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Abstract: The effects of nitric oxide (NO) on cerebral capillary angiogenesis and the regulation of pro- and anti-
angiogenic factors that affect cerebral capillary angiogenesis, spatial learning, and memory ability are unclear.
We assessed the effects of the NO precursor L-arginine (L-ARG) and the NO synthesis inhibitor Nw-nitro-L-arginine
methylester (LLNAME) on cortical capillaries and spatial learning and memory abilities. We administered intracere-
broventricular injections of L-ARG or L-NAME to rats before they were evaluated in the Morris water maze. We mea-
sured the levels of NO synthase activity, pro-angiogenic factors, vascular endothelial growth factor (VEGF), basic
fibroblast growth factor (FGF-2), and the expression of the anti-angiogenic factors angiostatin and endostatin. We
also quantitatively investigated parameters of the cortical capillaries using immunohistochemistry and stereological
methods. The L-ARG treatment significantly improved rats’ spatial learning abilities and increased NOS activity in
the cortex. LNAME disrupted spatial learning. Following the L-ARG treatment, the expression of the pro-angiogenic
factors (VEGF and FGF-2) was higher and the expression of anti-angiogenic factors (endostatin) was lower than
the vehicle-treated animals. In contrast, the LLNAME treatment reduced the expression of VEGF and increased the
expression of endostatin. Based on these results, modulation of the NO content in the brain regulates VEGF, FGF-2,
and endostatin expression, as well as capillary parameters in the cortex, which in turn influence spatial learning
and memory performance.
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Introduction

Angiogenesis is defined as the formation of
new blood vessels that grow from endothelial
cell aggregates in mammalian embryos. During
this process, the formation of the vascular plex-
us by endothelial progenitor cells is called vas-
culogenesis [1-3]. According to the vascular
niche hypothesis, an angiogenic environment is
also required for the generation, regeneration
and repair of neurons during adult neurogene-
sis [4, B]; therefore, angiogenesis is particularly
important in brain function research. Both
genetic mechanisms and blood vessel growth
factors in the local micro-environment regulate
angiogenesis [1-3]. Blood vessel growth factors

are divided into pro- and anti-angiogenic fac-
tors, and the balance between these two fac-
tors determines the extent of blood vessel
growth [6].

Pro-angiogenic factors promote the prolifera-
tion and migration of vascular endothelial cells,
matrix protein lysis, and the formation of new
capillary structures. These factors also exert a
catalytic role in the proliferation and secretion
of vascular smooth muscle cells and perivascu-
lar stromal cells. Previous studies have identi-
fied ten species of pro-angiogenic factors,
which include strong effectors such as VEGF
and FGF-2. VEGF was initially identified as a
tumor secretion-promoting factor when it was
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applied to endothelial cells [7], neuronal cells
[8], and tumor cells [9]. FGF-2 modulates the
pleiotropic effects of different cell and tissue
systems. Both low and high molecular weight
variants of FGF-2 promote vascular growth [10].
In addition, the FGF-2 and VEGF signaling path-
ways may coordinate to promote angiogenesis
[11-17].

Anti-angiogenic factors, such as endostatin
and angiostatin, negatively regulate the prolif-
eration and migration of vascular endothelial
cells during angiogenesis either directly or by
opposing the action of pro-angiogenic factors.
Endostatin inhibits the expression of genes
that are normally stimulated by VEGF and FGF-
2, including hypoxia-inducible factor subunit 1o
(HIF-1x) [18]. Endostatin also effectively inhib-
its the formation of microvessels and mainly
acts at the level of neovascularization; howev-
er, it also has a weaker effect on existing ves-
sels [19, 20]. Angiostatin utilizes a mechanism
that is similar to endostatin; it blocks the phos-
phorylation of focal adhesion kinase by binding
to integrin a5B1 to effectively block the VEGF
pathway. This blockade inhibits the Wnt signal-
ing pathway and deactivates matrix metallopro-
teinases. When angiostatin binds to the cell
membrane, annexin, angiomotin, integrin av3,
and other proteins affect the cell’'s ability to
inhibit angiogenesis [21]. Angiostatin regulates
the expression of anti-angiogenic factors and
proapoptotic pathways and targets the mito-
chondrial Kringle active region. In addition,
angiostatin can selectively bind to ATP syn-
thase, which inhibits the proliferation and
migration of endothelial cells [22].

Nitric oxide (NO), a free radical gas produced by
the NO synthase (NOS) protein family, plays an
important role in several brain functions and
related clinical conditions, including the regula-
tion of neuronal excitability, synaptic plasticity,
long-term potentiation, long-term depression,
neurotoxicity, and neuroprotection [23, 24]. NO
is also a ubiquitous second messenger in vari-
ous physiological responses in the vascular
system, including the processes of vasodila-
tion, anti-coagulation, vascular remodeling and
angiogenesis. NOS inhibitors were used to
show that endothelial NOS, cytokine-inducible
NOS, and neuronal NOS play roles in the forma-
tion of the vascular system. As shown in previ-
ous studies, NO acts as a master regulator of
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other pro-angiogenic factors such as VEGF and
FGF-2, as well as anti-angiogenic factors such
as endostatin and angiostatin [25-27]. However,
NO is a compound with a narrow therapeutic
window; specifically, the effects of NO-related
compounds depend on the concentration, time,
and treatment conditions. Excessive NO pro-
duction may induce neurotoxicity, particularly
in the presence of oxidative stress, since NO
may react with superoxide to form peroxynitrite
[28]. Therefore, the manipulation of the NO sig-
naling pathway using low levels of these com-
pounds may affect downstream angiogenesis
regulators in the cortex.

The cortex is one of the most important struc-
tures in the brain and plays a role in spatial
learning and memory. However, researchers
have not yet examined the effects of NO on cog-
nitive ability and cortical capillaries. Additionally,
researchers do not yet know whether NO regu-
lates angiogenesis in the cortex and if this pro-
cess occurs through an interaction with other
pro- and anti-angiogenic factors. In this study,
we investigated the effects of intracerebroven-
tricular (i.c.v.) administration of the NO precur-
sor L-ARG or the NOS inhibitor L-NAME on NOS
activity and angiogenesis in the cortex. We
used the Morris water maze to test spatial
learning and memory ability and immunohisto-
chemistry and stereological methods to assess
the effects of NO on the total length, total vol-
ume and total surface area of capillaries in the
cortex. Finally, we employed real time-PCR and
western blots to investigate the effects of NO
on the expression of the pro-angiogenic factors
VEGF and FGF-2 and the anti-angiogenic fac-
tors angiostatin and endostatin in the cortex.

Materials and methods
Animals

Eight-week old male Sprague-Dawley rats that
weighed 280-320 g were obtained from the
laboratory animal center of Chongqing Medical
University, P. R. China (75 rats). The animals
were housed at the laboratory animal center of
Chongqing Medical University and maintained
at a controlled temperature (22 + 2°C) on a
12-h light/dark cycle. Three or 4 rats were
housed in one standard plastic cage with free
access to food and water. The Sprague-Dawley
rats were randomly divided and assigned to the
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L-ARG (n = 25), L-NAME (n = 25), or the normal
saline (NS) (n = 25) groups. The number of rats
that were excluded from each group due to an
anesthetic accident, infection, or other causes
included 3 (12%) in the NS group, 6 (24%) in the
L-ARG group, and 5 (20%) in the L-NAME group.
All procedures were conducted in accordance
with the Guide for the Care and Use of
Laboratory Animals from the National Institutes
of Health (NIH).

Surgery and model construction

One week before the commencement of the
experiments, animals were intraperitoneally
injected with 1% pentobarbital sodium (Sigma,
Germany), 0.4 ml/100 g, to induce anesthesia.
Polyethylene cannulae (PE-10, OD 0.6 mm, ID
0.3 mm; Rivard Technology Co, China.) were
implanted according to the coordinates in the
Paxinos rat brain stereotaxic atlas [29]. The
cranium was exposed, and a cannula was
implanted into the right lateral ventricle 3.8
mm below the surface, 1.3 mm to the right of
the sagittal suture, and 0.8 mm behind the cor-
onal suture. The cannula was attached to the
skull with dental cement. The rats were allowed
to recover and received food and water ad libi-
tum for 1 week; buprenorphine was provided
prophylactically for pain relief for a minimum of
2 days post surgery. Only animals that exhibited
normal motor functions were used in the sub-
sequent experiments after the recovery period.
These rats were randomly divided into three
groups (25/group). Animals in two groups re-
ceived i.c.v. injections of 5 ul of L-ARG (0.5
umol/day; L-ARG group) [30] or L-NAME (5
umol/day; L-NAME group) [31] for 28 days, fol-
lowed by 5 pl of saline to flush the catheter. The
same amount of normal saline was adminis-
tered to the controls (NS group). The drugs were
diluted in physiological saline (0.9% w/v). L-ARG
(AB006) and L-NAME (N5751) were purchased
from Sigma (USA).

Morris water maze test

A circular pool (1.5 m in diameter) connected to
an automatic track and analysis system (SLY-
RO1& WMS, Beijing Sunny Instruments Co. Ltd.,
Beijing, China) was used for the experiment.
The water was blackened with ink, and a con-
trolled temperature (22 + 2°C) was maintained
during the test. Each rat was tested in four dif-
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ferent quadrants labeled A, B, C and D. The
start position of the four experiments was the
same each day, and the order of the starting
position was the same in the four experiments
for all animals on the same day. However, the
order of the start position was randomly deter-
mined each day. The rats were slowly placed in
the water facing the wall of the pool. A visible
platform was used on the first day, and a hid-
den platform was used on the next five days.
The platform remained in the same quadrant
for six days. In each experiment, the animals
were allowed to swim for 120 s until it located
the platform and were allowed to remain on the
platform for 15 s. If the rat did not locate the
platform within 120 s, it was guided to the plat-
form and allowed to remain on the platform for
15 s. The interval time between subsequent
experiments was more than 15 min for each
animal. Twenty-four hours after the last training
session on the seventh day, the platform was
removed. The two farthest points from the plat-
form were selected as the two entry points.
Rats were allowed to perform two probe trials,
and performed a free swim for 120 s per trial.
The time and the distance required to reach the
platform (escape latency) and the target zone
frequency were automatically recorded by a
video tracking system [32, 33].

NOS activity

The cortex was homogenized on ice in 10 vol-
umes of 0.9% saline. The homogenate was
then centrifuged at 2,000 rpm for 10 min at
4°C, and NOS activity in the supernatant was
determined according to the instructions
included in the total Nitric Oxide Synthase
assay kit (A0O14-2; Nanjing Jiancheng Bioen-
gineering Institute, China). We tested the NOS
activity by measuring the optical density (OD) at
a wavelength of 530 nm using a 752-UV grating
spectrophotometer (Amersham Biosciences,
USA). The OD value of ddH,0, a blank, was
determined. The protein concentration in the
sample was determined using Coomassie bril-
liant blue G-250, with bovine serum albumin as
the standard. The total NOS activity in the corti-
cal homogenates was calculated using the fol-
lowing equation: Total , ,.(U/ml) = (°° < - s
sian/ 1000 (nanomolar extinction coefficient of
chromophore at 530 nm) (light path(1) x reac-
tion time(15)) x total volume of the reaction
solution (ml)/volume of the sample used (ml).
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Perfusion and estimation of cortical volume

After the spatial learning and memory tests,
five male and five female rats were randomly
selected from each of the three groups. The
rats were deeply anesthetized via an intraperi-
toneal injection of 1% pentobarbital sodium
(0.4 ml/100 g) (Sigma, Germany). The tissues
from the rats were subsequently perfused with
100 ml of 4% paraformaldehyde in 0.6 M phos-
phate-buffered saline (pH 7.4). The cerebellum,
brain stem, cranial nerves, which are located
under the pavimentum cerebri, and cerebral
hemispheres were removed after the perfu-
sion. The hemispheres were embedded in 6%
agar and cut into 1-mm-thick coronal slices
beginning at the rostral pole.

The slices were photographed under an ana-
tomical microscope at 10 x maghnification. A
transparent plastic sheet marked with equidis-
tant points was randomly placed on the caudal
surface of each photographed slab, and the
points that appeared within the cortex were
then counted. The cortical volume was calcu-
lated using the following previously described
equation [34, 35]:

Veortex =t x a(p) x X Pcortex

where Vcortex indicates the total volume of the
cortex, t indicates the slab thickness (1 mm),
(p) indicates the area associated with each grid
point (0.06 mm?), and Y.Pcortex indicates the
total number of grid points that appeared with-
in the cerebral cortex in each rat.

Cortical sampling

After the total volume of the cortex was mea-
sured, every three slices were randomly sam-
pled, and the first slice was selected from the
first three slabs. Equidistant light points were
randomly projected onto the occipital surface
of the sampled slices. Tissue blocks of approxi-
mately 1 mm?® were cut from the cortex in the
region where the points on the plastic sheet
appeared within the cortex. Five to 6 blocks
were sampled per rat.

Randomly selected slices of the hemisphere
were postfixed in 4% paraformaldehyde for
more than two hours. The samples were subse-
quently embedded in agar with the caudal sur-
face facing down. The embedded samples were
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treated with the isector technique to obtain iso-
tropic, uniform random (IUR) sections [35, 36].
After the IUR surface was obtained, one section
with a thickness of 5 ym was cut from each
block along the direction parallel to the IUR sur-
face. The 5-um sections were referred to as the
IUR sections. The isector technique ensures
that the capillaries have the same probability of
being sampled in each direction of the three-
dimensional space.

Immunohistochemistry procedure

The sections were immersed in citrate buffer
(0.01 M, pH 6.0) and then microwaved for 15
min for antigen retrieval. After cooling, the sec-
tions were washed twice in PBS (0.01 M, pH
7.4) and then soaked in 3% hydrogen peroxide
for 10 min at room temperature to inactivate
endogenous peroxidases. Next, the sections
were washed three times in PBS for 5 min prior
to incubation with 5% goat serum for 20 min at
room temperature to prevent nonspecific stain-
ing. Then, the sections were incubated with a
1:200 dilution of the rabbit polyclonal anti-col-
lagen IV primary antibody (ab6586; Abcam,
Cambridge, UK) in PBS overnight at 4°C, fol-
lowed by a 1-h incubation at 37°C. Afterwards,
the sections were washed three times in PBS
for 5 min. The sections were transferred to a
secondary antibody solution (biotinylated goat-
anti-rabbit immunoglobulin G) and incubated
for 20 min at 37°C. The specimens were incu-
bated with horseradish peroxidase-conjugated
streptavidin (S-A/HRP) for 20 min at 37°C, fol-
lowed by three washes in PBS for 5 min. The
sections were then transferred to a diamino-
benzidine (DAB) solution (ZLL-9032, Beijing,
China), which was used as the chromogen, and
were incubated for approximately 10 min. The
sections were dehydrated in a graded ethanol
series and xylene by sequential immersion,
covered with a cover slip, and viewed under a
light microscope (Olympus, Tokyo, Japan). Four
to six fields of view of the cortex were randomly
captured in each section under a 100 x oil
objective lens (Olympus, Tokyo, Japan). The
vessels with a luminal diameter less than 10
um were defined as capillary net components
[32, 371.

Analysis of the images of cortical capillaries

An unbiased counting frame was randomly
superimposed on each captured photograph

Am J Transl Res 2016;8(12):5271-5285
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Figure 1. A. Unbiased counting frame placed on a randomly captured image. Capillary profiles were counted if
they were located completely inside the counting frame or were located partially inside it and were still touching
the counting lines (dotted lines). Capillary profiles were excluded if they touched the exclusion lines (solid lines). B.
Points that were located in the cortex and capillary profiles were counted. C. Intersection points between the test
lines and the capillary luminal surface were counted. Scale bar = 10 ym.

Table 1. Primer sequences used for real-time quantita-

counted (Figure 1B). The volume density

tive PCR of the cortical capillaries, Vv(cap/cortex),
Primer name Sequence 5’ to 3’ Primer type was calculated using the following equa-
VEGF 5' ACGTCTACCAGCGCAGCTATTG 3 Forward tion [32, 37]: Vv(cap/cortex) = SP(cap)/
5" ACGCACTCCAGGGCTTCATC 3’ Reverse SP(C).
FGF-2 5" GGACGGCTGCTGGCTTCTAA 3’ Forward The volume density of the cortical capil-
5" GCCCAGTTCGTTTCAGTGCC 3 Reverse laries, Vv(cap/cortex), multiplied by the
Angiostatin 5’ AGGTGGAGCCGAAGAAATGC 3 Forward cortical volume (Vcortex) yielded the
5’ CTGGGGATATTAAAGTACCGCC 3" Reverse total volume of the cortical capillaries
Endostatin 5" TGTGCCCATCGTCAACCTG 3’ Forward [32, 37].
5’ GCCATGCCATACGCTCTTCT 3’ Reverse
B-Actin 5’ CCGTAAAGACCTCTATGCCAAC 3 Forward Test lines were randomly placed on each
5’ ACTCATCGTACTCCTGCTTGCT 3'  Reverse photograph.  The intersection points

(Figure 1A). The length density of the cerebral
cortical capillaries was estimated with a stereo-
logical method previously described [32, 371:
Lv(cap/cortex) = 2 x SQ(cap)/ZA(frame).

Where SQ(cap) denotes the total number of the
capillary profiles counted per rat cortex, and
>A(frame) is the total area of counting frames
per rat. The total length of the cortical capillar-
ies equaled the cortical volume, Vcortex, multi-
plied by the length density of the cortical capil-
laries, Lv(cap/cortex).

A transparent point grid was randomly placed
on the photographs. The points that intersect-
ed with the capillaries, SP(cap), and the points
that intersected with the cortex, SP(C), were
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between the test lines and the capillary
luminal surface, SPI (cap), and the total
length of the lines that intersected with the cor-
tex, ZL(C), were recorded (Figure 1C). The sur-
face area density of the cortical capillaries,
Sv(cap/cortex), was estimated using the follow-
ing equation [32, 37]: Sv(cap/cortex) = 2 x
SPI(cap)/zL(C).

The surface area density of the capillaries,
Sv(cap/cortex), multiplied by the cortical vol-
ume (Vcortex) represented the total surface
area of the cortical capillaries [32, 37].

RNA preparation and real-time quantitative
PCR analysis

Total RNA was isolated from the cortical tissues
using Trizol reagent (Boxiang Biotechnology),

Am J Transl Res 2016;8(12):5271-5285
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Figure 2. A. Mean escape latency of each group on the first day of the visible platform test (mean + SD). B. Escape
latencies among the groups on the second to the sixth days were measured using the Morris water maze test. C.
Tracings of the typical swim patterns observed in the probe trials; the small circle indicates the position of the es-

cape platform.

and cDNAs were synthesized from total RNA
using Superscript Il reverse transcriptase
(RR820A, Takara Biotechnology). For each new
RNA sample, two controls were established, a
no template control and a no enzyme control, in
which sterile water replaced the omitted
enzyme or RNA. The cDNAs were amplified by
gRT-PCR using primers (Table 1) specific for
VEGF, FGF-2, endostatin and angiostatin (RNA
polymerase Il largest subunit). The reaction
mixture consisted of 2 ul of cDNA product, 0.25
ul of the forward and reverse primers (2.5 M),
12.5 ul of iQ’™SYBR® Green Supermix (Takara
Biotechnology), and 10 ul of RNase/DNase-
free dH,0. The qRT-PCR conditions were set on
the Quantitative Real-Time PCR thermocycler
(Bio-Rad) as follows: 95°C for 10 min, followed
by 45 cycles, each consisting of 95°C for 20 s,
60°C for 18 s, and 72°C for 30 s. Once the
amplification cycles were completed, melting
curves were generated by performing an addi-
tional cycle to verify the amplification of one
gene per primer pair. Primers were designed to
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span exons to eliminate genomic DNA amplifi-
cation. Gene expression was normalized to a
control reference gene using the CT method
[38].

Western blotting

Protein samples were generated from the cor-
tex, separated on polyacrylamide gels, and
transferred to nitrocellulose membranes as
previously described [39, 40]. The nitrocellu-
lose membranes were blocked for one hour in
blocking buffer (5% milk, 5% BSA, and 0.1%
Tween in PBS). The membranes were then incu-
bated with 1:400 dilutions of the following pri-
mary antibodies overnight at 4°C: VEGF (ab-
9570, Abcam Biotechnology), FGF-2 (ab-1062-
45, Abcam Biotechnology), endostatin (sc-
25720, Santa Cruz Biotechnology), and angio-
statin (ab-2904, Abcam Biotechnology). The
membranes were also incubated with an anti-
B-actin antibody (1:500, D160117, Santa Cruz
Biotechnology) to confirm equal protein load-
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Figure 3. Swim distance, swim speed and target zone frequency of each group measured in the Morris water maze
test (mean £ SD). *indicates P < 0.05 vs. NS. #indicates P < 0.05 vs. L-NAME.

ing. After incubation, the membranes were
washed three times (10 min each wash) with
wash buffer (0.1% Tween in PBS) and then incu-
bated with 1:1,000 dilutions of horseradish
peroxidase-conjugated anti-rabbit antibodies
in blocking buffer for 1 h. The blots were
washed three times in wash buffer, and ECL
reagent (Millipore, Biosciences) was used to
detect the peroxidase signals in the blot,
according to the manufacturer’s instructions.
Densitometric quantification of the immunore-
activity was performed with a computerized
image analysis system (Bio-Rad, USA). We
treated all gels the same way and all western
blot experiments were repeated at least three
times. The integrated optical density of the
bands was corrected by subtracting the back-
ground values. The ratios of the proteins of
interest to B-actin were expressed as a per-
centage of the average of the control in each
blot.

Statistical analysis

Quantitative data are expressed as the means
+ standard deviations (SD); the statistical sig-
nificance of the differences in spatial learning
ability were analyzed using a repeated mea-
sures analysis of variance (ANOVA). One-way
ANOVA followed by Tukey’s test was used to
determine the significance of the differences in
all other parameters. Statistical analyses was
performed with SPSS 17.0 software. A p value
of < 0.05 was considered statistically signifi-
cant.

Results
Effects of NO on spatial learning ability

We injected the rat cortices with the NO precur-
sor L-ARG and the NOS inhibitor L-NAME to
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understand how NO influenced spatial learning.
We did not observe a significant difference in
the escape latency among the three groups (P
> 0.05) (Figure 2A and 2B). Rats in the L-ARG-
treated group spent slightly more time in the
correct quadrant than in the other three quad-
rants compared to the control group, whereas
rats in the L-NAME group spent less time in the
correct quadrant (Figure 2C). Although there
was no significant difference in the swimming
distance and swimming speed among the three
groups (P > 0.05) (Figure 3A, 3B), the target
zone frequency of the L-ARG group was signifi-
cantly increased when compared to the NS and
L-NAME groups. The target zone frequency of
the L-NAME group was significantly decreased
compared to the NS group (P < 0.05) (Figure
30C).

NOS activity in the cerebral cortex

We monitored NOS activity in the treated ani-
mals to evaluate the effects of L-ARG and
L-NAME on NO production. NOS activity was
significantly increased in the cerebral cortex of
animals the L-ARG group compared to the ani-
mals in the L-NAME and NS groups (P < 0.05).
Conversely, the animals in the L-NAME group
displayed significantly reduced NOS activity
compared to the animals in the NS group (P <
0.05) (Figure 4A).

Cortical volume

We also measured the cortical volumes in the
rats from the three groups. The mean volume
of the cerebral cortex was 601.9116 + 26.33
mm? in the NS group, 544.12 + 59.91 mm?3 in
the L-ARG group, and 549.47 + 26.29 mm? in
the L-NAME group, with no significant differ-
ences among the three groups (P > 0.05)
(Figure 4B).

Am J Transl Res 2016;8(12):5271-5285
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Figure 5. A. Representative im-
ages of immunohistochemical
staining of the cortical capillar-
ies in the three groups. Scale
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Immunohistochemistry of the cortex capillar-
ies: We performed immunohistochemical stain-
ing with anti-collagen IV antibodies on the corti-
cal capillaries and imaged them with a micro-
scope to assess the effects of the treatments
on the cortical capillary network (Figure 5A).

Stereological analysis of the cortical capillaries

Cortical capillary length: Using the images
obtained from immunohistochemical staining,
we calculated the average length of the cortical
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capillaries as 266.97 + 92.51 m in the NS
group, 369.25 + 61.88 m in the L-ARG group,
and 125.64 + 50.06 m in the L-NAME group.
The length of the cortical capillaries in the
L-ARG group was significantly increased com-
pared to the capillaries in the NS and L-NAME
groups (P < 0.01), whereas the L-NAME group
had significantly shorter cortical capillaries
than the NS group (P < 0.01) (Figure 5B).

Volume of the cortical capillaries: We also cal-

culated the total volume of the cortical capillar-
ies as 4.38 + 1.52 mm?3 in the NS group, 8.81 +
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Figure 6. A. VEGF mRNA expression in the cerebral cortex was measured by qRT-PCR. B. Comparisons of FGF-2
expression in the cerebral cortex, as measured by qRT-PCR. C. Angiostatin expression in the cerebral cortex, as
measured by qRT-PCR. D. Endostatin expression in the cerebral cortex, as measured by gRT-PCR. *indicates P <

0.05 vs. NS. #indicates P < 0.05 vs. L-NAME.

1.62 mm? in the L-ARG group, and 3.87 + 0.55
mm?3 in the LNAME group. The total volume of
the cortical capillaries in the L-ARG group was
significantly increased compared with the NS
and L-NAME groups (P < 0.01) (Figure 5C).

Surface area of the cortical capillaries: We
measured the total surface area of the cortical
capillaries as 22.27 + 4.24 cm? in the NS group,
52.05 + 1.43 cm? in the L-ARG group, and
13.58 *+ 1.53 cm? in the L-NAME group. The
total surface area of the cortical capillaries in
the L-ARG group was significantly larger than
the capillaries in the NS and L-NAME groups (P
< 0.01) (Figure 5D).

Real-time quantitative PCR
We measured VEGF expression to investigate
the effect of inhibiting NO synthesis on the tran-

scription of angiogenic factors. VEGF expres-
sion was significantly decreased in the L-NAME
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group compared with the NS group (P < 0.05).
In contrast, VEGF expression in the L-ARG group
was significantly increased compared with the
L-NAME group (P < 0.05) (Figure 6A). The
expression of the FGF-2 mRNA was significantly
increased in the L-ARG group compared with
the NS and L-NAME groups (P < 0.05). FGF-2
expression was significantly decreased in the
L-NAME group compared with the NS group (P <
0.05) (Figure 6B). There were no significant dif-
ferences in angiostatin and endostatin expres-
sion between the three groups (P > 0.05)
(Figure 6C, 6D).

Western blotting

The levels of the VEGF and FGF-2 proteins were
significantly increased in the L-ARG group com-
pared to the NS group (P < 0.05) (Figure 7A,
7B). The expression of the FGF-2 protein was
significantly decreased in the L-NAME group
compared to the NS group (Figure 7B). There
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Figure 7. A. Western blot analysis of VEGF expression in the cerebral cortex. B. Western blot analysis of FGF-2 ex-
pression in the cerebral cortex. C. Western blot analysis of angiostatin expression in the cerebral cortex. D. Western
blot analysis of endostatin expression in the cerebral cortex. *indicates P < 0.05 vs. NS, **indicates P < 0.01 vs.

NS, ##indicates P < 0.01 vs. L-NAME.

were no differences in the levels of the angio-
statin and endostatin protein levels in the
L-NAME and NS groups (Figure 7C, 7D); howev-
er, the levels of the endostatin protein were sig-
nificantly decreased in the L-ARG-treated rats
compared to the NS control rats (P > 0.05)
(Figure 7D).

Discussion

In previous studies, the expression levels and
the balance between angiogenic factors and
angiogenesis inhibitors have been shown to
determine the extent of blood vessel growth,
and the NO signal pathway is essential for the
regulation of these two classes of effectors
[25, 41-43]. This study aimed to determine the
effects and mechanism of nitric oxide on cere-
bral capillary angiogenesis, spatial learning,
and memory ability in Sprague-Dawley rats. A
28-day i.c.v. injections of a low dose of the NO
precursor L-ARG induced the long-term activa-
tion of NOS and improved memory retention.
Moreover, a 28-day i.c.v. injections of a low
dose of the NOS inhibitor L-NAME decreased
NOS activity and impaired memory retention.

The times at which the L-ARG and L-NAME inter-
ventions were delivered and the methods used
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to assess spatial learning and memory in our
study are not the same as those in previous
reports. In the study by Wei, only a 7-day treat-
ment period with i.c.v. injections of the NO pre-
cursor L-ARG and the NOS inhibitor LLNAME was
examined [44]. As blood vessel growth is a rela-
tively slow process, we administered L-ARG and
L-NAME to rats for 28 days via an i.c.v. infusion
to study cortical capillary angiogenesis more
thoroughly. We also assessed spatial learning
and memory with the Morris water maze
instead of the Y-maze task. The Morris water
maze is a relatively difficult task that is extreme-
ly sensitive to changes in spatial learning, and
information on both working and reference
memory can be extracted from the data.

Consistent with previous studies, the continu-
ous long-term L-ARG and L-NAME treatments
(28-day) reinforced or impaired brain function,
respectively, in this study. The NO precursor
L-ARG indeed affects the encoding of spatial
information and attenuates recognition memo-
ry impairments in different animal models of
cognitive impairment. Moreover, NO is involved
in spatial recognition memory [45-47]. The use
of different NOS inhibitors led to learning defi-
cits that were counteracted by treatment with
NO precursors [48]. The NO precursors molsi-

Am J Transl Res 2016;8(12):5271-5285



Brain function and cortical capillaries are regulated by nitric oxide

domine and NCX-2057 were able to affect dis-
tinct aspects of recognition, such as the acqui-
sition, storage and retrieval of information [49].
Although we chose L-ARG as the NO precursor
in the current study, which was not used in pre-
vious studies, our results are consistent with
the results of previous studies. L-ARG improved
the memory retention of rats treated with this
NO precursor.

In previous studies, NOS inhibitors such as
L-NAME decreased the NO concentration in the
brain and impaired learning and memory per-
formance in rats [50, 51]; our results are con-
sistent with these reports. As claimed by previ-
ous studies, LNAME has no effect or negative
effects on memory at a lower dose range than
described above [52-54]. Therefore, both NO
precursors and NOS inhibitors regulate learn-
ing and memory ability and low-dose NO is
involved in cognition and memory. We identi-
fied NO as a positive regulator of spatial learn-
ing and memory that exhibits an extremely vari-
able role in memory formation.

Our research helps elucidate the structural
bases for the positive effects of NO on brain
functions. NO stimulates synaptic activity, neu-
ral plasticity and memory function [55, 56].
According to the vascular niche hypothesis,
regeneration and repair via adult neurogenesis
only occurs in an angiogenic environment,
based on a complex interaction between the
brain vasculature and neuronal function within
the neurovascular unit [4, 5]. However, previous
studies only measured capillary density, which
may not allow changes in the total capillary
number to be detected [43, 57, 58]. Because
cortical capillaries are not arranged isotropi-
cally, researchers have not been able to accu-
rately and easily quantify the cortical capillar-
ies. In this paper, we evaluated the volume,
length, and surface area of cortical capillaries
using modern stereological methods. These
measurements avoided the potential biases
associated with density calculations. Moreover,
we obtained isotropic, uniform random (IUR)
sections using the isector technique to ensure
that all cortical capillaries had an equal possi-
bility of being sampled in all orientations [32].
In the current study, the results were clearly
interpreted because we measured the total
number of capillaries in the cortex.
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The 28-day i.c.v. infusions of the NOS precursor
of L-ARG or L-NAME induced changes in the cor-
tical capillaries. The total volume, total length,
and total surface area of the cortical capillaries
in the L-ARG group were significantly higher.
However, the cortical capillaries in the L-NAME
group were significantly shorter, but L-NAME
had no effect on the total volume or the total
surface area of the cortical capillaries, There-
fore, the main difference in neovascular vessel
formation may only be visible in the length of
the capillaries [59]. Thus, we speculate that the
increase in the brain capillary parameters may
be closely related to NO-induced alterations in
brain functions.

In a previous study, the expression of the NOS
isoform iNOS in feline mammary tumors was
positively correlated with VEGF expression and
microvessel density [60]. LNCaP cells express
higher levels of eNOS, iNOS, and VEGF than
BPH-1 cells, and L-NAME treatment reduced
the expression of these genes [61]. In the study
by Baum and colleagues, endothelial NOS was
the main mediator of shear stress-dependent
angiogenesis in skeletal muscle after prazocin
administration [62]. Protocatechuic acid indu-
ced angiogenesis through the PI3K-Akt-eNOS-
VEGF signaling pathway in a previous study
[63]. Moreover, VEGF also regulates NO synthe-
sis by regulating eNOS expression in glomerular
endothelial cells [64]. Thus, NO and VEGF inter-
act to promote endothelial cell proliferation,
migration, tube formation and angiogenesis,
although different NOS isoforms were exam-
ined in the studies. Our results strengthen the
hypothesis that NO regulates the expression of
VEGF as an upstream factor. Moreover, the
impact of different NOS isoforms on VEGF
expression must be examined further.

Although previous research showed that FGF-2
independently promotes angiogenesis and
does not rely on NO, NO selectively enhances
FGF-2 activity to induce mitosis in primary rat
aortic smooth muscle cells and promote the
repair of vascular injuries [65]. In mouse embry-
onic stem cells, a2-macroglobulin (x2M) im-
proves angiogenesis by stimulating NO produc-
tion and FGF-2 expression. L-NAME treatment
inhibits this a2M-induced increase in FGF-2
expression and angiogenesis. Moreover, FGF-2
induced angiogenesis modulates angiotensin-
converting enzyme inhibitor expression in the
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coronary endothelium, but the NOS pathway
inhibits this process [66]. As shown in our
study, NO regulates FGF-2 expression in the rat
cortex, consistent with previous reports.

Angiostatin has been reported to inhibit coro-
nary angiogenesis when nitric oxide production
isimpaired in a coronary artery occlusion model
in dog heart [57]. As reported in the study by
Koshida, angiostatin decreases the associa-
tion of heat shock protein 90 with eNOS in aor-
tas and bovine aortic endothelial cell (BAEC)
cultures and increases O, production in L-NA-
ME-treated BAEC cells, thus altering endotheli-
al function by allowing eNOS to generate O,
[67]. Angiostatin impairs endothelium-depen-
dent vasodilation and is regulated by NO.
However, NO did not influence the angjostatin
levels in the rat cortex after an i.c.v. infusion of
L-NAME or L-ARG. We speculate that the differ-
ences in animal species, organs examined, and
drug intervention time might explain the dis-
crepancies between our results and previous
reports.

As shown in a previous study, NO modulates
endostatin expression and provides important
new pharmacological information for the sys-
temic induction of endogenous endostatin
release by a common NO precursor [68]. En-
dostatin inhibits VEGF-induced endothelial cell
migration and angiogenesis upstream of NO
synthesis by dephosphorylating eNOS on
Ser1177 [69]. Endostatin also uncouples NO
and Ca?* responses to bradykinin by increasing
superoxide (02*-) production in the intact coro-
nary endothelium [70]. Moreover, endostatin
blocks NO production and decreases VEGF and
collagen XVIII levels in squamous carcinoma
cells [71]. In addition, endostatin and NO each
regulate the activity of the other, consistent
with our results.

In our study, NO affected the levels of both
angiopoietin and anti-angiogenesis factors in
the L-ARG- and L-NAME-treated cells, and the
change in the angiopoietin levels was particu-
larly obvious. Angiogenesis, which is defined as
the formation of new blood vessels from endo-
thelial cells, is a complex process regulated by
angiopoietin and anti-angiogenesis factors,
together with other genetic and environmental
factors [1-3]. We speculated that the change in
the regulation angiogenesis-related factors
may be closely related to the variations in the
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cortical capillaries observed after the NO
treatment.

Our findings are consistent with the previous
studies we described above, and the changes
in the characteristics of cortical capillaries
were consistent with the expression profiles of
the growth factors VEGF and FGF-2. These
results led us to speculate that the NO-induced
changes in the cortical capillaries might be due
to an indirect regulation of angiogenesis-relat-
ed factors by NO itself.

In conclusion, we have provided evidence that
the L-ARG treatment resulted in better memory
retention skills and a more developed cortex
capillary network, which were accompanied by
the overexpression of VEGF, FGF-2 and angio-
statin. Conversely, the L-NAME treatment was
associated with impaired memory retention
and reductions in the size of the blood vessel
system, accompanied by reduced VEGF and
FGF-2 expression. Based on our results, the
NO-induced variations might be an important
structural basis for the NO-induced changes in
memory retention, thus confirming a role for NO
in regulating angiogenesis in the cortex. Our
results might also provide a baseline for further
studies investigating NO-based treatments and
intervention targets in brain capillaries.
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