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Diversity of Glutamatergic Synaptic Strength in Lateral
Prefrontal versus Primary Visual Cortices in the Rhesus
Monkey

Maria Medalla and X Jennifer I. Luebke
Department of Anatomy and Neurobiology, Boston University School of Medicine, Boston, Massachusetts 02118

Understanding commonalities and differences in glutamatergic synaptic signaling is essential for understanding cortical functional
diversity, especially in the highly complex primate brain. Previously, we have shown that spontaneous EPSCs differed markedly in layer
3 pyramidal neurons of two specialized cortical areas in the rhesus monkey, the high-order lateral prefrontal cortex (LPFC) and the
primary visual cortex (V1). Here, we used patch-clamp recordings and confocal and electron microscopy to determine whether these
distinct synaptic responses are due to differences in firing rates of presynaptic neurons and/or in the features of presynaptic or postsyn-
aptic entities. As with spontaneous EPSCs, TTX-insensitive (action potential-independent) miniature EPSCs exhibited significantly
higher frequency, greater amplitude, and slower kinetics in LPFC compared with V1 neurons. Consistent with these physiological
differences, LPFC neurons possessed higher densities of spines, and the mean width of large spines was greater compared with those on
V1 neurons. Axospinous synapses in layers 2–3 of LPFC had larger postsynaptic density surface areas and a higher proportion of large
perforated synapses compared with V1. Axonal boutons in LPFC were also larger in volume and contained �1.6� more vesicles than did
those in V1. Further, LPFC had a higher density of AMPA GluR2 receptor labeling than V1. The properties of spines and synaptic currents
of individual layer 3 pyramidal neurons measured here were significantly correlated, consistent with the idea that significantly more
frequent and larger synaptic currents are likely due to more numerous, larger, and more powerful synapses in LPFC compared with V1.
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Introduction
The primate cerebral cortex has evolved into a highly complex
multifaceted structure comprised of specialized anatomically and
functionally distinct areas that communicate with each other
through excitatory glutamatergic synaptic pathways. These path-
ways emanate principally from layers 2 and 3 corticocortical py-
ramidal neurons that have local projections within a given area
and long distance projections that target other cortical areas in a
distinctive layer-specific manner (Pandya and Kuypers, 1969; for
review, see Somogyi et al., 1998; Callaway, 2002; DeFelipe et al.,
2002; Douglas and Martin, 2004; Barbas et al., 2013). A detailed
understanding of the commonalities and differences in glutama-
tergic synaptic signaling is an essential prerequisite for an under-

standing of cortical functional diversity and the selective
vulnerability of different cortical areas in disease states.

We have recently demonstrated marked differences in the
functional and structural properties of layer 3 (L3) pyramidal
neurons in two cortical areas in the rhesus monkey: the high-
order cognitive area 46 in the lateral prefrontal cortex (LPFC) and
the primary sensory area 17 in the visual cortex (V1) (Amatrudo
et al., 2012). One of the most notable differences is in the prop-
erties of spontaneous glutamatergic EPSCs, which exhibit higher
frequencies and amplitudes and slower decay times in LPFC than
in V1 neurons. The present study was designed to unveil the mech-
anism(s) underlying these functionally important differences by
assessing TTX-insensitive (action potential [AP]-independent)
miniature EPSCs and the structural and neurochemical features of
glutamatergic synapses in V1 and LPFC. Glutamatergic synaptic
efficacy is determined by a variety of morphological and physio-
logical features of the presynaptic (the axonal bouton and its
vesicles) and postsynaptic (the postsynaptic density [PSD], re-
ceptors, and sites) elements. The properties of the presynaptic
terminal, such as bouton size and number of synaptic vesicles, are
correlated with the probability of neurotransmitter release (for
review, see Stevens, 2004; Denker and Rizzoli, 2010). Postsynap-
tic features, such as the surface area of the PSD, the presence of a
perforation on the PSD, and the volume of the targeted spine, are
all correlated with the number of AMPA receptors activated dur-
ing an EPSC (Desmond and Weinberg, 1998; Matsuzaki et al.,
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2001; Ganeshina et al., 2004; for review, see Bourne and Harris,
2008).

We characterized the detailed morphological features of glu-
tamatergic synaptic elements in LPFC and V1 to determine
whether differences in these structures could plausibly account
for the observed differences in synaptic efficacy. The distribution
and morphology of dendritic spines, the sites of excitatory input,
were assessed on individual L3 pyramidal neurons from LPFC
and V1 using high-resolution confocal microscopy, and the fine
structure of excitatory synapses in layers 2–3 neuropil in these
areas was compared using serial electron microscopy and 3D
reconstruction. Because glutamate receptor subunit composition
is another key determinant of synaptic efficacy (for review, see
Isaac et al., 2007), we assessed the distribution of the GluR2
AMPA receptor subunit in the two areas. We present evidence of
marked structural and functional diversity in the basic compo-
nents of glutamatergic synaptic signaling between these function-
ally specialized and distinctive cortical areas.

Materials and Methods
Experimental subjects
A total of 13 adult rhesus monkeys (Macaca mulatta; 11.9 � 1.5 years old;
range � 5–20 years old; 5 male, 8 female) were used for the electrophys-
iological and morphological studies. A second cohort of three adult mon-
keys (ages 6 – 8 years old; all female) was used for ultrastructural studies.
All rhesus monkeys were part of a larger program of studies examining
the impact of normal aging on the brain. Monkeys were initially obtained
from the Yerkes National Primate Research Center at Emory University
(Atlanta). Animals were housed individually in the Laboratory Animal
Science Center at Boston University School of Medicine and kept under
a 12 h light/dark cycle. Both the Yerkes National Primate Research Center
and the Boston University School of Medicine Laboratory Animal Sci-
ence Center are fully accredited by the Association for Assessment and
Accreditation of Laboratory Animal Care, with animal research and
maintenance conducted in strict accordance with the guidelines estab-
lished by the National Institutes of Health Guide for the Care and Use of
Laboratory Animals and the U.S. Public Health Service Policy on Humane
Care and Use of Laboratory Animals.

Electrophysiological analyses of spontaneous and miniature EPSCs
of layer 3 pyramidal neurons
Monkeys were sedated with ketamine hydrochloride (10 mg/ml), then
deeply anesthetized with sodium pentobarbital (to effect, 15 mg/kg, i.v.),
and a craniotomy was then performed, as described previously (Ama-
trudo et al., 2012; Luebke and Amatrudo, 2012; Luebke et al., 2013). After
a thoracotomy, animals were perfused through the ascending aorta with
ice-cold Krebs-Henseleit buffer (concentrations, in mM as follows: 6.4
Na2HPO4, 1.4 Na2PO4, 137 NaCl, 2.7 KCl, 5 glucose, 0.3 CaCl2, 1 MgCl2,
pH 7.4; Sigma-Aldrich). Blocks of tissue (10 mm 3) from lateral prefron-
tal area 46 (LPFC, from the mid-caudal half of the principal sulcus) and
visual cortex area 17 (V1, from the operculum of area 17) were removed
from the left hemisphere, and within �3 min, were sectioned into 300-
�m-thick coronal slices in ice-cold Ringer’s solution (concentrations, in
mM as follows: 26 NaHCO3, 124 NaCl, 2 KCl, 3 KH2PO4, 10 glucose, 1.3
MgCl2, pH 7.4; Sigma-Aldrich) with a vibrating microtome. Slices were
then immediately placed into room temperature, oxygenated (95% O2,
5% CO2) Ringer’s solution.

After a 1 h equilibration period, individual slices were placed into
submersion-type recording chambers (Harvard Apparatus) mounted on
the stages of Nikon E600 infrared-differential interference contrast mi-
croscopes (Micro Video Instruments). Slices were continuously super-
fused with room temperature, oxygenated Ringer’s solution at a rate of
2–2.5 ml/min. Although it is known that temperature influences a num-
ber of physiological parameters recorded in vitro, it is very unlikely that
identically treated LPFC and V1 slices are differentially sensitive to tem-
perature. Thus, we conducted all physiological experiments at room tem-
perature, which improves the viability and duration of recordings from
monkey cortical slices.

Standard tight-seal, whole-cell patch-clamp recordings with simulta-
neous biocytin filling were obtained from L3 pyramidal cells as described
previously (Chang et al., 2005; Amatrudo et al., 2012; Luebke and Ama-
trudo, 2012; Luebke et al., 2013). Cells were visualized under infrared-
differential interference contrast optics, and electrodes were fabricated
on a horizontal Flaming and Brown micropipette puller (model P-87,
Sutter Instruments). Potassium methane sulfonate-based solution (con-
centrations, in mM as follows: 122 KCH3SO3, 2 MgCl2, 5 EGTA, 10 Na-
HEPES, with 1% biocytin, pH 7.4; Sigma-Aldrich) was used as internal
solution in electrodes with resistances of 3– 6 M� in the external Ringer’s
solution. Data were acquired using EPC-9 or EPC-10 patch-clamp am-
plifiers (HEKA Elektronik), using PatchMaster acquisition software
(HEKA Elektronik). Access resistance was monitored throughout the
duration of each experiment, and signals were low-pass filtered at 10
kHz. For cell inclusion in electrophysiological analyses, cells were re-
quired to have a resting membrane potential ��55 mV, stable access
resistance, an AP overshoot, and the ability to fire repetitive APs in re-
sponse to prolonged depolarizing current steps, as described previously
(Chang et al., 2005; Amatrudo et al., 2012; Luebke and Amatrudo, 2012;
Luebke et al., 2013).

Spontaneous EPSCs (sEPSCs) were recorded for 2 min at a holding
potential of �80 mV. In a subset of cells, sEPSC recording was followed
by recordings of miniature EPSCs (mEPSCs) for a minimum of 2 min at
a holding potential of �80 mV in the continuous presence of TTX (300
nM). mEPSCs were fully blocked by the AMPA receptor antagonist
CNQX (10 �M) and unaffected by bicuculline methiodide (10 �M). Anal-
yses were performed using MiniAnalysis software (Synaptosoft), with
event detection threshold set at maximum RMS noise level (5 pA). Re-
cordings of synaptic events were assessed for frequency (Hz), amplitude
(pA), and integral (area under the curve, pA/ms). The kinetics (rise and
decay time constants, and half-width, ms) of EPSCs was determined
from exponential fits to averaged EPSC waveforms (all events in a
given cell).

Labeling and confocal imaging of individual layer 3
pyramidal neurons
Following recording with simultaneous cell filling with biocytin, slices
were fixed for 2 d at 4°C in 4% PFA/0.1 M PBS, pH 7.4. Following a PBS
rinse, cells were placed in 1% Triton X-100 in PBS for 2 h at room
temperature and then for 2 d at 4°C in streptavidin-Alexa-488 (1:500;
Invitrogen). Slices were mounted on slides and coverslipped using Prolong
Gold mounting medium (Invitrogen).

For cell inclusion in morphological analyses, the criteria were as fol-
lows: an intact soma, completely filled dendritic arbors, and no cut den-
drites in the proximal third of the apical dendritic arbor. Image stacks
were acquired using a Zeiss 510 confocal laser-scanning microscope.
Neurons labeled with Alexa-488 probe were imaged using an Argon ex-
citation laser. For imaging entire neurons to assess whole-cell dendritic
and spine topology, stacks were acquired using a 40�/1.3 NA oil-
immersion objective (210 �m working distance; Plan-Apochromat,
Zeiss) at a resolution of 0.1 � 0.1 � 0.2 �m per voxel. For determination
of spine subtype distributions and measurement of the maximum spine
head width and assessment of spines immunolabeled for GluR2, a second
series of image stacks were acquired using a 100�/1.3 NA oil-immersion
objective (UPlan-FL, Olympus or Plan-Apochromat, Zeiss). These 100�
scans were done either at a resolution of 0.022 � 0.022 � 0.1 �m per
voxel or 0.044 � 0.044 � 0.2 �m per voxel. Images were acquired from
one complete basilar dendritic branch (�100 �m in length), the middle
third of the main apical trunk (�45 �m in length), and one distal apical
dendritic branch (�140 �m in length) of each neuron. To reduce signal
blurring in the z-plane, each acquired stack of images was deconvolved
using AutoQuant software (Media Cybernetics). Adjacent deconvolved
image stacks were then imported into Volume Integration and Align-
ment System software (Rodriguez et al., 2003), aligned in 3D, and inte-
grated into a single volumetric dataset.

Assessment of spine size and distribution on individual layer 3
pyramidal neurons
Image stacks of dendritic segments obtained at 100� were used to mea-
sure the maximum widths of spine heads (widest part of spine head
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perpendicular to the neck). Dendritic segments were reconstructed in 3D
using the 64-bit version of NeuronStudio (Rodriguez et al., 2003, 2006;
Wearne et al., 2005). Dendritic spines were then manually marked on the
reconstructed dendrites and automatically measured for the maximum
spine head width perpendicular to the neck and maximum distance from
the shaft, using the Rayburst-based algorithm (Rodriguez et al., 2008).
Spines were manually classified into subtypes according to previous cri-
teria (for review, see Luebke et al., 2010b; Amatrudo et al., 2012): spines
with a head width of �0.6 �m were classified as either thin or filopodia,
with thin spines having a neck length �3 �m and filopodia having a neck
length 	3 �m. Spines with a head width of 	0.6 �m were classified as
mushroom. Spines lacking a neck were classified as stubby. Densities of
total spines and of each subtype were calculated as the number of spines
per micron of dendritic length. The resulting measured spine head
widths for each cell were then used to assess the size of spines. K-means
cluster analysis was used to obtain a cutoff point (0.52 �m) that separates
the population of spines into two size clusters: “large” and “small” spines.

To assess spine number and distribution by size across entire layer 3
pyramidal neurons, volumetric datasets of entire neurons from image
stacks scanned at 40� were imported into NeuronStudio and recon-
structed in 3D, as described previously (Luebke et al., 2013). Spines were
marked, measured for maximum spine head width as above, and classi-
fied as either large or small. Sholl analysis using concentric spheres placed
at 20 �m increments and originating at the soma (Sholl, 1953) was used
to determine the number and mean maximum spine width of total,
small, and large spines across different distances from the soma.

Serial electron microscopy and 3D reconstruction of synapses
The morphology and distribution of asymmetric excitatory synapses in
the neuropil of layers 2–3 in V1 and LPFC were assessed using electron
microscopy (EM). Monkeys used only for ultrastructural studies were
perfused with 1% PFA and 1.25% glutaraldehyde in 0.1 M cacodylate or
phosphate buffer, pH 7.4, as described previously (Peters et al., 2000,
2001, 2008). Upon removal, one-half of the brain was immersed in a
stronger aldehyde solution, containing 2% PFA and 2.5% glutaraldehyde
in the same buffer used for the perfusion for at least 1 week at 4°C. Small
blocks of tissue taken from V1 and LPFC were osmicated and embedded
in Araldite resin, as described previously (Peters et al., 2000, 2001, 2008).

Semithick (1 �m) sections were cut from the Araldite-embedded
blocks and oriented so that the plane of section was parallel to the vertical
axis of the apical dendrites, and included the entire depth of cortex from
the pia to the white matter. These semithick sections were mounted on
glass slides and stained with toluidine blue for light microscopic exami-
nation. Using a light microscope with a camera lucida, layers 2–3 were
demarcated from �100 �m deep to the pia, extending to �300 �m for
V1 and 500 �m for area 46 toward the white matter. The block was trimmed
using a diamond trim tool (Diatome) and an ultramicrotome (Ultracut;
Leica) to include the entire depth of layers 2–3. The average block face area
for V1 was �150 � 300 �m, and for area 46 was 150 � 500 �m.

Approximately 80 –100 serial ultrathin sections (50 nm) were then cut
from each block using a diamond knife (Diatome). The ribbons of sec-
tions were collected on single slot pioloform-coated grids and counter-
stained with 3% uranyl acetate in water and Reynolds lead citrate (Ted
Pella). Serial ultrathin sections were examined at 60 kV using a JEOL
100S transmission electron microscope with a film camera, or at 80 kV
using a JEOL JEM 1011 (JEOL) with a digital camera (Gatan). From each
block, 1–2 fields in the center of the sampling area in layers 2–3 and
devoid of cell bodies of neurons and neuroglial cells were photographed
throughout 30 – 60 serial sections at 6000� magnification for film or at
25,000� magnification for digital camera. For micrographs captured
using film, EM negatives were developed and digitally scanned (Epson
America). Serial images were aligned and analyzed using Reconstruct
software, as described previously (Fiala, 2005; Medalla et al., 2007). The
thickness of the imaged sections was estimated using the method of
cylindrical diameters (Fiala and Harris, 2001b).

Synapses in the series were counted using stereologic methods de-
scribed previously (Fiala and Harris, 2001a). Excitatory asymmetric syn-
apses were identified based on three classic criteria (Peters et al., 1991):
the presence of a dense PSD, round vesicles, and wide synaptic clefts.

Asymmetric synapses were then characterized based on postsynaptic tar-
gets (axospinous or axodendritic) and the presence or absence of perfo-
rations (perforated vs nonperforated). For a subset of asymmetric
synapses completed in the series, object contours of PSDs, postsynaptic
spines, and presynaptic boutons were manually traced section by section
and used to calculate the surface area of the PSD and the volume of spines
and boutons. For serial sections photographed at high magnification, vesi-
cles with a visible clear core were counted within every other contour (to
avoid repeated counting) of each fully reconstructed axospinous bouton.
The total number of vesicles per bouton was estimated as the number of
vesicles counted per volume sampling fraction (ratio of the sampled volume/
total bouton volume). In randomly selected boutons, the outer diameter of
vesicles with a visible clear center was measured, as described previously
(Schikorski and Stevens, 1997, 2001). Reconstruct was used to generate a 3D
model (Virtual Reality Modeling Language), which was imported in to 3D
Studio Max (2015, Autodesk) for additional rendering.

Immunofluorescence labeling of the GluR2 receptor subunit
To assess the distribution of the AMPA receptor subunit GluR2 on spines
and dendrites of filled neurons, slices containing biocytin-filled neurons
labeled with streptavidin-Alexa-488 were subsequently processed for
GluR2 immunohistochemistry using a complementary red or far-red
fluorescent probe. To assess the overall distribution of GluR2 in the layer
1 and layers 2–3 neuropil, thin 50-�m sections cut from blocks directly
adjacent to blocks used for in vitro slices were processed for GluR2 single
immunohistochemistry. These adjacent blocks were extracted during
perfusion with cold oxygenated Krebs (see Electrophysiological meth-
ods), postfixed overnight in 4% PFA in 0.1 M PBS at 4°C, and cut into 50
�m sections using a vibrating microtome. Sections were first treated with
10 mM sodium citrate buffer ( pH 8.4 at 50°C– 60°C) for antigen retrieval
using a variable wattage microwave (150 W for 15 min; Biowave, Ted
Pella) and then incubated for 2 h in 50 mM glycine (at room temperature)
to further unmask binding sites. After rinsing, sections were then pre-
blocked in 5% normal goat serum and 5% BSA with 0.1% Triton-X (2 h
for 300 �m sections and 1 h for 50 �m sections at room temperature).
Sections were then incubated in either a monoclonal primary antibody
against the N-terminal extracellular domain of the GluR2 subunit (1:500;
anti-GluR2 mouse monoclonal, catalog # MAB397, Millipore) or a poly-
clonal antibody against the carboxyl terminals of the GluR2 and, to a
lesser extent, the GluR3 subunits (1:500, anti-GluR2/3 rabbit polyclonal,
catalog # 07-598, Millipore). Primary antibody incubation was first done
using the microwave (150 W for 10 min at room temperature) to assist in
tissue penetration, followed by 4 d (for 300 �m sections) or 1–2 d (for 50
�m sections) at 4°C with mild agitation. After multiple rinses over 30
min to 1 h, 300 �m slices were incubated in a goat anti-rabbit secondary
F(ab
)2 IgG conjugated either to Alexa-546 (red) or Alexa-633 (far-red;
1:400; Invitrogen) using a microwave (150 W for 10 min at room tem-
perature), followed by 3 d at 4°C. Thin 50 �m sections were processed
using a tyramide signal amplification kit (PerkinElmer). These sections
were first incubated in biotinylated goat anti-rabbit secondary F(ab) IgG
(The Jackson Laboratory) for 3– 4 h at 4°C, followed by Avidin-Biotin-
HRP complex (Vector Laboratories) for 1 h at 4°C, then for 30 min in
biotinylated tyramide (0.025% in PBS with 0.002% H2O2 at room tem-
perature; PerkinElmer), followed by overnight in streptavidin-Alexa-633
(1:500, at 4°C; Invitrogen). All antibodies were diluted in 1% normal goat
serum, 0.2% acetylated BSA (BSA-c, Aurion), and 0.1% Triton-X. Sec-
tions were then mounted and coverslipped with Prolong anti-fade me-
dium (Invitrogen). Control experiments wherein the primary antibody
was omitted or preabsorbed with the control peptide were conducted,
and no immunolabeling was detected.

Confocal imaging and assessment of GluR2� spines on filled layer
3 neurons
Laser scanning confocal images of filled dendritic segments together with
GluR2 receptors were acquired at 100� (1.3 NA, oil-immersion), using a
Zeiss-510 confocal microscope (0.044 � 0.044 � 0.2 �m per voxel res-
olution). Under the multitrack mode, filled dendrites were imaged using
an Argon laser, and GluR2 receptors were imaged with either a Helium-
Neon 543 nm laser (red) or 633 nm laser (far-red). Images from two
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channels (green and red or green and far-red) were deconvolved sepa-
rately using AutoQuant software. The channels were merged as an RGB
stack in ImageJ (http://imagej.nih.gov/ij/; Rasband, WS, 1997–2014, Na-
tional Institutes of Health, Bethesda, Maryland), and colocalization of
immunolabel with spines was assessed using a manually set threshold for
each channel, as described previously (Medalla and Barbas, 2012). Spines
with colocalized points were marked and counted using either Neuron-
Studio or Neurolucida (Microbrightfield).

Confocal imaging and assessment of GluR2 receptors in layers
1–3 neuropil
In addition to assessing GluR2 localization on spines of filled neurons,
the overall distribution GluR2 subunits was assessed in layers 1 and 2–3
neuropil. For this analysis, either the same 300 �m slices containing filled

neurons or thin 50 �m sections cut from blocks directly adjacent to
recording sites were immunohistochemally processed for GluR2 label
with either red or far-red fluorescent probes, as described above. Confocal
stacks were captured at z-depths between 2 and 10 �m in each slice using
either a Zeiss-510 at 100� for 300 �m slices (as described above) or using a
Zeiss-710 confocal microscope at 63� (1.3 NA, oil-immersion, Plan-
Apochromat, Zeiss; 0.07 � 0.07 � 0.2 �m per voxel resolution) for 50 �m
sections. Image stacks were then deconvolved. In each section of the image
stack, the total area with fluorescence label above a set intensity threshold was
quantified using the particle analysis function of ImageJ. The average area of
fluorescence label across all sections in each stack was used as a density
measure of GluR2 label. One to two sites each in layers 1, 2, and 3 were
captured from each area per case (n � 5).
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Figure 1. Distinct properties of EPSCs in LPFC and V1 neurons. A, Representative traces of sEPSCs (left) and mEPSCs (in TTX, right) recorded from LPFC and V1 L3 neurons held at �80 mV. B, Top,
Averaged waveforms of mEPSCs from representative LPFC and V1 neurons. Bottom, Superimposed mEPSC waveforms after normalizing to peak amplitude. Note the longer decay time of mEPSCs of
LPFC neurons (light gray) compared with V1 neurons (black). C, Bar graphs comparing mean sEPSC and mEPSC frequency, amplitude, kinetics (rise time, decay time, half-width), and integral (area
under the curve) in LPFC versus V1 neurons. *p � 0.02. D, Frequency distribution histogram of mEPSC amplitudes. *p � 0.04. Inset, Cumulative distribution. E, Frequency distribution histogram
of mEPSC integrals. *p � 0.05. Inset, Cumulative distribution. F, Plots of 10%–90% rise time versus amplitude of mEPSCs for representative LPFC and V1 neurons. Note the lack of relationship
between the variables. G, Plots of decay time versus amplitude of mEPSCs for representative LPFC and V1 neurons. Note the positive correlation between decay time and amplitude in the LPFC
neuron, but no significant relationship in the V1 neuron. Error bars indicate SEM.
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GluR2 pre-embedding immunohistochemistry
and assessment for electron microscopy
To study the distribution of GluR2 at the syn-
aptic level, thin 50 �m sections were processed
for pre-embedding GluR2 immunohistochem-
istry using gold-conjugated secondary anti-
bodies, as described previously (Medalla and
Barbas, 2012). Briefly, sections were incubated
in 10 mM sodium citrate, pH 8.5, buffer for
antigen retrieval using the microwave (45°C–
50°C, 150 W for 15 min), and then in 50 mM

glycine for 1 h. Sections were preblocked and
incubated in primary antibody against GluR2
as described above, except with 0.025%
Triton-X for all incubation steps. Sections were
then incubated in gold-conjugated secondary
goat anti-mouse or goat anti-rabbit F(ab
)2
IgG (1:100, Aurion), first in the microwave (10
min at 150 W) followed by overnight at 4°C.
Sections were then silver enhanced for �45
min (at 20°C; R-Gent SE-EM Silver Enhance-
ment Reagent, Aurion). Tissue was then post-
fixed in 4% PFA and 6% glutaraldehyde in 0.1
M PB using the microwave until sample tem-
perature reached 	30°C (2–5 min at 150 or
250 W). After rinsing in PB, sections were os-
micated, dehydrated in ascending series of al-
cohols with en bloc uranyl acetate staining in
70% ethanol, infiltrated with propylene oxide,
and finally flat-embedded in Araldite resin us-
ing Aclar plastic (Ted Pella), as described pre-
viously (Medalla et al., 2007; Medalla and
Barbas, 2009, 2010).

Small blocks of tissue from layers 2–3, ex-
tending 300 �m for V1 and 500 �m for LPFC
from the top of layer 2, were cut from Aclar
flat-embedded sections and then re-embedded
in blocks for tissue sectioning as described
above. A series of 10 sections per block was cut
�2 �m from the block surface. Two to three
random fields were imaged throughout the
10-section series and GluR2 � asymmetric
synapses were quantified stereologically as
described above.

Statistics
Differences between groups were assessed sta-
tistically using Student’s t test or repeated-
measures ANOVA and Tukey’s or Fisher’s LSD
post hoc tests. Analyses of absolute, relative (n
in each bin/total n), and cumulative frequency
distribution histograms of mEPSC and synap-
tic properties were conducted. The coefficient
of variation (CV) and skew were calculated for frequency distribution
histograms of mEPSC amplitudes and integrals and for synapse size mea-
surements (PSD area, spine volume, bouton volume). The CV was de-
fined as �/� where � is the sample SD and � the sample mean. Skew is
defined as � ((xi � �)/�) 3/N, where the sum is over the N data points xi.
To test for normality, the distributions were fitted to a Gaussian distri-
bution, and a Kolmogorov–Smirnov (K-S) test was used to compare two
cumulative distribution histograms. Relationships between variables
were examined with linear regression analyses using Pearson’s correla-
tion. All values were reported as mean � SEM from multiple animals.

Results
Significantly more frequent and larger EPSCs in L3 pyramidal
neurons in LPFC compared with V1
Recordings of sEPSCs and mEPSCs were obtained from LPFC
and V1 L3 pyramidal neurons to compare the properties of quan-

tal glutamatergic synaptic neurotransmission (Fig. 1). The AP-
independent mEPSCs recorded from V1 and LPFC pyramidal
neurons differed significantly with regard to frequency and size,
consistent in direction with differences in sEPSCs (AP-
dependent plus AP-independent) shown here (Fig. 1A,C) and in
our previous study (Amatrudo et al., 2012). Spontaneous EPSCs
in LPFC neurons (n � 8, from 5 cases) exhibited significantly
higher frequencies (t test, p � 0.0003), larger amplitudes (p �
0.002), slower rise times (p � 0.029), and longer half-widths (p �
0.018) than in V1 neurons (n � 15, from 8 cases; Fig. 1C). Appli-
cation of TTX to block AP firing significantly reduced the fre-
quency of synaptic currents in both LPFC (t test, p � 0.04) and V1
neurons (p � 0.015) but did not significantly alter their size and
kinetics (p 	 0.05). Consistent with findings for sEPSCs, the
mean frequency of mEPSCs was 5.3 times higher in LPFC neu-

*
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Figure 2. Spine distribution and size in LPFC and V1 pyramidal neurons. A, Maximum xy-projection of 100� confocal image stacks of
distal apical branches of LPFC and V1 neurons showing examples of spine subtypes: t, thin; m, mushroom; s, stubby. Scale bar, 2 �m B,
Comparison of spine density by subtype. *p�0.03. C, Maximum widths of spine heads in apical (top) and basal (bottom) dendrites of LPFC
versusV1neurons.Left,Meanspineheadwidthsofdistinctspinesubtypes.*p�0.03.Right,Meanspineheadwidthsofsmall(�0.52�m
in width) and large (�0.52 �m; *p � 0.02) spines. D, Sholl analysis showing mean spine number (*p � 0.04) and; E, mean maximum
spine head widths (*p � 0.04) as a function of distance from the soma across the entire apical and basal dendritic arbors of LPFC and V1
neurons. Brackets represent comparisons between bins ( �p �� 0.0001). Error bars indicate SEM.
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rons (n � 9, from 2 cases) than in V1 neurons (n � 11, from 4
cases; 1.54 � 0.4 vs 0.3 � 0.04 Hz; t test, p � 0.001; Fig. 1A,C).
The mean amplitude of mEPSCs did not differ significantly be-
tween the two areas (t test, p � 0.07; Fig. 1C). Although the mean
rise time of mEPSCs did not differ (t test, p � 0.13), their decay
time was significantly slower (p � 0.001) and half-widths signif-
icantly greater in LPFC neurons (p � 0.00009; Fig. 1B,C). The
mean integral of mEPSCs, a measure that correlates with both
amplitude and decay time, was more than twice as high in LPFC
than in V1 neurons (51 � 9 vs 23.5 � 2.1 pA/ms; t test, p � 0.003;
Fig. 1B,C).

Amplitude (Fig. 1D) and integral (Fig. 1E) distribution histo-
grams of mEPSCs show that, whereas events with small ampli-
tudes (�4 pA) and integrals (�12 pA/ms) did not differ in
frequency, those with amplitudes 	4 pA and integrals �12
pA/ms were significantly higher in frequency in LPFC compared
with V1 L3 neurons (t test for each comparison, p � 0.02). Cu-
mulative frequency distribution histograms of mEPSC ampli-
tudes and integrals showed a significant rightward shift of the
LPFC distribution relative to V1 (Fig. 1D,E, insets; K-S test, p �
0.0001).

For mEPSC amplitude and integral distribution histograms,
we analyzed the skewness to assess the symmetry of the distribu-
tion, and the CV, a measure of spread or variation from the mean
(Bekkers and Clements, 1999). The distribution of mEPSC am-

plitudes and integrals in both LPFC and V1 did not fit a Gaussian
function and had large positive skews. However, LPFC neurons
had a significantly larger average positive skew, with a longer
right hand tail (amplitude skew � 2.4 � 0.3, integral skew �
5.8 � 1.6) compared with that for mEPSCs in V1 neurons (am-
plitude skew � 1.1 � 0.3, integral skew � 2.1 � 0.3; Fig. 1D,E, t
test, p � 0.04). Amplitude and integral CV of mEPSC distribu-
tions were large for both LPFC (amplitude CV � 0.46 � 0.03;
integral CV � 1.3 � 0.3) and V1 (amplitude CV � 0.38 � 0.04;
integral CV � 0.83 � 0.1), consistent with the high variability in
presumed quantal events in these two cortical areas (see Bekkers
and Clements, 1999).

Because LPFC neurons have much larger and more com-
plex dendritic arbors than V1 neurons (Amatrudo et al.,
2012), we sought to determine whether dendritic filtering of
synaptic events differed in the two populations. Previous stud-
ies have shown that, if substantial dendritic filtering is present,
there is an inverse relationship between rise time and ampli-
tude (Bekkers and Stevens, 1996; Bekkers and Clements,
1999). We compared these quantities in our data (Fig. 1F ). No
such relationship was observed in either LPFC or V1 neurons
( p 	 0.1), likely because the distribution of mEPSC ampli-
tudes and rise times were highly variable, as has been shown in
rodent dentate granule and CA1 pyramidal neurons (Bekkers
and Stevens, 1996; Bekkers and Clements, 1999). However,

Figure 3. Distribution of large and small spines across entire LPFC and V1 neurons. A, Maximum xy-projections of tiled 40� confocal image stacks showing small (light blue) and large (dark blue)
spines marked across entire dendritic arbors of LPFC and V1 neurons. Scale bar, 100 �m. B, C, Sholl analysis comparing mean number of small and large spines (top: *p � 0.04) and the relative
proportion of large spines (bottom: *p � 0.05) across apical (B) and basal (C) arbors of LPFC versus V1 neurons. Brackets represent comparisons between bins ( �p � 0.05). Error bars indicate SEM.
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consistent with the difference in mean
mEPSC integral between the two areas, a
significant linear correlation between
mEPSC decay time and amplitude was
observed in all LPFC neurons (R 2 �
0.32– 0.57, p � 0.001) but none of the
V1 neurons ( p 	 0.1; Fig. 1G).

Significantly more numerous and larger
dendritic spines on LPFC compared to
V1 L3 pyramidal neurons
The distribution and sizes of dendritic
spines, the major sites of excitatory synap-
tic inputs, were assessed in LPFC (n � 10,
from 4 cases) and V1 (n � 8, from 3 cases)
L3 neurons using high-resolution confo-
cal microscopy (Fig. 2A). LPFC neurons
had a higher density of spines in both api-
cal and basal dendrites compared to V1
neurons, confirming our previous report
(Amatrudo et al., 2012). This difference
was principally due to a significantly
higher density of thin spines in LPFC than
in V1 neurons in both apical and basal
arbors (Fig. 2B). In both LPFC and V1
neurons, thin spines comprised the ma-
jority (�60%) of the total spine popula-
tion, mushroom spines comprised
�22%, stubby comprised �17%, and
filopodia spines were rare (�2%).

To assess the relative sizes of spines, we
measured the maximum widths of spine
heads, perpendicular to the neck, in den-
dritic segments sampled from apical and
basal dendritic arbors of LPFC and V1
neurons, imaged at high magnification (100�). The two popula-
tions of neurons did not differ in thin spine head widths, but LPFC
neurons had larger spine widths than V1 neurons for stubby spines
in apical arbors (p � 0.028) and mushroom spines in basal arbors
(p � 0.007; Fig. 2C, left). Further, K-means cluster analysis of spine
head widths was performed to determine a numerical cutoff that
separates the total population into small (�0.52 �m) and large
(�0.52 �m) spines. This method simplifies the dataset to objectively
assess how spine size differed between the two areas independent of
spine subtype. The mean head width of large spines was significantly
greater in LPFC compared to V1 neurons, in both apical (p � 0.017)
and basal arbors (p � 0.0006; Fig. 2C, right).

The spatial distribution of spines and the head width of spines
across dendrites of entire neurons (scanned at 40�) are shown in
Figure 2D, E. The overall spine distribution pattern was similar
for LPFC and V1 neurons, peaking in number at �100 –150 �m
from the soma and gradually declining distally (Fig. 2D). However,
the mean spine number was higher in LPFC than in V1 L3 pyramidal
neurons at all distances from the soma in both apical and basal ar-
bors (p � 0.007 for apical and p � 0.01 for basal arbors, repeated-
measures ANOVA; Fig. 2D, p � 0.04, t test for each Sholl ring), with
the exception of the first 50 �m, which is sparsely spiny. Moreover,
mean spine widths were significantly greater in LPFC than in V1
neurons at all distances 	50 �m from the soma in both apical and
basal arbors (p � 0.01 for apical, p � 0.002 for basal, repeated-
measures ANOVA; Fig. 2E, p � 0.05, t test for each Sholl ring).

Figure 3 shows the relative distribution of large versus small
spines as a function of distance from the soma, across entire LPFC

and V1 L3 pyramidal neurons. The population of large and small
spines had similar distribution profiles to the total spine popula-
tion (Fig. 2D): the numbers of both large and small spines peaked
at �100 –150 �m from the soma and gradually declined distally
(Fig. 3B,C, top). Large and small spines were both significantly
higher in number in LPFC than V1 neurons across the entire
apical and basal arbors (p � 0.02 for apical, p � 0.01 for basal,
repeated-measures ANOVA; Fig. 3B,C, top, p � 0.04, t test for
each Sholl ring). This was due to LPFC neurons having an
overall higher density of total spines and greater dendritic
extent (Figs. 2B and 3A). Thus, to assess the relative distribu-
tion of large and small spines in the two neuronal populations,
we plotted the percentage of large spines in each Sholl ring
(Fig. 3 B, C, bottom). LPFC neurons displayed a significantly
higher proportion of large spines (and thus concomitantly lower
proportion of small spines) than V1 neurons at all distances from the
soma (p � 0.03 apical, p � 0.003 basal, repeated-measures ANOVA;
Fig. 3B,C, bottom, p � 0.05, t test for each Sholl ring), with the
exception of the sparsely spinous proximal 50 �m of the apical and
basal arbors.

Interestingly, in the apical arbors, the mean spine widths and
the proportion of large spines at distinct distances from the soma
changed differentially in LPFC and V1 L3 neurons. In LPFC api-
cal arbors, mean spine width (p � 0.95, one-way ANOVA; Fig.
2E, light gray) and proportion of large spines (p � 0.99, Fig. 3B,
bottom) did not change with distance from the soma. In contrast,
in V1 apical arbors, there was a significant progressive decline in
spine width (Fig. 2E, left, dark gray, p �� 0.0001) and in proportion
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Figure 4. Correlation between properties of spines and synaptic events in LPFC and V1 neurons. Correlation analyses show
linear relationships between structural features of spines (x-axes) and physiological features of spontaneous EPSCs ( y-axes) in
individual LPFC (n � 5) and V1 (n � 8) L3 neurons. A, Spontaneous EPSC frequency was significantly correlated with mean spine
density (left: p � 0.01), but not with mean spine width (middle) and the proportion of large spines (right) in individual L3
pyramidal neurons. Spontaneous EPSC amplitude (B) and decay (C) were both significantly correlated with mean spine density
(left), mean spine width (middle), and the proportion of large spines (right: p � 0.05) in individual L3 pyramidal neurons.
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Figure 5. Excitatory synapses in layer 2–3 neuropil of LPFC and V1. A, B, Electron micrographs of layers 2–3 neuropil showing examples of synapses (arrows) and their presynaptic boutons
(shaded structures) and postsynaptic spines (Sp) and dendrites (Den). A, Electron micrograph of LPFC neuropil showing three boutons (blue) each forming an asymmetric (excitatory) synapse with
a spine (Sp1, Sp2, Sp3) and one bouton (green) forming an asymmetric synapse on a dendrite (Den). a1, a2, Serial images through one spine (Sp1) receiving one perforated asymmetric synapse. B,
Electron micrograph of V1 neuropil showing two boutons (blue) each forming an asymmetric synapse with a spine (Sp1, Sp2), three boutons (shaded green) each forming an asymmetric synapse
on a dendrite (Den1, Den2, Den3), and one bouton (shaded red) forming two symmetric (inhibitory) synapses: one on a spine (Sp1) and one on a dendrite (Den4). b1, b2, Serial images through one spine
(Sp1) receiving one perforated asymmetric synapse and one symmetric synapse. Scale bar, 0.5�m. C, Pie charts show proportions of asymmetric and symmetric synapses in layers 2–3 neuropil of LPFC and V1,
stereologically counted using 3D serial electron microscopy. Middle bar graph shows proportions of asymmetric synapses formed on spines (blue) and dendrites (green). D, Surface area of PSDs of total
asymmetric synapses, and the subpopulation formed on spines and dendrites. Asymmetric synapses formed on spines had significantly larger PSD areas in LPFC than in V1. *p � 0.03. Error bars indicate SEM.
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of large spines (Fig. 3B, bottom, solid line, p � 0.05) from proximal
to distal distances from the soma. Pairwise comparisons (ANOVA,
post hoc Fisher’s LSD, Figs. 2E and 3B, brackets) showed that adja-
cent Sholl distances in V1 apical arbors had similar spine size (p 	
0.05), whereas distant Sholl distances were significantly different
such that spine size became progressively smaller from proximal
(	50 �m from the soma), to middle (100–200 �m), to distal (250–
300 �m) Sholl distances from the soma (all significant differences,
p � 0.05; Figs. 2E, left, dark gray and 3B,
bottom, solid line).

Correlations between physiological and
morphological synaptic properties in
L3 pyramidal neurons
To assess potential structure–function re-
lationships, we performed correlation
analyses between physiological and mor-
phological synaptic features in a subset of
L3 neurons for which stringent criteria for
both types of data were met. In these LPFC
and V1 L3 neurons, sEPSC frequency
strongly correlated with mean spine den-
sity (Pearson’s r � 0.75, p � 0.01; Fig. 4A,
left), but not with mean spine width and
the proportion of large spines (Fig. 4A,
middle, right). Spontaneous ESPC ampli-
tude (Fig. 4B), decay (Fig. 4C), and inte-
gral (data not shown) each significantly
correlated (p � 0.05) with spine density
(vs amplitude, r � 0.73; vs decay, r � 0.61;
vs integral, r � 0.72), spine width (vs am-
plitude, r � 0.56; vs decay, r � 0.61; vs
integral, r � 0.61), and proportion of
large spines (vs amplitude, r � 0.61; vs
decay, r � 0.64; vs integral, r � 0.62). Be-
cause of the lower n of neurons for which
both mEPSC and spine data are available,
we do not have the statistical power (de-
grees of freedom) to make meaningful
conclusions about correlations between
structural properties and mEPSC proper-
ties. Nevertheless, we found that morpho-
logical estimates of spine density and size
strongly correlated with physiological
measurements of frequency and size of
spontaneous EPSCs in L3 pyramidal
neurons.

Density and location of asymmetric
synapses in layers 2–3 neuropil of LPFC
versus V1
Serial EM demonstrated that asymmetric
(excitatory) synapses comprised the ma-
jority of synapses in both areas (88 � 3%
for LPFC, 85 � 5% for V1), with the re-
maining being symmetric (inhibitory)
synapses (Fig. 5A–C). The relative pro-
portions and numerical density of asymmetric and symmetric
synapses did not differ between the two cortical areas (Fig. 5C;
Table 1). We further classified asymmetric synapses based on
their postsynaptic targets, with the majority (81 � 2% for
LPFC; 75 � 3% for V1) being axospinous, and the rest axo-
dendritic, and the relative proportions of these did not differ

between LPFC and V1 (Fig. 5C). Axospinous synapses in LPFC
possessed significantly larger PSD surface areas (0.12 � 0.007
�m 2) compared to V1 (0.08 � 0.01 �m 2; t test, p � 0.03; Fig.
5D). This size difference is consistent with the finding of larger
spines in LPFC versus V1 L3 pyramidal neurons shown using
confocal microscopy.

Figure 6. Perforated and nonperforated asymmetric axospinous synapses in LPFC and V1. A, 3D reconstructions of perforated (dark
blue) and nonperforated (light blue) synapses and their associated spines (translucent light gray) in a volume of layers 2–3 neuropil in LPFC
(left) and V1 (right). Scale cube, 0.5 �m 3. B, 3D-reconstructed synapses in LPFC (left) and V1 (right). Nonperforated synapses (light blue)
were similar in size between the two areas, but perforated synapses (dark blue) were significantly larger in surface area in LPFC than in V1.
Scalecube,0.1�m 3.C,ProportionofperforatedandnonperforatedaxospinoussynapsesinLPFCandV1.*p�0.04.D,MeanPSDsurfacearea(left:
*p�0.005)andspinevolume(right:*p�0.0004)ofperforatedandnonperforatedaxospinoussynapsesinLPFCandV1.Errorbars indicateSEM.

Table 1. Synapse density in layers 2–3 neuropil of LPFC and V1

LPFC (Nv � 10 6 /mm 3) V1 (Nv � 10 6 /mm 3) p

Asymmetric 447.51 � 46 484.58 � 56 0.58
Axospinous 364.68 � 46 365.27 � 54 0.99
Axodendritic 83.52 � 2 119.31 � 10 0.02*

Symmetric 63.03 � 19 95.08 � 29 0.34
Axospinous 11.67 � 7 32.77 � 7 0.039*
Axodendritic 51.35 � 13 62.31 � 24 0.66

*Significant.
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Significantly larger and more abundant perforated synapses
in LPFC versus V1 neuropil
We reconstructed in 3D a subset of asymmetric axospinous syn-
apses (including the postsynaptic spines) in layers 2–3 neuropil of
LPFC (n � 431 synapses, 347 spines) and V1 (n � 331 synapses,
310 spines) from 4 subjects (Figs. 6 and 7). In addition to quan-
tifying the surface area of the PSD, we assessed the presence of a
perforation on the PSD and the volume of the targeted spine,
both of which have previously been positively correlated with

receptor density and synaptic efficacy (for
review, see Bourne and Harris, 2008).
Consistent both with the larger head di-
ameter of spines found with confocal data
(Fig. 2) and with the larger mean PSD sur-
face area of asymmetric axospinous syn-
apses in LPFC (Fig. 5), the mean volume
of reconstructed spines was significantly
larger in layers 2–3 of LPFC (0.102 �
0.004 �m 3) compared with V1 (0.066 �
0.008 �m 3; t test, p � 0.008). This was due
specifically to differences in the subset of
axospinous synapses that were perforated
(Fig. 6, dark blue). There was a signifi-
cantly higher proportion of perforated
axospinous synapses in LPFC (35 � 5%)
than in V1 (20 � 7%, p � 0.04, Fig.
6A,C). Moreover, these perforated axo-
spinous synapses were �2 times larger in
LPFC compared with V1, with signifi-
cantly greater PSD surface areas (p �
0.005, Fig. 6B, dark blue, D, left) and larger
spine volumes (p � 0.0004, Fig. 6D, right).
In contrast, the nonperforated synapses (p
� 0.92) and their targeted spines (p � 0.12)
did not differ in size between the two areas
(Fig. 6, light blue).

Significantly larger boutons containing
more abundant vesicles in LPFC versus
V1 neuropil
The size and morphology of the presynap-
tic elements of asymmetric axospinous
synapses in LPFC and V1 were then stud-
ied from a subset of axon terminals (bou-
tons) reconstructed in 3D from the same
subjects (n � 87 boutons in LPFC, n �
117 in V1, from 3 animals; Fig. 7). Consis-
tent with the differences in synapse and
spine size shown above, the mean volume
of axonal boutons in layers 2–3 of LPFC
was significantly larger than those of V1 (t
test, p � 0.05), specifically due to the pop-
ulation of boutons forming perforated
synapses (p � 0.01; Fig. 7A). The popula-
tion of boutons forming nonperforated
synapses had comparable volumes across
the two cortical areas (p � 0.55).

The volume of axonal boutons has
been previously shown to be correlated
with the number of synaptic vesicles
(e.g. Germuska et al., 2006; Zikopoulos
and Barbas, 2007), which is in turn cor-
related with the probability of neu-

rotransmitter release during synaptic events (Tong and Jahr,
1994; Murthy et al., 1997, 2001; Schikorski and Stevens, 2001;
Li et al., 2005). Here we measured the two-dimensional outer
diameters of vesicles and counted the mean number of vesicles
per bouton from a series of high-magnification EM images of
LPFC versus V1 neuropil. The two areas were markedly differ-
ent in the average number of vesicles per bouton. In the LPFC,
there were �1.6� more vesicles per bouton than there were in
V1 boutons ( p � 0.0002; 555 � 48 vs 337 � 23 vesicles/
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Figure 7. Relationship between presynaptic and postsynaptic features of synapses in LPFC and V1. A, Mean volume of boutons
forming total, perforated, and nonperforated asymmetric axospinous synapses in layers 2–3 neuropil in LPFC and V1. *p � 0.05.
B, Mean number of vesicles in boutons forming perforated and nonperforated synapses. *p � 0.02. C, Left, Mean outer diameters
of vesicles measured in a subset of boutons in LPFC and V1 (n � 500 vesicles per case). Right, Frequency distribution of vesicle
diameters fitted to a Gaussian distribution. D, Linear correlation of number of synaptic vesicles with both bouton volume ( p �
0.001) and PSD area ( p � 0.01). E, Linear correlation of PSD surface area with both spine volume and bouton volume ( p � 0.01).
F–I, 3D reconstructions of presynaptic (boutons with vesicles) and postsynaptic (PSD and dendritic spines) elements of asymmetric
synapses. Examples of boutons in LPFC (F, G) and in V1 (H, I ) forming perforated (dark blue) and nonperforated (light blue)
axospinous synapses. Scale cube, 0.05 �m 3.
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bouton). This difference was significant for both the popula-
tion of boutons forming perforated ( p � 0.0008) and
nonperforated synapses ( p � 0.02) but was more prominent
for boutons forming perforated synapses (Fig. 7 B, F–I ). The
number of synaptic vesicles in boutons forming perforated
synapses in LPFC (746 � 62 vesicles/bouton) was almost twice
as high than in V1 boutons (438 � 44 vesicles/bouton; p �
0.0008). The mean outer diameter of synaptic vesicles was
similar in the two areas ( p 	 0.05, Fig. 7C, left; V1 � 35 � 4
nm; LPFC � 33 � 3 nm) and was comparable to previous
measurements in hippocampal and medial prefrontal syn-
apses in the rat (Harris and Sultan, 1995; Schikorski and Ste-
vens, 1997; Nava et al., 2014). The population frequency
distribution histograms of vesicle diameters in the two areas
both fit a Gaussian function (Fig. 7C, right; p � 0.01), consis-
tent with those seen in glutamatergic synapses in other brain
areas (Schikorski and Stevens, 1997). However, V1 exhibited a
broader distribution with a significant shift toward higher fre-
quencies of large vesicles than LPFC (K-S test, p � 0.0001).

Correlation between presynaptic and postsynaptic
ultrastructural features in LPFC versus V1
There was a linear relationship between synapse size and the size
of presynaptic and postsynaptic elements in LPFC and V1, con-
sistent with findings in other areas of the monkey (e.g., Medalla et
al., 2007; Medalla and Barbas, 2009, 2010; Timbie and Barbas,
2014) and rodent cortex (e.g., Harris et al., 1992; Rollenhagen et
al., 2014; for review, see Rollenhagen and Lübke, 2006; Bourne
and Harris, 2008). Linear regression analysis showed a positive
correlation between bouton volume and number of synaptic ves-
icles in layers 2–3 of both cortical areas (Fig. 7D, left), but this
relationship was stronger in LPFC (Pearson’s r � 0.86, p � 0.001)
than in V1 (r � 0.55, p � 0.001) where we noted some large
boutons that contained relatively sparse vesicles (data not
shown). The number of synaptic vesicles was also significantly
correlated with PSD surface area of the synapse in LPFC (r �
0.47, p � 0.01) and V1 (r � 0.45, p � 0.01; Fig. 7D, right),
indicating a relationship between vesicle pool and synapse size of
axospinous asymmetric synapses. Further, a strong linear corre-
lation of PSD surface area with the volume of the postsynaptic
spine was found in both LPFC (r � 0.87, p � 0.001) and V1 (r �
0.73, p � 0.001; Fig. 7E, left). The synapse PSD surface area was
also correlated with the volume of the presynaptic bouton, a re-
lationship that was stronger in LPFC (r � 0.81, p � 0.001) than in
V1 (r � 0.3, p � 0.001; Fig. 7E, right).

Figure 8 shows mean population distribution histograms of
presynaptic and postsynaptic features of axospinous synapses,
wherein relative frequency (n in each bin/total n) was calcu-
lated to normalize for the differences in total number of syn-
apses counted for each case. V1 showed higher relative
frequencies of small synapses (PSD area 0.06 – 0.08 �m 2; Fig.
8A; p � 0.05) and spines (volumes between 0.04 and 0.1 �m 3),
which was evident in the significant leftward shift of cumulative
frequency histograms, compared with LPFC (Fig. 8A,B, insets; K-S
test, p � 0.0001). The population distribution of bouton volumes
did not differ significantly between LPFC and V1 (Fig. 8C; K-S test,
p � 0.32), but large boutons 	0.7 �m3 were evident in LPFC but
not in V1.

Distribution of GluR2 subunit containing AMPA receptors in
LPFC versus V1
The presence or absence of the GluR2 subunit specifically leads to
distinctive conductance states of the AMPA receptor ionophore
complex (for review, see Isaac et al., 2007). Thus, we sought to
determine whether differences in synaptic response properties in
the two brain areas could potentially be accounted for by differences
in the expression of postsynaptic GluR2 subunit-containing gluta-
mate receptors. This was done using immunohistochemical GluR2
labeling and localization at the single-cell and areal levels (confocal)
as well as at the ultrastructural (electron microscopic) level.

The distribution of spines with detectable levels of GluR2�

receptors was quantified along the dendrites of individual LPFC
and V1 neurons filled during recordings, using high-resolution
confocal microscopy (Fig. 9A). As shown in Figure 9B, in both
areas the majority of the GluR2� spines were thin, the most
abundant spine subtype, although a significant proportion were
mushroom and stubby. In V1 basal arbors, however, there were
proportionally more GluR2� thin spines than in LPFC (Fig. 9B,
right; p � 0.036). Approximately 20% of the spines on apical and
basal arbors of L3 neurons were GluR2� (Fig. 9C, total). In both
apical and basal arbors, the percentage of spines of each subtype
that were GluR2� did not differ significantly between LPFC and V1
neurons (Fig. 9C). However, in the population of mushroom spines

A

B

C

Figure 8. Population distribution histograms of presynaptic and postsynaptic features of
synapses in LPFC and V1. Relative and cumulative frequency distribution histograms of the
following: A, PSD areas. B, Spine volumes. C, Bouton volumes of asymmetric axospinous syn-
apses in layers 2–3 neuropil of LPFC and V1. *p � 0.05. Note the more positively skewed
frequency distribution and rightward shift of the cumulative distribution in LPFC versus V1.
Error bars indicate SEM.
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on LPFC basal arbors, there was a higher overall proportion express-
ing GluR2� receptors compared with thin spines (Fig. 9C; p �
0.035).

The overall distribution of GluR2� AMPA receptors across
layers 1 and 2–3 in LPFC and V1 was also assessed at the areal level
using confocal microscopy (Fig. 10A,B). The mean fraction of
the sampled area with label was measured and revealed a signifi-
cantly higher density of GluR2� label in layers 2–3 of LPFC com-
pared with V1 (Fig. 10A,B; p � 0.05). Finally, the distribution of
GluR2 receptors associated with asymmetric synapses in layers
2–3 neuropil was assessed using electron microscopy (Fig. 10C–
I). The numerical density of GluR2� axospinous synapses did
not differ significantly in LPFC and V1 (Fig. 10C). A large major-
ity of these receptors were localized on the membranes and in the
cytoplasm of dendrites and spines in both LPFC (75%) and V1
(80%), and the rest were localized in the cytoplasm of presynaptic
boutons (Fig. 10D). In both areas, the majority (53% in LPFC,
43% in V1) of label was localized to spines on perisynaptic sites (Fig.
10D, black, G–I). There was also no significant difference in the
relative proportion of GluR2� versus GluR2� axospinous synapses
(Fig. 10E) in LPFC compared with V1. However, a significantly
higher proportion of GluR2� synapses were perforated in LPFC
compared with V1 (Fig. 10F; p � 0.01).

Discussion
Detailed information about excitatory
synaptic signaling by pyramidal neurons
in different cortical areas is required to
understand how each area accomplishes
its unique function. Here we report funda-
mental differences in glutamatergic synaptic
physiology and structure between the high-
order LPFC and the primary sensory area
V1 in the rhesus monkey. Physiologically,
AMPA receptor-mediated spontaneous
and miniature EPSCs in LPFC L3 pyrami-
dal neurons occurred at significantly
higher frequencies, with a higher propor-
tion of large synaptic events, compared
with V1 neurons. Structurally, individual
LPFC neurons had significantly more
numerous and larger spines than did V1
neurons. Within layers 2–3 neuropil,
asymmetric synapses and axonal boutons
were larger in LPFC and the proportion of
perforated synapses, number of vesicles
per bouton, and density of GluR2 AMPA
receptor subunits were significantly higher
than in V1. Importantly, spine density and
spine size correlated positively with the fre-
quency and size of excitatory synaptic
responses in individual L3 neurons, in-
dicating that distinctive structural fea-
tures underlie functionally important
differences in glutamatergic signaling in
the two brain areas.

A principal difference in excitatory syn-
aptic physiology was the 5.3-fold higher fre-
quency of mEPSCs in LPFC compared with
V1 neurons. The frequency of synaptic
events recorded with somatic voltage clamp
is determined by complex interacting vari-
ables, including the number of activated
synapses, degree of dendritic filtering, and

the probability of neurotransmitter release (Bekkers and Clements,
1999). LPFC neurons possess �9 times more spines than do V1
neurons; and given that there is at least one glutamatergic synapse on
each spine, the higher frequency of synaptic events is likely due, at
least in part, to a higher number of activated synapses. Indeed, we
found that spine density is strongly correlated with the frequency of
spontaneous EPSCs in individual L3 neurons. We have previously
shown that LPFC L3 pyramidal neurons possess larger and more
complex dendritic arbors than V1 neurons (Amatrudo et al., 2012).
Given this marked difference, synaptic attenuation due to dendritic
filtering would be expected to be greater in LPFC than in V1 neurons
and to reduce the frequency of events observed at the soma to a
greater degree. Whether this is the case remains an open question,
however, as dendritic filtering of mEPSCs was not observed in either
LPFC or V1 neurons. This lack of empirically measurable dendritic
filtering with whole-cell patch-clamp methods is consistent with
previous studies and is not unexpected because of the stochastic
nature of mEPSC amplitudes, the spatial limitations of somatic volt-
age clamp, and the likely presence of counterbalancing boosting
mechanisms in dendritic processes (for review, see Magee, 2000;
London and Häusser, 2005; Spruston, 2008; Poleg-Polsky and
Diamond, 2011). Dendritic recordings will provide further in-

Figure 9. Distribution of GluR2-containing AMPA receptors on spines of LPFC and V1 layer 3 pyramidal neurons. A, Confocal
image stacks of filled dendritic segments (green, top) from LPFC and V1 neurons double labeled with GluR2 (red, middle), showing
colocalization of label (merged, bottom; white pixels indicate red and green overlap) on dendrites and a subset of spines (white
arrows). Scale bar, 2 �m. B, Relative distribution of GluR2 � spines by subtype in apical and basal arbors of L3 pyramidal neurons
in LPFC and V1. Among GluR2 � spines in V1 basal arbors, there was a relatively higher proportion of thin spines than in LPFC. *p �
0.036. C, Proportion of GluR2 � spines in the total spine population and in distinct subtype subpopulations. In LPFC basal arbors, a
higher proportion of mushroom spines were GluR2 � compared with thin spines. *p � 0.035. Error bars indicate SEM.
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sight into the effects dendritic filtering on
synaptic events in future studies.

It is plausible that an increased proba-
bility of glutamate release from presynap-
tic boutons in LPFC compared with V1
contributes to a higher frequency of mEP-
SCs. Although direct physiological evi-
dence for this idea is currently lacking,
here we ruled out an effect of differences
in AP-dependent release in the two areas
by recording TTX-insensitive mEPSCs
and presented morphological findings
consistent with this idea. For example, ax-
onal boutons in layers 2–3 of LPFC were
significantly larger and contained �1.6�
more synaptic vesicles than those in V1.
The number of presynaptic vesicles is cor-
related with neurotransmitter release
probability (for review, see Rizzoli and
Betz, 2005; Schweizer and Ryan, 2006; Os-
troff et al., 2012; Rollenhagen et al., 2014).
Moreover, large boutons with more vesi-
cles have been associated with an in-
creased probability of multivesicular
release (Tong and Jahr, 1994; Murthy et
al., 1997; Prange and Murphy, 1999),
which, if asynchronous, could contribute
to the higher frequency of mEPSCs seen in
LPFC.

In addition to occurring at higher fre-
quencies, there was also a significantly
higher proportion of large mEPSCs in
LPFC than in V1 neurons. As a conse-
quence of higher amplitudes and slower
decay times, the mean integral of mEPSCs
was twofold higher in LPFC than in V1
neurons. As with frequency, many factors
could lead to larger synaptic events, in-
cluding higher quantal content and/or in-
creased number and conductance of
AMPA receptors (for review, see Rollen-
hagen and Lübke, 2006; Spruston, 2008).
The mean size of vesicles did not differ in
LPFC versus V1, ruling out one mecha-
nism of increased quantal content: in-
creased vesicle size. The present study
provided evidence for differences in pre-
synaptic and postsynaptic structures in
two distinct cortices that are consistent
with the differences in the size of postsyn-
aptic events. For example, spine widths
and proportion of large spines were both
positively correlated with the size of
synaptic events in individual L3 neu-
rons. Thus, larger EPSCs in LPFC than
in V1 could result from larger spines
with synapses that possess a higher
number of functional AMPA receptors (Harris et al., 1992;
Baude et al., 1995; Nusser et al., 1998; Takumi et al., 1999) and
hence have a higher sensitivity to glutamate. Glutamate un-
caging experiments have demonstrated that large mushroom
spines have the largest EPSC responses of any spine subtype
(Matsuzaki et al., 2001).

Compared with V1, LPFC had larger and more prevalent axo-
spinous perforated synapses, which have been shown to express
more AMPA receptors than do simple synapses (Desmond and
Weinberg, 1998; Ganeshina et al., 2004) and likely produce larger
synaptic events when activated. Previous studies have estimated
that, during an EPSC, the areal spread of glutamate from a single

Figure 10. DistributionofGluR2-containingAMPAreceptors in layers2–3neuropilofLPFCandV1. A,Maximumprojectionsofconfocal
image stacks (each with 10 optical slices) of GluR2 label in fields sampled in layer 1, layers 2–3, and layer 3 of LPFC and V1. Bottom, Insets,
Preabsorption control sections with no visible label. Scale bars, 20 �m. B, Density of GluR2 label quantified as the fractional area labeled
withGluR2infieldssampledfromlayers1and2–3ofLPFCandV1.Errorbars indicateSEM(n�5animals).*p�0.05. C,Numericaldensity
of GluR2 � asymmetric synapses in layers 2–3 of LPFC and V1. D, GluR2 � asymmetric synapses and their relative localization on presyn-
apticboutonsandpostsynapticspinesanddendrites.E,ProportionofGluR2 �andGluR2 �asymmetricaxospinoussynapses.F,Proportion
of GluR2 � axospinous synapses, which are perforated versus nonperforated. Error bars indicate SEM (n � 3 animals). *p � 0.01. G–I,
Electron micrographs showing examples of axon terminals (At) forming asymmetric synapses (black arrowheads) on spines (Sp) with
GluR2 � immunogold label (black arrows). G, Asymmetric axospinous synapse in LPFC (black arrowheads) with GluR2 � label (black
arrows) localizedontheperisynapticmembrane.Notethenearbyunlabeledaxospinoussynapse(whitearrowhead).H1,H2,Serialsectionsshow-
ingaperforatedaxospinoussynapseinLPFCwithGluR2receptorslocalizedontheperisynapticmembrane.I,AsymmetricaxospinoussynapseinV1
(blackarrowheads)withGluR2� label(blackarrows)andanearbyunlabeledaxospinoussynapse(whitearrowhead).Scalebar,0.5�m.
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vesicle covers �0.04 – 0.05 �m 2 of the PSD area (Clements et al.,
1992; Diamond and Jahr, 1997; Franks et al., 2003; Raghavachari
and Lisman, 2004), which can saturate AMPA receptors on small
simple synapses but not on large perforated synapses (Matsuzaki
et al., 2001). Further, simulations of EPSCs have shown that mul-
tiquantal release of vesicles located 25–200 nm apart at single
synapses can best estimate the amplitude and time course of large
EPSCs recorded empirically (Raghavachari and Lisman, 2004).
Thus, our finding of larger perforated synapses formed by larger
boutons with more synaptic vesicles in LPFC than in V1 supports
the idea that the probability of multivesicular glutamate release is
greater in LPFC, leading to larger synaptic responses (Li et al.,
2009).

In addition to the structural components of glutamatergic
synapses, the subunit composition of AMPA receptors also influ-
ences the properties of EPSCs. The GluR2 subunit prevents cal-
cium permeability, lowers single-channel conductance, prolongs
channel closing time of AMPA channels, and is important for
channel trafficking and membrane insertion (for review, see Ma-
linow and Malenka, 2002; Isaac et al., 2007). Here we found a
higher density of GluR2 label in layers 2–3 of LPFC, where large
perforated synapses are more abundant than in V1. In light of this
finding, it is interesting that GluR2 knock-out results in a de-
crease in number of large perforated synapses and an increase in
small nonperforated synapses (Medvedev et al., 2008). Moreover,
neurons lacking GluR2-containing AMPA receptors exhibit
EPSCs with rapid kinetics (for review, see Isaac et al., 2007). Thus,
the increased prevalence of GluR2-containing AMPA receptors
in LPFC may play a role in the formation of more perforated
synapses and the generation of longer lasting synaptic events in
this area.

Glutamate signaling mechanisms are complex, and the fre-
quency and size of synaptic events are regulated by a number of
other presynaptic and postsynaptic factors that were not directly
examined here, such as degree of saturation of postsynaptic re-
ceptors, vesicle opening and transmitter emission kinetics, and
calcium dependence (for review, see Atwood and Karunanithi,
2002). That said, the significant relationships between the prop-
erties of spines and synaptic currents in L3 neurons and between
presynaptic and postsynaptic ultrastructural features in the neu-
ropil of LPFC and V1 provide important insight into the mecha-
nisms of distinctive glutamatergic signaling in these two areas.
Together, our results are consistent with the predictions from our
computational models that the phenomenological “maximal
conductance” parameter of each synaptic event (i.e., the param-
eter that determines postsynaptic conductance amplitude) is
larger in LPFC than in V1 (Amatrudo et al., 2012). Future studies
will explore the implications of the present findings for den-
dritic signaling and network function in these functionally
distinct cortices.

Our data predict that synaptic integration at the cellular and
network levels differs between V1, a primary sensory area for
unimodal representation, and LPFC, a high-order area for com-
plex multimodal processing (for review, see Fuster, 2001; Schum-
mers et al., 2004). L3 pyramidal neurons in these two areas are
distinctive with regard to dendritic topology and basic membrane
physiology (Amatrudo et al., 2012). The highly excitable and elec-
trically compact neurons in V1 are perhaps adapted to respond
optimally to less numerous, small, and fast synapses, building a
network with a limited dynamic range but well suited for signal
transformations with relatively high input– output fidelity (for
review, see Olshausen and Field, 2004; Vogels et al., 2005; Panzeri

et al., 2010). A primary sensory area, such as V1, rapidly inte-
grates and propagates precisely mapped unimodal data from the
thalamus to higher-order cortices (for review, see Bullier, 2001;
Guillery and Sherman, 2002; Lund et al., 2003). In contrast, per-
haps more powerful and persistent synapses are needed to acti-
vate the less excitable neurons in LPFC with more complex
dendritic arbors. Large and long-lasting synaptic currents are well
suited for sustained activation, coincidence detection, and spike-
timing-dependent plasticity, processes that have been associated
with memory and integrative functions of LPFC (for review, see
Constantinidis and Wang, 2004; Sjöström et al., 2008). The LPFC
integrates and sustains multimodal information from a wide ar-
ray of cortical and subcortical afferents to perform sophisticated
executive tasks (for review, see Miller and Cohen, 2001; Luebke et
al., 2010a). Indeed, a relatively larger dynamic range of integra-
tion of information conferred by larger and more numerous syn-
apses would be a distinct advantage in a high-order area, such as
LPFC, whereas it would be disadvantageous in V1 where more
rapid signal transformations are required.

In conclusion, we propose that significantly more frequent
and larger EPSCs in LPFC compared with V1 neurons are due, at
least in part, to structurally more numerous, larger, and more
powerful synapses in LPFC. These data are critical for under-
standing how excitatory signaling within neuronal networks dif-
fers between two functionally distinct cortical areas in the rhesus
monkey. Excitatory transmission, however, is just one piece, al-
beit a large one, of the cortical circuitry puzzle. Assessment of
inhibitory synaptic properties will be an important next step in
the process of understanding differences in network signaling in
V1 versus LPFC. Excitatory/inhibitory synaptic balance is a piv-
otal determinant of cortical activity (for review, see Vogels and
Abbott, 2009) and likely plays a major role in conferring func-
tional specificity in the intact and pathological cortical network.
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