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ARTICLE INFO ABSTRACT

Keywords: The subiculum displays as much anatomical and physiological heterogeneity as the hippocampus. Recent studies
Subiculum suggest that the subiculum is also diverse in terms of gene expression. However, few studies have investigated
Fibronectin the heterogeneity of the entire subiculum. To address this issue, we focused on fibronectin because its mRNA
Dorsoventrra.l axis ) (FN1 mRNA) is expressed in the dorsal and ventral subiculum. We immunohistochemically characterized the
Lﬁﬁ;:;z;ﬁ;hemmm intracellular expression of fibronectin in the entire subiculum along three axes (ie., the dorsoventral, prox-
Mouse imodistal, and superficial-deep axes). We first confirmed that FN1 mRNA is translated into protein inside cells.

Moreover, we found that fibronectin was expressed evenly in the pyramidal cell layer of the dorsal subiculum,
whereas in the ventral subicular pyramidal field, fibronectin was most concentrated in the superficial, distal
corner. These results suggest that excitatory neurons labeled by fibronectin are more localized in the ventral
subiculum than in the dorsal subiculum. Therefore, fibronectin may be useful as an indicator for studying the

heterogeneity of principal cells in the subiculum.

1. Introduction

The hippocampal formation, which is composed of the hippocampus
(ie., the hippocampus proper and dentate gyrus) and the subiculum
(van Strien et al., 2009), plays a crucial role in episodic and spatial
memory. The subiculum has been the focus of fewer anatomical, phy-
siological and behavioral studies than the hippocampus. Recent studies
have suggested that the subiculum has a unique role in information
processing (Matsumoto et al., 2018; Norimoto et al., 2013). In addition,
the subiculum and hippocampus have distinct cytoarchitectures and
laminar structures. Furthermore, the principal cells in the distal and
proximal portions of the subiculum differ in their afferent and efferent
innervation (Honda and Ishizuka, 2015; Honda and Shibata, 2017) and
their firing properties (Jarsky et al., 2008). Although these studies
characterized the subiculum to some extent, few studies have focused
on the entire (i.e., dorsal and ventral) subiculum.

Transcriptome studies demonstrate that the subiculum exhibits
neuroanatomical heterogeneity (Cembrowski et al., 2018a); however,
the heterogeneity of the expression patterns of proteins has been poorly
investigated in the subiculum. Therefore, to characterize the hetero-
geneity of the entire subiculum (Bienkowski et al., 2018), we took
advantage of an immunohistochemical method. Among proteins that
may be expressed specifically in the subiculum (Ishihara and Fukuda,

2016), the current study focused on fibronectin because its mRNA is
widely expressed in principal neurons in the subiculum (Cembrowski
et al., 2018b) and because fibronectin is reported to be associated with
memory (Roy et al., 2017). Nevertheless, to date, it remains unknown
whether the FN1 mRNA is translated and how fibronectin protein is
distributed in the subiculum. In this study, we analyzed im-
munohistochemical signals for fibronectin protein in the subiculum
along the dorsoventral axis as well as the proximodistal and superficial-
deep axes and examined the heterogeneity of the subiculum based on
the expression of fibronectin.

2. Materials and methods
2.1. Animal ethics

Animal experiments were performed with the approval of the an-
imal experiment ethics committee at the University of Tokyo (approval
number: P24-10) and in accordance with the University of Tokyo
guidelines for the care and use of laboratory animals. The experimental
protocols were performed in accordance with the Fundamental
Guidelines for the Proper Conduct of Animal Experiments and Related
Activities in Academic Research Institutions (Ministry of Education,
Culture, Sports, Science and Technology, Notice No. 71 of 2006), the
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Standards for Breeding and Housing of and Pain Alleviation for
Experimental Animals (Ministry of the Environment, Notice No. 88 of
2006) and the Guidelines on the Method of Animal Disposal (Prime
Minister’s Office, Notice No. 40 of 1995).

2.2. Histology

Fifteen young adult (6-week-old) male C57BL/6J mice were an-
esthetized via intraperitoneal administration of 150 mg/ml urethane
dissolved in saline. Anesthesia was confirmed via the lack of reflex re-
sponses to tail and toe pinch. The mice were transcardially perfused
with ice-cold phosphate-buffered saline (PBS) followed by 4% paraf-
ormaldehyde in PBS, and the brains were removed. The brains were
postfixed in 4% paraformaldehyde overnight, washed with PBS three
times for 10 min each and horizontally (n = 12 mice) sectioned using a
vibratome at a thickness of 100 um from the dorsal region to the ventral
region unless otherwise noted. For Fig. 5, brains were coronally (n = 3
mice) sectioned at a thickness of 100 pm from the anterior end to the
posterior end. Among horizontally sectioned slices, the most dorsal slice
for each brain was identified as the one in which the cross-sectional
area of the subicular pyramidal cell layer exceeded 0.4 mmZ The
dorsoventral locations of horizontally sectioned slices were expressed
relative to the most dorsal section (0pm). We collected horizontally
sectioned slices every 500 pum from O um to 3000 pm (i.e., seven slices
per brain) and coronally sectioned slices every 300 um from the ante-
rior side to the posterior side. These sections covered nearly the entire
subiculum area.

The sections were blocked with 5% BSA and 0.3% Triton X-100 in
PBS for 60 min at room temperature. These sections were incubated
with mouse primary antibody against neuronal nuclei (NeuN; 1:1000,
MAB377, Merck Millipore, Billerica, MA, USA), rabbit primary anti-
body against fibronectin (1:400, ab2413, Abcam, Cambridge, UK (Chen
et al.,, 2017; Reticker-Flynn et al., 2012; Worth et al., 2010; Yi et al.,
2016)), and guinea pig primary antibody against vesicular glutamate
transporter 2 (VGluT2) (1:1000, VGIuT2-GP-Af810, Frontier Institute,
Hokkaido, Japan (Ishihara and Fukuda, 2016)) in 1% BSA and 0.3%
Triton X-100 in PBS for 16 h at 4 °C. The sections were washed three
times for 10 min each with PBS and incubated with Alexa Fluor 488-
conjugated goat secondary antibody against mouse IgG (1:500,
A11001, Invitrogen, MA, USA), Alexa Fluor 594-conjugated goat sec-
ondary antibody against rabbit IgG (1:500, A11037, Invitrogen, MA,
USA), and NeuroTrace 435/455 blue fluorescent Nissl stain (1:500,
N21479, Thermo Fisher Scientific, MA, USA) in 1% BSA and 0.3%
Triton X-100 in PBS for 1.5 h at room temperature.

To validate the specificity of the rabbit anti-fibronectin primary
antibody (Fritschy, 2008; Rhodes and Trimmer, 2006), we pre-
incubated it with native mouse fibronectin protein (ab92784, Abcam,
Cambridge, UK) for 16 h at 4 °C at a concentration that was 5 times that
of the antibody by weight. The preprocessed primary antibody was used
to validate its antigen specificity (Fig. 2C, D).

2.3. Confocal imaging

The images (1024 x 1024 pixels, 16-bit intensity) for each region of
interest were acquired at Z-intervals of 2.0 pm (10 <, 40 x) or 0.2 ym
(100x) using an FV1200 confocal microscope (Olympus, Tokyo,
Japan) equipped with 10x, 40 x and 100 x objectives and Z-stacked
using ImageJ software (National Institutes of Health, MD, USA).

2.4. Statistics and analysis

The data were analyzed using MATLAB (MathWorks, Natick, MA,
USA). The summarized data are reported as the mean + the standard
error of the mean (SEM). P < 0.05 was considered statistically sig-
nificant. When multiple pairwise comparisons were required, we cor-
rected the original P values with Bonferroni’s correction and compared
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the corrected P values with 0.05.

To identify the subicular pyramidal field, we defined the CAl-sub-
iculum boundary and the subiculum-presubiculum boundary based on
the intensities of NeuN immunofluorescence. For the CAl-subiculum
border, we aligned 0.4-um? squares on the CA1 pyramidal cell layer
along the proximal-to-distal axis and calculated the mean intensity of
NeuN immunofluorescence in each square. We then defined the first
square whose intensity was less than 5% of the maximum intensity as
the most proximal and superficial point of the subiculum (i.e., the end
of the CA1 pyramidal cell layer). We drew a vertical line from this point
to the CA1 pyramidal cell layer. For each section, we regarded this line
as the boundary between the CA1 area and the subiculum. In addition,
we defined a cytoarchitectural gap in the cell population as the sub-
iculum-presubiculum boundary.

A given cell was regarded as a fibronectin-positive cell if fibronectin
was expressed in more than 10% of the cell, as determined by fluor-
escence. After defining fibronectin-positive and fibronectin-negative
cells, we determined the fibronectin-positive area by outlining the
outermost fibronectin-positive cells. We then normalized the subicular
pyramidal field and fibronectin-positive area in each slice in the fol-
lowing way: i) the superficial and deep borders between the subicular
pyramidal cell layer and other subicular layers (i.e., the molecular and
polymorphic layers) were divided into one hundred quadrilaterals; ii)
single quadrilaterals were transformed into congruent rectangles using
a homography transformation matrix; iii) the fibronectin-positive area
was similarly homography transformed; iv) we joined all the trans-
formed rectangles so that the subicular pyramidal field became a single
rectangle; v) we then joined the transformed fibronectin-positive area
side-by-side in parallel. Subsequently, we calculated the density of the
fibronectin-positive cells in the subicular pyramidal field in each slice
and represented the densities as a pseudocolor map smoothed by a
Gaussian filter (o0 = 0.5, 10 times).

3. Results

We made 100-pm-thick brain sections, performed immunostaining,
and manually outlined the NeuN-positive area to estimate the extent of
the subicular pyramidal field along the dorsoventral axis (see Materials
and methods; Fig. 1A). The subicular pyramidal fields of the most
dorsal sections (0 pm) were significantly larger than those of the third
sections (1000 um) and sixth sections (2500 ym) (P = 8.77 x 10 1%,
Fe3s) = 22.9; P (Opm vs. 1000pum) = 3.10 X 10"2, P (Opum vs.
2500 um) = 1.22 x 1072, n = 6 mice; paired t-test with Bonferroni’s
post hoc correction after one-way analysis of variance (ANOVA);
Fig. 1B), those of the most ventral sections (3000 pm) were significantly
larger than those of the fourth sections (1500 pm) and fifth sections
(2000pm) (P= 877 x 107", Fgas =22.9; P (1500um vs.
3000pm) = 1.74 x 102, P (2000pum vs. 3000 um) = 6.85 x 10 2,
n = 6 mice; paired t-test with Bonferroni’s post hoc correction after one-
way ANOVA; Fig. 1B), and other pairs exhibited no significant differ-
ences (P (Oum vs. 500 um) = 0.11, P (Oum vs. 1500 um) = 0.06, P
(0O pm vs. 2000 pm) = 0.06, P (0 pm vs. 3000 pm) = 0.22, P (500 pm vs.
1000 pm) = 0.24, P (500pum vs. 1500pm) > 0.5, P (500 pym vs.
2000 um) > 0.5, P (500um vs. 2500um) > 0.5, P (500 pum vs.
3000um) > 0.5, P (1000 pm vs. 1500pum) > 0.5, P (1000 pm vs.
2000 um) > 0.5, P (1000 pum vs. 2500um) > 0.5, P (1000 pm vs.
3000 um) > 0.5, P (1500 pm vs. 2000 pm) = 0.49, P (1500 ym vs.
2500 um) > 0.5, P (2000 pum vs. 2500um) > 0.5, P (2500 pm vs.
3000 um) > 0.5, n = 6 mice; paired t-test with Bonferroni’s post hoc
correction after one-way ANOVA).

We observed obvious fibronectin-positive fluorescent signal in both
the dorsal and ventral subiculum in horizontally sectioned slices (n = 6
mice; Fig. 2A, B). We also found scattered fibronectin immunosignal in
other subregions (Fig. 2A, B). To address whether fibronectin was ex-
pressed intracellularly or extracellularly, we took higher-magnification
(100x) images of these slices. Surprisingly, the high-magnification
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Fig. 1. Focal areas of brain sections for immunostaining. A,
Seven 100-pm-thick sections were prepared at intervals of
500 um from each brain. The measures indicate the dis-
tances from the most dorsal section. Sections were im-
munolabeled for NeuN and fibronectin and counterstained

with blue fluorescent Nissl stain. Regions including the
subiculum, indicated by boxes, were confocally imaged and

Z-stacked. B, The positions of the sections are indicated by

the distance from the dorsal tip (0pm). For each dorso-
ventral level, we calculated the area of the subicular pyr-

amidal field. The data are represented as the mean and
SEM (P <

0.05, P < 0.01,

paired t-test with
Bonferroni’s post hoc correction after one-way ANOVA,
n = 6 mice each).
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Fig. 2. Immunohistochemical signals of fibronectin in the subiculum and neighboring areas. A, Representative immunohistochemical images of the dorsal subiculum

[ Sas we |
and its surrounding areas in a horizontal plane. Low-magnification (10 x ) confocal images of anti-NeuN (A, green), anti-fibronectin (A, red), and merged signal (Aj3).

The boxed areas (white) in the image in A3 are magnified (40 x) in A4 and As, which correspond to the subiculum and its neighboring area, respectively. The boxed
areas (white) in the images in A4 and A5 are further magnified (100 x ) in As and Az, respectively. A single Z-stack image of the subiculum in an X-Y plane is shown in

Ag and A;. The images in Y-Z (right) and Z-X (bottom) planes are Z-projections in the X and Y directions, respectively. The horizontal and vertical dashed lines are
orthogonal to the Y-Z (right) and Z-X (bottom) planes, respectively. Note that all fibronectin-positive cells in the subiculum expressed NeuN. B, The same as in A, but

for a ventral section. C, The same as in A, but for a dorsal section immunostained by the anti-fibronectin primary antibody preincubated with a blocking peptide. No
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fibronectin signal was detected. D, The same as in C, but for a ventral section. Abbreviation: FN, fibronectin; BP, blocking peptide.
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Fig. 3. Representative photographs of NeuN
and fibronectin immunoreactivity in the sub-
iculum from an adult mouse along the dorso-
ventral axis. In each row, confocal images of
Nissl (blue, left-most column), anti-NeuN (green,
second), anti-fibronectin (red, third), and
merged (fourth) signal are superimposed. The
boxed areas (white) in the fourth-column images
are magnified (40x) in the fifth column.
Different rows display photographs obtained
from different dorsoventral levels, which are
indicated as the distance (um) from the most
dorsal section. Experiments were repeated for
all 6 animals of the same age, and the same
results were obtained. Abbreviation: FN, fi-
bronectin.
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images confirmed that fibronectin was likely expressed within their cell
bodies of subicular neurons, whereas it was expressed outside cell
bodies in other brain regions (Fig. 2A, B). When the anti-fibronectin
primary antibody was preincubated with a blocking peptide (n = 3
mice; see Materials and methods), we did not observe evident fi-
bronectin-positive fluorescent immunosignal in any regions of dorsal or
ventral sections (Fig. 2C, D). These results confirmed that both dorsal
and ventral subicular neurons intracellularly expressed fibronectin, al-
though fibronectin is generally believed to be one of the cell adhesion
molecules in peripheral organs (Dixon and Burns, 1982). We then im-
munostained a series of horizontal sections and found expression of
fibronectin within the cell bodies in all slices tested (Fig. 3).

Since fibronectin-positive cells were obviously distinguishable from
fibronectin-negative cells (Fig. 4A), we defined the fibronectin-positive
area as the smallest polygon that enclosed all fibronectin-positive cells
in the subiculum (Fig. 4B). To normalize the fibronectin-positive areas
in the subiculum, we performed a homography transformation on each
manually outlined subicular pyramidal field so that it would be a rec-
tangle and subsequently transformed the original fibronectin-positive

134

areas using the same transformation matrix (see Materials and methods;
Fig. 4C). We then estimated the density of fibronectin-positive cells
within the subiculum (Fig. 4D). In this analysis, we excluded the most
dorsal section (0 um) because the subiculum in this section was merged
with the CAl area (Fig. 1A) and did not allow us to precisely define the
proximodistal axis. Unexpectedly, the fibronectin-positive cells were
widely distributed in the most dorsal region of the subiculum, whereas
in the most ventral regions of the subiculum, they were concentrated in
the distal and superficial portion (Fig. 4D). We calculated the ratio of
the fibronectin-positive area to the subicular pyramidal field along the
dorsoventral axis (Fig. 4E). The ratio of the fibronectin-positive area of
the most dorsal sections (0 pm) was significantly larger than those of
the fourth (1500 pm), fifth (2000 pum), sixth (2500 pm) and seventh
(3000 pm) sections (P = 1.21 x 10 ', Fi g5 = 22.4; P (Opm vs.
1500 um) = 3.44 x 1072, P (Opm vs. 2000pum) = 7.27 x 1073, P
(O pm VS. 2500 pym) = 2.84 x 10 3, P (0O pm VS.
3000 um) = 1.96 x 102, n = 6 mice; paired t-test with Bonferroni’s
post hoc correction after one-way ANOVA; Fig. 4E). In addition, the
ratio of the fibronectin-positive area of the second sections (500 pm)
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Fig. 4. Gradual transition of the fibronectin-po-
sitive area in the subiculum along the dorso-
ventral axis. A, Left: a representative high-mag-
nification (40x) confocal image of the
fibronectin-positive area in which anti-NeuN
(green) and anti-fibronectin (red) images were
superimposed. Right: a scatter plot in which fi-
bronectin-positive and fibronectin-negative cells
are shown in red and green, respectively. B, A
representative low-magnification (10x) con-
focal image of the subiculum and its surrounding
regions with Nissl (blue), anti-NeuN (green) and
anti-fibronectin (red) and superimposed im-
munostaining signal. The cyan and magenta lines
enclose the subicular pyramidal field and the
fibronectin-positive area, respectively. The red
and green circles indicate fibronectin-positive
and fibronectin-negative cells, respectively, in
the fibronectin-positive area as shown in A. C,
Top: the original subicular pyramidal field, fi-
bronectin-positive area, and fibronectin-positive
and fibronectin-negative cells are extracted from
B. The circles and squares indicate proximal and
distal borders, respectively, with blue and dark
red indicating superficial and deep borders, re-
spectively, between the subicular pyramidal cell
layer and other layers. Bottom: the normalized
map to which the original map (top) was re-
shaped by the homography transformation. The
abscissa and ordinate indicate the proximodistal
and superficial-deep axes, respectively. D,
Representative pseudocolor maps in which hot
and cold colors indicate high and low density of
fibronectin-positive cells, respectively, in the
rectangular subicular domain shown in C. The
upper and lower maps indicate the dorsal and
ventral subiculum, respectively. The numbers
indicate the distance (um) from the most dorsal
section (Oum). E, The positions of the sections
are indicated by the distance from the dorsal tip
(0 pm). The ratio of the fibronectin-positive area
to the entire area of the subicular pyramidal cell
layer gradually decreases along the dorsal-to-
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was significantly larger than those of the fifth (2000um), sixth
(2500 um) and seventh (3000pum) sections (P= 1.21 x 10 '°
Fg35) = 22.4; P (500 pm vs. 2000 pm) = 3.03 X 1072, P (500 pm vs.
2500 pum) = 9.29 x 10~ 3, P (500um vs. 3000 pm) = 2.66 x 102,
n = 6 mice; paired t-test with Bonferroni’s post hoc correction after one-
way ANOVA; Fig. 4E). In contrast, other pairs exhibited no significant
differences (P (0 um vs. 500 pm) = 0.24, P (0 pym vs. 1000 um) = 0.06, P

(500 um vs. 1000um) = 0.36, P (500 pum vs. 1500 ym) = 0.27, P
(1000 pm vs. 1500pm) > 0.5, P (1000 pm vs. 2000pum) > 0.5, P
(1000 um vs. 2500um) > 0.5, P (1000 pm vs. 3000um) > 0.5, P
(1500 um vs. 2000um) > 0.5, P (1500 um vs. 2500 um) > 0.5, P
(1500 ym vs. 3000um) > 0.5, P (2000 pm vs. 2500 pum) > 0.5, P

(2000 um vs. 3000 pm) > 0.5, P (2500 pym vs. 3000 pum) > 0.5, n =6
mice; paired t-test with Bonferroni’s post hoc correction after one-way
ANOVA; Fig. 4E). These results confirmed that the fibronectin-positive
area of the ventral sections was smaller and more convergent than that
of the dorsal sections.

When the brain was serially sectioned in a fixed plane, the geometry
of the subiculum changed from one section to the next because the
subiculum has a C-shaped curve in the brain. In horizontal sections,
therefore, the most dorsal plane was nearly parallel to the longitudinal

1000
dorsal €—— Paosition —> ventral

135

ventral axis. Data are represented as the mean
and SEM (P < 0.01, paired ttest with
Bonferroni’s post hoc correction after one-way
ANOVA, n = 6 mice each). Abbreviation: FN, fi-
bronectin.

2000 3000 [um]

axis of the subiculum, whereas the most ventral plane was nearly per-
pendicular to the longitudinal axis of the subiculum. Thus, it was pos-
sible that the dorsoventral difference in the densities of fibronectin-
positive cells depended on the planes of sectioning. To disambiguate the
true dorsal-ventral differences from the sectioning differences, we im-
munostained coronal sections and observed the distribution pattern of
fibronectin (Fig. 5). In coronal sections, we also found almost the same
expression pattern of fibronectin as shown in horizontal sections
(Figs. 3-5); more neurons in the dorsal subiculum expressed fibronectin
than in the ventral subiculum.

To quantify the fibronectin-positive area more specifically, we
counted the fibronectin-positive and fibronectin-negative cells and
computed the ratio of fibronectin-positive cells to the fibronectin-po-
sitive area in every section (Fig. 6A). However, all pairs exhibited no
significant differences (P = 0.60, F(s35) = 1.56, n = 6 mice; one-way
ANOVA; Fig. 6B). Therefore, the ratios of fibronectin-positive cells in
the fibronectin-positive area were nearly constant along the dorsoven-
tral axis.

Furthermore, we sought to determine the functional relevance of
fibronectin-positive cells in the subiculum. A previous study reported
that vesicular glutamate transporter 2 (VGIuT2) functions as a specific
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marker gene for bursting neurons in the subiculum (Wozny et al.,
2018). Thus, we immunostained horizontal sections using antibodies
against VGIuT2 as well as fibronectin (n = 3 mice; Fig. 7). We found
higher levels of VGIuT2 expression in more ventral sections as opposed
to the expression pattern of fibronectin (Fig. 7) and did not detect
VGIuT2 immunosignal in either the most dorsal or the most ventral
sections (data not shown). This colocalization assay revealed that the
expression of fibronectin and VGIuT2 did not overlap (Fig. 7).

4. Discussion

Past studies have reported that FN1 mRNA, which encodes fi-
bronectin, is expressed in the dorsal subiculum (Sheppard et al., 1995)
and that the FN1 gene is expressed in the distal portion of the dorsal
subiculum (Cembrowski et al., 2018a) but not in the ventral subiculum
(Roy et al., 2017). Nevertheless, the expression of fibronectin, the
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Fig. 5. Expression patterns of fibronectin in the coronal
sections. A, Representative illustrations of anterior (left),
intermediate (middle), and posterior (right) sections con-
taining the subiculum (green). The numbers next to the
right panel indicate distances (um) from the most dorsal
section. B, A representative immunohistochemical image of
NeuN (green) and fibronectin (red) within the blue-boxed
area in the anterior section shown as in A. C, The same as
B, but for the dorsal subiculum in the intermediate section.
D, The same as B, but for the ventral subiculum in the in-
termediate section. E, The same as B, but for the posterior
section. Abbreviation: FN, fibronectin.

protein encoded by the FN1 gene, has not been investigated in either
the dorsal or the ventral subiculum. The current study provided a series
of immunohistochemical images of fibronectin in the mouse subicular
pyramidal cell layer along the dorsoventral axis. For horizontally sec-
tioned slices, we propose several hypotheses: i) fibronectin is expressed
not only in the dorsal but also in the ventral subiculum; ii) the dorsal
subiculum expresses fibronectin more heavily than the ventral sub-
iculum; iii) the distal portion of the subiculum expresses fibronectin
more heavily than the proximal portion; iv) fibronectin is distributed
homogeneously in the fibronectin-positive area along the dorsoventral
axis.

We observed fibronectin in the dorsal and ventral subiculum, con-
sistent with several previous mRNA studies (Cembrowski et al., 2018b;
Roy et al., 2017; Sheppard et al., 1995). For instance, FN1 mRNA was
expressed in pyramidal cells of the dorsal and ventral subiculum of
mature mice (Cembrowski et al., 2018b). Moreover, Cre recombinase in

Fig. 6. Constant density of fibronectin-positive
cells in the fibronectin-positive area along the
dorsoventral axis. A, Left: representative high-
magnification (40 %) confocal images of the fi-
bronectin-positive area in which anti-NeuN
(green) and anti-fibronectin (red) images are
8 superimposed. Right: scatter plots in which fi-
bronectin-positive and fibronectin-negative
cells are shown in red and green, respectively.
The numbers indicate the distance from the
most dorsal section (um). B, The positions of the
sections are indicated by the distance from the

1000 2000 3000 [um]

dorsal tip (Opm). No significant differences
were found between any pairs regarding the

dorsal

3000

@ FN-positive cell
® FN-negative cell

Position ventral

ratios of fibronectin-positive cells to the fi-
bronectin-positive area (P > 0.05, one-way
ANOVA, n = 6 mice each). The data are re-
presented as the mean and SEM. Abbreviation:
FN, fibronectin.
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FN1-Cre mice was present in the dorsal subiculum (Roy et al., 2017). At
the embryogenic level, FN1 mRNA in the dorsal subiculum was found
from embryonic day 18 (Sheppard et al., 1995). In addition, a previous
study reported that neuroepithelial expression of FN1 mRNA occurred
throughout the telencephalon. Neuronal production of fibronectin was
confined to cells migrating toward and into specific brain regions, in-
cluding the subiculum. Fibronectin is completely confined to the sub-
iculum once embryonic development is over (Sheppard et al., 1995).

We found that fibronectin was intracellularly expressed in the
subiculum, whereas it was expressed outside the cell bodies in other
regions. The expression patterns in brain regions other than the sub-
iculum resemble those in peripheral organs. In peripheral organs, cel-
lular fibronectin exists as a protein dimer. Cellular fibronectin is se-
creted as a soluble dimer and is then assembled into an insoluble
extracellular matrix as a cell adhesion molecule (Dixon and Burns,
1982; Singh et al., 2010; Sottile and Hocking, 2002; Sottile and Wiley,
1994). One possible mechanism for fibronectin inside a cell might be a
lack of transporters secreting fibronectin to the extracellular region.

As for the neurophysiological phenotype, subicular principal neu-
rons are divided into regular-spiking and bursting neurons based on
firing properties (Matsumoto et al., 2018). A recent study has shown
that bursting neurons in the subiculum are immunolabeled by VGluT2
(Wozny et al.,, 2018). The colocalization assay for fibronectin and
VGIuT2 in the subiculum in our study revealed that fibronectin-positive
and VGluT2-positive subareas were mutually exclusive (Fig. 7), sug-
gesting that fibronectin-positive cells are regular-spiking neurons. Our
experimental data bridge a gap between neuroanatomical and neuro-
physiological phenotypes; however, it is still unclear how intracellular
fibronectin in the subiculum is related to cognitive functions, such as
memory, learning, and spatial representation.

Previous studies have demonstrated that the firing rates of subicular
regular-spiking neurons were reduced during CAl ripples (Bohm et al.,
2015) and that regular-spiking neurons exhibited experience-related
plasticity in intrinsic excitability (Dunn et al., 2019). Further behavioral
and electrophysiological assays combined with genetic manipulation
will reveal the functional relevance of subicular fibronectin to spatial
memory (Cembrowski et al., 2018a), nonspatial memory (Roy et al.,
2017), and spatial representation (Lever et al., 2009; Olson et al.,
2017).
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Fig. 7. Representative photographs of fi-
bronectin and VGIuT2 immunoreactivity in the
subiculum of an adult mouse along the dorso-
ventral axis. In each row, confocal images of
Nissl (blue, left-most column), anti-fibronectin
(red, second), anti-VGIuT2 (green, third) and
merged (fourth) signal are shown. Different
rows display photographs obtained from dif-
ferent dorsoventral levels, which are indicated
as the distance (pm) from the most dorsal sec-
tion. The experiments were repeated for all 3
animals of the same age, and the same results
were obtained. Abbreviation: FN, fibronectin;
VGIuT2, vesicular glutamate transporter 2.
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