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of the local vasculature in ischemic tissue. The purpose of this

study is to clarify the mechanism of regulation of this response in

gingival circulation by using pharmacological analysis of reactive

hyperemia and histochemical analysis of gingival tissue. Applica�

tion of pressure to the gingiva was used to create temporary

ischemia, and gingival blood flow was measured after pressure

release. Reactive hyperemia increased in proportion to the dura�

tion of pressure. Systemic hemodynamics remained unaffected by

the stimulus; therefore, the gingival reactive hyperemia reflected

a local adjustment in circulation. Gingival reactive hyperemia

was significantly suppressed by nitric oxide (NO) synthase inhibi�

tors, especially the neural NO synthase�selective antagonist 7�

nitroindazole, but not by anticholinergic drugs, β�blockers, or

antihistaminergic drugs. Moreover, immunohistochemical staining

for neural NO synthase and histochemical staining for NADPH

diaphorase activity were both positive in the gingival perivascular

region. These histochemical and pharmacological analyses show

that reactive hyperemia following pressure release is mediated

by NO�induced vasodilation. Furthermore, histochemical analysis

strongly suggests that NO originates from nitrergic nerves. There�

fore, NO may play an important role in the neural regulation of

local circulation in gingival tissue ischemia.
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IntroductionLocal circulatory regulation plays an important role in the
controlled delivery of oxygen, nutrients, and immunocytes

that are essential to tissue homeostasis. Reactive hyperemia is a
local compensatory response of the vasculature to ischemia. A
number of mechanisms have been shown to mediate reactive
hyperemia, including the effect of reduced oxygen tension on
smooth muscle of resistance vessels,(1,2) myogenic relaxation of
vascular smooth muscle caused by decreased transmural pressure
during artery occlusion, vasodilatory nerve stimulation by isch-
emia, and hypoxia-induced humoral release of vasodilatory
metabolites such as adenosine.(3,4) One of the important patho-
physiological aspects of coronary circulation, myocardial reactive
hyperemia following transient interruption of coronary blood
flow, was reported to involve endothelium-derived nitric oxide
(NO).(5–7) It is well known that endothelial cells produce NO as
endogenous endothelium-derived relaxing factor in response to
stimuli such as shear stress.(8–11) NO released by endothelial cells
diffuses readily to the adjacent smooth muscle layer, resulting in
activation of smooth muscle cell soluble guanylyl cyclase (cGC),
production of the intracellular second messenger cGC, activation
of cGC-dependent protein kinase, and ultimately in smooth
muscle relaxation.(12,13) NO synthases (NOS) are classified into

inducible NOS (iNOS), induced by inflammation and stress, or
constitutive NOS (cNOS). The neural NOS (nNOS) and the
vascular endothelial eNOS are of the constitutive type.(14,15)

Using the NO-selective electrode, we previously demonstrated
that NO mediates reactive hyperemia following pressure on the
gingival tissue in rats(16) or dogs.(17)

In that study, a slow rise in gingival tissue NO at the time of
ischemia was followed by increased blood flow and sudden eleva-
tion of NO.(17) Because the onset of reactive hyperemia is rapid,
nervous regulation may be expected to contribute. The objectives
of the present study are to prove by pharmacological and histo-
chemical analyses that NO contributes to vasodilation during
canine gingival reactive hyperemia, and to clarify the source of
NO formation.

Materials and Methods

Chemicals. We purchased tetrazolium, Nω-nitro-L-arginine-
methyl-ester (L-NAME), 7-nitroindazole (7-NI), propranolol,
atropine, pyrilamine, and cimetidine from Sigma-Aldrich (St.
Louis, MO). 7-NI was dissolved in dimethyl sulfoxide (DMSO)
and then diluted in 0.9% isotonic sodium chloride solution. All
antagonists were prepared on the day of the experiment. nNOS
antibody for histochemistry was purchased from Biorbyt.
(Cambridge, UK).

Hemodynamic measurements. The procedures used in this
study were in accordance with the guidelines of the US National
Institutes of Health Guide for the Care and Use of Laboratory
Animals (NIH Publication NO. 85-23, revised 1985) and the
protocols were approved by the Committee of Ethics on Animal
Experiments of Kanagawa Dental University, Yokosuka, Japan.
Male beagles (8–10 kg) were anesthetized with 25 mg·kg−1

sodium pentobarbital i.v. and fixed in a supine position with the
gingiva surrounding the base of the mandibular canine tooth
exposed. A loop catheter was inserted into an external carotid
artery, and was perfused with 1,000 U·kg−1 heparin to prevent
coagulation. The loop catheter was equipped with a drug admin-
istration port, an electromagnetic blood flow meter probe (ME-26;
Nihon Kohden, Tokyo, Japan), and blood pressure manometer
(MPU-0.5; Nihon Kohden, Tokyo, Japan) for monitoring of
systemic hemodynamics (Fig. 1A). Sodium pentobarbital was
administered into the femoral vein as needed to maintain
anesthesia. Gingival tissue blood flow (GBF) and oxygen partial
pressure (PO2) at the base of the mandibular canine tooth were
measured sequentially using a non-contact laser Doppler blood
flowmeter (ALF21D; Advance, Tokyo, Japan) and tissue PO2
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monitor (POG-230; Unique Medical, Tokyo, Japan). External
carotid artery blood flow (ECBF), external carotid artery pressure
(ECBP), GBF and tissue PO2 data were recorded to a personal
computer hard disk through an A/D converter (PowerLab/4S;
ADInstruments Japan). The recorded data were analyzed using
data analysis software (Chart ver. 4.1; ADInstruments Japan).

Reactive hyperemia protocol. While monitoring systemic
hemodynamics, gingival tissue was directly pressed for 30, 60, or
300 s with the blood flowmeter probe (1 mm diameter). The pres-
sure was controlled so as to maintain a blood flow of 2 ml·min−1

per 100 g in order to avoid tissue damage. Reactive hyperemia
ensuing after release of pressure was evaluated in terms of three
parameters: circulating blood volume (Mass), maximum blood flow
(Peak), and peak half-time (T1/2), as illustrated in Fig. 1C.(16,17)

Maximum blood flow was automatically measured by a laser
Doppler blood flowmeter. These parameter values were derived
using data analysis software (Chart ver. 4.1). Gingival reactive
hyperemia was compared between non-treated control animals
and animals treated 30 min prior with antagonist. Antagonists
were administered intra-arterially at the following concentrations:
L-NAME, 20 mg·kg−1; 7-NI, 20 mg·kg−1; propranolol, 40 μg·kg−1;
atropine, 200 μg·kg−1; pyrilamine, 2 mg·kg−1; and cimetidine,
1 mg·kg−1. These antagonist concentrations were inhibitory
toward the following concentrations of the respective agonist:
isoproterenol, 100 ng·kg−1; acetylcholine, 300 ng·kg−1; histamine,
300 ng·kg−1; L-arginine, 60 mg·kg−1 (data not shown).

Histochemical analyses. After measurement of gingival
hemodynamics, gingival tissue in the measurement region was
removed for immunohistochemical staining for nNOS and histo-
chemical localization of NADPH diaphorase (NADPH-d) activity
using tetrazolium according to the method of Law et al.(18)

Statistical analysis. Experimental data are expressed as
mean ± SEM, and compared using Student’s t test or analysis of
variance. P values of less than 0.05 were considered statistically
significant.

Results

Effects of ECBF and ECBP, GBF, PO2, induced by reactive
hyperemia. ECBF and ECBP were unchanged by application
of pressure to the gingiva whereas GBF decreased immediately,
and tissue PO2 decreased gradually after a delay. Tissue blood
flow quickly became elevated following the release of pressure,
and PO2 increased gradually after a delay (Fig. 2). Comparing
individual parameters of the reactive hyperemia response, we
found that Mass and T1/2 both increased with increasing duration
of pressure over the 30- to 300-s range (Fig. 3).

Effects of pharmacological or NOS inhibitors on para�
meters of the reactive hyperemia. Parameters of gingival
reactive hyperemia were unaffected by pretreatment with atropine,
propranolol, pyrilamine, or cimetidine (Fig. 4 and 5). However, all
three parameters of gingival reactive hyperemia were significantly
reduced by L-NAME or 7-NI pretreatment (Fig. 6 and 7).

Measurement for immunohistochemical evaluation of
nNOS localization. After in vivo experiments, gingival tissue
was collected from the region of blood flow measurement for
immunohistochemical evaluation of nNOS localization (Fig. 8).
The gingival lamina propria and surrounding vascular tissue
stained strongly positive for NADPH-d activity. Regions with a
characteristic neuronal morphology and dark blue staining were
identified as NADPH-d-positive neurons (Fig. 8A and C). Tissue
sections of the same region also gave a strong positive immuno-
histochemical reaction indicating the presence of nNOS (Fig. 8B
and D).

Discussion

Reactive hyperemia is the transient increase in organ blood flow
that occurs following a brief period of ischemia, usually arterial
occlusion. Hypoxia may lead to vasodilatory neuromodulation and
release of vasodilatory metabolites that are thought to contribute

Fig. 1. (A) Schematic diagram of the method used to measure ECBF, ECBP, GBF, and tissue PO2. (B) Enlarged resin cast of gingival microvascular
network showing the observation site of gingival tissue. (C) Typical trace of gingival blood flow during reactive hyperemia illustrating derivation of
the three parameters of reactive hyperemia: integrated blood flow (Mass, area in gray), maximum blood flow (Peak), and peak half�time (T1/2).
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to the mechanisms of reactive hyperemia. It is possible that reac-
tive hyperemia is a compensatory mechanism for increasing blood
flow to the ischemic tissue. The reactive hyperemia response
would be blunted in patients with cardiovascular risk factors.(19,20)

In our experimental model, pressure on gingival tissue led to
an increase in GBF without any changes in ECBF or ECBP,
confirming the absence of systemic hemodynamic effects. There-
fore, the specific increase in GBF during gingival reactive
hyperemia clearly reflected local circulatory regulation. Our
pharmacological study showed that this gingival reactive hyper-
emia was completely unaffected by pretreatment with the musca-
rinic receptor blocker atropine, the anticholinergic β receptor
blocking agent propranolol, the H1 receptor blocking agent
pyrilamine, and the H2 receptor blocking antihistaminic agent

cimetidine, indicating that gingival reactive hyperemia occurs via
a nonadrenergic, noncholinergic, and nonhistaminergic mecha-
nism. On the other hand, gingival reactive hyperemia was
significantly inhibited by the non-specific NOS inhibitor L-NAME
as well as the nNOS-specific inhibitor 7-NI. These results strongly
suggest that a nitrergic nervous component contributes to the
regulation of gingival circulation. This hypothesis is also strongly
supported by the histochemical and immunohistochemical local-
ization of both nNOS protein and NADPH-d activity in the tissue.
Further, the rapidity of the vascular response indicated by our
analysis of reactive hyperemia parameters is consistent with
nervous mediation. Blood flow rapidly attained the same peak
value regardless of the duration of pressure, possibly due to
maximum vasodilation immediately after release of pressure. On

Fig. 2. Representative trace of ECBP (A), ECBF (B), gingival PO2 (C), and GBF (D) during an experiment. Gray zones represent intervals (30, 60, and
300 s) of pressure application to the gingiva.

Fig. 3. (A) Dependence of gingival reactive hyperemia parameters on the duration of pressure. Values represent mean ± SEM (n = 6). *p<0.05,
**p<0.01 for comparison between the indicated groups. (B) Representative traces of gingival reactive hyperemia for 30, 60, and 300 s of pressure.
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the other hand, both Mass and T1/2 increased with increasing
duration of pressure.

It is not yet clear how a decrease in tissue PO2 due to gingival
compression would lead to release of NO by nitrergic nerve. A
possible mechanism is suggested by the report of Henrich et al.,(21,22)

showing that intracellular Ca2+ influx triggers NO release from
sensory nerve cells in rats and mice. Intracellular ATP decreases
in ischemic tissue, and ATP depletion inhibits activity of the

Na pump (Na+/K+-ATPase). The consequent accumulation of
intracellular Na+ may cause reversal of Na+/Ca2+ exchange and
importation of Ca2+ into the cell. Another possible mechanism is
that reactive hyperemia is largely determined by the ATP-
sensitive potassium channel, probably through the effect on
membrane potential and voltage-sensitive Ca2+ channels that has
been observed in dogs(23) and humans.(24) The ATP-sensitive potas-
sium channel is also involved in activation of the voltage-

Fig. 4. Effects of an anticholinergic drug, 200 µg·kg−1 atropine (A) and an antiadrenergic drug, 40 µg·kg−1 propranolol (B) on gingival reactive
hyperemia parameters. Closed columns represent animals pretreated with antagonist, open columns represented non�pretreated controls. Values
represent mean ± SEM (n = 5). *p<0.05 for comparison of measurements taken before and after administration of the antagonist.

Fig. 5. Effects of an H1�receptor antagonist, 2 mg·kg−1 pyrilamine (A) or an H2�receptor antagonist, 1 mg·kg−1 cimetidine (B) on gingival reactive
hyperemia parameters. Closed columns represent animals pretreated with antagonist, open columns represented non�pretreated controls. Values
represent mean ± SEM (n = 5). *p<0.05 for comparison of measurements taken before and after administration of the antagonist.
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dependent Ca2+ channel. Finally, elevated neuronal intracellular
Ca2+ may activate NOS in conjunction with calmodulin, resulting
in NO production and release.(25,26)

Hypoxia-inducible factors (HIFs) are transcription factors
induced during tissue ischemia.(27,28) HIF-1 was first discovered
in 1992 as a regulator of the erythropoietin gene, but HIF-1 also
controls transcription of a number of other genes, including
vascular endothelium growth factor (VEGF), a factor involved in
angiogenesis and cell growth in normal and carcinoma tissue.(29) In
addition, HIFs regulate transcription of several vasoactive proteins

such as adrenomedullin, endothelin, and NOS-related protein.(30)

Therefore, in reactive hyperemia, HIFs may contribute to control
of NO release from nitrergic nerves. It may be possible to eluci-
date the actual role of HIF in nitrergic nerve function in gingival
tissue. In this study, the application of the hypoxic condition
was too short and the duration of the hypoxia was not sufficient
to induce transcription and translation of NOS. Further study is
needed to ascertain whether the involvement of HIFs in the
regulation of NO is associated with reactive hyperemia.

In conclusion, this study demonstrates the potential for release

Fig. 6. Effects of a cNOS inhibitor, 20 mg·kg−1 L�NAME (A) or an nNOS inhibitor, 20 mg·kg−1 7�NI (B) on gingival reactive hyperemia parameters.
Closed columns represent animals pretreated with antagonist, open columns represented non�pretreated controls. Values represent mean ± SEM
(n = 5). *p<0.05, **p<0.01 for comparison of measurements taken before and after administration of the antagonist.

Fig. 7. Effects of nNOS inhibitor on gingival reactive hyperemia. Representative recordings of gingival blood flow during and after application of
pressure, measured before (A) or after (B) pretreatment with the nNOS inhibitor 7�NI.
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of NO by nitrergic nerve in canine gingival tissue, and presents
evidence for its probable participation as a primary local regulator
of circulation in gingival reactive hyperemia.
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