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Abstract

The alpha-7 subunit of the nicotinic acetylcholine receptor (a7nAChR) is expressed in the prefrontal
cortex (PFC), a brain region where these receptors are implicated in cognitive function and in the
pathophysiology of schizophrenia. Activation of this receptor is dependent on release of acetylcholine
(ACh) from axon terminals that contain the vesicular acetylcholine transporter (VAChHT). Since rat
and mouse models are widely used for studies of specific abnormalities in schizophrenia, we sought
to determine the subcellular location of the a7nAChR with respect to VAChT storage vesicles in
axon terminals in the PFC in both species. For this, we used dual electron microscopic immunogold
and immunoperoxidase labeling of antisera raised against the a7nAChR and VACHT. In both species,
the a7nAChR-immunoreactivity (-ir) was principally identified within dendrites and dendritic spines,
receptive to axon terminals forming asymmetric excitatory-type synapses, but lacking detectable
a7nAChR or VAChT-ir.

Quantitative analysis of the rat PFC revealed that of a7nAChR labeled neuronal profiles, 65%
(299/463) were postsynaptic structures (dendrites and dendritic spine) and only 22% (104/463) were
axon terminals or small unmyelinated axons. In contrast, VAChT was principally localized to
varicose vesicle-filled axonal profiles, without recognized synaptic specializations (n = 240). Of the
a7nAChR-labeled axons, 47% (37/79) also contained VAChT, suggesting that ACh release is
autoregulated through the presynaptic a7nAChR. The VAChT-labeled terminals rarely formed
synapses, but frequently apposed a7nAChR-containing neuronal profiles. These results suggest that
in rodent PFC, the a7nAChR plays a major role in modulation of the postsynaptic excitation in spiny
dendrites in contact with VAChT containing axons.
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Introduction

Abnormalities in the function of the a7nAChR and cholinergic transmission in the PFC are
implicated in the cognitive deficits seen in schizophrenia (Severance and Yolken, 2008).
Moreover, polymorphic variations of the CHRNAY gene, which encodes the a7nAChR, are
linked to schizophrenia (Leonard et al., 2002, Freedman et al., 2006), especially the notable
auditory gating deficits seen in schizophrenic patients (Freedman et al., 1997, Gault et al.,
2003). Agonists of the a7nAChR normalize these gating deficits in animal models of
schizophrenia (O’Neill et al., 2003, Martin et al., 2004). In addition, a7nAChR binding is
reduced in the frontal cortex of post-mortem samples from schizophrenic patients further
implicating cortical a7nAChR in schizophrenia (Guan et al., 1999, Marutle et al., 2001, Martin-
Ruiz et al., 2003, Severance and Yolken, 2008).

Although previous light and electron microscopic studies have shown that the a7nAChR is
expressed in the PFC (Dominguez del Toro etal., 1994, Lubin et al., 1999), the critical location
of the a7nAChR relative to the endogenous ligand, acetylcholine (ACh) is not known. PFC
ACh is derived primarily from cholinergic inputs to deep layers (111-VI) from the basal
forebrain (Lehmann et al., 1980, Gaykema et al., 1990, Woolf, 1991, Butcher, 1995, Zaborszky
et al., 1997, Henny and Jones, 2008). These cholinergic terminals represent only a small
fraction of all cortical synapses (Descarries and Mechawar, 2000). This observation together
with microdialysis studies showing a comparatively large volume of cortically released ACh
led to the hypothesis by Descarries (1997) that ACh exerts its effects via diffusion or volume
transmission. Thus, the released ACh may non-synaptically activate the a7nAChR within
neurons located a short-range distance from an ACh-containing axon terminal. This suggests
that a single ACh-containing terminal may influence a7nACh receptors located at multiple
sites. Such global actions could profoundly affect microdomains within the PFC that have
relevance to cognitive functions impaired in schizophrenia.

To address the key question of the location of the a7nAChR with respect to it’s endogenous
ligand ACh in the PFC, we examined the electron microscopic immunolabeling of the
a7/nAChR and VAChHT in single sections through the PFC of rat and mouse. These two species
were chosen because of their extensive use as either pharmacological (rat) or genetic (mouse)
models of the somatosensory gating deficits that are typical of schizophrenia (O’Neill et al.,
2003, Duncan et al., 2004).

Our results define the subcellular location of the a7nAChR with respect to neuronal
compartments, and their spatial or intracellular relationship to VAChT-containing axonal
profiles without recognizable synaptic specializations in the PFC of both species. Shown here,
the PFC a7nAChR is specifically targeted to postsynaptic dendritic spines apposed to or within
the critical diffusion space (0.2 um) from VAChT-labeled axon terminals almost half of which
express the a7nAChR.

Experimental Procedures

Animals

The experimental procedures were carried out in accordance with the National Institutes of
Health Guidelines for the Care and Use of Laboratory Animals, and approved by the
Institutional Animal Care and Use Committees (IACUC) at Weill-Cornell Medical College.
Twelve male Sprague-Dawley rats (180-200 g; Charles River, Kingston NY) and 12 male
C57BL/6J mice (20-25 g; Charles River, Kingston NY) were deeply anesthetized by
intraperitoneal (i.p.) injection of sodium pentobarbital (100 mg/kg). For Western blot analysis,
both rats and mice (n = 3) were decapitated, and the brain was rapidly removed for lysate
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preparation. The other animals (n = 9) were fixed by vascular perfusion with an aldehyde
solution in preparation for microscopic analysis.

A commercial polyclonal VAChT antiserum (Chemicon, Temecula, CA, U.S.A.) was used to
identify cholinergic processes in the PFC. This antiserum was raised in goat against a synthetic
peptide corresponding to amino acids 511-530 from cloned rat VAChT (Erickson et al.,
1994, Roghani et al., 1994). Studies have been performed previously to characterize the
antiserum, which selectively labels CV-1 cells transfected with VAChT cDNA (Arvidsson et
al., 1997). This antiserum shows a specific band at the predicted 70 kDa molecular weight in
Western blots of tissue (Brunelli etal., 2005). The VAChT antiserum has been used extensively
in electron microscopy studies in the rat to identify cholinergic processes (Garzon and Pickel,
2000, Pickel et al., 2000, Svingos et al., 2001, Towart et al., 2003, Kaplan et al., 2004).

A mouse monoclonal anti-a7nAChR antibody (clone mAb306; Sigma, St. Louis, MO, U.S.A.)
was generated using affinity—purified native chicken and rat a-bungarotoxin binding proteins
(Schoepfer et al., 1990). Epitope mapping has shown that mAb306 recognizes the sequence
corresponding to the cytoplasmic loop residues 380-400 of the a7nAChR from rat and chicken
(Schoepfer et al., 1990, McLane et al., 1992). This antibody was used previously to study the
a7nAChR distribution, in (1) rat brain using bright field (Dominguez del Toro et al., 1994), or
electron microscopy (Fabian-Fine et al., 2001, Levy and Aoki, 2002) and (2) macaque brain
using fluorescent microscopy (Centeno et al., 2006). Since, the a7nAChR antibody had not
previously been examined in Western blotting of cerebral cortex, we performed the analysis
in rat and mouse as a means of further characterization. In addition sections were processed
for light microscopic analysis of a7nAChR or VACHT in the presence of 0.25% Triton X-100
for establishing the optimal dilution of each antisera.

Western Blot

Total protein lysates of rat and mouse cerebral cortex were prepared on ice. Tissues were
solubilized in cell lysis buffer [20 mM Tris-saline (TS) pH 7.5, 150 mM NaCl, 1 mM EDTA,
1 mM EGTA, 1% Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM beta-
glycerolphosphate, 1 mM NazgVOy, 1 ng/ml leupeptin]. The protein concentration of the lysates
were determined with the protein assay reagent (Bio-Rad, Hercules, CA, U.S.A.). Samples
were boiled for 5 minutes in SDS loading buffer before 30 ug (rat) and 100 pg (mouse) of
samples were loaded directly onto a 12% SDS-polyacrylamide gel, along with molecular
weight markers (Kalidescope; Bio-Rad). Proteins were transferred to a PVVDF nylon membrane
(Millipore, Billerica, MA, U.S.A), and the membrane was blocked in 5% nonfat dry milk
(Nestle Food Company, Glendale, CA, U.S.A) in 100 mM Tris-buffered saline and 0.1%
Tween-20 (TBST/T; Bio-Rad) for 60 minutes. The membranes were incubated with the
a7nAChR antibody at a dilution of 1:1,000 at 4°C for 3 days. The blots were rinsed in TBST/
T and incubated at room temperature for 60 minutes with goat anti-mouse immunoglobulin
(1gG) conjugated with horseradish peroxidase (Jackson Immunoresearch Laboratories, West
Grove, PA, U.S.A) at a dilution of 1:2,000 in 5% nonfat milk. The blot was developed using
the Supersignal substrate reagents (Pierce, Rockford, IL, U.S.A), and the images were captured
on a Kodak image station (Eastman Kodak, Rochester, NY, U.S.A).

Fixation and tissue preparation

Brain tissue was aldehyde fixed for immunolabeling by perfusion through the ascending aorta
(rat) or the left ventricle of the heart (mouse). This was achieved using a Masterflex pump
(Barnat Company, Barrington, IL, U.S.A) to rapidly (<5 minutes) and sequentially deliver
solutions of (1) normal saline (0.9%) containing 1000 units/ml of heparin (10-15 ml), (2) 40—
50 ml of 0.1 M phosphate buffer (PB; pH 7.4) containing 3.75% acrolein and 2%
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paraformaldehyde, and (3) 250 ml of 2% paraformaldehyde in PB. The brains were then
removed from the cranium, cut into 4-5 mm coronal blocks and post-fixed for 30 minutes in
the latter fixative.

Coronal sections (40 um thick) were cut through the PFC using a Leica Vibratome (Leica
Microsystems, Bannockburn, IL, U.S.A.). Sections through the PFC corresponded to +2.8 mm
from Bregma in rat (Paxinos and Watson, 1986) and +2.2 mm from Bregma in mouse (Paxinos
and Franklin, 2001). Rat and mouse sections were processed for light and electron microscopy
together. Firstly, sections were placed for 30 minutes in a solution of 1% sodium borohydride
in 0.1 M PB to remove excess active aldehydes. These were rinsed in 0.1 M PB and incubated
for 15 minutes in a cryoprotectant solution (25% sucrose and 3% glycerol in 0.05 M PB) prior
to freeze-thawing to enhance penetration of immunoreagents. The cryoprotected sections were
sequentially immersed in liquid chlorodifluoromethane (Freon, Blasco Supply, Bronx, NY)
and liquid nitrogen, then thawed by immersion in 0.1 M PB. After extensive rinsing in 0.1 M
TS (pH 7.6), the sections were incubated for 30 minutes in 0.5% bovine serum albumin (BSA)
in 0.1 M TS to minimize non-specific attachment of anitsera or immunoreagents during the
process of immunolabeling.

Immunolabeling

PFC sections from rat and mouse were processed for single-immunoperoxidase and dual-
immunoperoxidase/immunogold labeling of a7nAChR and VACHhT (Chan et al., 1990, Hara
and Pickel, 2008, Lane et al., 2008). The primary antisera against a7nAChR and VAChT were
raised in mouse and goat, respectively, and therefore could be recognized in a single section
by appropriate species-specific secondary antibodies.

Sections for single-immunoperoxidase were incubated in a solution of 0.1% BSA in TS,
containing mouse monoclonal antibody for a7nAChR diluted 1:1,000 or the goat polyclonal
antiserum for VACHT diluted 1:8,000. The sections were incubated for 24 hours at room
temperature and 24 hours at 4°C for VAChT-labeled sections, with a further 48 hour incubation
for a7nAChR labeled sections. For dual immunoperoxidase/immunogold labeling, sections
were incubated in a solution of 0.1% BAS in TS, containing mouse monoclonal antibody for
a7nAChR diluted 1:500 for 24 hours at room temperature and 24 hours at 4°C. The goat
polyclonal antiserum for VAChT (1:8,000) was added and the incubation continued for 48
hours at 4°C. After incubation in these primary antisera, the sections were first processed for
either (A) single immunoperoxidase labeling only or (B) immunoperoxidase and followed by
immunogold labeling. All the incubations were carried out at room temperature with
continuous agitation on a rotator, and were followed by several rinses in the appropriate buffer.

For the immunoperoxidase visualization of antigens, the avidin-biotin complex (ABC) method
(Hsu et al., 1981) was used. Incubation in primary antisera was followed by incubation in
secondary biotinylated antibody (1:400; horse anti-mouse 1gG for a7nAChR; Jackson; or
donkey anti-goat IgG for VAChT; Jackson) for 30 minutes and then in ABC (1:100; Vectastain
Elite Kit; Vector Laboratories) for 30 minutes. The immunoreactivity bound to the tissue was
visualized by a 6-minute incubation in 0.022% 3,3-diaminobenzidine (DAB) and 0.003%
hydrogen peroxide in 0.1 M TS, pH 7.6.

The sections for dual immunoperoxidase/immunogold labeling were then processedfor silver-
enhanced immunogold labeling (Chan et al., 1990). For this, the sections were rinsed in 0.1 M
TS, transferred to 0.01 M phosphate buffered saline (PBS), blocked for 10 minutes in 0.8%
BSA and 0.1% gelatin in 0.01 M PBS, and incubated for 2 hours in colloidal gold (1 nm)-
labeled IgG (1:50; donkey anti-mouse 1gG for a7nAChR; or donkey anti-goat 1gG for VAChHT;
Electron Microscopy Sciences, Fort Washington, PA, U.S.A.). After this, the sections were
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fixed for 10 minutes in 2% glutaraldehyde in 0.01 M PBS and reacted with a silver solution
IntenSEM kit (Amersham) for 7 minutes.

For quantification, the immunogold-silver method was used for detection of a7nAChR and
immunoperoxidase detection of VAChT. However, the markers were reversed in a few sections
to ensure maximal detection of each antisera as there are known differences in sensitivity for
each method (Chan et al., 1990). In addition, sections were processed for both immunogold
and immunoperoxidase o.7nAChR and VAChT alone, to obtain optimal dilutions of each
primary antiserum. As a control for non-specific labeling, sections were processed for
immunoperoxidase and immunogold labeling, omitting each of the primary antisera.

Electron microscopic tissue processing and data analysis

Immunolabeled PFC sections used for electron microscopy were postfixed in 2% osmium
tetroxide in 0.1 M PB for 1 hour. These sections then were dehydrated through a series of
graded ethanols to propylene oxide, and embedded in Epon (EMbed-812; Electron Microscopy
Sciences) between two sheets of Aclar plastic (Allied Signal, Pottsville, PA, U.S.A.). The flat-
embedded plastic sections were glued on Epon chucks, trimmed to ~1 mm pyramids in middle-
deep PFC layers. Ultrathin sections (65 — 75 nm thick) were cut from the tissue-Epon interface
with a diamond knife (Diatome, Fort Washington, PA, U.S.A.) on an ultramicrotome (Leica
Microsystems, Bannockburn, IL, U.S.A.). Ultrathin sections from PFC layer 111-V were
collected on 400-mesh copper grids (Fig. 1), counterstained with uranyl acetate and Reynold’s
lead citrate (Reynolds, 1963), and examined with a Phillips CM10 electron microscope.

Images were collected only from ultrathin sections near the plastic-tissue interface (i.e. surface
of the tissue) to reduce false negatives resulting from inadequate penetration of antisera. The
classification of identified cellular elements was based on the descriptions of Peters et al.
(1991). Axon terminals were identified by the presence of numerous synaptic vesicles and were
at least 0.2 um in diameter. Small, unmyelinated axons were <0.1 um and rarely contained
small vesicles. Neuronal somata were identified by the presence of a nucleus, Golgi apparatus,
and rough endoplasmic reticulum. Dendrites were postsynaptic to axon terminals, contained
abundant endoplasmic reticulum, and few, if any small vesicles. Most dendrites were >0.1
um in cross-sectional diameter. Glial processes were identified by their irregular shape, which
followed the contours of neuronal profiles. The glial cytoplasm also often contained bundles
of filaments. Asymmetric synapses were recognized by thick postsynaptic densities, whereas
symmetric synapses had thin pre- and postsynaptic specializations. Zones of closely spaced
parallel plasma membranes, without discernible synaptic densities or glial interventions, were
defined as appositions or nonsynaptic contacts. A profile was considered to be selectively
immunoperoxidase labeled when it contained electron dense cytoplasmic precipitates not seen
in morphologically similar profiles located within the surrounding neuropil. Large profiles
>0.5 um were considered immunogold labeled when they contained two or more gold particles.
In dendrites <0.5 um diameter and in small, unmyelinated axons (<0.5 um diameter), a single
particle was considered positive for immunogold labeling. The validity of this approach was
established by the absence of gold-silver deposits over myelin and other tissue elements not
known to express the a7nAChR, an approach that has previously been used for immunolabeling
of other receptor proteins (Garzén and Pickel, 2006). In addition, however we examined the
number of gold particles over dendritic and axonal profiles in control experiments in which
the tissue was processed for dual labeling with the omission of one of the respective primary
antisera to assess the level of background spurious gold-silver particles. In dendrites of all
sizes, the particles were considered extrasynaptic when located >50 nm away from the edge
of the nearest synapse, while those within the soma radius were considered perisynaptic.

Electron microscopic images were taken from thin sections collected from the middle layers
of the PFC in vibratome sections processed for a7nAChR-immunoperoxidase or a7nAChR-
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immunogold and VAChT-immunoperoxidase labeling. At least three immunolabeled
vibratome sections from each animal was included in the quantitative (rat) and qualitative
(mouse) analysis All immunoreactive processes (n = 770) were counted in randomly sampled
electron micrographs at x13,500-34,000 from an area of 17,989um2. For analysis of the
number of VAChT- compared to a7nAChR-labeled neuronal profiles in an electron
microscopic grid square corresponding to an area of 54 um2, the entire field was photographed
in each rat (n = 4).

The tissue was quantitatively examined to determine the relative frequencies with which the
immunoreactive products were localized within neuronal somata, dendrites, axons, and glial
profiles. In addition, each a7nAChR-labeled neuronal profile was defined with respect to
appositional contacts and distance from nearest VAChT-labeled axon. One-way analysis of
variance (ANOVA) was performed using SPSS (SPSS Inc., Chicago, IL, USA) to ensure that
there was no significant inter-animal variability in the number of immunoreactive a7nAChR-
labeled profiles or VAChT-labeled axons. MCID Elite software (version 6.0, Imaging Research
Inc., St. Catharines, ON, Canada) was used to measure the shortest distance between
a7nAChR- and VAChT-labeled profiles.

Light Microscopic Analysis

For light microscopy the immunoperoxidase labeled sections were rinsed in 0.05 M PB, and
mounted on gelatin-coated glass slides. After overnight drying in a dessicator, the sections
were dehydrated by sequential immersion in a series of increasing-concentrations of alcohol
and defatted in xylene (J.T. Baker, Phillipsburg, NJ, U.S.A.). The slides were then coverslipped
with Permount (Fisher Scientific, Fair Lawn, NJ, U.S.A.)

Image Analysis

Results

The electron microscopic images used for the analysis and figures were acquired with an AMT
digital camera (Advanced Microscopy Techniques Corporation, Danvers, MA) on a
Microsmart computer with a Windows, 2000 operating system. Slides for light microscopy
were examined with a Nikon 80i light microscope (Nikon, Garden City, NY, U.S.A.) equipped
with a Micropublisher digital camera (Q-imaging, Barnaby, British Columbia, Canada). Adobe
Photoshop 7.0 (Adobe Systems Inc.) was used for adjustment of sharpness, contrast and
brightness. The final images were then imported to PowerPoint software (Microsoft
Windows® 2000) for assembly and labeling composite figures

Western Blot characterization of a7nAChR antibody

The antibody against the a7nAChR was shown by Western blot analysis to principally
recognize one immunoreactive band, in cortical tissue (Fig. 2). The a7nAChR-immunoreactive
band was observed near the 50 kDa molecular weight marker in both the rat and mouse cortex.
The size of this band is comparable with the molecular weight (54 kDa) of the mature, non-
glycosylated a7nAChR as determined from the primary structure (Seguela et al., 1993). In the
rat and mouse, the most intense immunoreactive band was observed near the 50 kDa molecular
marker (Fig. 2). Compared with rat, a higher concentration of mouse cortical lysate was
necessary to obtain a visible band suggesting that the a7nAChR has lower expression levels
in the mouse than rat, or that the antiserum is less effective in detecting the mouse a7nAChR.

Regional and cellular distributions

By light microscopy, VAChT-immunoperoxidase labeling was localized to varicose axon-like
processes found throughout the cortical lamina. In contrast, a7nAChR-immunoperoxidase
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labeling was distributed in a laminar fashion and was similar in the PFC of both rat and mouse
(Fig. 3). The laminar location of many labeled somata and dendrites is consistent with their
identity as pyramidal neurons. The most intense a7nAChR-ir was observed in cortical layers
I11-V (Fig. 3B and D). The layers of the cortex were defined as in Gabbot et al. (1997). Punctate
immunoreactivity was often seen in the perinuclear cytoplasm of these somata, but was
sometimes evident in thick straight processes presumed to be dendrites that emitted from the
somata. The a7nAChR-immunoperoxidase labeling also was seen in varicose axon-like
processes. Omission of the primary antibody resulted in complete loss of light microscopic
a7/nAChR labeling in both rat and mouse PFC (not shown).

Ultrastructural analysis confirmed the presence of VAChHT in axons and o.7nAChR in neuronal
somata as well as in dendritic and axonal processes of the PFC layer 111-V. Consistent with
the data from Western blots, the detected a7nAChR-immunoreactivity was more abundant in
rat compared with mouse PFC. However, there was no apparent species difference in the
subcellular distribution of the a7nAChR in the rat and mouse PFC. Thus, the descriptions and
photographs are equally representative to both rat and mouse. The quantitative analysis was
conducted exclusively in rat.

Axonal Distribution of VAChT and a7nAChR

The immunoperoxidase labeling for VAChT was seen as a dense precipitation product
localized to vesicle filled axonal profiles without recognized specializations. VAChT-labeled
axonal profiles were unmyelinated and 0.2— 0.7 um in cross-sectional diameter. Many of the
larger (>0.3 um) processes contained numerous VAChT-immunoreactive small synaptic
vesicles and one or more mitochondria. These axon terminals did not show recognizable
specializations and were substantially less numerous than the a7nAChR-labeled profiles.

Of the total number of a7nAChR-labeled profiles in tissue processed for single and dual
labeling, 24% (n = 183/771) were small axons or vesicle-filled axon terminals (Table 1). In
these axonal profiles, a7nAChR labeling was observed in the cytoplasm and along the plasma
membrane (Fig. 4A). The a7nAChR-labeled terminals were sometimes apposed to dendritic
spines forming asymmetric synapses.

In the dual-labeling study, 47% (n = 37/79) of a7nAChR-labeled axons also contained VAChT
in an area of 8,190pum?2. However, the majority (85%) of the VAChT-labeled axonal profiles
were without detectable a7nAChR. Co-localization of VAChT and a7nAChR was observed
in 15% (n = 37/240) of VAChT-labeled axonal processes (Fig. 4B). The a7nAChR was
distributed throughout the cytoplasm and was also seen on and near the plasmalemma in
VAChT-containing axonal profiles, thus suggesting the involvement of the a7nAChR in
modulation of ACh release in certain axon terminals within the PFC.

Somatodendritic distribution of a7nAChR and relationship to VAChT

Somatic a7nAChR immunoperoxidase labeling was seen in punctate clusters in the cytoplasm
near the nuclear membrane. Immunogold labeling for the a7nAChR was also located on
cytoplasmic endomembranes and Golgi lamellae, or on the plasmalemma of many
somatodendritic profiles (Fig. 4B, 5A and B). In dendritic spines, the a7nAChR
immunoperoxidase labeling was localized to the thick postsynaptic densities of asymmetric,
excitatory-type synapses (Fig. 6A and B). In comparison with the dense postsynaptic
accumulations of immunoperoxidase, immunogold labeling for a7nAChR was sparse in
postsynaptic densities, presumably because of limited penetration and lower sensitivity of
immunogold as compared with immunoperoxidase labeling (Chan et al., 1990). The
postsynaptic location of the a7nAChR in dendritic spines (Fig. 6A and B), and the
endomembrane distributions in somata (Fig. 5B) and proximal as well as more distal dendrites
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(Fig. 7A and B) are consistent with involvement of these membranes in trafficking of surface
receptors (Eimer et al., 2007).

The a7nAChR-labeled somata and dendrites as well as axonal structures were observed within
the same neuropil as VAChT-labeled profiles. In 4 randomly chosen 54 um? square areas, from
immunolabeled sections through the PFC of each rat, we observed on average 16 VAChT-
labeled axons and 36 a7nAChR-labeled profiles. This suggests that ACh release from one
VAChT-labeled axonal process may have access to multiple o7nACh receptors in the same or
separate neurons. Of the VACHT- labeled axonal profiles observed, (99/240) were ina 4 um
radius from the nearest a7nAChR-labeled profile (Fig. 7A), with 48% of VAChT-labeled axons
within a 0.2 um radius. However, 35% (n = 35/99) of these VAChT-labeled axonal profiles
were apposed to a7nAChR-labeled dendrites or somatic profiles.

Discussion

Our results provide ultrastructural evidence that in layers I11-V of the PFC, a7nACh receptors
are located in many postsynaptic dendrites and dendritic spines in direct contact with VAChT-
containing axon terminals. Despite this proximity, the VAChT-labeled terminals do not form
recognizable synapses with dendritic profiles containing a7nAChR. In addition, VAChT is
expressed in 47% of a7nAChR-labeled axonal processes. Together, our results provide cellular
evidence consistent with a7nAChR mediation of mainly the postsynaptic effects of ACh, but
also support the involvement of these receptors in autoregulation of ACh release (Fig. 8). Both
the post- and presynaptic effects mediated through a7nAChR may orchestrate cognitive
functions that are dysfunctional in schizophrenic patients showing a7nAChR deficiencies
(Freedman et al., 1995,Court et al., 1999).

Methodological considerations

We have shown by Western blot analysis that the a7nAChR antiserum recognizes one band in
both rat and mouse cortex at approximately the molecular weight for the a7nAChR (54k DA)
(Seguela et al., 1993). These results are consistent with prior reports showing the recognition
of a similar molecular weight band in cultures of hippocampal neurons and in both rat and
macaque brain extracts (Dominguez del Toro et al., 1994, Centeno et al., 2006, Arnaiz-Cot et
al., 2008). This band is comparable to the 54-60 kDa proteins detected using a-bungarotoxin
immunoprecipitation for the a7nAChR (Seguela et al., 1993, Drisdel and Green, 2000, Gotti
et al., 2001). Moreover, preadsorption of the a7nAChR antibody with an antigenic blocking
peptide abolishes the a7nAChR immunolabeling (Centeno et al., 2006). We also saw no
a7nAChR immunoperoxidase labeling in PFC with the omission of the a7nAChR antibody in
control experiments. Together these observations indicate that the a7nAChR antiserum
specifically recognizes the receptor even though labeling remains in a7nAChR knockout mice
(Herber et al., 2004). This conclusion is further strengthened by the facts that this antibody
recognizes an a7nAChR immunoreactive band of increasing density over time in primary
cultures of rat hippocampal neurons (Arnaiz-Cot et al., 2008). In addition, the a7nAChR
antibody used in our study has been shown to produce a similar pattern of labeling to a-
bungarotoxin in the frog optic tectum (Yan et al., 2006) and the a7nAChR mRNA distribution
and ligand binding in the rat central nervous system (Dominguez del Toro et al., 1994, Gotti
and Clementi, 2004, Gatti et al., 2006).

Dual localization of a7nAChR and VAChT-immunolabeling was achieved by combining
immunogold and immunoperoxidase pre-embedding techniques (Chan et al., 1990). However,
due to the sparse distribution and limited penetration of immunogold particles, the actual
number of a7nACh receptors is likely to be underestimated. In addition, the distances between
profiles containing the a7nAChR and VACHhT were measured in only one plane of section,
which could further contribute to under-representation of those receptors that are accessible to
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ACh. Profiles were considered as immunolabeled when they contained one or more gold
particles or a peroxidase reaction product with an electron density greater than that seen in
nearby profiles considered unlabeled. This method of quantifying profiles with one or more
immunogold particles had been used previously when quantifying other receptors (Garzén and
Pickel, 2006, Hara et al., 2006). However, the method is only valid when there is a minimal
number of non-specific gold particles (Wang et al., 2003). All samples were selected from the
tissue-plastic interface in order to minimize differences in labeling ascribed to differences in
penetration of immunoreagents. In addition, the tissue was processed for immunogold labeling
with the omission of the primary antisera in order to assess non-specific labeling. Gold particles
were observed at the plastic surface, and these were considered as stray particles. Background
labeling over myelin was not observed. In addition, the a7nAChR was most frequently
observed on plasmalemmal or attached to intracellular membranes, which is consistent with
the location of receptor proteins.

Axonal distribution of VAChT and a7nAChR

Consistent with previous studies (Descarries et al., 1997, Mechawar et al., 2002), VAChT-
labeled axonal processes in the PFC rarely formed synapses. VAChT was co-localized with
47% of a7nAChR-labeled non-synaptic axon terminals (Fig. 8), thus providing an a7nAChR-
mediated cellular substrate in the PFC for autoregulation of ACh release. This result is
consistent with studies of ACh release (Araujo et al., 1988, Girod et al., 1999) and suggests
that ACh is the major transmitter whose release is autoregulated through the presynaptic
a7nAChR.

The presynaptic location of the a7nAChR in non-VAChHT containing terminals in the PFC of
rat and mouse supports the involvement of a7nAChR in areas of neurotransmission of
substances other than ACh. Aspartate, dopamine, GABA, glutamate, norepinephrine and
serotonin are among those transmitters whose release is increased by ACh or by a7nAChR
activation (Alkondon et al., 1996, Role and Berg, 1996, Wonnacott, 1997, MacDermott et al.,
1999, Schilstrom et al., 2000, Barik and Wonnacott, 2006, Wu et al., 2007).

Somatodendritic localization of a7nAChR and relation to VAChT

In the rat and mouse PFC, the a7nAChR was located mainly along postsynaptic densities of
asymmetric axospinous synapses (Fig. 8), typical of cortical pyramidal neurons (Douglas and
Martin, 1998). This observation is consistent with prior studies showing that lesions of the PFC
in rat result in a 30% decrease in a-bungarotoxin binding sites in the ventral tegmental area
(VTA), a major target of outputs from pyramidal neurons in the PFC (Schilstrom et al.,
2000). Glutamate is the major neurotransmitter in PFC axon terminals that form asymmetric
synapses on spiny dendrites of pyramidal neurons (Douglas and Martin, 1998). In other cortical
regions, a7nACh and glutamate AMPA receptors are co-localized within dendritic spines
(Levy and Aoki, 2002). Moreover, in our dual-labeling studies, none of the VAChT-labeled
terminals were presynaptic to dendritic spines in which there was a postsynaptic a7nAChR
distribution.

In contrast with dendritic spines, the a7nAChR in somata and dendrites had a mainly
cytoplasmic distribution, associated with endomembranes (Fig. 8). In the perinuclear region
of the soma, the a7nAChR was located in the Golgi lamellae and associated endomembranes.
These cytoplasmic locations are consistent with assembly of the a7nAChR by the endoplasmic
reticulum (Smith et al., 1987,Green and Millar, 1995) and sorting within the Golgi complex,
which controls the number of cell-surface a7nAChR (Eimer et al., 2007). Endomembranes are
involved in the intracellular transport of surface proteins (Gruenberg et al., 1989,Prekeris et
al., 1998,Prekeris et al., 1999). Thus, the somatodendritic a7nAChR labeling may largely
reflect the receptor in transit to and from the postsynaptic membrane of spiny dendrites in the
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PFC. Consistent with this, the a7nAChR was only occasionally seen at the plasmalemmal
surface in somata and dendrites and has been shown to be rapidly inserted and removed from
the plasma membrane via the soluble N-ethylmaleimide-sensitive factor attachment protein
receptor (SNARE) (Liu et al., 2005).

Our results are the first to show that the a7nAChR is among the ACh receptors located within
somatodendritic processes that are frequently apposed to or located within a short-range (<0.2
um) distance from ACh storage vesicles within axon terminals of the PFC (Fig. 8). This
observation together with the relatively large number of a7nAChR- compared with VAChT-
labeled neuronal profiles in the PFC strongly support the idea that a single cholinergic terminal
in this region may influence the activity of multiple dendritic spines of the same or separate
pyramidal neurons.

Our results show that in the rat and mouse PFC, the a7nAChR has a mainly postsynaptic, but
also a presynaptic neuronal distribution within a functional distance of ACh vesicular storage
sites. The subcellular distribution of the a7nAChR is consistent with the involvement of this
receptor in modulating the postsynaptic excitability of pyramidal neurons and the axonal
release of ACh in rat and mouse PFC. The results establish the functionally relevant sites for
a7nAChR activation in rodent species most often used to model somatosensory gating and
other deficits that are seen in schizophrenic patients lacking the a7nAChR gene (Freedman et
al., 1995, Court et al., 1999, O’Neill et al., 2003).
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Fig. 1.

Light micrographs showing coronal hemisections through (A) rat and (B) mouse PFC. These
sections were cut with a vibratome at rostrocaudal levels defined anterior to Bregma as +2.80
mm in rat (Paxinos and Watson, 1986) and +2.20 mm in mouse (Paxinos and Franklin, 2001)
from the mouse. The tissue was processed for immunoperoxidase labeling of the a7nAChR.

The trapezoids show the portion of the PFC that was sampled for electron microscopy. Arrows
indicate the dorsal (D) and medial (M) brain surfaces. ac = anterior commissure, cc = corpus
callosum, pu = identifying hole punched in mouse. Scale bars = 500 um.

Neuroscience. Author manuscript; available in PMC 2010 July 21.




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

1duasnuey Joyiny vd-HIN

Duffy et al.

(A) Rat

Page 16

Fig. 2.

(B) Mouse
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Western blots for characterization of the antibody against the a7nAChR using cortical protein
lysates from (A) rat and (B) mouse. A single dominant band is detected in both the rat and
mouse near the 50 kDa molecular weight marker which is comparable with the 54 kDa
molecular weight of the a7nAChR (Seguela et al., 1993) indicating the specificity of the

antibody to the a7nAChR.
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Light micrographs showing the regional distribution of immunoperoxidase labeling for the
a7nAChR in coronal sections through the PFC in the (A and B) rat (+2.8 mm from Bregma)
and (C and D) mouse (+2.2 mm from Bregma). The a7nAChR labeling is seen in cells
throughout layers 1-VI of the PFC. The majority of the somatic a7nAChR labeling (a7-s) is
in layer 111-V, the area sampled for electron microscopic analysis and enlarged in (B) and (D).
Arrows indicate the dorsal (D) and medial (M) brain surfaces. bv = blood vessel, cc = corpus
callosum. Scale bars = 50 pum.
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Fig. 4.

Electron micrographs showing the presynaptic location of the a7nAChR and VAChHT in (A)
single-labeled and (B) dual-labeled rat PFC. (A) Immunoperoxidase labeling (block arrow) of
the a7nAChR is seen along the presynaptic membrane of an axon terminal (a7-ax) forming an
asymmetric synapse (curved arrow) with an unlabeled dendritic spine (u-sp). (B)
Immunoperoxidase labeling for the VAChT in vesicle filled axonal profiles, one of which
shows immunogold labeling (small arrows) for the a7nAChR (a7V-ax). This terminal is
apposed to a somata (a.7-s) showing a single immunogold particle on the plasma membrane in
contact with the dual-labeled terminal. u-t = unlabeled terminal. Scale bars = 500 nm.
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Fig. 5.

Electron microscopic immunoperoxidase and immunogold labeling for the a7nAChR in the
cytoplasm of neuronal somata (a.7-s) in (A) single-labeled rat and (B) dual-labeled mouse PFC.
(A) The a7nAChR immunoperoxidase labeling is in the perinuclear cytoplasm of the soma
(a7-s). A a7nAChR-labeled dendrite (a7-d) is also seen within the adjacent neuropil. (B)
Immunogold labeling of the a7nAChHR has a prominent location in the perinuclear cytoplasm,
where the immunogold particles are associated with outer Golgi lamella (G).
Immunoperoxidase-labeling for VACHT is in an axonal profile (V-ax) apposing the a7-s. mit
= mitochondria, nu = nucleus, u-sp = unlabeled spine, u-t = unlabeled terminal. Scale bars =
500 nm.

Neuroscience. Author manuscript; available in PMC 2010 July 21.



Duffy et al.

Page 20

[44 4
A eNY

rw(B‘)‘Rat |

Fig. 6.
Single immunogold (A) and immunoperoxidase labeling (B) of the a7nAChR in dendritic

spines in electron micrographs from mouse and rat PFC (A and B, respectively). (A) An
a7nAChR-labeled dendrite (a7-d) with a spine (a7-sp) that has a single gold particle (small
arrows) identifying a7nAChR. The spine receives an asymmetric synapse (curved arrow) from
an unlabeled axon terminal (u-t). The peroxidase density can be compared with that seen in
other spines that are unlabeled (u-sp) and also received asymmetric synapses from unlabeled
terminals. (u-t). Scale bars = 500 nm.
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Fig. 7.

Dendritic distribution of a7nAChR immunogold labeling in relation to axon terminals
containing the VAChHT as seen by dense immunoperoxidase reaction product in rat (A) and
mouse (B) PFC. (A) A large longitudinally oriented dendrite with cytoplasmic a7nAChR
immunogold labeling (a7-d, black arrows), is seen in contact with a VAChT-labeled axon (V-
ax; white arrow), < 0.2 um (double head arrow) from a VV-ax and third V-ax is > 0.2 um from
the a7-d. In the (B) mouse, longitudinally orientated a.7-d, in which the immunogold particles
are associated with endomembranes (em) near a VAChT-immunoperoxidase labeled axon
terminal (V-ax). Scale bars = 500 nm.
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Fig. 8.

Schematic diagram showing the subcellular distributions of the a7nAChR in relation to the
VAChT in the rodent prefrontal cortex (PFC). (A) The a7nAChR (black chevrons) is shown
as having a presynaptic distribution in axon terminals (at), forming excitatory (+) axospinous
synapses and co-localized in VAChT-labeled (black circles) axonal processes, in the vicinity
of a7nAChR-labeled spines (sp). (B) The a7nAChR has a somatodendritic distribution in
dendrites (d) and somata (s), where it is attached to endomembranes (em), Golgi lamella (G)
and on plasmalemmal membrane (purple line) of spiny neurons (light blue). nu = nucleus.
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Tabel |
Subcellular distribution of a7nAChR and VACHT in the PFC

Neuronal Profiles * Single- a7nAChR labeled tissue ™ Dual-a7nAChR/VAChT labeled tissue

o7/nAChR Percentage (number)
Axons 23 (104)
Spines 34 (159)
Dendrites 30 (140)
Somata 13 (60)

Percentage (number)

Total 100 463

VAChT

Axons
Spines

Dendrites

Total

07nAChR/VAChT
Axons

Somata

Total

*
Single-labeling: 9,799 umz tissue

*

*
Dual-labeling: 8,190 pmz tissue
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