOVA), or multidimensional statistical analyses were performed on data as
described (Medalla and Barbas, 2006; Dombrowski et al., 2001; Hilgetag et al., 2002).

We used classic criteria for identifying synapses and profiles (Peters et al., 1991; Carr and
Sesack, 1998; Peters and Palay, 1996): by the aggregation of synaptic vesicles in the
presynaptic bouton; rigid apposition of the presynaptic and postsynaptic membranes and
widening of the extracellular space and the presence of pre- and postsynaptic membrane
specializations. Asymmetric synapses (type I) have thickened postsynaptic densities and
rounded vesicles; and symmetric (type 1) synapses have thin postsynaptic densities and
pleomorphic vesicles. Pyramidal neurons have dendrites with spines, which receive the vast
majority of synapses. Inhibitory neurons in the cortex have smooth or sparsely spiny
dendrites and receive synapses mostly on the shafts of their dendrites. Inhibitory neurons
form symmetric synapses with a variety of elements from other neurons. Axon terminals are
>0.1 um in diameter and contain synaptic vesicles, and often have mitochondria. Dendritic
shafts contain mitochondria, microtubules and/or rough endoplasmic reticulum, while
dendritic spines lack these organelles.

2.7.5 2D and 3D EM analysis—For 2D analysis at the EM we exhaustively sampled all
labeled boutons from series of sections. We used ImageJ to measure the major diameter of

labeled boutons at the level of the synapse. For 3D analysis, we used series of 100 sections
and identified all labeled boutons in the series. We followed and photographed each bouton
throughout adjacent serial sections (20-80 sections) for each synapse and reconstructed
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labeled boutons and their postsynaptic targets using the program Reconstruct. We traced
pre- and postsynaptic elements and generated a 3D reconstruction of an object represented in
the aligned image sections. The boundaries of an object were defined by contours for each
section. Once all object contours were defined in serial sections, the program generated a 3D
Virtual Reality Modeling Language object.

2.7.6 Statistics—Data sets were compared using analysis of variance (ANOVA) or
multidimensional statistical analyses. Linear regression was conducted using least squares.
All statistical analyses were performed using SPSS (XV1 for Windows). To test the
reliability of the sampling method we examined if the proportion of total boutons sampled in
the superficial and deep layers of each area of interest fell within ~10% of the proportions
calculated during exhaustive sampling and stereological quantification (data not shown).

2.8 Photography

3. Results

Photomicrographs were captured 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) or using a
digital camera (ES1000W, Gatan, Pleasanton, CA, USA) at the EM. For the population
analysis, we acquired image stacks of several focal planes in each area of interest, resulting
in pictures with high depth of field focused throughout the z axis extent. Stacks were then
combined to create a composite image using ImageJ, scaled, and all labeled boutons were
traced. ImageJ output was exported to a database in Excel. For presentation, images were
imported into Adobe Photoshop CS for adjustment of overall brightness and contrast but
were not retouched. Images were assembled in ACD Canvas X.

3.1 Nomenclature

The nomenclature used is based on the maps of Seltzer and Pandya (1978) and Suzuki and
Amaral (1994a) and is similar to that used previously (Rempel-Clower and Barbas, 2000;
Hoistad and Barbas, 2008). Our analysis in the medial temporal lobe included the
parahippocampal cortices (areas TH and TF) and the borders were consistent with the maps
of Suzuki and Amaral (1994a).

3.2 Injection sites

Data were obtained from injections of BDA and LY in area 32 (n=5 injection sites in 4
cases). Injection sites from three cases with BDA in area 32 are presented with the
corresponding distribution of labeled terminals in Figures 2 and 3. In all cases the tracer
occupied both superficial and deep layers. In case AY the corona of the injection impinged
on the medial part of area 9. Parahippocampal cortices have few, if any, connections with
the medial portions of area 9 (Barbas et al., 1999; Kondo et al., 2005), suggesting that this
region did not contribute significantly to the projections seen in areas TH and TF.

Labeled axons from area 32 were distributed throughout the anterior-posterior extent of the
parahippocampal cortices. Initial observations revealed labeled ferminaux and en passant
boutons present in the superficial (I-111) and deep (I\VV-VI) layers of both areas TH and TF
(Figures 2, 3). The distribution of BDA labeled ACC terminations is presented in Figure 2.

3.3 Presynaptic size of ACC terminations in the parahippocampal cortex: LM analysis

Physiologic and computational studies have shown that large boutons have more synaptic
vesicles and greater synaptic efficacy because of increased probability of neurotransmitter
release and increased likelihood of multivesicular release with each action potential
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(Rosenmund and Stevens, 1996; Murthy et al., 1997; Walmsley et al., 1998; Stevens, 2003).
We thus measured the size of anterogradely labeled boutons in the parahippocampal cortices
at the LM. To quantify the size of small and large terminations, and thereby better assess the
potential salience of the ACC signal in the parahippocampal cortices, we conducted a
population analysis at the LM, and measured the size of anterogradely labeled boutons from
area 32. We traced and measured the major diameters of boutons from a large sample of
terminations in the superficial (n=4,200) and deep (n=3,298) layers in parahippocampal
regions TH/TF. A k-means cluster analysis (SPSS 16.0) sorted ACC terminations into large
and small populations based on the major diameters of boutons (Figure 4). Initially we
performed cluster analyses on boutons from the individual cases. There were no significant
differences among clusters from individual cases (ANOVA yielded no significant effects of
case or layer on bouton major diameter F's<1.0; P's>0.05; data not shown), so we pooled
data on bouton diameters and performed an overall cluster analysis. Large boutons centered
around 1.41 pm (sd = 0.28) and small boutons at 0.76 um (sd = 0.21; F[1,7496]=12688,
p<0.001, Figure 4C). Analysis by laminar groups showed that in the superficial layers, large
boutons centered around 1.4 um (sd = 0.29) and small boutons at 0.74 pm (sd = 0.22;
F[1,4198]=6846, p<0.001; data not shown). In the deep layers, large boutons centered
around 1.4 pum (sd £ 0.26), and small boutons around 0.78 wm (sd £ 0.2; F[1,3296]=5998;
p<0.001; data not shown).

Accordingly, we used these data to compute a criterion threshold (overall small cluster
center [0.76 pm] + standard deviation [0.21]) to classify the sample of boutons captured
during the 2D population analysis. Based on this threshold, boutons with major diameters
<0.97 wm were classified as small and those >0.97 pm were classified as large. Based on
these classifications, small and large boutons were nearly evenly distributed in both the
superficial (small 53.4% = 1.6; large 46.6% = 1.6) and deep (small 49.5% = 5.6; large
50.5% = 5.6) layers of the parahippocampal cortices (Figure 4D).

3.4 Density and pattern of ACC terminations in the parahippocampal cortices

We next investigated the density and mapped the distribution of small (<0.97 m) and large
diameter (>0.97 wm) ACC terminations in the superficial (I-111) and deep (1V-V1) layers of
the parahippocampal cortices using exhaustive sampling and unbiased stereological
techniques. In general, there was no effect of region of interest (area TH vs. TF), laminar
group (superficial vs. deep) or bouton size (large vs. small) indicating that both large and
small boutons were evenly distributed throughout the superficial and deep layers of areas
TH and TF (F's<1.2; P's>0.25; Figure 4E). Therefore we collapsed the data across areas and
found a small preference for ACC terminations in the superficial (53.3 £ 6.6%) compared to
the deep (46.7 + 6.6%) layers of the parahippocampal cortices (Figure 4F). The proportion
of large to small boutons was similar to that calculated during the initial 2D analysis of
bouton diameters conducted at the LM which yielded approximately even ratios of large to
small boutons in the superficial (large=53.5% + 7.0; small=46.5% =+ 7.0) and deep layers
(large=51.5% + 7.8; small=48.6% +7.8), with a slightly higher tendency for large boutons
overall (compare Figures 4D and 4F).

3.5 Synaptic characteristics of ACC terminations in the parahippocampal cortex: EM

analysis

In addition to widespread reach, evident by terminations in both the upper and deep layers of
both parahippocampal areas, the high incidence of large boutons suggests that the ACC can
exert a powerful postsynaptic effect within the MTL. We investigated this issue at the
synaptic level to characterize the pre- and postsynaptic targets of the circuit using correlated
LM-EM combined with immunohistochemistry to label postsynaptic sites (Figure 5). Data
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derived from the LM guided subsequent analysis at the EM. We employed triple labeling to
view the tracer and two classes of inhibitory neurons expressing PV or CB.

We imaged 73 labeled boutons in the parahippocampal cortex. Six boutons were
multisynaptic resulting in a total of 79 synapses included in the analyses. Forty-eight
boutons were captured in the upper layers and 25 in the deep layers of the parahippocampal
cortex. Congruent with observations at the LM, the majority of presynaptic terminals (66%)
were en passant. All boutons studied formed asymmetric synapses and were presumed to be
excitatory. Nineteen percent of the synapses were perforated (60% were found in the upper
and 40% in the deep layers). Perforated synapses have segmented PSDs and are proposed to
be more efficacious than non-perforated synapses (Greenough et al., 1978; Sirevaag and
Greenough 1985; Geinisman et al., 1987; Ganeshina et al., 2004a).

Initially we performed a 2D EM analysis by measuring bouton major diameters at the
synaptic level. Cluster analysis on bouton major diameters in parahippocampal area TF
captured at the EM showed that small boutons clustered around 0.82 wm (sd £ 0.15) and
large boutons centered around 1.3 pum (sd + 0.2; F[1,71]=154, p<0.001; Figure 6A). This
analysis confirmed the findings calculated at the LM (compare with Figure 4C). Using the
small bouton cluster (center [0.82 um] + sd [0.15]) as a threshold criterion, we classified
boutons with major diameters <0.97 wm as small and those >0.97 um as large. This analysis
revealed a comparable distribution of small (42.5%) and large (57.5%) boutons in area TF
(Figure 6B). The distribution of small and large boutons was even in the superficial (small:
50.0%; large: 50.0%) and tilted towards large boutons in the deep layers (small: 36.0%;
large: 64.0%). Bouton major diameters most frequently fell between 0.5 um and 1.5 pm,
similar to diameters calculated at the LM (compare Figure 6E with 4A & 4B).
Approximately one quarter of large boutons (23.8%) formed perforated synapses with their
postsynaptic targets compared to 16.0% of perforated synapses formed by small boutons.

We then performed a 3D EM analysis by aligning 22 series of images with labeled boutons
in the parahippocampal region TF obtaining 18 complete reconstructions of terminal
boutons that formed 21 synapses (n=10 boutons and 12 synapses in the upper layers; n=8
boutons and 9 synapses in the deep layers). In addition to presynaptic terminals, we
reconstructed 19 spines and segments of 2 dendrites which were postsynaptic targets of
labeled boutons. We performed a cluster analysis on volumes derived from 3D
reconstructions of boutons captured in area TF (Figure 7) and found that small boutons
centered at 0.25 um?3 (sd + 0.1) and large boutons at 0.57 um?3 (sd + 0.12; F[1,18]=39.78,
p<0.001; Figure 6C). Using the small bouton cluster (center [0.25 um?3] + sd [0.1]) as a
threshold criterion, we classified boutons with volumes <0.36 pm? as small and those with
volumes that exceeded this criterion as large. Based on these classifications, we observed a
distribution of large (61.1%) and small (38.9%) boutons in parahippocampal area TF (Figure
6D). Small and large boutons were overall nearly evenly distributed (superficial small:
60.0%; large: 40.0% and deep small: 37.5%; large: 62.5%). These results lend further
support to the finding that the ACC area 32 originates projections which terminate in two
populations of boutons with large and small presynaptic elements.

3.6 Postsynaptic targets in the parahippocampal cortex

Of the 73 boutons captured in the 2D and 3D analyses, 6 were multisynaptic, resulting in a
total of 79 postsynaptic elements analyzed. Most (77%) of the labeled ACC terminations
formed synapses with unlabeled spines from presumed excitatory neurons of which 16%
were perforated. Overall, slightly more large boutons (60.7%) formed synapses with
putative excitatory postsynaptic targets than small boutons (39.3%). A significant number
(23%) of ACC terminations formed synapses with putative inhibitory targets (Figures 8A) of
which 28% were perforated. Most (72%) of the inhibitory targets were found in the upper
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layers and the remaining (28%) were found in the deep layers of parahippocampal cortex.
More large boutons (55.6%) formed synapses with inhibitory postsynaptic elements than
small boutons (44.4%).

Most (61%) putative inhibitory targets were dendritic shafts of PVV+ neurons or spines from
PV+ dendrites, presumed to be emanating from sparsely spiny inhibitory neurons (Figure 5A
& 5B, 8A). While we did observe robust CB+ signal in the tissue, only 5.5% of area 32
boutons targeted dendrites of CB+ neurons (Figure 5D, 8A). A third (33%) of the labeled
ACC terminations formed synapses with smooth, unlabeled, dendritic shafts. In primates,
cortical inhibitory neurons fall into three non-overlapping neurochemical classes (PV, CB,
and calretinin [CR]), which suggests that the smooth, unlabeled dendrites could have
belonged to CR+ inhibitory neurons (Figure 5C, 8A) which were not labeled in the study, or
to PVV+ or CB+ neurons that were not completely labeled.

3.7 Relationship between presynaptic and postsynaptic elements

We next examined the relationship between presynaptic and postsynaptic elements of the
pathway from ACC to parahippocampal cortices. We quantified several features using the
3D reconstructions including bouton volume, postsynaptic density (PSD) area and spine
volume. Regression analyses showed that large terminals were associated with large spines
based on 3D volumes that were proportional to spine volumes (R2=0.36 p=0.02; Figure 6F).
There was a positive relationship between bouton volume and PSD area, so that large
terminals were associated with large PSDs (R2=0.38; p=0.01; Figure 5G), and large spines
were associated with large PSD areas (R?=0.87; p<0.0001; Figure 5H). These relationships
are consistent with previous studies of prefrontal pathways to superior temporal auditory
cortices (Germuska et al., 2006). Thus, the size of the specific site of synaptic action appears
to be proportional to the size of the postsynaptic element.

4. Discussion

We employed a tiered, multidimensional approach to measure quantitatively and map the
distribution of ACC terminations and their postsynaptic targets in the parahippocampal
cortices. Using three independent methods at the LM and EM as well as 2D and 3D
analyses, we found that ACC terminations in the parahippocampal cortices were comprised
of small and large boutons, which were nearly evenly distributed in the upper and deep
layers or areas TH and TF. Pre- and postsynaptic analyses showed that the majority of
targets were unlabeled spines of putative excitatory neurons. However, a significant number
of synapses were formed with local presumed inhibitory targets most of which were PV+.
These results pertain to the issue of how attentional and contextual signals are integrated
with mnemonic information in primates, as elaborated below.

4.1 Laminar and areal distribution of ACC terminations in the parahippocampal cortices

Informational flow through MTL cortices is organized in a laminar manner with
hippocampal bound signals cascading through the superficial MTL layers while
hippocampal output is conveyed through the deep layers towards association cortices. ACC
terminations were nearly evenly distributed in the upper and deep layers of the
parahippocampal areas TH and TF with only a slight preference for the upper layers. This
finding is in general accord with previous studies showing that the organization of prefrontal
projections to temporal regions is best predicted by cortical structure (see Figure 4C;
Rempel-Clower and Barbas, 2000). Thus, the ACC is positioned to impinge on the
mnemonic circuits leading both to and from the hippocampal formation. Terminations
originating from ACC included both small (0.97 um) and large (>0.97 wm) boutons, which
were about evenly distributed in the upper and deep layers. Previous studies of prefrontal-
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temporal pathways described populations of small and large boutons which were laminar
specific, with small boutons terminating mostly in the upper layers while large boutons were
predominantly found in the middle-deep layers of auditory association cortex (Germuska et
al., 2006). In the present study, the ratio of small to large boutons was close to 50:50 in the
superficial and deep layers with only a slight bias for more large boutons in the deep layers.
This evidence suggests that a robust attentional signal from the ACC (Schall et al., 2002)
reaches the parahippocampal cortices serving the integration of sensory and mnemonic
signals. While the range in size of ACC terminations was nearly identical to that observed in
the ACC projection to auditory association cortices (e.g., Medalla et al., 2007), or to other
prefrontal cortices (Medalla and Barbas, 2009; 2010), the frequency of large terminations
was much higher in the ACC-parahippocampal pathway than in the ACC projection to
auditory cortex. Thus, while the presence of small and large boutons may be a general
feature of ACC projections, the present findings suggest that the prevalence of large boutons
varies with respect to area of termination.

4.2 Projections from the ACC are positioned to knock loudly in the parahippocampal

cortices

Through widely distributed terminations in both the upper and deep layers of the
parahippocampal cortices, ACC area 32 is positioned to impinge on the neurons that transfer
information to and from the rhinal cortices, which are the cortical gateway to the
hippocampus. Importantly, the high proportion of large boutons suggests that the ACC
signal in the MTL is robust. This is based on physiologic and computational evidence
showing that large boutons have more synaptic vesicles, which is correlated with increased
probability of neurotransmitter release, and the likelihood of multivesicular release with
each action potential, resulting in greater synaptic efficacy (Rosenmund and Stevens, 1996;
Murthy et al., 1997; Walmsley et al., 1998; Stevens, 2003). It is interesting to note that large
boutons formed the majority (67%) of the perforated synapses, known to be extremely
efficacious due to an abundance of AMPA receptors (Ganeshina et al., 2004b). In addition,
the size of pre- and postsynaptic elements was related: bouton volume and spine volume as
well as bouton volume and PSD area were significantly correlated suggesting a strong
functional relationship in the pathway. These findings suggest that synapses composed of
large boutons appear to be a component of a specialized mechanism incorporating 1) a more
synaptically efficient presynaptic site (Germuska et al., 2006); 2) and a proportionally
adapted postsynaptic element.

4.3 Interactions between ACC and parahippocampal inhibitory mechanisms

Most (77%) postsynaptic targets were spines emanating from presumed excitatory neurons,
but a significant proportion (23%) of ACC terminations formed synapses with inhibitory
postsynaptic elements, the majority of which were PV+. In the neocortex in primates there
are three neurochemically distinct classes of inhibitory neurons, PV, CB and CR (Hendry et
al., 1989; DeFelipe et al., 1989; DeFelipe, 1997). PV and CB neurons are most prevalent in
the middle-deep and the upper cortical layers, respectively (see Figure 8B & 8C), and target
mostly principal (pyramidal) cells (DeFelipe et al., 1989; reviewed by Somogyi et al., 1998).
In general, the proportion of ACC terminations forming synapses with inhibitory targets in
the parahippocampal cortices was higher than in pathways to superior temporal auditory
areas (Germuska et al., 2006, Medalla et al., 2007). The preference for PV+ inhibitory
elements and the paucity of CB+ targets was similar to that reported in the ACC pathway to
superior temporal auditory cortices (Medalla et al., 2007). These findings suggest a common
mechanism for achieving inhibitory control in temporal cortices.

Our findings suggest that the ACC is positioned to exert a powerful effect on local inhibitory
neurons in the MTL. This hypothesis is based on the fact that, with the exception of sparse
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inter-areal projections to adjacent structures (Tomioka and Rockland, 2007), no long-
distance corticocortical inhibitory projections have been described in monkeys. Inhibitory
control in primates may therefore be exercised via feed-forward excitatory (glutamatergic)
projections acting on local inhibitory neurons (Figure 8D). Conversely, long distance
projections may terminate on local principal neurons, which in turn synapse with local
inhibitory neurons resulting in indirect inhibitory control. While the present study cannot
test for indirect inhibitory control, our results show that the predominant inhibitory target of
ACC terminations in the parahippocampal cortices are PV+ presumed inhibitory neurons,
whose functional significance is elaborated below (Figure 8E).

4.4 ACC-parahippocampal mechanisms and MTL information transfer

Information flow through MTL cortices is not a passive process. Sensory information
arriving in the upper layers of the rhinal cortices must overcome robust inhibition to gain
access to the hippocampal formation (Biella et al., 2002; de Curtis and Paré, 2004; Pelletier
et al., 2004). How might signals overcome this wall of inhibition? Synchronous theta (4-12
Hz) activity in the medial prefrontal cortex (mPFC) is thought to facilitate information
transfer in the rhinal cortices thereby overcoming the rhinal wall of inhibition (Paz et al.,
2007; Paz et al., 2008). While the specific anatomical substrate is unclear, synaptic analysis
in the rat showed that mPFC terminations form synapses with both excitatory and with
unidentified inhibitory postsynaptic targets in the rhinal cortices (Apergis-Schoute et al.,
2006). The present results provide two and potentially synergistic mechanisms by which the
ACC can mediate information transfer within the parahippocampal cortices. First, through a
widespread distribution and a high proportion of large and synaptically efficient boutons, the
ACC is positioned to loudly knock on postsynaptic targets within the parahippocampal
cortices and thereby impinge on local inhibitory tone. Second, the high incidence of
terminations forming synapses with PV+, putative inhibitory neurons, positions the ACC to
impinge on parahippocampal inhibitory dynamics thus affecting the neuronal coherence
necessary for information transmission within the circuit (see Fries, 2005 for review).

Increasing evidence points to a specialized role that P+ inhibitory neurons play in the
generation of gamma oscillations (30-100 Hz) within sensory cortices, MTL and related
regions (Tamas et al., 2004; Fuchs et al., 2007; Klausberger and Somogyi, 2008; Middleton
et al, 2008; Mann and Mody, 2010; Ellender and Paulsen, 2010; Otte et al., 2010; see Wang,
2010 for review). In various cortical systems, gamma activity is thought to underlie the
integration of signals within neuronal networks (Gray and Singer, 1989; Chrobak and
Buzsaki, 1998). Recent evidence has shown that gamma and theta oscillations can facilitate
information transfer within local neocortical circuits and between distributed neural regions,
respectively (Makeig et al., 2004; Sohal et al., 2009; von Stein and Sarnthein, 2000). To this
end, there is a growing body of evidence that attention can modulate gamma as well as theta
oscillations and synchronize prefrontal and MTL cortices (Fries et al., 2001; Wang et al.,
2005; Buia and Tiesinga, 2006; Womelsdorf et al., 2006; Borgers et al., 2008; Womelsdorf
and Fries, 2007 for review), which is thought to be the physiological substrate for updating
distributed areas of the circuit with behavioral context (Makeig et al., 2004; Fan et al.,
2007). It follows then that gamma and theta oscillations are highly correlated with memory
performance in primates (Fell et al., 2001; Sederberg et al., 2003; Canolty et al., 2006; Jutras
et al., 2009; Jutras and Buffalo, 2010), and specifically with working memory load (Howard
etal., 2003).

In the parahippocampal cortices, gamma oscillations are correlated with hippocampal sharp
wave/ripple complexes, which further supports a proposed role in the transfer of mnemonic
information within the MTL (Le Van Quyen et al., 2010). By targeting PV+ neurons, the
ACC is positioned to impinge on gamma dynamics and thereby affect neuronal
communication within the network serving information transfer to and from the rhinal
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cortices. Through this pathway the ACC may thus play a key role in determining what
information accesses the hippocampus for memory formation as well as what newly
generated memories are directed to neocortical sites. Thus, in light of the present results, the
interaction between the ACC and the parahippocampal cortices could be the anatomical
foundation by which physiological dynamics update emerging memories with contextual
information pertaining to the outcome of ongoing behavior.

5. Conclusion

The present study showed that small and large terminations from ACC area 32 were about
evenly distributed in the upper and deep layers of the parahippocampal cortices. This
evidence suggests that a robust attentional signal from ACC impinges on the
parahippocampal cortices. ACC boutons predominantly formed synapses with spines of
putative excitatory neurons, though a significant number of terminations targeted local
inhibitory elements, the majority of which were PV+ putative inhibitory neurons. This
evidence suggests that the ACC is positioned to affect mnemonic information transfer within
the MTL, possibly through synchronous oscillatory network activity. Subsequent
physiologic studies are necessary to determine whether the ACC facilitates information
transfer through the parahippocampal cortices.
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Figure 1.

Overview of experimental design. A, The anterograde tracer biotinylated dextran amine
(BDA) or lucifer yellow (LY) was injected in ACC area 32 in rhesus monkeys (Macaca
mulatta). B, C, D, Large (>0.97 um) and small (<0.97 um) labeled boutons in the MTL
were mapped and quantified in parahippocampal areas TH and TF using a combination of
exhaustive sampling and stereological techniques (large boutons denoted by arrowheads in
C, blue dots in D; small boutons denoted by arrows in C, red dots in D; the white rectangle
in B shows the location of the image presented in C). Panel D is shown in complete coronal
section in Figure 2B. E, F, Adjacent sections of tissue through the parahippocampal cortex
were processed to view tracer label and the calcium binding proteins parvalbumin (PV) and
calbindin (CB) using triple labeling immunohistochemistry and processed for electron
microscopy. E13, Serial ultrathin sections through labeled boutons and their postsynaptic
targets were imaged at the EM level and reconstructed in 3D (F); Scale bar =1 um.
Abbreviations: At: axon terminal; Den/sp: dendrite/spine; EM: electron microscope; PSD:
postsynaptic density.

Neuroimage. Author manuscript; available in PMC 2012 November 18.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Bunce and Barbas

Page 21
. .‘-\_-\‘h""‘-\-\.__
S
P
/
),
N /
\ “\\ / i
I. " 4
\ e 4
].
. _— >
= Y
]\
/ J v
R NN\ N
iy /
5 "?.Er‘*“r' —
Y A
b % ]
c e -
5.0 mm
Case BI-BDA area 32 iy
M Small Boutons (< 0.97 pm) - : :
M Large Boutons (> 0.97 um) =
Figure 2.

Distribution of terminations from ACC to the parahippocampal cortices. Rostral (A) through
caudal (C) tracings of coronal sections through parahippocampal cortices (areas TH, TF) of
the rhesus monkey brain (Case BI) show the areal and laminar distribution of small (red) and
large (blue) labeled boutons following injection of the anterograde tracer BDA in ACC area
32 (coronal section lower left). Double lines in the middle of the cortex denote layer V.
Abbreviations: ACC: anterior cingulate cortex; BDA: biotinylated dextran amine.
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Figure 3.

Distribution of terminations from ACC to the parahippocampal cortices. A, Injection site in
ACC area 32. A132 Rostral (A1) through caudal (A3) tracings of coronal sections through
the parahippocampal areas TH and TF show the areal and laminar distribution of small (red)
and large (blue) labeled boutons following injection of the anterograde tracer BDA in ACC
area 32 (A, case AY) and the adjacent part of medial area 9. Higher magnification insets
show the nearly even laminar distribution in the superficial and deep layers. B, Rostral
through caudal tracings of coronal sections through the rhinal and parahippocampal cortices
following a focal injection in area 32 (B, case BG). Abbreviations: ACC: anterior cingulate
cortex; BDA: biotinylated dextran amine; PaS: parasubiculum; PrS: presubiculum; WM:
white matter.
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Figure4.

Presynaptic characteristics of ACC (area 32) projections to MTL parahippocampal cortices.
LM Analysis: A, B, Bouton major diameter frequency distributions in the superficial (A)
and deep (B) layers of area TF following 2D analysis at the light microscope. Insets show
the range of the distribution. C, Bouton major diameter clusters in area TF following 2D
analysis at the light microscope. The average major diameter for distributions in the
superficial and deep layers was equal to 1.0 pm (denoted by x). D, The ratio of large to
small boutons, based on the values determined from the cluster analysis approached 50:50 in
the superficial and deep layers of parahippocampal area TF following 2D analyses at the
LM. E, Large and small boutons were about evenly distributed within the superficial and
deep layers of parahippocampal areas TH and TF quantified using a combination of
exhaustive sampling and stereological techniques. F, Relative densities of labeled boutons
collapsed across parahippocampal areas. The even distribution of small and large boutons
following exhaustive and stereological quantification at the LM is very similar to that
observed following the 2D analysis at the LM (D). Abbreviations: ACC: anterior cingulate
cortex; D: deep layers; LM: light microscope; U: upper layers.
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Figure5.

Example of ACC (area 32) terminals forming synapses with presumed inhibitory neurons
within the parahippocampal cortices. A, ACC boutons (At) forming synapses with
parvalbumin (PV+) dendrites (den) in the upper and B, deep layers of the parahippocampal
cortex. A14 & B4 Serial ultrathin sections show the postsynaptic densities (arrows). Note
the gold signal showing immunoreaction for PV (arrowheads). Note the symmetrical
synapse on the dendrite in AZ4 (asterisk). C: ACC bouton forming a synapse with an
unlabeled dendrite. C13, Serial sections show the perforated PSD (arrows). C4, The dendrite
presented in C1-3, followed through additional sections, shows a second shaft synapse
(asterisk), found most frequently on inhibitory neurons. D14, Serial ultrathin sections show
a BDA labeled bouton forming a synapse with a CB expressing dendrite. Note the TMB
signal showing immunoreaction for CB (arrowheads) and a perforated synapse (arrows) in
D24, Scale bars = 0.5 um. Abbreviations: ACC: anterior cingulate cortex; BDA:
biotinylated dextran amine; PSD: postsynaptic density; TMB: tetramethylbenzidine.
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Synaptic characteristics of ACC (area 32) boutons projecting to the parahippocampal
cortices. EM analysis: A, Bouton major diameter clusters in area TF following 2D analysis
at the EM. The average major diameter for the distribution was 1.1 um (denoted by x). B,
The ratio of large (blue) to small (red) boutons, based on the values determined from the
cluster analysis, approached 50:50 in the superficial and was biased for more large boutons
(blue) in the deep layers. C, Bouton volume clusters in area TF following 3D analysis at the
electron microscope. The average volume for the distribution was equal to 0.44 um?3
(denoted by x). D, The ratio of large (blue) to small (red) boutons, based on the values
determined from the cluster analysis on the 3D data, approached 50:50 in the superficial and
was biased for more large boutons (blue) in the deep layers. Note the similarity between B
and D and the distribution of large and small boutons assessed at the light microscope (see
Figure 4D-F). E, Bouton major diameter frequency distributions following 2D analysis at
the EM. Inset shows the range of the distribution. Bouton frequency distribution quantified
at the EM was similar to data obtained at the light microscope (see Figure 4A, 4B). F,
Correlation between the size of presynaptic and postsynaptic sites for bouton volume and
spine volume; and G, bouton volume and PSD area. H, There is a strong correlation
between spine volume and PSD area. Abbreviations: ACC: anterior cingulate cortex; PSD:
postsynaptic density.
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Figure7.
Example of ACC (area 32) axon bouton forming synapses with inhibitory neurons within the

MTL cortices. A-D, ACC bouton (At) forming synapses with both PV+ and PV-, sparsely
spiny dendrites. A, B, Consecutive ultrathin sections show the postsynaptic density (PSD;
arrows in B). The gold signal in the dendrite shows immunoreaction for PV in A
(arrowhead). B2, Wider view of the synapse presented in B. Note the PSD on the shaft of the
PV+ dendrite (arrowhead). C, Ultrathin section shows that the postsynaptic spine emanates
from the PV+ dendrite shown in A, B, & B2. D, Ultrathin section shows the same bouton
forming a second synapse with a spine from an unlabeled dendrite which also has shaft
synapses (arrowhead in E associated with PV-dendrite), seen most frequently on inhibitory
neurons. E, 3D reconstruction of the entire ultrathin series (58 consecutive, 67 nm thick
sections) through the bouton and postsynaptic targets. Arrowheads denote synapses on the
shaft of the dendrites. Scale bar = 1 um. Abbreviations: ACC: anterior cingulate cortex; den:
dendrite; MTL: medial temporal lobe; PV: parvalbumin; sp: spine.
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Figure8.

Summary of postsynaptic targets of ACC area 32 projections to the parahippocampal
cortices. A, The majority of ACC terminations formed synapses with postsynaptic elements
of presumed excitatory neurons, but a significant number of ACC boutons targeted elements
of presumed inhibitory neurons in the parahippocampal cortices. The majority of synapses
formed with putative inhibitory targets were in the upper layers. Most of the inhibitory
targets in the parahippocampal cortices were PV+, and very few were positive for CB. A
moderate number of synapses were formed with unlabeled dendrites. B, C, PV (B) and CB
(C) labeled neurons in parahippocampal area TF. The density of PVV+ neurons is greatest in
the middle-deep layers while CB labeled neurons are most prevalent in the upper layers. D,
Schematic of ACC projections forming synapses with distinct neurochemical classes of
presumed inhibitory neurons in the parahippocampal cortices. The prevalence of synapses is
indicated by the thickness of the green line. PV+ inhibitory neurons target perisomatic
elements, while CB+ inhibitory neurons form synapses at more distal parts of the dendritic
arbor of local principal cells. E, Schematic illustration of the circuit linking the caudal
mPFC in ACC with the hippocampal formation. ACC terminations are distributed
throughout the upper and deep layers of the parahippocampal cortices which mediate
information transfer to and from the hippocampal formation, respectively. Abbreviations:
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ACC: anterior cingulate cortex; CB: calbindin; HCF: hippocampal formation; mPFC: medial
prefrontal cortex; PV: parvalbumin.
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