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Abstract

Introduction: Although the hippocampus (HIP) is thought impermeable to blood-
borne proteins because of the integrity of the blood-brain barrier (BBB), it was
recently suggested to be susceptible to hydrophilic hormones. The present study
determined the accessibility of blood-borne signal molecules such as hormones to
hippocampal neurons in physiologically normal rats.

Methods: As a probe for accessibility, Evans blue dye (EB) that rapidly binds to albu-
min (Alb), which is impermeable to the BBB, was injected intravenously. To increase
the vascular permeability of the BBB, a daily single administration of angiotensin I
(Ang 1) was applied intravenously for seven consecutive days.

Results: Fifteen minutes after the injection of EB, histological observation revealed
that a number of neurons had entrapped and accumulated EB into their cell bodies
in the hippocampal dentate gyrus in all rats. Of these, relatively large oval neurons
(>15 pm) in the hilus and molecular layer showed parvalbumin immunopositivity, indi-
cating they are GABAergic interneurons. The population of EB-accumulating neurons
(approximately 10 um) were localized in the inner margin of the granule cell layer,
suggesting they were granule cells. However, the number of EB-positive neurons did
not change in rats treated with Ang Il compared with vehicle injection.

Conclusions: These findings suggest an intriguing possibility that blood-derived pro-
teins such as hormones have access to hippocampal neurons constitutively in the
absence of stimuli that increase the vascular permeability of the BBB in a physiologi-

cally normal state.
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1 | INTRODUCTION

Almost all brain regions, including the hippocampus (HIP), are
thought to be isolated from the systemic circulation by the blood-
brain barrier (BBB), which provides tight control over the passage
of small molecules from the blood. Furthermore, BBB integrity
prohibits leakage of circulating proteins such as albumin (Alb) and
hydrophilic hormones, in the absence of controlled transendothe-
lial transport systems that facilitate transcytosis, such as insulin-like
growth factor 1. However, circumventricular organs (CVOs) includ-
ing the subfornical organ (SFO) and median eminence (ME), which
possess fenestrated capillaries and lack a BBB, are widely accepted
as providing free access for hormones to neurons localized within
and around the CVOs.

Various physiologically abnormal conditions including chronic
hypertension and traumatic injury frequently disrupt the BBB in
the HIP to increase vascular permeability, suggesting the selec-
tive vulnerability of the BBB in the HIP compared with other brain
regions (Ueno et al., 2004; del Valle, Camins, Pallas, Vilaplana, &
Pelegri, 2008). Although the underlying mechanisms involved in
the disintegration of the BBB under these conditions are poorly
understood, an octapeptide, angiotensin Il (Ang Il), was demon-
strated to be critical for the modulation of hippocampal BBB per-
meability in vivo (Biancardi, Son, Ahmadi, Filosa, & Stern, 2014;
Li et al., 2014, 2016). Furthermore, an in vitro study using BBB
microvascular endothelial cell culture showed that Ang Il led to
structural changes including pore induction on endothelial cells,
which increased BBB permeability (Fleegal-DeMotta, Doghu, &
Banks, 2009).

Contrary to the established theory of BBB integrity, accumu-
lating evidence has suggested that several blood-derived products
can penetrate into the HIP in the absence of stimuli that increase
BBB permeability under healthy conditions. Ueno and colleagues as-
sessed potential penetration into the HIP from the blood by tracing
an exogenous probe, horseradish peroxidase (HRP), injected intrave-
nously into normal mice, which leaks into the SFO and then diffuses
to the HIP (Ueno et al., 1994, 1997, 2000). In addition, circulating
ghrelin, a 28-residue peptide hormone, was translocated from blood
to the HIP at a low level (Banks, Tschép, Robinson, & Heiman, 2002;
Rhea et al., 2018). This peptide regulates the synapse density of
the HIP (Diano et al., 2006) and stimulates adult neurogenesis di-
rectly (Li et al., 2013). Recently, we found that a transient increase
in plasma Ang Il levels triggered enhanced neurogenesis in the adult
rat HIP, probably through trophic factor production in hippocampal
astrocytes on which the peptide acts directly (Koyama, Mukuda,
Hamasaki, Nakane, & Kaidoh, 2018; Mukuda, Koyama, Hamasaki,
Kaidoh, & Furukawa, 2014). However, direct evidence that blood-
borne products can access hippocampal neurons constitutively has
not been reported.

The fluorescent dye Evans blue (EB) is a useful probe to ex-
plore leaky blood vessels and deficits of the BBB because it rapidly
binds to a plasma carrier protein Alb which cannot cross the BBB
(Yao, Xue, Yu, Ni, & Chen, 2018). In addition to the CVOs, a large

amount of EB-Alb complex extravasation, induced by pathological
conditions such as traumatic brain injury and inflammation, was
detected in brain parenchyma as a blue stain macroscopically or
as an intense red signal in the extracellular space of brain paren-
chyma by fluorescent microscopy (Alonso, Reinz, Fatar, Hennerici,
& Meairs, 2011; Rakos et al., 2007; Roe et al., 2012; Yang et al.,
2007). However, when there is a minimal penetration of Alb into
the brain parenchyma, it is extremely hard to distinguish low EB
signals using conventional anatomical and histological examina-
tion because of the poor signal-to-noise (S/N) ratio. However, EB
is entrapped by neurons (Albanese & Bentivoglio, 1982; Mukuda
& Ando, 2003, 2010) and the intracellular accumulation of EB fol-
lowing neuronal uptake intensifies the signal, thereby allowing
minimal amounts of EB to be measured, and the direct accessibil-
ity of blood-borne products including hormones to hippocampal
neurons can be assessed.

The aim of the present study was to examine the direct acces-
sibility of blood-borne proteins to hippocampal neurons in phys-
iologically normal rats using EB, which binds to Alb in the blood.
An intravenous injection of EB was made 15 min before sacrifice.
In addition, to determine changes in the accessibility of EB, a daily
single dose of Ang Il, to increase BBB permeability, was given for
seven consecutive days. Neuronal uptake of EB was observed
in brain sections by fluorescent microscopy. The number of EB-
positive neurons was counted and compared between rats ad-
ministered vehicle or Ang Il. Furthermore, immunohistochemical
staining was performed on EB-accumulating neurons to identify

their neurochemical features.

2 | MATERIALS AND METHODS
2.1 | Animals

All animal procedures in the present study were performed in ac-
cordance with the Guidelines for the Care and Use of Laboratory
Animals of Tottori University and Guidelines for Proper Conduct of
Animal Experiments decreed by the Science Council and Ministry
of Education, Culture, Sports, Science and Technology of Japan.
All experimental protocols were approved by Tottori University
Institutional Animal Care and Use Committee (approved protocol
numbers: 17-Y-14).

Male Long-Evans rats (7-9 weeks old) used in the present study
were bred in our laboratory. All rats were housed under the standard
conditions of a 12-hr/12-hr light/dark cycle at 23-25°C and received
food and water ad libitum. Until the experiments began, 3-4 rats

were housed in each cage.

2.2 | Surgical procedures

To administer various substances, all rats were implanted with

catheters into the right atrium via the right jugular vein. Briefly,
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rats were anesthetized by an intraperitoneal injection of thiamylal
sodium (60 mg/kg, Nichi-lko Pharmaceutical). After shaving the
hair of the right chest and dorsal neck, the rat was placed ventral
side up and a small incision was made in the right supraclavicular
skin to provide access to the right jugular vein. The jugular vein
was isolated from the subcutaneous fatty tissue and a small cut
was made, through which a polyurethane tube (1.02 mm outer
diameter, MRE-040, Eicom) primed with heparinized saline (10-U
heparin sodium in 1 ml 0.9% NaCl) was inserted toward the right
atrium. The catheter was secured in the blood vessel with cot-
ton threads. The distal tip of the catheter was capped and passed
through the cervical subcutaneous tissue toward the back and ex-
teriorized through a small incision on the dorsal neck skin. The
incisions were sutured with cotton threads and wiped clean. After
surgery, rats were housed individually with fresh bedding for at
least 3 days for recovery. The catheter implanted into the rat was
flushed daily with heparinized saline (<50 ul) to prevent it from

clogging.

2.3 | Administration of Ang I, EB, and 5-bromo-2'-
deoxyuridine into the systemic circulation

Ang Il was reported to increase the permeability of the BBB and
cause leakage of blood-derived large molecules (Biancardi et al.,
2014; Fleegal-DeMotta et al., 2009). To induce this leakage, a sin-
gle dose of Ang Il (200 pl, 10~° M in vehicle: 10-U heparin sodium
in 1 ml 0.9% NaCl) was given to rats via the catheter, followed
by vehicle (100 pl) to flush out Ang Il in the catheter (n = 7). This
was repeated daily during the experimental period consisting of
seven consecutive days. In our preliminary study, we observed the
pharmacological effect of a single injection of Ang Il, whereby the
arterial blood pressure was increased transiently. In addition, this
injection increased the number of new cells and immature neu-
rons in the HIP, indicating it was effective in the HIP (Mukuda
et al., 2014). For controls, 300 pl of vehicle was administered
daily (n = 6). To evaluate the physiological effect of the increased
plasma levels of Ang Il, the volume of water intake over a 15-min
period was measured after the intravascular injection. An increase
in plasma Ang Il is well established to elicit potent thirst and com-
pel water drinking (Fitzsimons, 1998).

Evans blue binds to Alb immediately and forms a complex when
the dye enters the blood, and this EB-Alb complex cannot cross an
intact BBB (Yao et al., 2018). Therefore, EB is widely used to assess
the BBB integrity in the brain, in which extravasation of EB into the
brain parenchyma is a good probe for identifying regions where the
BBB is leaky (Alonso et al., 2011; Rakos et al., 2007; Uyama et al.,
1988). In addition, EB is often used to trace neuronal innervation
because it is taken up intracellularly by various types of living neu-
rons in the peripheral and central tissues, and accumulates in their
somata (Mukuda & Ando, 2003, 2010). To detect the extravasation
of EB-Alb complex into the HIP, EB (200 ul, 20 mg/ml in vehicle) was

injected via the catheter 15 min before transcardial perfusion on
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the last day followed by 100 ul of vehicle to flush out the remaining
EB. To label proliferating cells in the HIP, 5-bromo-2'-deoxyuridine
(BrdU, 200 ul, 10 mg/kg in vehicle) was given via the catheter on

days 4-7 of the experimental period.

2.4 | Tissue preparation

Fifteen min after EB injection, rats were deeply anesthetized by an
injection of excess thiamylal sodium and perfused transcardially
with heparinized phosphate-buffered saline (PBS, pH 7.4), followed
by 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer (PB, pH
7.4). The brain was isolated and postfixed in 4% PFA in 0.1 M PB for
48 hr at 4°C, cryoprotected in 30% sucrose in 0.1 M PB, and embed-
ded in OCT Compound (Sakura). Serial samples were cut coronally
at a thickness of 20 um using a frozen microtome (CM1520, Leica),
and the sections were mounted onto adhesive glass slides (59904,

Matsunami).

2.5 | Histology for EB and quantification

In a preliminary examination, washing of tissue sections in the his-
tological procedures reduced the presence of EB in the extracellular
space or neurons. To avoid loss of the dye, a histological examina-
tion of EB was performed using brain sections immediately after
cutting without washing or coverslipping. Fluorescent images were
observed and captured using a fluorescent microscope (BX 51,
Olympus) equipped with a digital full-color camera (DP73, Olympus).
Specific fluorescence of EB (excitation peak at 470-540 nm, emis-
sion peak at 680 nm) was emitted (emission wavelength of >575 nm)
by illuminating the section with green light (530-550 nm). Exposure
time was adjusted to avoid saturation and photobleaching. For each
experiment, the same optimized conditions were applied to the
series of samples. Images were analyzed using cellSens software
(Olympus). After finishing EB examination, identical sections were
used for the following staining.

Evans blue was quantified to assess the amount of leakage
from the blood. A large amount of leakage of EB can be quan-
tified by measuring the intensity of fluorescence emitted from
dye entrapped in the extracellular space. However, it is difficult
to distinguish low signals of EB by conventional analysis because
of the poor S/N ratio. To overcome this, the leakage of EB was
determined by counting the number of distinctly distinguishable
neurons (>15 um in diameter or long axis) that had entrapped EB
in the granule cell layer (GCL) and hilus using fluorescent images.
EB-positive cells (<15 um) in the GCL were not counted because
the precise isolation of each cell was difficult to determine be-
cause of their close localization. Counting was performed using
every fourth section of the left hemisphere of the rostral part of
the HIP from the rostral tip to 1,200 um caudal (15 sections with
80-um intervals) in each animal. Then, the count was multiplied by

4, thereby estimating the number of EB-positive cells in the rostral
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HIP of each animal. Values are expressed as the means + standard
deviation (SD). Statistical significance between animals given Ang
Il and vehicle was determined using the unpaired t test. p < .05 was

considered statistically significant.

2.6 | Histochemistry and immunohistochemistry

All sections for histochemical or immunohistochemical analysis, ex-
cept for Alb immunostaining, were pretreated with blocking solu-
tion (5% normal donkey or goat serum, 0.1% Triton X-100, 0.05%
Tween-20 in PBS) for 1 hr before incubation with a histochemical
probe or primary antibodies. All histological procedures were per-
formed at room temperature unless otherwise stated. To determine
albumin extravasation into the brain, sections were pretreated with
a diluent containing 5% normal donkey serum in PBS and then incu-
bated with sheep polyclonal anti-Alb antibody (1:200, A110-134A,
Bethyl), diluted with the diluent, overnight at 4°C. To identify pro-
liferating cells using BrdU, sections were treated with proteinase K
(0.02 mg/ml in PBS, P6566, Sigma) for 10 min. After rinsing with
PBS, the sections were incubated with 2 N HCI for 30 min at 37°C
and then with 0.1 M boric acid (pH 8.2) for 10 min. After rinsing with
PBS and blocking, the sections were incubated with mouse mono-
clonal anti-BrdU antibody (1:500, MAB4072, Millipore), diluted
with blocking solution, overnight at 4°C. To determine the types of
cells, sections were incubated for 48 hr at 4°C with an appropri-
ate combination of the following primary antibodies diluted with
blocking solution: goat polyclonal antibody for doublecortin (DCX,
1:250, sc-8066, Santa Cruz Biotechnology) for immature neurons,
rabbit polyclonal antibody for parvalbumin (PV, 1:500, GTX 11,427,
GeneTex) for GABAergic interneurons, and goat polyclonal antibody
for glial fibrillary acidic protein (GFAP, 1:1,000, ab53554, Abcam)
for astrocytes.

Sections incubated with primary antibodies were rinsed with
PBS and then incubated with an appropriate combination of the
following secondary antibodies conjugated with fluorophores to-
gether with green fluorescent Nissl (1:500, N-21480, Molecular

@ ME (Vehicle) (b)

HIP (Vehicle) ©

Probes) or 4',6-diamidino-2-phenylindole dilactate (1:1,000, DAPI,
D9564, Sigma), diluted in blocking solution, for 2 hr. The secondary
antibodies used were as follows: donkey anti-sheep IgG antibody
conjugated with Alexa Fluor 568 (1:500, ab175712, Abcam), donkey
anti-goat IgG antibody conjugated with AMCA (1:500, 705-155-147,
Jackson ImmunoResearch) or with Cy3(1:500, 705-165-147, Jackson
ImmunoResearch), donkey anti-rabbit IgG antibody conjugated with
DyLight 488 (1:750, 711-485-152, Jackson ImmunoResearch), and
goat anti-mouse IgG antibody conjugated with Cy3 (1:500, 115-165-
003, Jackson ImmunoResearch). After rinsing with PBS, the sections
were embedded and coverslipped. Stained preparations were exam-
ined under a fluorescence microscope (BX51, Olympus) equipped
with a digital full-color camera (DP73, Olympus). Exposure time was
adjusted to avoid saturation and photobleaching. For each experi-
ment, the same optimized conditions were applied to the series of
samples. Images were acquired and analyzed using cellSens soft-

ware (Olympus).

3 | RESULTS
3.1 | Extravasation of Alb in the brain

As a positive control, immunoreactivity of Alb was found in the neu-
ropil of the ME in vehicle- and Ang lI-treated rats, which expanded
toward the arcuate nucleus of the hypothalamus (Arc) (Figure 1a). In
the HIP, albumin signals were undetectable in the neuropil of rats
given vehicle (Figure 1b). When Ang Il was given daily, low albumin
signals were observed along the hilar margin of the GCL and in the
hilus in the hippocampal dentate gyrus, but it was difficult to distin-
guish between them for quantitative analysis because of the poor
S/N ratio (Figure 1c).

As observed for Alb immunoreactivity, EB signals were ob-
served in the neuropil in the ME-Arc (Figure 2a). In addition to EB
in the neuropil, an intense signal of the dye was found in many cells
in the Arc (Figure 2b), indicating that the EB-Alb complex that had
penetrated into the extracellular space through the leaky blood

HIP (Ang II)

lateral <—l

ventral

lateral <—l

ventral

~ hilus

6oL

FIGURE 1 Immunostaining of albumin (Alb) extravasated into the brain. Photomicrographs show the median eminence (ME) (a) and
hippocampus (HIP) (b, c). (a, b) Brain tissue slices obtained from a rat given a single injection of vehicle (300 pl). (c) Hippocampal section from
a rat injected with Ang Il (107> M, 200 pl plus 100 pl of vehicle). White broken lines on the HIP indicate the hilar border of the granule cell
layer (GCL) of the dentate gyrus. Scale bars, 200 um. Arc, arcuate nucleus; 3V, third ventricle
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FIGURE 2 Accumulation of Evans
blue dye (EB) in cell bodies in the brain.
Rats were given EB (200 pl, 20 mg/

ml in vehicle) via an implanted atrial
catheter 15 min before sacrifice. (a, b)
Photomicrographs show the uptake of
EB in cells of the Arc in a rat injected
with vehicle. The enclosed area with a
white line in (a) is magnified in (b). (c) Low
magnification of the HIP obtained from a
rat given Ang Il. (d, e) High magnification
of the hippocampal dentate gyrus from
rats given vehicle (d) or Ang Il (e). White
broken lines on the HIP indicate the hilar
border of the GCL of the dentate gyrus.
Scale bars, 200 um

(@ HIP (Vehicle)

vessels of the ME was taken into cells of the Arc. In the HIP, it was
difficult to detect an EB signal in the neuropil in rats given vehicle
or treated with Ang Il, but intense EB fluorescence was identified
in cell bodies in the hippocampal dentate gyrus in both groups
(Figure 2c-e). EB-positive cells were frequently found in the hilus
and GCL, while few were observed in the hippocampal formation:
No pyramidal neurons in Ammon's horn (CA) had accumulated EB
(Figure 2c). In the hippocampal dentate gyrus of both groups, the
somata of EB-positive hilar cells, many of which were localized ad-
jacent to the GCL, were oval or spindle-like and >15 um in long
axis (Figure 2d,e). In the GCL, a large number of EB-positive cells
were localized in the hilar margin of the GCL (possibly including
the subgranular zone, SGZ) and a few in the deep layer: They had
a round or polygonal shape and were approximately 10 um in di-
ameter (Figure 2d,e). In addition, the molecular layer sometimes
contained a few EB-positive cells that were large, round, or oval

(>15 um in diameter or long axis) (Figure 2d,e).

@ Arc (\}ehicle)

() HIP (Ang Il)

Brain and Behavi _ | sof12
rain an enhavior Wl LEY

Open Access,

(e HIP (Ang Il)

dorsal

lateral <—T

dorsal

lateral <—T

Evans blue-positive cells were often found in the rostral region
of the dentate gyrus in the HIP and became rare toward the cau-
dal region. The number of hilar EB-positive cells from the rostral tip
to 1,200 pum caudal was slightly increased in rats given Ang Il com-
pared with vehicle, although this did not reach statistical significance
(583.3 + 417.4 in vehicle vs. 923.4 + 137.4 in Ang Il, unpaired t test,
p =.14) (Figure 3).

Evans blue accumulation in hippocampal cells was observed at
least 15 min after the intravascular injection. Over the same period,
cells in the Arc rapidly entrapped EB. However, EB signals were not
detected in neuroendocrine neurons in the paraventricular (PVN)
and supraoptic (SON) nuclei (Figure 4a). Given sufficient time for the
dye to be transported from axon terminals in contact with blood in
the pituitary (e.g., 2 days), the nuclei of all neuroendocrine neurons
were well stained with blood-borne EB (Figure 4b). In addition, hip-
pocampal cells also entrapped EB over this long period. This sug-

gests that EB entrapped by hippocampal cells reached the cells at a
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FIGURE 3 A box-and-whisker diagram showing the number

of EB-incorporating cells in the rostral part of the hippocampal
dentate gyrus (from the rostral tip to 1,200 um caudal) in rats given
vehicle or Ang Il. Statistical comparison was performed using an
unpaired t test

sufficiently high concentration to be accumulated in their cell bodies

over a short period.

3.2 | Types of EB-accumulating cells in the
hippocampus

All EB-positive cells were colabeled with fluorescent Nissl signals
in the hippocampal dentate gyrus (Figure 5a) and Arc (Figure 5b).
In contrast, no cell incorporating EB showed immunoreactivity for
GFAP (Figure 5c,d). These results indicate that the EB-positive cells
were not astrocytes. Considering the pattern of Nissl staining and
the cell morphology including laminar distribution and shape, EB-
positive cells were likely to be neurons.

In the hilus and molecular layer, some large EB-positive cells
(>15 um) were immunoreactive for PV (Figure 6), a marker for
GABAergic interneurons in the hippocampus (Kosaka, Katsumaru,
Hama, Wu, & Heizmann, 1987). Therefore, these cells may be
GABAergic interneurons.

In the hilar border of the GCL, medium-sized EB-positive cells
(approximately 10 um) were negative for BrdU and DCX (Figure 7),
suggesting these were not proliferating cells or immature neurons.
Furthermore, regarding angiogenesis, few endothelial cells immuno-
reactive for BrdU were found (data not shown).

4 | DISCUSSION

Blood-borne proteins such as albumin and hydrophilic hormones are
thought to be unable to leak into most brain areas including the HIP,
except for the CVOs, because of the integrity of the BBB in the phys-
iologically normal state. Contrary to the commonly accepted view,

several studies have suggested that some hormones can access the

HIP. Ghrelin was reported to regulate the synapse density of the HIP
(Diano et al., 2006) and to stimulate adult neurogenesis directly (Li
et al., 2013). Also, our recent study showed that blood-borne Ang Il
stimulated the HIP, thereby enhancing neurogenesis in physiologi-
cally normal adult rats (Koyama et al., 2018; Mukuda et al., 2014).
Although the penetration of blood-derived signal molecules into
the HIP is plausible, their direct access to hippocampal neurons
has not been demonstrated. In the present study, EB was injected
intravenously to histologically trace the translocation of the EB-
Alb complex into the HIP of physiologically normal rats. EB binds
rapidly to Alb in the blood. Thus, this complex cannot leak into the
HIP (Yao et al., 2018) although the translocation of Alb is possible
if an endocytotic transport system, including processes containing
albondin, is present in the endothelia of the BBB. Together with the
leakage of EB in the neuropil of CVOs such as the SFO and ME, we
found that hippocampal neurons, especially in the rostral part of the
dentate gyrus, entrapped and accumulated EB in their cell bodies
in the Ang Il and vehicle groups. These findings strongly indicate
that blood-borne products have the potential to access hippocampal
neurons directly. Compared with vehicle treatment, greater num-
bers of neurons did not uptake EB in the HIP even when Ang Il was
given. However, Ang Il treatment led to the neuronal uptake of EB
in several regions of the cerebral cortex including the amygdala and
retrosplenial cortex, which is physiologically protected by the BBB
(Hamasaki et al., unpublished data). These indicate that the neuronal
uptake of blood-borne EB in the HIP occurred constitutively in the
physiologically normal state even in the absence of stimuli such as
Ang Il to increase vascular permeability.

The neuronal uptake of blood-borne EB is concluded to have
occurred within the HIP because the neuronal projection of the EB-
entrapped cells was confined within the HIP. Of the EB-entrapped
neurons, large, oval, or spindle neurons (>15 um) localized in the
hilus and molecular layer were immunopositive for PV, which is ex-
clusively expressed in GABAergic interneurons such as basket cells
and axo-axonic chandelier cells in the hippocampal dentate gyrus
(Kosaka et al., 1987). These interneurons form synapses within the
dentate gyrus (Booker & Vida, 2018; Freund & Buzsaki, 1996; Pelkey
et al., 2017). Large EB-positive PV-negative neurons localized along
the inner margin of the GCL including the SGZ may be “sporadi-
cally lurking Huntingtin-associated protein 1-immunoreactive cells,”
which are localized in the SGZ and identified as PV-negative basket
cells (Islam et al., 2012).

In addition to these hilar neurons, large EB-positive PV-negative
neurons in the molecular layer may be molecular layer perforant
path-associated (MOPP) or outer molecular layer (OML) cells, based
on their laminar distribution and shape, which had somata in the
molecular layer. Axonal networks of MOPPs are restricted to the
dentate molecular layer, whereas OMLs project into heavily rami-
fied axons in the molecular layer although some make synapses in
the subiculum over the hippocampal fissure (Booker & Vida, 2018).
Granule cells project dendrites to the molecular layer to receive
inputs from the entorhinal cortex, while the axon forms a mossy

fiber in the hilus and transmits signals to pyramidal cells in the CA3.
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FIGURE 4 Accumulation of EBin
hippocampal and hypothalamic cells at
different time points after EB injection.
Rats were given EB (200 pl, 20 mg/ml in
vehicle) via an implanted atrial catheter
15 min (a) or 2 days (b) before sacrifice.
Photomicrographs show the HIP (top),
periventricular (PVN) (middle), and
supraoptic (SON) (bottom) nuclei, in each
left hemisphere. White broken lines in the
HIP indicate the hilar border of the GCL.
Scale bars, 100 um. OC, optic chiasma

However, all pyramidal neurons in the CA, including CA1 that proj-
ects to the entorhinal cortex, were negative for EB. This conclusion
is supported by the finding that the neuronal uptake of EB in the
HIP was detected within 15 min after injection. This short period
did not allow EB to be transported retrogradely from axon terminals
in contact with blood in the posterior pituitary to the cell bodies
of neuroendocrine cells localized in the PVN and SON. The linear
distance from the posterior pituitary to the PVN or SON was simply
estimated over 4 mm on a plane of a stereotaxic brain atlas of rats
edited by Paxinos and Watson (2009). Taken together, these find-
ings strongly indicate that the EB-Alb complex reached hippocampal
neurons from blood vessels distributed in the HIP or near vicinity in
a physiologically normal state. This suggests we should re-examine
the long-accepted theory that the HIP is impermissible to direct con-
tact with signaling molecules such as Alb and hydrophilic hormones
from the systemic circulation under a physiological state. These find-
ings may provide valuable insights to explore the modulation of the
hippocampal structure and function by hormones.

The mechanisms involved in how the EB-Alb complex pen-
etrates into the HIP were not examined in the present study.

However, at least three access routes for the EB-Alb complex

(a) 15 min (b)
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might be considered. First, direct leakage of the EB-Alb complex
from blood vessels within the HIP occurred. Although capillaries
in the HIP are thought to be impermeable to blood proteins in a
physiologically normal state because of the BBB, pathological con-
ditions, such as chronic hypertension and inflammation, cause the
disintegration of the BBB, thereby causing the leakage of serum
components into the HIP (Biancardi et al., 2014; Ueno et al., 2004;
del Valle et al., 2008). In addition, BBB disruption related to in-
creasing age was detected in the HIP of humans (Montagne et al.,
2015). Furthermore, in neonatal rats, maternal isolation to induce
distress resulted in the leakage of blood-borne EB into the HIP
and other brain regions (Gomez-Gonzélez & Escobar, 2009). Ueno
et al. (2004) reported the selective fragility of the BBB in the HIP.
Accordingly, the present study attempted to increase the vascu-
lar permeability of the hippocampal BBB accompanied by the ex-
pected structural changes of blood vessels by the daily treatment
of Ang Il. This peptide increases the permeability of the BBB by
stimulating the induction of pores (fenestrae) on endothelial cells
(Bodor et al., 2012; Fleegal-DeMotta et al., 2009) and promoting
endothelial cell proliferation for angiogenesis (Amaral, Papanek,

& Greene, 2001; Munzenmaier & Greene, 2006). However, few
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endothelial cells in the HIP were labeled with BrdU administered
daily as a single dose, every day for 4 days, before sacrifice in the
Ang Il and vehicle treatment groups. This suggests that angiogen-
esis was not induced in the HIP. Initially, we expected that the vas-
cular permeability of the HIP would be increased by elevated Ang
Il levels in the systemic circulation. However, daily Ang Il injection
did not change the number of EB-entrapped neurons in the HIP,
although it induced EB-positive neurons in some parts of the neo-
cortex such as the amygdala and retrosplenial cortex (Hamasaki et
al., unpublished data). We found EB-entrapped neurons in the HIP
of the vehicle group, indicating the constitutive access of blood-

borne EB to the HIP in the absence of stimuli to increase the BBB

FIGURE 5 Neuralstainingin EB-
incorporating cells of the HIP and Arc.

(a, b) EB-incorporating cells were labeled
with a green fluorescent Nissl stain in
the HIP (a) and Arc (b). Top panels show
cells incorporating EB (red). Middle
panels show magnified areas enclosed
with white squares in the top panels,
which are merged with signals of the
green fluorescent Nissl stain (green)

and DAPI (blue). Bottom panels are the
respective color images of EB, Nissl, and
DAPI in the area enclosed with white
squares in the middle panels. (c, d) EB-
incorporating cells were immunostained
for glial fibrillary acidic protein (GFAP) in
the HIP (c) and Arc (d). Top panels show
GFAP-immunoreactive astrocytes (green),
together with the EB signal. Bottom
panels are the respective color images of
EB and GFAP in the areas enclosed with
white squares in the top panels. White
broken lines in the HIP indicate the hilar
border of the GCL. Scale bars, 100 um
(topin a, b), 50 um (middle in a, b and top
inc, d),and 20 um (bottom in a-d)

permeability. Taken together, stimulus-independent leaky blood
vessels may be localized in the HIP, which physiologically allow
blood-borne products direct access to the HIP. A detailed exam-
ination of the ultrastructure of blood vessels in the HIP is needed.

The second route may consist of a pathway from the SFO to the
HIP. Ueno and colleagues used several strains of mice including a
pathological model to demonstrate that an exogenously injected
plant hemoprotein HRP penetrated into the parenchyma of the
SFO from leaky blood vessels and then diffused to the HIP, espe-
cially the rostromedial region (Ueno et al., 1994, 1997, 2000). The
SFO is a member of the CVOs and is localized immediately rostral

to the HIP in rodents and allows hormones to transmit systemic
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FIGURE 6 Immunohistochemistry
for parvalbumin (PV) in the HIP. Top
panels show EB-incorporating neurons
(red). Bottom panels indicate PV
immunoreactivity (green) together with
EB and DAPI (blue) signals in the areas
enclosed with white squares in the top
panels. White broken lines indicate the
hilar border of the GCL. Arrows indicate
neurons double-positive to EB and PV.
Arrowheads indicate neurons positive
for EB but negative for PV. Scale bars,
100 um (top), 20 pum (bottom). ML,
molecular layer

FIGURE 7 Immunohistochemistry for (a)
neurogenic marker molecules in the HIP.
(a, b) Photomicrographs showing signals
of 5-bromo-2'-deoxyuridine (BrdU, green)
(a) and doublecortin (DCX, green) (b),
together with EB. Rats were given BrdU
(10 mg/kg bw in vehicle) via an implanted
atrial catheter once a day for four
consecutive days before sacrifice. White
broken lines indicate the hilar border of
the GCL. Bottom panels magnify the areas
enclosed with white squares in the top
panels. Cell nuclei were counterstained
with DAPI (blue) in the study for DCX.
Scale bars, 100 um (top), 20 um (bottom)

signals to the brain (Fitzsimons, 1998). The hippocampal diffusion
of HRP shown in mice is consistent with the dominant distribu-
tion area of EB-accumulating neurons in the present study. For
blood-borne products, a similar pathway connecting the CVOs and
the brain area inside the BBB was reported in the hypothalamus.
The hormone ghrelin invaded the ME from leaky blood vessels
and then diffused into the Arc inside the BBB to activate neurons
(Schaeffer et al., 2013). The present study also confirmed the ME-

Arc axis by identifying the neuronal uptake of blood-borne EB in

BrdU (b)
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the Arc. This suggests an SFO-HIP axis might exist in addition to
the ME-Arc axis in rats. This route would be available for blood-
borne products to access to HIP constitutively without the influ-
ence of stimuli to increase vascular permeability because the SFO
is always open. The third route might be possible when the specif-
ically controlled transcellular transport system for Alb is present in
the endothelia of the hippocampal BBB. Several studies using cul-
tured or isolated pulmonary microvessels demonstrated that Alb-

binding proteins, such as albondin expressed on the endothelia,
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facilitated transcytosis (Merlot, Kalinowski, & Richardson, 2014;
Shasby & Peterson, 1987; Tiruppathi, Song, Bergenfeldt, Sass, &
Malik, 1997; Vogel, Minshall, Pilipovi¢, Tiruppathi, & Malik, 2001).
However, Alb transport into the brain via this pathway might be
restricted because of the low or lack of expression of albondin in
brain-derived microvessels (Schnitzer, 1992). However, neonatal
fragment crystallizable receptor (FcRn), which binds to 1gG, was
reported to provide a binding site for Alb and be expressed in the
BBB endothelia (Pyzik et al., 2019). FcRn mediates transcytosis
across the BBB not only from the brain to the blood, but also from
the blood to the brain (Pyzik et al., 2019; St-Amour et al., 2013).
However, the trafficking behavior mediated by FcRn has not been
examined in the HIP.

As seen in traumatic injury or neuroinflammation, pathologi-
cally induced BBB disruption causes a large amount of leakage of
EB from blood vessels; therefore, these brain regions are easily dis-
tinguished macroscopically by blue staining or by intense red fluo-
rescence under fluorescent microscopy (Alonso et al., 2011; Rakos
et al., 2007; Roe et al., 2012; Yang et al., 2007). Accordingly, many
studies using fluorescent microscopy have attempted to detect
EB remaining in the extracellular space of the brain parenchyma.
However, it is difficult to detect low EB signals using such conven-
tional analyses because of the poor S/N ratio. Therefore, in some
cases, the low extravasation of EB may have been missed. However,
even if levels of EB are too low to be observed in the extracellular
space by histological methods, it can be entrapped in living neu-
rons through endocytosis and accumulate in cell bodies, thereby
emitting distinguishably intensified fluorescence (Albanese &
Bentivoglio, 1982; Mukuda & Ando, 2003, 2010). To the best of our
knowledge, the neuronal uptake of EB in the HIP was shown only in
a pathological model of temporal lobe epilepsy, where hippocampal
hyperactivity was elicited by an intrahippocampal administration
of kainic acid (Liu, Liu, Wang, Liu, & Zhao, 2016). Thus, the present
study is the first to successfully identify a small amount of blood-
borne EB, which could not be distinguished using conventional
methods, in physiologically normal rats by detecting dye accumu-
lated in the cell bodies of hippocampal neurons. This methodology
may be advantageous for detecting very small amounts of probes
entrapped by neurons although it may depend on the efficiency of
neuronal uptake.

In addition to the neuronal uptake of EB in hilar interneurons,
some granule cells in the hilar boundary area, probably including
the SGZ, were positive for EB. The SGZ contains neuronal stem
cells throughout life and maintains neurogenesis even in adult-
hood, in which new neurons are incorporated into the GCL to form
neuronal networks (Lacefield, Itskov, Reardon, Hen, & Gordon,
2012). An immunohistochemical assessment using BrdU and DCX
was performed to examine whether these EB-positive neurons
were new neurons. However, EB-positive neurons were not immu-
noreactive for BrdU or DCX. This suggests that these cells were
not proliferating and therefore were at least 2 weeks or older be-
cause DCX is expressed in new neurons within 2 weeks after birth.

Further examination of these granule cells and the neurochemical

identification of neurons positive for EB in the HIP are needed to
elucidate the mechanisms involved in how these neurons exclu-
sively entrap EB.

With the progression of experimental research using model an-
imals, the HIP has been suggested to be susceptible to blood-borne
molecules, such as Ang Il and ghrelin, which enhanced hippocam-
pal neurogenesis through the direct activation of hippocampal
cells (Koyama et al., 2018; Li et al., 2013; Mukuda et al., 2014).
However, the access routes of hormones have not been fully de-
termined. An exogenously administrated neurotoxicant organo-
tin compound, trimethyltin chloride (TMT), induced the selective
neuronal cell death of granule cells and CA3 pyramidal neurons in
the rostromedial portion of the HIP in rats (Chang & Dyer, 1983;
Latini et al., 2010). Although TMT is thought to cross the BBB, a
definitive explanation on the vulnerability of the HIP to TMT has
not been obtained. Constitutive access of the HIP by blood-borne
components may allow more TMT in the blood to enter into the
HIP, compared with other brain regions. Furthermore, an animal
model of temporal lobe epilepsy suggested that the direct action
of Alb in the HIP was a trigger for epileptogenesis (Weissberg,
Reichert, Heinemann, & Friedman, 2011). This phenomenon can be
explained by the disruption of the BBB after brain injury. However,
the mechanisms associated with the change from a normally func-
tioning brain to an epileptic state have not been fully elucidated.
Diffusion from the SFO or direct leakage from the blood vessels
of a fragile hippocampal BBB may allow blood-borne contents
access to the HIP selectively, compared with other brain regions.
Our findings of the constitutive access of blood-derived proteins
into the HIP provide a useful insight to elucidate the mechanisms
of various physiological and pathogenic interactions between the
blood and brain.
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