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NADPH-diaphorase activity and neurovascular
coupling in the rat cerebral cortex

3acmocosyrouu eicmoximiunutl npomoxon  euguanu posnodin HAJA®H-oiagopaszopeaxmusnux (HAADPH-0p)
HeUpPOHIB | HetPOHHUX GIOPOCMKI8 Y KOPI MO3KY MA IX 63A€MOBIOHOULECHHS I3 NAPEHXIMATbHUMU CYOUHAMU
Y HOPMATbHUX 00pOCIUX wypis. Inmencusno 3agapbosani KOPMuUKaAIbHi IHMEPHEUPOHU, PeaKmugHi
CYOKOPMUKATIbHO2O NOXOONCEHHS aghepermu i MIKpOCYOUHU OOCIIONCYBANU Y CBIMOBOMY MIKPOCKONI npu
manomy (x 250) ma eenuxomy (x 630) 30invwennsx. HA/[DH-0p inmepHeipoHu KOHYeHmMpPy8aiucs y umapax
2—6 y nepsunniu i smopunniti (M1 i M2) momopnux dinsinkax, oonax dominyroua ix kinekicmo (14 + 0,8 y
3pizi, P < 0,05) 6yna 3natidena y wapi 6. Yimki HAK1a0aHHA MAPKOBAHUX HelPOHie abo agepenmis Ha
GHYMPIUHbOKOPMUKAILHI cyOunU Oynu 3natideni 6 oinankax M1 i M2. Cepedns KinbKicmb MiveHUX HeUupouie
y cayxosiu (AuV), epanynsapuiii i aepanynapuii (GI, AIP) dinaukax ocmpiskosoi kopu cmarnosuna 12,3+0,7,
18,5€1,0 ma 23,3+1,7 o0unuys Ha 3pi3 i0nogiono. Hucienni sapuxozumemu 3apapbosanux
HABKOLOCYOUHHUX BIOPOCMKIB, BUCXIOHUX i3 OCHOBU NepeOHbOo20 MO3KY, 0VIU GUAGLEHI Y 8CIX wapax
Q0CNIONCYBAHUX KOPKOBUX OLNAHOK, aie OOMIHYoua ix Kiibkicmb eiomiuanace y wapax 1-3
@ponmonapiemanvnoi kopu. Yacmoma HeupocyOUHHo20 WenaeHHA 8 PIHUX OLIAHKAX KOPU MANA MAKy
nocnioosnicme: AuV (31,2 %, n=1040) > GI (18,0 %, n=640) > S1 (13,3 %, n=720) > M1 (6,3 %,
n=1360). Benuka KinbKicmb CMpYKmMypHUX acoyiayiti MiveHux Kuimuu 3 MIKpOCYOUHAMU ) CKPOHeSIl i
0CMPIBKOBILL KOPI 8KA3YE HA me, Wo 8 yux oiisankax kopu HA/[DH-0p neiponu moxcymo 6ymu 3ayueni 00

pezynayii pecioHanbHO20 KPOSOMOKY.

INTRODUCTION

A normal brain function strongly depends on
continuous blood supply. Increased neuronal
activity was found to correlate with the rise in
regional cerebral blood flow (RCBF), known
as functional hyperaemia. The tight coupling
between RCBF and neuronal activity in cere-
bral cortex during behaviour or sensory inter-
ventions was demonstrated by brain imaging
methods [14, 15, 26].

Nitric oxide (NO) has been recently iden-
tified as an important mediator of the neurovas-
cular coupling process [8, 30]. Two main
sources of neuronal NO were recognized in
cerebral cortex. The first one is localized
intracortically, and the second one is situated
in the basal forebrain. Importantly, there are
four groups (Ch1-Ch4) of the forebrain

cholinergic neurons which contain NO syn-
thase (NOS) and release NO from their termi-
nals within the hippocampus, olfactory bulb
and cortex [23, 30]. Immunohistochemical
studies have demonstrated that the main cen-
tre of origin of cholinergic projections to the
cortex may be identified as the substantia
innominata and nucleus basalis of Meynert (SI—
B complex) [7]. However, many cholinergic
neurons are registered in the medial septal
nucleus (MS), the ventral and horizontal nu-
clei of the diagonal band of Broca (VDB,
HDB) [21], i.e., Ch1-Ch4, respectively [23].
It was found that nerve terminals (varicosi-
ties) of the basal forebrain origin have tight,
but not direct, contacts with cortical micro-
vessels, and noncholinergic SI-B neurons also
contribute to the neurovascular associations
[30, 31].
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NOS-containing cells of origin of the as-
cending pathways to the cortex (cholinergic
transmission), and local NO-generating
perivascular interneurons within the cerebral
cortex are implicated in several important
brain functions including arousal, attention,
cortical plasticity and memory. Abnormalities
of the L-arginine-NO synthesis pathways and
subsequent loss of NOS —containing neurons
in the various structures of the basal forebrain
and the cerebral cortex are associated with
impairment of several important brain func-
tions [9, 19, 30].

The cortical GABAergic interneurons
(many of which are NO-generating cells) were
identified as anatomical or functional targets
for basal forebrain cholinergic and/or brain-
stem serotonergic projections [3]. Based on
the results about the co-localization of GABA
and NADPH-diaphorase (NADPH-d) in a
subset of the cortical non-pyramidal neurons,
or ACh and NADPH-d as coferment of NOS
in the cortical afferent fibers, we suggest that
the soma of these cells, its dendrites, and af-
ferent fibers could be implicated in the struc-
tural associations with the cortical microves-
sels and arterioles. Parenchymal microvascu-
lar and neural (lamellar) architectures are well
matched to the spatial and temporal require-
ments of neurovascular coupling in the cere-
bral cortex [3, 11]. Therefore, the aim of the
present study was to compare the distribution
of NADPH-d-reactive (NADPH-dr) cortical
neurons and the nitrergic basal forebrain af-
ferents within different layers of frontopari-
etal, temporal and insular cortices, and to study
their structural associations with cortical ves-
sels in rat. Some of the data have been pub-
lished earlier [1, 34].

METHODS

Eight male Wistar rats weighing 250-350 g
were used in the study. The handling of the
animals was performed in accordance with the
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European Communities Council Directive of
24 November 1986 (86/609/EEC).

Perfusion. The animals were deeply
anaesthetized (sodium pentobarbital 75 mg/kg i.p.,
Sigma, USA) and perfused through the ascend-
ing aorta with 200 ml phosphate-buffered saline
(PBS) with heparin (25000 units/1) and sodium
nitrite (0.2%) followed by 500 ml cold (8 °C)
fixative solution containing 4% paraformaldehyde
in 0.1 M PB at pH 7.4. The brains were quickly
removed, postfixed in the same fixative over-
night and cryoprotected in sucrose in PBS at
4 °C for 48 h. Frontal frozen sections of the brain
(40-um-thick) were cut on a freezing microtome.
About 50 serial sections from each brain were
collected in 10 wells with cold PBS, to be stained
histochemically for NADPH-d that manifested
NOS-containing neurons or nitrergic afferents
in the cortex [4].

NADPH-diaphorase histochemistry.
Sections were incubated in 0.1 M PB (pH 7.4)
containing 0.3% Triton X-100, 0.2 mg/ml
nitroblue tetrazolium (Sigma, USA), and 0.5
mg/ml B-NADPH tetra-sodium salt (Sigma,
USA), at 37 °C for 1 h and additionally at room
temperature for 12 h [33]. For intensification
of the reaction, disodium salt of malic acid
(Sigma, USA) 1.2 mg/ml was also added [18].
Mounted sections were cleared in xylene and
cover-slipped with Entellan. NADPH-dr
neurons and fibers were easily detected as
light-blue structures, especially at high mag-
nification (x250 and x630).

Data analysis. NADPH-dr cells were
counted in the brain sections. Up to 3-5
stained sections were taken from each area
of the cortex per rat and analyzed. A mean
number = S.E.M. of stained cells per section
was counted in frontal, parietal, temporal and
insular cortices, i.e., primary/secondary mo-
tor cortex (M1/M2), primary somatosensory
cortex (S1), secondary auditory cortex (AuV)
and the granular/agranular insular cortex (GI/
AIP). The numbers of the stained neurons in
the different areas were compared using two-
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way statistical analysis of variance (ANOVA).
Newman-Keuls’ post hoc analysis was used
when a significant difference was found. The
factors of variation included two conditions
(M1 and M2) areas and three frontal levels.
Values of P<0.05 were considered statistically
significant. The location of NADPH-dr cells
and the fiber pathways in the basal forebrain
and cortex were controlled according to the
stereotaxic atlas [25] and an atlas of the
regional and laminar distribution of cholinergic
fibers in rat cerebral cortex [17].

RESULTS

Neocortex and Archicortex. In intact animals
NADPH-d reactivity was detected in the fron-

2

tal (motor primary/secondary area (M1/M2)
and cingulate areas (Cgl and Cg2)) and pari-
etal (primary sensory area S1) cortices. As a
rule, such activity was demonstrated in the
cortical interneurons. In the M1 and M2 these
interneurons were located at the rostral lev-
els in layers 2—6. However, the predominant
mean number of staining neurons was found
in layer 6 of the M1 (P<0,05). In layer 6 of
the M1 their mean number (14 £+ 0.8 per sec-
tion) was 3.5 times higher then that found in
the layer in the M2 (4.0 + 0.3) (Figs. 1, 2).
Many reactive cells were additionally found
within the subcortical white matter. The spe-
cific feature in distribution of NADPH-d reac-
tivity in the studied regions of neocortex was
distinct apposition of labelled neurones to the

Fig. 1. Photomicrographs illustrating NADPH-diaphorase-reactive neurons and their structural associations with
intraparenchymal microvessels in the primary somatosensory (S1) (A), primary and secondary (M1and M2) motor areas
(B—F), primary and secondary (Cgland Cg2) cingulate areas (G) of frontoparietal cortex. The boxed area in (E) denotes
the site presented at higher resolution in (F), showing neurovascular associations (white arrows) in layer 2 of the M1 area.
Note penetrating cortical microvessels (v) and reactive interneurons within layers 1-4, but not layers 5 and 6. Scale bars:

100 and 50 pm for (A, E, G) and (B, C, D, F), respectively
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Fig. 2. Bar graphs of the mean number of NADPH-diaphorase-reactive neurons within different layers (1-6) in the motor
cortex. Mean number +S.E.M. of reactive cells per section (n) was defined in group of rats (n=8). The numbers below the
bars indicate the antero-posterior distances to the bregma (mm) [25]. Asterisks that are placed on the column indicate a
significant difference in the number of reactive cells in the primary vs. secondary motor cortex (hatched and black bars,
respectively) for a given layer; or vs. given layer at caudal or rostral directions, when they are placed on the arrows (two-

way ANOVA, P<0,05)

intraparenchymal vessels. The association be-
tween NADPH-dr neurons and microvessels
was predominantly demonstrated in the layers
2 and 3 of motor cortex, where many arteri-
oles and microvessels being registered (Fig. 1,
C-F). Importantly, the revealed perivascular
distribution of the stained neurons (soma and
dendrites) was found in the immediate vicini-
ty to intracortical vessels with different diam-
eter ((arterioles (30-70 pm), microvessels
(10-25 pm) and capillaries (5—10 pm)).

High number of NADPH-dr interneurons
was found in temporal and especially insular
cortices. For example, the number of them in
the ventral auditory area (AuV), granular
insular area (GI) and agranular insular area
(AIP) reached 12.3 £0.7, 18.5+£ 1.0, and 23.3
+ 1.7 neurons per section, respectively
(P<0.05). A lot of reactive bodies of cortical
interneurons and their dendrites were closely
associated with intraparenchymal micro-
vessels (Fig. 3). Intensive NADPH-d reacti-
vity in perivascular dendrites within layers 2—
6 raises the possibility that they are the major
source of NO released during neural activity
in the AuV and GI cortical areas. In contrast
to granular insular area, labelled interneurons
in AIP are registered predominantly in layers
5 and 6. Comparative analysis of the number
of detected neurovascular coupling in studied
regions of the cerebral cortex showed the fol-
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lowing order of frequency: AuV (31.2 %,
n=1040) > GI (18.0 %, n=640) > S1 (13.3 %,
n=720) > M1 (6.3 %, n=1360) > AIP (1.0 %,
n=102) (see Figs. 1, 3).

Intracortical NADPH-diaphorase-reactive
projections from the basal forebrain. In ad-
dition to NADPH-dr neuronal bodies and den-
drites of the interneurons, the dense net of
thin nitrergic fibers with numerous varicosi-
ties were also clearly detected in the paren-
chyma of the different areas of the cortex
(see Fig. 4). Just as labelled dendrites of
cortical interneurones, these fibers also dem-
onstrated close associations with arterioles,
microvessels and capillaries. Analysis shows
that these reactive fibers have extracortical
sources. They ascend from NADPH-dr
neurons located in the SI-B complex and
magnocellular preoptic nucleus (MCPO). Be-
fore appearing in the cerebral cortex they fol-
lowed for a long distances through the lateral
hypothalamus, anterior commissure (ac), in-
ternal capsula (ic), bed nucleus of the stria
terminalis (BSTL), and then along the corpus
callosum (see Fig. 4, F,G). The fine labelled
fibers were distributed throughout the fron-
tal, parietal and temporal cortices and the
majority of them being distributed in layers
1-4 (Fig. 4, A-E). However, the densest plexus
of NADPH-dr fibers was revealed predomi-
nantly in layer 1 within the full extent of
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agranular insular area (Fig. 5). Only sparse
NADPH-d reactivity was found in the limbic
cortex (Cgl and Cg2) (see Fig. 1, G).
NADPH-dr fibers and their varicosities sur-
rounding arterioles, microvessels and even
capillaries of varying sizes were observed in
all cortical areas examined (Figs. 4 and 5).
We must note that in the frontoparietal cortex
(M1, M2 and S1) such type of nitregic fibers
were as a rule associated with arterioles and
microvessels of layers 1-3 (see Fig. 4, A—E).
It was impossible to reveal the direct contacts
of reactive perivascular fibers with dendrites
of the cortical neurons in the study. How-
ever, in electron microscopic investigations
[31] it has been found that terminations (vari-
cosities) of basal forebrain cholinergic affer-
ents establish junctional contacts with glia,
microvessels and simultaneously with adjacent

A Kol

neuronal elements (dendrites) in the frontopari-
etal cortex.

DISCUSSION

The morphological evidences presented in the
study support the hypothesis that NOS-con-
taining neurons participate in the mechanisms
that match neural activity to the cerebral blood
flow. There are the peripheral and central
main sources of nitrergic innervation of the
cerebral vessels. The peripheral source in-
cludes NOS-containing terminals from sphe-
nopalatine ganglia that are projected to large
cerebral vessels of the circle of Willis. The
intracerebral and basal forebrain (SI-B complex
and MCPO) NADPH-d/NOS-containing neurons
are the cells of the central origin of nitrergic pro-
cesses that are closely associated with intracere-

A

g

Fig. 3. NADPH-diaphorase reactivity in the ventral auditory area (AuV) (A-D) and granular insular area (GI) (E and F)
of the temporo-insular cortex. Note the straight contacts of reactive neurons and their dendrites (white arrows) with
microvessels in the cortex. The boxed area in A and E delimitate the areas presented at higher resolution in B, C and F,
respectively. Scale bars: 100, 50 and 25 pm for (A), (D, E), and (B, C, D, F), respectively
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brall arterioles and capillaries [12].

In the present study we found prominent
NADPH-d positive fibers of the basal fore-
brain origin in layers 1-3 of the frontoparietal
and temporal cortices, and in most layers of
the insular (ins) cortical areas (see Figs. 4
and 5). However, our study demonstrates that
compared to insular cortex frontoparietal and
temporal cortices, which are phylogenetically
new parts of the brain contain more inherent
perivascular NADPH-dr neurons [27].

The basal forebrain ascending projections
to gray matter of the cerebral cortex in 80 %
were characterized as cholinergic terminals
[17, 22, 23]. The data obtained indicate that
majority of the intraparenchymal NADPH-dr
terminals reached intracortical penetrating
arterioles and small microvessels, and are in
line with finding [10] that the basal forebrain
cholinergic neurons, including NOS-containing
neurons, participate in regulation of RCBF.
Importantly, NOS-containing/cholinergic

Fig. 4. NADPH-diaphorase-reactive perivascular neurons, dendrites and fibers (varicosities) within different layers (1—
4) in the primary and secondary motor areas (M1 and M2) of the frontal cortex (A-E), and internal zone of the basal
forebrain (F and G). Note the perivascular reactive neurons , staining varicosities (black arrows) and dendrites (white
arrows) are opposed to microvessels (v) in the cortex (left side). The dashed boxes in A and F delimitate the areas
presented at higher resolution in (B and C) and (G), respectively. BSTL, ac and ic, designate bed nucleus of the stria
terminalis (lateral division), anterior comissure and internal capsule, respectively. Scale bars: 100 and 50 um for (A, F) and

(B-E, and G), respectively
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neurons of the SI-B complex induce direct
excitatory nicotinic or muscarinic effects to
microvessels, and do not influence the cortical
inherent NOS-containing/ GABAergic inter-
neurons [7, 27]. Moreover, there are also find-
ings that NOS-containing neurons of basal
forebrain that are noncholinergic synthesize
amynobutyric acid (GABA), the second ma-
jor neurotransmitter that also modifies
cerebromicrovascular tone [32]. It has been
recently shown that NOS-containing /GABA-
synthesizing neurons have also the capacity
to synthesize glutamate (Glu) as the third
neurotransmitter [6, 24, 30].

Compared to basal forebrain, NOS-
containing neurons within the islands of
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Calleja, that contribute to regulation of circu-
lation in the limbic structures and basal gan-
glia, are also GABAergic but not cholinergic
[28]. Predominant number of them express
c-fos following fatiguing stimulation of neck
muscle in rat [20].

The vasodilative responses of intraparen-
chymal vessels are independent of systemic
blood pressure. However, cholinergic system
seems to act cooperatively with other modu-
latory systems such as the noradrenergic as-
cending pathway originating in the locus
coeruleus (LC) and the serotonergic ascend-
ing pathway originating in the dorsal raphe
nucleus (DR) [3, 13, 16, 30]. Parenchymal
small arterioles and microvessels have been

%EO;WA

Fig. 5. NADPH-diaphorase-reactive fibers (varicosities) within different layers (1-6) in the agranular insular area, poste-
rior part (AIP) of the insular cortex (ins). Note straight contacts of reactive varicosities (black arrows) with microvessels
in the marginal layers 1 and 2 (A, B), but not in layers 3 and 4 (C). The boxed area in A denotes the site presented at higher
resolution in B, showing the lateral part of the insular cortex (left side). Scale bars: 100 and 50 pm for (A) and (B, C and D),
respectively
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shown to dilate or constrict in response to sev-
eral vasoactive modulatory transmitters and
vasoactive peptides (VIP, SOM and NPY) and
NO [3]. Recent evidence suggests that the va-
sodilator substances derived from astrocytes,
which lie in close apposition to intraparen-
chymal arterioles, may be also involved in
neurovascular coupling [16].

In conclusion, the data presented indicate
that the activity of NADPH-d/NOS-containing
perivascular fibers ascending from basal fore-
brain, local cortical NO-generating neurons
and astrocytes may play an important role in
mechanisms of neurovascular coupling in the
limbic structures [2], and cerebral cortex [9,
34]. It was emphasized earlier that the
regulation of RCBF in the cortex involves the
coordinated interaction of the pyramidal
neurons, interneurons, glia and vascular cells,
and these neurological/neurovascular coup-
lings are disrupted in aging or in pathological
conditions as hypertension, stroke, Alzheimer
disease [5, 29].
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NADPH-DIAPHORASE ACTIVITY
AND NEUROVASCULAR COUPLING IN THE
RAT CEREBRAL CORTEX

The distribution of NADPH-diaphorase-reactive (NADPH-
dr) neurons and neuronal processes in the cerebral cortex and
basal forebrain and their association with parenchymal vessels
were studied in normal adult rats using NADPH-d histochemical
protocol. The intensely stained cortical interneurons and
reactive subcortically originating afferents, and stained
microvessels were examined through a light microscope at law
(x250) and high (x630) magnifications. NADPH-dr interneu-
rons were concentrated in layers 2—6 of the M1 and M2 areas.
However, clear predominance in their concentration (14 + 0.8
P<0.05 per section) was found in layer 6. A mean number of
labeled neurons in auditory (AuV), granular and agranular (GI,
AIP) areas of the insular cortex was calculated to reach
12.3£0.7, 18.5+1.0 and 23.3+1.7 units per section, respectively
(P<0,05). The distinct apposition of labelled neurons to
intracortical vessels was found in the M1, M2. The order of
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frequency of neurovascular coupling in different zones of the
cerebral cortex was as following sequence: AuV (31.2 %,
n=1040)> GI (18.0 %, n=640) > S1 (13.3 %, n=720) > M1 (6.3
%, n=1360). A large number of structural associations between
labeled cells and vessels in the temporal and insular cortex indi-
cate that NADPH-d-reactive interneurons can contribute to
regulation of the cerebral regional blood flow in these areas.

M.I. Pirogov National Medical University, Vinnitsa;
0.0. Bogomoletz Institute of Physiology, National Academy
of Sciences of Ukraine, Kyiv
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