
ORIGINAL RESEARCH
published: 11 September 2018

doi: 10.3389/fnana.2018.00074

Expression of Neurofilament Subunits
at Neocortical Glutamatergic and
GABAergic Synapses
Luca Bragina1,2* and Fiorenzo Conti1,2†

1Section of Neuroscience and Cell Biology, Department of Experimental and Clinical Medicine, Università Politecnica delle
Marche, Ancona, Italy, 2Center for Neurobiology of Aging, IRCCS INRCA, Ancona, Italy

Edited by:
Richard J. Weinberg,

University of North Carolina at Chapel
Hill, United States

Reviewed by:
Kevin Richard Duffy,

Dalhousie University, Canada
Marta Pallotto,

National Institutes of Health (NIH),
United States
Mala V. Rao,

New York University, United States
Kristina D. Micheva,

Stanford University, United States

*Correspondence:
Luca Bragina

l.bragina@univpm.it
orcid.org/0000-0002-8293-3159

†orcid.org/0000-0001-5853-1566

Received: 01 June 2018
Accepted: 27 August 2018

Published: 11 September 2018

Citation:
Bragina L and Conti F

(2018) Expression of Neurofilament
Subunits at Neocortical

Glutamatergic and GABAergic
Synapses.

Front. Neuroanat. 12:74.
doi: 10.3389/fnana.2018.00074

Neurofilaments (NFs) are neuron-specific heteropolymers that have long been
considered as structural proteins. However, it has recently been documented that
they may play a functional role at synapses. Indeed, the four NF subunits—NFL,
NFM, NFH and α-internexin—are integral components of synapses in the striatum
and hippocampus, since their elimination disrupts synaptic plasticity and impairs
social memory, an observation that might have important implications for some
neuropsychiatric diseases. Here, we studied NFs localization in VGLUT1-, VGLUT2-,
VGAT-, PSD-95- and gephyrin-positive (+) puncta, and in glutamatergic and GABAergic
synapses in the cerebral cortex of adult rats. Synapses were identified by pre- and
postsynaptic markers: glutamatergic synapses by VGLUT1+ or VGLUT2+ puncta
contacting PSD-95+ puncta; and GABAergic synapses by VGAT+ puncta contacting
gephyrin+ puncta. In VGLUT1 glutamatergic synapses NF showed a greater expression
in the compartment labeled by postsynaptic markers (20%–30%) than in those
labeled by presynaptic markers (10%–20%), whereas in GABAergic synapses a similar
expression was detected in both compartments (20%–30%). Moreover, NF expression
was higher in the GABAergic (20%–30%) than in the glutamatergic (10%–15%)
compartments labeled by presynaptic markers. Finally, a higher colocalization of
VGLUT1+, VGLUT2+ and VGAT+ puncta with NFs was seen when presynaptic puncta
contacted elements labeled by postsynaptic markers. These findings show that the
four NF subunits are expressed at some neocortical synapses, and contribute to
glutamatergic and GABAergic synapse heterogeneity.
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INTRODUCTION

Glutamatergic and GABAergic synapses are characterized by a broad variability of response
that depends on factors acting presynaptically, at the cleft, or postsynaptically (Conti and
Weinberg, 1999; Cherubini and Conti, 2001). The heterogeneous expression of presynaptic
proteins is associated with variability in neurotransmitter release (Staple et al., 2000). In the
postsynaptic compartment, the expression of neurotransmitter receptors shows extensive
structural diversification due to the assembly of different subunits (Mackler and Eberwine, 1993;
Huntley et al., 1994; Fritschy and Mohler, 1995; Craig and Boudin, 2001; Paoletti, 2011). Many
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other molecules, including scaffold and cytoskeletal proteins,
contribute to synaptic heterogeneity (van Rossum and Hanisch,
1999; Craig and Boudin, 2001).

Following the demonstration that more than 2,000 genes
are differentially expressed in glutamatergic and GABAergic
neurons (Sugino et al., 2006), we investigated whether the
release machineries of such neurons could be differentiated
based on the proteins they express. We found that
the expression pattern of several presynaptic proteins
involved in transmitter release in cerebral cortex (including
synapsins, synaptophysins, synaptosomal-associated proteins,
synaptogyrins, synaptobrevin/vesicle-associated membrane
proteins, syntaxins, synaptotagmins, synaptic vesicle proteins
and Rab3) varies both between glutamatergic and GABAergic
terminals and between VGLUT1- and VGLUT2-positive (+)
glutamatergic terminals (Bragina et al., 2007, 2010, 2012). We
also demonstrated that metabotropic glutamate receptors and
GABAB also show heterogeneous expression in glutamatergic
and GABAergic presynaptic terminals (Bragina et al., 2015).

Neurofilaments (NFs) are heteropolymers that include four
known subunits, NFL, NFM, NFH and α-internexin (INT).
They have long been considered as structural proteins required
for the radial growth of axons and to support the dendrites
of large motor neurons. Recently, however, they have been
shown to play a functional role at synapses, since a study
by Yuan et al. (2015) found that their elimination disrupted
synaptic plasticity and impaired social memory, with potentially

important implications for some neuropsychiatric diseases. In
the striatum and hippocampus, all NF subunits were expressed
both at presynaptic and postsynaptic sites, although their
expression was greater in postsynaptic regions. NF assemblies
isolated from synapses were different from those found in other
portions of the neurons, and showed a higher proportion of INT
and NFH phosphorylation states and a lower proportion of NFM
phosphorylation states (Yuan et al., 2015).

The presence of NF subunits at synaptic sites raises the
possibility that they contribute to the synaptic heterogeneity
of glutamatergic and GABAergic synapses. To verify this
hypothesis, we studied the localization of the four NFs in
VGLUT1-, VGLUT2-, VGAT-, PSD-95 and gephyrin (GEPH)+
puncta and in glutamatergic and GABAergic synapses in adult
rat cerebral cortex. We report here that all NF subunits are
localized at glutamatergic and GABAergic cortical synapses
both in compartments labeled by presynaptic markers and in
those labeled by postsynaptic markers, and that their expression
contributes to the heterogeneity of these synapses.

MATERIALS AND METHODS

Animals and Tissue Preparation
Adult male Sprague-Dawley rats (190–220 g; Charles River,
Milano, Italy) were used. Their care and handling was approved
by the local animal research ethics committee. All experimental
procedures involving animals and their care were carried

TABLE 1 | Primary and Secondary antibodies.

A. Primary antibodies

Host◦ Dilution* Source Characterization RRID

VGAT GP 1:500 (IF)/1:1,000 (WB) Synaptic System/131004 Mikhaylova et al. (2014); Fekete
et al. (2015)

AB_887873

VGLUT1 GP 1:800 (IF)/1:2,000 (WB) Millipore/AB5905 Melone et al. (2005) AB_2301751
VGLUT2 GP 1:800 (IF)/ 1:2,000 (WB) Millipore/AB5907 Cubelos et al. (2005); Liu et al.

(2005)
AB_2301731

PSD-95 M 1:300 (IF)/1:500 (WB) UC Davis/NeuroMab/75-
028 (K28/43)

Kim et al. (1995) AB_2307331

GEPH M 1:200 (IF)/1:500 (WB) Synaptic System/147021 Mikhaylova et al. (2014); Fekete
et al. (2015)

AB_1279448

NFL M 1:500 (IF)/1:1,000 (WB) SIGMA/N5139 (NR4) Yuan et al. (2015) AB_477276
NFL Rb 1:200 (IF)/1:1,000 (WB) Millipore/AB9568 Yuan et al. (2012) AB_570618
NFM M 1:600 (IF)/1:1,000 (WB) SIGMA/N5264 (NN18) Yuan et al. (2015) AB_477278
NFM Rb 1:200 (IF)/1:1,000 (WB) Millipore/AB1987 Yuan et al. (2015) AB_91201
NFH M 1:1,000 (IF)/1:1,000 (WB) SIGMA/N0142 (N52) Yuan et al. (2015) AB_477257
NFH Rb 1:200 (IF)/1:2,000 (WB) SIGMA/N4142 Yuan et al. (2015) AB_477272
INT M 1:500 (IF)/1:1,000 (WB) Millipore/MAB5224 Yuan et al. (2015) AB_2127486
INT Rb 1:1,000 (IF)/1:1,000 (WB) Millipore/AB5354 Yuan et al. (2015) AB_91800

B. Secondary antibodies

Conjugated to Reacting to◦ Dilution Source: Jackson ImmunoResearch RRID

Peroxidase GP 1:4,000 PA/706-036-148 AB_2340448
Peroxidase M 1:4,000 PA/715-036-151 AB_2340774
Peroxidase Rb 1:4,000 PA/711-036-152 AB_2340590
Alexa Fluorr 488 GP 1:250 PA/706-546-148 AB_2340473
Alexa Fluorr 488 M 1:250 PA/715-546-150 AB_2340849
CyTM3 Rb 1:250 PA/711-166-152 AB_2313568
Alexa Fluorr 647 GP 1:250 PA/706-606-148 AB_2340477

◦GP, guinea pig; M, mouse; Rb; rabbit; *IF, immunofluorescence; WB, western blotting.
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out in accordance with national regulations (D.L. no. 26,
March 14, 2014) and European Communities Council Directive
(2010/63/UE) guidelines and were approved by the local
authority veterinary services. Animals were kept in a 12 h
dark-light cycle and provided with food and water ad libitum.

For western blotting, two rats were anesthetized with chloral
hydrate (300 mg/kg i.p.) and their brains were rapidly removed.
Neocortex homogenization, membrane preparation, protein
determination, SDS-PAGE analysis and immunoblotting were as
described previously (Bragina et al., 2006). Precast gels (Tris-
HCl; BioRad, Hercules, CA, USA) were used at a 4%–20%
polyacrylamide concentration for NFH and NFM (10 µg total
protein; 2 gels/animal) and at 7.5% for the NFL and α-internexin
(10 µg total protein; 2 gels/animal).

For immunocytochemical studies, 12 rats were anesthetized
with chloral hydrate (300 mg/kg i.p.) and perfused through the
ascending aorta with saline followed by 4% paraformaldehyde in
0.1 M phosphate buffer (PB; pH 7.4). Brains were postfixed for
2 h at 4◦C in the same fixative, cut with a Vibratome into 50 µm
thick sections, and processed as described previously (Bragina
et al., 2010).

Antibodies
The primary and secondary antibodies used in the study are listed
in Table 1. Western blotting was performed to verify antibody

specificity; nitrocellulose filters were probed with antibodies
against VGLUT1, VGLUT2, VGAT, NFL, NFM, NFH, INT,
PSD-95 and GEPH at the dilutions reported in Table 1. After
exposure to the appropriate peroxidase-conjugated antibodies,
immunoreactive bands were visualized by BioRad Chemidoc and
Quantity One software (BioRad, Hemel Hempstead, UK) using
the SuperSignal West Pico (Rockford, IL) chemiluminescent
substrate.

Colocalization Studies
Sections were incubated for 1 h in normal goat serum (NGS; 10%
in PB) and then overnight at room temperature in a solution
containing a mixture of the primary antibodies (Table 1). The
next day, sections were incubated in 10% NGS for 30 min and
then for 90 min in a mixture of the appropriate secondary
fluorescent antibodies (Table 1). Double- and triple-labeled
sections were examined using a Leica (TCS SP2) confocal
laser microscope equipped with an argon and a helium/neon
laser. Green, red and blue immunofluorescence were imaged
sequentially. Control experiments with single-labeled sections
and sections incubated either with two primary and one
secondary antibody or with one primary and two secondary
antibodies revealed no appreciable fluorochrome bleed-through
or antibody cross-reactivity. Images of experimental series were
collected from a region of the parietal cortex characterized by

FIGURE 1 | Distribution of Neurofilaments (NFs) in cerebral neocortex. (A) Nissl-stained section from the first somatic sensory cortex (SI). (B–E) Sections adjacent to
that illustrated in (A) showing immunoreactivity to NFL, NFM, NFH and INT, in the order. Bar: 100 µm for (A–E).
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FIGURE 2 | Representative confocal microscopical images showing VGLUT1/NFL (row A), VGLUT2/NFM (row B), VGAT/INT (row C), PSD/NFH (row D) and
GEPH/NFL colocalization (row E). Enlargements show each channel separately, the synaptic marker in green and the NF in red. Puncta were considered
double-labeled (arrow) when they virtually overlapped or when a punctum was entirely included in the other. Bar: 5 µm, enlargements, 2 µm.

a conspicuous layer IV, with intermingled dysgranular regions,
densely packed layers II and III, and a relatively cell-free
layer Va (e.g., Figure 1). This area corresponds to the first
somatic sensory cortex (SI) as also identified in other studies
(Woolsey and LeMessurier, 1948; Welker, 1971; Zilles et al.,
1980; Donoghue and Wise, 1982). Images were acquired from
randomly selected subfields in layers II-VI (at least 4–6/layer;
2–4 sections/animal). Layer I was not sampled because it contains
hardly any VGAT+ puncta (Chaudhry et al., 1998; Minelli et al.,
2003). Images were acquired using a 60× oil immersion lens
(numerical aperture, 1.4; pinhole, 1.0; image size, 512 × 512,
pixel size, 0.80 µm) from a plane in which the resolution
of all stains was satisfactory, in general 1.3–1.8 µm from the

surface. To improve the signal/noise ratio, 10 frames/image were
averaged.

Quantitative analysis was performed in ∼8,000 randomly
selected subfields measuring ∼25 × 25 µm from the
512 × 512 pixel images. Images were deconvolved using
the Iterative Deconvolve 3D plugin of ImageJ software (v. 1.48,
NIH), using the same parameters for all images (Marcotulli
et al., 2017). For double-labeled sections, the two channels were
first examined separately, to identify and count immunopositive
puncta using ImageJ software; the channels were then merged
and the number of colocalizing puncta was counted manually.
Puncta were considered double-labeled when they showed
virtually complete overlap and the morphology of the puncta
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FIGURE 3 | NF expression in glutamatergic and GABAergic synapses in rat
cerebral cortex. (A) VGLUT1 (blue), PSD-95 (green) and NFM (red) in
triple-labeled sections. The arrows indicate glutamatergic synapses (VGLUT1+
puncta contacting PSD-95+ puncta). The image shows a synapse with an
NFM+ postsynaptic element; the enlargements show the glutamatergic
synapse (top), the NFM+ punctum (middle), and the triple label (bottom).
(B) VGAT+ (blue), GEPH+ (green) and INT+ (red) puncta in rat triple-labeled
sections. The arrows indicate GABAergic synapses (VGAT+ puncta contacting
GEPH+ puncta). The image shows a synapse with an INT+ presynaptic
element; the enlargements show the GABAergic synapse (top), the INT+
punctum (middle), and the triple label (bottom). Puncta were considered
double-labeled when they virtually overlapped or when a punctum was entirely
included in the other. Bar: 2 µm, enlargements 1 µm.

was coincident, or when a punctum was entirely included in
the other (Figure 2; Bragina et al., 2007). The manual count
was subsequently confirmed with computerized overlap analysis
(object-based analysis), which is included in the ImageJ JACoP
toolbox (Bolte and Cordelières, 2006; Bragina et al., 2015),
where two objects are considered as colocalizing if the center
of mass of one falls within the area of the other (Lachmanovich
et al., 2003). About half of all double-labeled sections of each
type of colocalization were subjected to object-based analysis.
The manual and computerized method obtained comparable
results. Triple-labeled sections were evaluated to investigate
synapses. Glutamatergic synapses were identified by VGLUT1+
or VGLUT2+ puncta contacting PSD-95+ puncta (Figure 3),
whereas GABAergic synapses were identified by VGAT+
puncta contacting GEPH+ puncta (Figure 3; Melone et al.,
2005). Finally, colocalization of the four NF subunits in the

FIGURE 4 | VGLUT1, VGLUT2, VGAT, PSD-95, GEPH, INTm, INTrb, NFLm,
NFLrb, NFMm, NFMrb, NFHm and NFHrb antibodies recognized bands of
∼55, 60, 57, 95, 93, 58, 58 68, 68, 160, 145, 200 (with phosphorylation site)
and 200 kDa, in this order in crude membrane fractions of rat cerebral cortex.

compartments identified by pre- and post-synaptic markers
was assessed with the manual count method used to count
double-labeled sections. Rotation of one channel by 90◦ was used
as a specificity control; the results showed that co-localization
was always <5%.

Statistical Analysis
Statistical significance in triple-labeling experiments was
evaluated by non-parametric one-way ANOVA with Dunn’s
post-test using GraphPad Prism Software (v. 6.0; GraphPad
Software, San Diego, CA, USA).

RESULTS

Western blotting studies showed that all antibodies recognized
bands with the predicted molecular mass in cortical crude
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membrane fractions (Figure 4; Prior et al., 1992; Kim et al.,
1995; Bellocchio et al., 1998; Chaudhry et al., 1998; Varoqui
et al., 2002; Yuan et al., 2015). In immunocytochemical
preparations, VGLUT1, VGLUT2, VGAT, PSD-95, GEPH, NFL,
NFM, NFH, and INT immunoreactivity were as described in
previous studies (Kirsch and Betz, 1993; Suzuki et al., 1997;
Bellocchio et al., 1998; Chaudhry et al., 1998; Valtschanoff
et al., 1999; Kaneko et al., 2002; Kirkcaldie et al., 2002;
Minelli et al., 2003; Alonso-Nanclares et al., 2004; Conti
et al., 2005; Figure 1); therefore antibodies were employed to
establish whether NFL, NFM, NFH and INT are differentially
expressed in VGLUT1+, VGLUT2+, VGAT+, PSD-95+
and GEPH+ puncta and in glutamatergic and GABAergic
synapses. The results of these experiments are reported
in Tables 2, 3.

NFs expression in VGLUT1+ puncta was studied in
20 sections from three rats (at least five sections/rat). The results
showed that 7.11% of VGLUT1+ puncta expressed NFL, 7.54%
expressed NFM, 7.91% expressed NFH and 6.91% expressed

INT. Analysis of VGLUT2+ puncta (24 sections, three rats;
at least five sections/rat) showed that 6.13% of VGLUT2+
puncta expressed NFL, 5.84% expressed NFM, 6.53% expressed
NFH and 5.63% expressed INT. Evaluation of VGAT+ puncta
(24 sections, three rats; at least five sections/rat) disclosed that
8.99% expressed NFL, 9.91% expressed NFM, 9.29% expressed
NFH, and 11.73% expressed INT. As regards the postsynaptic
markers, 19.21% of PSD-95+ puncta expressed NFL, 20.62%
expressed NFM, 20.49% expressed NFH and 20.74% expressed
INT (20 sections, three rats; at least four sections/rat). Finally,
15.92% of GEPH+ puncta expressed NFL, 18.40% expressed
NFM, 18.80% expressed NFH and 19.61% expressed INT
(22 sections, four rats; at least four sections/rat; Table 2 for
details). The percentage of colocalization of NF proteins with
markers used here did not exhibit a significantly different laminar
distribution.

Since it is possible to identify synapses in brain sections
by light microscopy (Melone et al., 2005) and to differentiate
presynaptic from postsynaptic sites by confocal microscopy

TABLE 2 | Colocalization of NFL, NFM, NFH and INT in VGLUT1+, VGLUT2+, VGAT+, PSD-95+ and GEPH+ puncta in the cerebral cortex.

JACoP count Manual count NF

Puncta (no.) Colocalization (%) Puncta (no.) Colocalization (%) subunits

VGLUT1 2450 (7.11 ± 0.35%) 645 (7.66 ± 0.55%) NFL
3158 (7.54 ± 0.29%) 623 (7.74 ± 0.35%) NFM
2872 (7.91 ± 0.62%) 589 (8.11 ± 0.63%) NFH
3124 (6.91 ± 0.61%) 654 (6.81 ± 0.37%) INT

VGLUT2 2435 (6.13 ± 0.18%) 567 (6.25 ± 0.41%) NFL
3214 (5.84 ± 0.37%) 577 (6.11 ± 0.40%) NFM
3224 (6.53 ± 0.42%) 554 (6.38 ± 0.37%) NFH
2927 (5.63 ± 0.22%) 592 (5.71 ± 0.33%) INT

VGAT 2742 (8.99 ± 0.65%) 587 (7.99 ± 0.37%) NFL
3172 (9.91 ± 0.44%) 634 (8.84 ± 0.35%) NFM
2852 (9.29 ± 0.44%) 656 (9.41 ± 0.42%) NFH
2418 (11.73 ± 0.23%) 612 (12.09 ± 0.38%) INT

PSD-95 2841 (19.21 ± 0.45%) 623 (18.31 ± 0.72%) NFL
3042 (20.62 ± 0.80%) 667 (21.23 ± 0.85%) NFM
2776 (20.49 ± 0.66%) 621 (20.12 ± 0.75%) NFH
2914 (20.74 ± 0.51%) 615 (19.78 ± 0.75%) INT

GEPH 2341 (15.92 ± 0.60%) 633 (18.04 ± 0.85%) NFL
3022 (18.40 ± 1.58%) 578 (18.11 ± 0.77%) NFM
2676 (18.80 ± 0.43%) 556 (19.07 ± 0.72%) NFH
2425 (19.61 ± 0.74%) 613 (20.21 ± 0.77%) INT

Values are mean ± SEM.

TABLE 3 | Colocalization of NFL, NFM, NFH and INT in glutamatergic and GABAergic synapses in the cerebral cortex.

Synapse (no.) Presynaptic compartment Postsynaptic compartment Both NF subunits

VGLUT1/PSD-95 752 (14.10 ± 0.69%) (25.05 ± 0.79%) (3.93 ± 0.41%) NFL
738 (18.64 ± 0.57%) (28.40 ± 0.41%) (3.48 ± 0.48%) NFM
644 (13.49 ± 0.31%) (23.98 ± 0.58%) (3.33 ± 0.29%) NFH
781 (16.51 ± 0.74%) (23.28 ± 0.45%) (3.31 ± 0.42%) INT

VGLUT2/PSD-95 756 (14.07 ± 0.53%) (13.76 ± 0.50%) (4.12 ± 0.63%) NFL
818 (16.31 ± 0.76%) (15.30 ± 0.69%) (3.09 ± 0.43%) NFM
724 (15.21 ± 0.82%) (14.09 ± 0.97%) (3.46 ± 0.55%) NFH
691 (15.60 ± 0.67%) (15.36 ± 0.41%) (3.27 ± 0.42%) INT

VGAT/GEPH 750 (21.45 ± 1.00%) (23.56 ± 1.17%) (3.89 ± 0.26%) NFL
644 (29.94 ± 1.11%) (28.21 ± 0.39%) (3.22 ± 0.28%) NFM
628 (21.77 ± 0.78%) (22.82 ± 1.91%) (3.34 ± 0.27%) NFH
732 (23.53 ± 0.56%) (24.28 ± 0.64%) (4.07 ± 0.36%) INT

Values are mean ± SEM.
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(Bragina et al., 2015), we performed triple-labeling experiments
to investigate NF expression at synapses. Glutamatergic synapses
were identified by VGLUT1+ or VGLUT2+ puncta contacting
PSD-95+ puncta and GABAergic synapses by VGAT+ puncta
contacting GEPH+ puncta. In VGLUT1/PSD-95 synapses,
14.10% of VGLUT1+puncta expressed NFL, 18.64% expressed
NFM, 13.49% expressed NFH, and 16.51% expressed INT;
25% of PSD-95+ puncta expressed NFL, 28.40% expressed
NFM, 23.98% expressed NFH, and 23.28% expressed INT
(Figure 5; Table 3 for details). In VGLUT2/PSD-95 synapses
14% of VGLUT2+ elements expressed NFL, 16.31% expressed
NFM, 15.21% expressed NFH, and 15.60% expressed INT;
13.76% of PSD-95+ puncta expressed NFL, 15.30% expressed
NFM, 14.09% expressed NFH, and 15.36% expressed INT
(Figure 5; Table 3 for details). In GABAergic synapses, 21.45%
of VGAT+ puncta expressed NFL, 29.94% expressed NFM,
21.77% expressed NFH, and 23.53% expressed INT; 23.56%
of GEPH+ contacts expressed NFL, 28.21% expressed NFM,
22.82% expressed NFH, and 24.28% expressed INT (Figure 5;
Table 3 for details). The expression of the four NF subunits
were mostly detected either in the pre- or the postsynaptic
compartment, and only rarely in both (Figure 5; Table 3
for details). Our data show that at VGLUT1/PSD-95 synapses
NF expression is greater in the postsynaptic compartment
than at presynaptic sites, in line with previous work (Yuan
et al., 2015); that NF expression is higher at presynaptic sites
in GABAergic terminals than at glutamatergic terminals; and

that postsynaptic expression is lower at VGLUT2/PSD-95+
puncta.

DISCUSSION

The present findings show for the first time that NFs are
localized at some cortical synapses, and that they are differentially
expressed in glutamatergic and GABAergic synapses.

Synapses can be reliably identified in brain tissue by
confocal microscopy, which is more appropriate than electron
microscopy to examine large samples (Melone et al., 2005).
Nevertheless, some caveatsmust be kept in mind. First, although
presynaptic puncta adjacent to postsynaptic puncta (as seen in
the present and in previous studies) in all likelihood correspond
to ultrastructural synapses (i.e., synapses as identified by electron
microscopy), it is likely that a proportion of ultrastructural
synapses are not detected by this method. Indeed, it is
conceivable that some synapses (e.g., small synapses, or synapses
in which the postsynaptic marker is expressed at low levels)
can escape immunocytochemical detection. Second, presynaptic
proteins, postsynaptic proteins, and NFs have different optimal
depths for immunodetection. Therefore, although we paid
attention in pilot analyses to select a range of depth that could
allow a satisfactory visualization of the three series of antigens,
it is possible that we might have slightly underestimated some
labeling. Third, it is conceivable that some labeling considered
positive may not be associated with synapses (e.g., sites of

FIGURE 5 | NFL, NFM, NFH and INT expression in the presynaptic compartment, postsynaptic compartment or both in glutamatergic (identified by VGLUT1+ or
VGLUT2+ puncta contacting PSD-95+ puncta) and GABAergic (identified by VGAT+ puncta contacting GEPH+ puncta) synapses in the cerebral cortex. Values are
mean ± SEM. Statistical significance was evaluated by non-parametric Kruskal-Wallis test with Dunn’s post-test; ∗∗p < 0.01, ∗p < 0.05.
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synthesis or transport, glial cells etc.), thus overestimating it.
Fourth, we used VGAT as presynaptic marker of GABAergic
synapses. VGAT does transport GABA and glycine; it follows
that, although glycinergic synapses are virtually absent in
neocortex (Chaudhry et al., 1998; Legendre, 2001), we could
have included some of them in our analysis. Moreover, the
possibility that another vesicular GABA transporter or a variant
of it may exist in brain, as it does in the pancreas (Suckow
et al., 2006), has never been totally ruled out. These factors
might slightly alter the percentages reported here, but they should
not modify significantly the present results, and particularly
so considering the aims of our study (see ‘‘Introduction’’
section).

Triple-labeling studies enabled us to analyze NF localization
in a large sample of glutamatergic and GABAergic synapses. Data
analysis demonstrated differential NF localization; in particular,
at VGLUT1 glutamatergic synapses (recognized by VGLUT1+
puncta contacting PSD-95+ puncta) their localization was greater
at postsynaptic than presynaptic sites, in line with the study by
Yuan et al. (2015); whereas at VGLUT2 glutamatergic synapses
(identified by VGLUT2+ puncta contacting PSD-95+ puncta)
it was similar in both compartments. NF localization was also
similar in pre- and postsynaptic elements of GABAergic synapses
(identified by VGAT contacting GEPH+ puncta). Moreover,
a similar presynaptic NF localization was detected in the two
types of glutamatergic synapses. Presynaptic NF localization was
greater at GABAergic than glutamatergic synapses, whereas in
the postsynaptic compartment it was comparable in GABAergic
and VGLUT1+ glutamatergic synapses (but lower in VGLUT2+
glutamatergic synapses). Our data showed a lower NF expression
in VGLUT1+, VGLUT2+ and VGAT+ puncta compared with
VGLUT1+, VGLUT2+ and VGAT+ puncta contacting PSD-
95+ or GEPH+ puncta. In other words, NF expression was
greater in the presynaptic compartment if the presynaptic
elements contacted postsynaptic structures; the same was true
of postsynaptic NF expression, although the difference was
less marked. We first ascribed this finding to methodological
variability due to the antibodies, since we used monoclonal
antibodies in double-labeling experiments and polyclonal
antibodies in triple-labeled sections. However, calculation of
the percentage of colocalization of the vesicular transporters
with NFs in triple-labeled sections with the same method used
for double-labeling studies (i.e., including all puncta) gave
similar results, implying that the use of different antibodies
is not responsible for this observation. Although the influence
of other factors (e.g., an extrasynaptic localization of the
proteins) cannot be ruled out, it is reasonable to conclude
that presynaptic NF expression is lower at synapses lacking
the postsynaptic compartment or postsynaptic proteins. Indeed,
excitatory and inhibitory spine synapses in the adult cerebral

cortex are extremely plastic (Knott et al., 2006; Chen et al.,
2012; Villa et al., 2016), and a large fraction of newly formed
spines does not immediately express PSD-95, whereas some
spines that eventually disappeared lack PSD-95 (Cane et al.,
2014). Therefore, the higher NF expression found in presynaptic
elements contacting postsynaptic structure may reflect a greater
NF expression at functional synapses.

NFs have been shown to play a functional role at
synapses, since their elimination disrupts synaptic plasticity
and impairs social memory, with severe implications for some
neuropsychiatric diseases (Yuan et al., 2015). In different cerebral
structures and neurotransmitter systems the mechanism seems
to be related to receptor anchoring or localization in the
neuronal plasmamembrane, at least at postsynaptic sites; indeed,
the lack of NFM leads to changes in D1 receptor-mediated
LTP and behavior, while NFL is capable to directly bind and
anchor NMDA receptors (Ehlers et al., 1998; Ratnam and
Teichberg, 2005; Yuan et al., 2015). Since synaptic strength can
be regulated by controlling the abundance of neurotransmitter
receptors at synapses through targeted insertion and removal
(Craig, 1998), NFs may be involved in synaptic plasticity
through an action on receptor expression. NFs action on
receptors could not be limited to this, however, as it may
also include changes in the stoichiometry of NFs subunits
(Chinnakkaruppan et al., 2009). Present knowledge prevents
a clearer hypothesis on the role of NFs in synaptic function
and plasticity, and it is clear that much work is needed
to increase our understanding of these proteins in synaptic
physiology. However, by demonstrating that NFs are expressed
at cortical synapses in a synapse subtype-differential manner,
the present results may pave the way to future studies that
will unravel the molecular mechanisms of NFs at synapses and
their alterations in different physiological and pathophysiological
conditions, e.g., in the mechanisms of neural plasticity and
of neurodegenerative diseases characterized by intraneuronal
accumulation of NFs, like Alzheimer’s and Parkinson’s diseases
(Vickers et al., 2016; Yuan and Nixon, 2016; Yuan et al.,
2017).

AUTHOR CONTRIBUTIONS

FC conceived the project. LB performed the experiments and
gathered and analyzed the data. FC supervised the project and
discussed the data. LB and FC wrote the article.

FUNDING

This work was supported by funds granted by MIUR (PRIN
2015) to FC.

REFERENCES

Alonso-Nanclares, L., Minelli, A., Melone, M., Edwards, R. H., Defelipe, J.,
and Conti, F. (2004). Perisomatic glutamatergic axon terminals: a novel
feature of cortical synaptology revealed by vesicular glutamate transporter
1 immunostaining. Neuroscience 123, 547–556. doi: 10.1016/j.neuroscience.
2003.09.033

Bellocchio, E. E., Hu, H., Pohorille, A., Chan, J., Pickel, V. M., and Edwards, R. H.
(1998). The localization of the brain-specific inorganic phosphate transporter
suggests a specific presynaptic role in glutamatergic transmission. J. Neurosci.
18, 8648–8659. doi: 10.1523/JNEUROSCI.18-21-08648.1998

Bolte, S., and Cordelières, F. P. (2006). A guided tour into subcellular
colocalization analysis in light microscopy. J. Microsc. 224, 213–232.
doi: 10.1111/j.1365-2818.2006.01706.x

Frontiers in Neuroanatomy | www.frontiersin.org 8 September 2018 | Volume 12 | Article 74

https://doi.org/10.1016/j.neuroscience.2003.09.033
https://doi.org/10.1016/j.neuroscience.2003.09.033
https://doi.org/10.1523/JNEUROSCI.18-21-08648.1998
https://doi.org/10.1111/j.1365-2818.2006.01706.x
https://www.frontiersin.org/journals/neuroanatomy
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroanatomy#articles


Bragina and Conti Neurofilaments in Cortical Synapses

Bragina, L., Bonifacino, T., Bassi, S., Milanese, M., Bonanno, G., and Conti, F.
(2015). Differential expression of metabotropic glutamate and GABA receptors
at neocortical glutamatergic and GABAergic axon terminals. Front. Cell.
Neurosci. 9:345. doi: 10.3389/fncel.2015.00345

Bragina, L., Candiracci, C., Barbaresi, P., Giovedi, S., Benfenati, F., and Conti, F.
(2007). Heterogeneity of glutamatergic and GABAergic release machinery
in cerebral cortex. Neuroscience 146, 1829–1840. doi: 10.1016/j.neuroscience.
2007.02.060

Bragina, L., Fattorini, G., Giovedi, S., Melone, M., Bosco, F., Benfenati, F.,
et al. (2012). Analysis of synaptotagmin, SV2 and Rab3 expression in cortical
glutamatergic and GABAergic axon terminals. Front. Cell. Neurosci. 5:32.
doi: 10.3389/fncel.2011.00032

Bragina, L., Giovedi, S., Barbaresi, P., Benfenati, F., and Conti, F. (2010).
Heterogeneity of glutamatergic and GABAergic release machinery in
cerebral cortex: analysis of synaptogyrin, vesicle-associated membrane protein
and syntaxin. Neuroscience 165, 934–943. doi: 10.1016/j.neuroscience.2009.
11.009

Bragina, L., Melone, M., Fattorini, G., Torres-Ramos, M., Vallejo-Illarramendi, A.,
Matute, C., et al. (2006). GLT-1 down-regulation induced by clozapine in rat
frontal cortex is associated with synaptophysin up-regulation. J. Neurochem.
99, 134–141. doi: 10.1111/j.1471-4159.2006.04030.x

Cane, M., Maco, B., Knott, G., and Holtmaat, A. (2014). The relationship between
PSD-95 clustering and spine stability in vivo. J. Neurosci. 34, 2075–2086.
doi: 10.1523/JNEUROSCI.3353-13.2014

Chaudhry, F. A., Reimer, R. J., Bellocchio, E. E., Danbolt, N. C., Osen, K. K.,
Edwards, R. H., et al. (1998). The vesicular GABA transporter, VGAT, localizes
to synaptic vesicles in sets of glycinergic as well as GABAergic neurons.
J. Neurosci. 18, 9733–9750. doi: 10.1523/JNEUROSCI.18-23-09733.1998

Chen, J. L., Villa, K. L., Cha, J. W., So, P. T., Kubota, Y., and Nedivi, E. (2012).
Clustered dynamics of inhibitory synapses and dendritic spines in the adult
neocortex. Neuron 74, 361–373. doi: 10.1016/j.neuron.2012.02.030

Cherubini, E., and Conti, F. (2001). Generating diversity at GABAergic synapses.
Trends Neurosci. 24, 155–162. doi: 10.1016/s0166-2236(00)01724-0

Chinnakkaruppan, A., Das, S., and Sarkar, P. K. (2009). Age related and
hypothyroidism related changes on the stoichiometry of neurofilament
subunits in the developing rat brain. Int. J. Dev. Neurosci. 27, 257–261.
doi: 10.1016/j.ijdevneu.2008.12.007

Conti, F., Candiracci, C., and Fattorini, G. (2005). Heterogeneity of axon terminals
expressing VGLUT1 in the cerebral neocortex. Arch. Ital. Biol. 143, 127–132.
doi: 10.4449/aib.v143i2.351

Conti, F., and Weinberg, R. J. (1999). Shaping excitation at glutamatergic
synapses. Trends Neurosci. 22, 451–458. doi: 10.1016/s0166-2236(99)
01445-9

Craig, A.M. (1998). Activity and synaptic receptor targeting: the long view.Neuron
21, 459–462. doi: 10.1016/s0896-6273(00)80555-3

Craig, A. M., and Boudin, H. (2001). Molecular heterogeneity of central synapses:
afferent and target regulation. Nat. Neurosci. 4, 569–578. doi: 10.1038/88388

Cubelos, B., Giménez, C., and Zafra, F. (2005). Localization of the GLYT1 glycine
transporter at glutamatergic synapses in the rat brain. Cereb. Cortex 15,
448–459. doi: 10.1093/cercor/bhh147

Donoghue, J. P., and Wise, S. P. (1982). The motor cortex of the rat:
cytoarchitecture and microstimulation mapping. J. Comp. Neurol. 212, 76–88.
doi: 10.1002/cne.902120106

Ehlers, M. D., Fung, E. T., O’Brien, R. J., and Huganir, R. L. (1998). Splice
variant-specific interaction of the NMDA receptor subunit NR1 with neuronal
intermediate filaments. J. Neurosci. 18, 720–730. doi: 10.1523/JNEUROSCI.18-
02-00720.1998

Fekete, C. D., Chiou, T. T., Miralles, C. P., Harris, R. S., Fiondella, C. G.,
Loturco, J. J., et al. (2015). In vivo clonal overexpression of neuroligin 3 and
neuroligin 2 in neurons of the rat cerebral cortex: differential effects on
GABAergic synapses and neuronalmigration. J. Comp. Neurol. 523, 1359–1378.
doi: 10.1002/cne.23740

Fritschy, J. M., andMohler, H. (1995). GABAA-receptor heterogeneity in the adult
rat brain: differential regional and cellular distribution of sevenmajor subunits.
J. Comp. Neurol. 359, 154–194. doi: 10.1002/cne.903590111

Huntley, G. W., Vickers, J. C., and Morrison, J. H. (1994). Cellular and synaptic
localization of NMDA and non-NMDA receptor subunits in neocortex:

organizational features related to cortical circuitry, function and disease.Trends
Neurosci. 17, 536–543. doi: 10.1016/0166-2236(94)90158-9

Kaneko, T., Fujiyama, F., and Hioki, H. (2002). Immunohistochemical localization
of candidates for vesicular glutamate transporters in the rat brain. J. Comp.
Neurol. 444, 39–62. doi: 10.1002/cne.10129

Kim, E., Niethammer, M., Rothschild, A., Jan, Y. N., and Sheng, M.
(1995). Clustering of Shaker-type K+ channels by interaction with a
family of membrane-associated guanylate kinases. Nature 378, 85–88.
doi: 10.1038/378085a0

Kirkcaldie, M. T., Dickson, T. C., King, C. E., Grasby, D., Riederer, B. M.,
and Vickers, J. C. (2002). Neurofilament triplet proteins are restricted to a
subset of neurons in the rat neocortex. J. Chem. Neuroanat. 24, 163–171.
doi: 10.1016/s0891-0618(02)00043-1

Kirsch, J., and Betz, H. (1993). Widespread expression of gephyrin, a putative
glycine receptor-tubulin linker protein, in rat brain. Brain Res. 621, 301–310.
doi: 10.1016/0006-8993(93)90120-c

Knott, G. W., Holtmaat, A., Wilbrecht, L., Welker, E., and Svoboda, K. (2006).
Spine growth precedes synapse formation in the adult neocortex in vivo. Nat.
Neurosci. 9, 1117–1124. doi: 10.1038/nn1747

Lachmanovich, E., Shvartsman, D. E., Malka, Y., Botvin, C., Henis, Y. I., and
Weiss, A. M. (2003). Co-localization analysis of complex formation among
membrane proteins by computerized fluorescence microscopy: application
to immunofluorescence co-patching studies. J. Microsc. 212, 122–131.
doi: 10.1046/j.1365-2818.2003.01239.x

Legendre, P. (2001). The glycinergic inhibitory synapse. Cell. Mol. Life Sci. 58,
760–793. doi: 10.1007/pl00000899

Liu, X. B., Low, L. K., Jones, E. G., and Cheng, H. J. (2005). Stereotyped axon
pruning via plexin signaling is associated with synaptic complex elimination in
the hippocampus. J. Neurosci. 25, 9124–9134. doi: 10.1523/JNEUROSCI.2648-
05.2005

Mackler, S. A., and Eberwine, J. H. (1993). Diversity of glutamate receptor subunit
mRNA expression within live hippocampal CA1 neurons.Mol. Pharmacol. 44,
308–315.

Marcotulli, D., Fattorini, G., Bragina, L., Perugini, J., and Conti, F. (2017).
Levetiracetam affects differentially presynaptic proteins in rat cerebral cortex.
Front. Cell. Neurosci. 11:389. doi: 10.3389/fncel.2017.00389

Melone, M., Burette, A., and Weinberg, R. J. (2005). Light microscopic
identification and immunocytochemical characterization of glutamatergic
synapses in brain sections. J. Comp. Neurol. 492, 495–509. doi: 10.1002/cne.
20743

Mikhaylova, M., Karpova, A., Bär, J., Bethge, P., Yuan Xiang, P., Chen, Y.,
et al. (2014). Cellular distribution of the NMDA-receptor activated synapto-
nuclear messenger Jacob in the rat brain. Brain Struct. Funct. 219, 843–860.
doi: 10.1007/s00429-013-0539-1

Minelli, A., Alonso-Nanclares, L., Edwards, R. H., DeFelipe, J., and Conti, F.
(2003). Postnatal development of the vesicular GABA transporter in rat
cerebral cortex. Neuroscience 117, 337–346. doi: 10.1016/s0306-4522(02)
00864-3

Paoletti, P. (2011). Molecular basis of NMDA receptor functional
diversity. Eur. J. Neurosci. 33, 1351–1365. doi: 10.1111/j.1460-9568.2011.
07628.x

Prior, P., Schmitt, B., Grenningloh, G., Pribilla, I., Multhaup, G., Beyreuther, K.,
et al. (1992). Primary structure and alternative splice variants of gephyrin,
a putative glycine receptor-tubulin linker protein. Neuron 8, 1161–1170.
doi: 10.1016/0896-6273(92)90136-2

Ratnam, J., and Teichberg, V. I. (2005). Neurofilament-light increases the cell
surface expression of the N-methyl-D-aspartate receptor and prevents its
ubiquitination. J. Neurochem. 92, 878–885. doi: 10.1111/j.1471-4159.2004.
02936.x

Staple, J. K., Morgenthaler, F., and Catsicas, S. (2000). Presynaptic heterogeneity:
vive la difference. News Physiol. Sci. 15, 45–49. doi: 10.1152/physiologyonline.
2000.15.1.45

Suckow, A. T., Sweet, I. R., Van Yserloo, B., Rutledge, E. A., Hall, T. R.,
Waldrop, M., et al. (2006). Identification and characterization of a
novel isoform of the vesicular γ-aminobutyric acid transporter with
glucose-regulated expression in rat islets. J. Mol. Endocrinol. 36, 187–199.
doi: 10.1677/jme.1.01866

Frontiers in Neuroanatomy | www.frontiersin.org 9 September 2018 | Volume 12 | Article 74

https://doi.org/10.3389/fncel.2015.00345
https://doi.org/10.1016/j.neuroscience.2007.02.060
https://doi.org/10.1016/j.neuroscience.2007.02.060
https://doi.org/10.3389/fncel.2011.00032
https://doi.org/10.1016/j.neuroscience.2009.11.009
https://doi.org/10.1016/j.neuroscience.2009.11.009
https://doi.org/10.1111/j.1471-4159.2006.04030.x
https://doi.org/10.1523/JNEUROSCI.3353-13.2014
https://doi.org/10.1523/JNEUROSCI.18-23-09733.1998
https://doi.org/10.1016/j.neuron.2012.02.030
https://doi.org/10.1016/s0166-2236(00)01724-0
https://doi.org/10.1016/j.ijdevneu.2008.12.007
https://doi.org/10.4449/aib.v143i2.351
https://doi.org/10.1016/s0166-2236(99)01445-9
https://doi.org/10.1016/s0166-2236(99)01445-9
https://doi.org/10.1016/s0896-6273(00)80555-3
https://doi.org/10.1038/88388
https://doi.org/10.1093/cercor/bhh147
https://doi.org/10.1002/cne.902120106
https://doi.org/10.1523/JNEUROSCI.18-02-00720.1998
https://doi.org/10.1523/JNEUROSCI.18-02-00720.1998
https://doi.org/10.1002/cne.23740
https://doi.org/10.1002/cne.903590111
https://doi.org/10.1016/0166-2236(94)90158-9
https://doi.org/10.1002/cne.10129
https://doi.org/10.1038/378085a0
https://doi.org/10.1016/s0891-0618(02)00043-1
https://doi.org/10.1016/0006-8993(93)90120-c
https://doi.org/10.1038/nn1747
https://doi.org/10.1046/j.1365-2818.2003.01239.x
https://doi.org/10.1007/pl00000899
https://doi.org/10.1523/JNEUROSCI.2648-05.2005
https://doi.org/10.1523/JNEUROSCI.2648-05.2005
https://doi.org/10.3389/fncel.2017.00389
https://doi.org/10.1002/cne.20743
https://doi.org/10.1002/cne.20743
https://doi.org/10.1007/s00429-013-0539-1
https://doi.org/10.1016/s0306-4522(02)00864-3
https://doi.org/10.1016/s0306-4522(02)00864-3
https://doi.org/10.1111/j.1460-9568.2011.07628.x
https://doi.org/10.1111/j.1460-9568.2011.07628.x
https://doi.org/10.1016/0896-6273(92)90136-2
https://doi.org/10.1111/j.1471-4159.2004.02936.x
https://doi.org/10.1111/j.1471-4159.2004.02936.x
https://doi.org/10.1152/physiologyonline.2000.15.1.45
https://doi.org/10.1152/physiologyonline.2000.15.1.45
https://doi.org/10.1677/jme.1.01866
https://www.frontiersin.org/journals/neuroanatomy
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroanatomy#articles


Bragina and Conti Neurofilaments in Cortical Synapses

Sugino, K., Hempel, C. M., Miller, M. N., Hattox, A. M., Shapiro, P., Wu, C.,
et al. (2006). Molecular taxonomy of major neuronal classes in the adult mouse
forebrain. Nat. Neurosci. 9, 99–107. doi: 10.1038/nn1618

Suzuki, T., Mitake, S., Okumura-Noji, K., Shimizu, H., Tada, T., and
Fujii, T. (1997). Excitable membranes and synaptic transmission: postsynaptic
mechanisms. Localization of α-internexin in the postsynaptic density of the rat
brain. Brain Res. 765, 74–80. doi: 10.1016/s0006-8993(97)00492-7

Valtschanoff, J. G., Burette, A., Wenthold, R. J., and Weinberg, R. J. (1999).
Expression of NR2 receptor subunit in rat somatic sensory cortex: synaptic
distribution and colocalization with NR1 and PSD-95. J. Comp. Neurol.
410, 599–611. doi: 10.1002/(sici)1096-9861(19990809)410:4<599::aid-cne7>3.
0.co;2-4

van Rossum, D., and Hanisch, U. K. (1999). Cytoskeletal dynamics in dendritic
spines: direct modulation by glutamate receptors? Trends Neurosci. 22,
290–295. doi: 10.1016/s0166-2236(99)01404-6

Varoqui, H., Schafer, M. K., Zhu, H., Weihe, E., and Erickson, J. D. (2002).
Identification of the differentiation-associated Na+/PI transporter as a novel
vesicular glutamate transporter expressed in a distinct set of glutamatergic
synapses. J. Neurosci. 22, 142–155. doi: 10.1523/JNEUROSCI.22-01-00142.2002

Vickers, J. C., Kirkcaldie, M. T., Phipps, A., and King, A. E. (2016). Alterations
in neurofilaments and the transformation of the cytoskeleton in axons
may provide insight into the aberrant neuronal changes of Alzheimer’s
disease. Brain Res. Bull. 126, 324–333. doi: 10.1016/j.brainresbull.2016.
07.012

Villa, K. L., Berry, K. P., Subramanian, J., Cha, J. W., Chan Oh, W., Kwon, H. B.,
et al. (2016). Inhibitory synapses are repeatedly assembled and removed at
persistent sites in vivo. Neuron 90, 662–664. doi: 10.1016/j.neuron.2016.03.035

Welker, C. (1971). Microelectrode delineation of fine grain somatotopic
organization of (SmI) cerebral neocortex in albino rat. Brain Res. 26, 259–275.
doi: 10.1016/s0006-8993(71)80004-5

Woolsey, C. N., and LeMessurier, D. H. (1948). The pattern of cutaneous
representation in the rat’s cerebral cortex. Fed. Proc. 7:137.

Yuan, A., and Nixon, R. A. (2016). Specialized roles of neurofilament proteins
in synapses: Relevance to neuropsychiatric disorders. Brain Res. Bull. 126,
334–346. doi: 10.1016/j.brainresbull.2016.09.002

Yuan, A., Sasaki, T., Kumar, A., Peterhoff, C. M., Rao, M. V., Liem, R. K., et al.
(2012). Peripherin is a subunit of peripheral nerve neurofilaments: implications
for differential vulnerability of CNS and peripheral nervous system axons.
J. Neurosci. 32, 8501–8508. doi: 10.1523/JNEUROSCI.1081-12.2012

Yuan, A., Sershen, H., Veeranna, Basavarajappa, B. S., Kumar, A., Hashim, A.,
et al. (2015). Neurofilament subunits are integral components of synapses and
modulate neurotransmission and behavior in vivo.Mol. Psychiatry 20, 986–994.
doi: 10.1038/mp.2015.45

Yuan, A., Rao, M. V., Veeranna, and Nixon, R. A. (2017). Neurofilaments and
neurofilament proteins in health and disease. Cold Spring Harb. Perspect. Biol.
9:a018309. doi: 10.1101/cshperspect.a018309

Zilles, K., Zilles, B., and Schleicher, A. (1980). A quantitative approach to
cytoarchitectonics. VI. The areal pattern of the cortex of the albino rat. Anat.
Embryol. 159, 335–360. doi: 10.1007/bf00317655

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Bragina and Conti. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Neuroanatomy | www.frontiersin.org 10 September 2018 | Volume 12 | Article 74

https://doi.org/10.1038/nn1618
https://doi.org/10.1016/s0006-8993(97)00492-7
https://doi.org/10.1002/(sici)1096-9861(19990809)410:4<599::aid-cne7>3.0.co;2-4
https://doi.org/10.1002/(sici)1096-9861(19990809)410:4<599::aid-cne7>3.0.co;2-4
https://doi.org/10.1016/s0166-2236(99)01404-6
https://doi.org/10.1523/JNEUROSCI.22-01-00142.2002
https://doi.org/10.1016/j.brainresbull.2016.07.012
https://doi.org/10.1016/j.brainresbull.2016.07.012
https://doi.org/10.1016/j.neuron.2016.03.035
https://doi.org/10.1016/s0006-8993(71)80004-5
https://doi.org/10.1016/j.brainresbull.2016.09.002
https://doi.org/10.1523/JNEUROSCI.1081-12.2012
https://doi.org/10.1038/mp.2015.45
https://doi.org/10.1101/cshperspect.a018309
https://doi.org/10.1007/bf00317655
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neuroanatomy
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroanatomy#articles

	Expression of Neurofilament Subunits at Neocortical Glutamatergic and GABAergic Synapses
	INTRODUCTION
	MATERIALS AND METHODS
	Animals and Tissue Preparation
	Antibodies
	Colocalization Studies
	Statistical Analysis

	RESULTS
	DISCUSSION
	AUTHOR CONTRIBUTIONS
	FUNDING
	REFERENCES


