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Abstract Cerebral autoregulation is defined as the mecha-
nism by which constant cerebral blood flow is maintained
despite changes of arterial blood pressure, and arterial blood
pressure represents the principle aspect of cerebral autoregu-
lation. The impairment of cerebral autoregulation is reported
to be involved in several diseases. However, the concept,
mechanisms, and pathological dysfunction of cerebral auto-
regulation are beyond full comprehension. Nitric oxide con-
trol and sympathetic control are main contributors to cerebral
autoregulation. Although impaired cerebral autoregulation af-
ter nitric oxide inhibition or sympathetic ganglia blockade is
reported, managing the inhibition or blockade can have nega-
tive consequences and needs further exploration. Additionally,
impaired cerebral autoregulation following subarachnoid
hemorrhage and traumatic brain injury has been proven by
several descriptive studies, although without corresponding
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explanations. As the most important mechanisms of cerebral
autoregulation, the changes of nitric oxide and sympathetic
stimulation play significant roles in these insults. Therefore,
the in-depth researches of nitric oxide and sympathetic nerve
in cerebral autoregulation may help to develop new therapeu-
tic targets.

Keywords Cerebral autoregulation - Nitric oxide -
Sympathetic nerve - Subarachnoid hemorrhage - Traumatic
brain injury

Introduction

Cerebral autoregulation refers to an important physiological
control of cerebrovascular function. The impairment of cere-
bral autoregulation has been reported to be involved in several
diseases, such as cerebral stroke [1], Alzheimer’s disease [2],
congenital patent foramen ovale [3], etc. However, the con-
cept, mechanism, or pathological alteration of cerebral auto-
regulation is far beyond comprehension. This review aims to
discuss the precise concept of cerebral autoregulation, with
elaboration of its regulation by nitric oxide and sympathetic
nerves in both basic research and clinical conditions, such as
subarachnoid hemorrhage and traumatic brain injury.

Cerebral Autoregulation: Precise Concept

Before a more in-depth elaboration, the concept of cerebral
autoregulation needs to be clarified. Cerebral autoregulation is
defined as the mechanism by which constant cerebral blood
flow is maintained despite changes of arterial blood pressure
[4-6], and arterial blood pressure represents the principle aspect
of cerebral autoregulation. Cerebral autoregulation can be
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evaluated by measuring relative blood flow changes in response
to a steady state in the blood pressure (static cerebral autoregu-
lation) or to a rapid change in blood pressure (dynamic cerebral
autoregulation) [7]. The related physiological parameters in-
volved in cerebral autoregulation include sympathetic control,
cerebral metabolism [8, 9], myogenic responses [8, 10, 11], and
endothelium function, which are still largely unknown.

In previous studies, cerebral autoregulation may be con-
fused with other physiological mechanisms that act simulta-
neously to regulate cerebral blood flow, as cerebrovascular
reactivity and neurovascular coupling. Generally, they are in-
dependent definitions with relevant principles in regulation of
cerebral blood flow. Cerebrovascular reactivity is recognized
as the compensatory constriction or dilation of distal cerebral
arteries as a result of vasoactive stimuli [12]. Briefly, cerebro-
vascular reactivity is associated with carbon dioxide, acetazol-
amide, and other vasoactive substances. In human subjects, it
has been reported that results of cerebral autoregulation are
not consistent with those of cerebrovascular reactivity, sug-
gesting different mechanisms involved between the two phe-
nomena [12, 13]. Another concept that may be confused with
cerebral autoregulation is neurovascular coupling.
Neurovascular coupling consists of three cell types in the
brain: neurons, supporting cells (astrocytes), and vascular
cells (vascular smooth muscle, pericyte, and endothelial cells).
All of which are tightly associated to modulate regional blood
flow in response to local metabolic consumption. This modu-
lation ensures rapid spatial and temporal increase of local ce-
rebral blood flow in response to neuronal activation, despite
relatively constant global blood flow [14]. According to the
findings of previous studies, these three mechanisms may in-
teract with each other to produce their function via autonomic
pathway, calcium channel activity, etc. [14-20]. Research re-
garding the interactions of the above mechanisms during past
10 years is listed in Table 1.

Clinically, the arterial blood pressure is volatile in patients
with acute neurological diseases, such as cerebral infarction,
subarachnoid hemorrhage, and traumatic brain injury. If the
cerebral autoregulation is impaired, the arterial blood pressure
variation may significantly affect cerebral blood flow, even to
the point of causing secondary brain injury, and thereby con-
tributing to the poor prognosis. This suggests that monitoring
of the cerebral autoregulation is of great importance for the
management of arterial blood pressure to guide normalization,
improving the treatment and prognosis for patients with these
acute neurological diseases.

Mechanisms
There are four main mechanisms involved in the regulation of

cerebral autoregulation: sympathetic control, cerebral metabo-
lism, myogenic response, and endothelium function

(represented by nitric oxide). Sympathetic control and nitric
oxide concentrations, rather than cerebral metabolism and myo-
genic responses, can be detected and regulated in the human
body using existing technologies. Concerning these two mech-
anisms, contradictory conclusions have been reported. This re-
view aims to investigate, summarize, and clarify the role of
nitric oxide and sympathetic control in cerebral autoregulation.

The Role of Nitric Oxide
Theoretical Basis

Nitric oxide is considered one of the main endothelium-
derived vasodilation factors, which exert a potential role in
the regulation of cerebral autoregulation [21-23]. Theoretical-
ly, nitric oxide regulates the vascular tone of small arteries.
Nitric oxide diffuses into the adjacent smooth muscle cells and
relaxes them by increasing cyclic guanosine monophosphate
[24]. Nitric oxide synthase is widely expressed in various cell
types in the brain other than vascular endothelial cells, such as
neurons, glia cells, and the perivascular fibers that innervate
cerebral vessels. This suggests that nitric oxide can mediate
local vasodilation in response to the activation of non-
endothelial cells as well. Some studies indicate that the secre-
tion of nitric oxide in the brain increases in response to a
sudden drop in arterial blood pressure; this leads to the dilation
of the small cerebral arteries and thereby provides adequate
blood supply to the brain [24].

Controversial Results and Possible Reconciliation

It is understood that nitric oxide plays a primary role in the
regulation of vascular tone [24]. Consequently, cerebral auto-
regulation is likely to be impaired following inhibition of ni-
tric oxide synthase. However, the results from previous stud-
ies about the effects of nitric oxide on cerebral autoregulation
in animal models are conflicting. Some authors reported im-
paired cerebral autoregulation following nitric oxide inhibi-
tion [22, 23], while others reported no change [25]. With re-
gard to the effect of nitric oxide on cerebral autoregulation in
human, the information is limited. White et al. studied the role
of nitric oxide on cerebral autoregulation in healthy subjects
using the nitric oxide synthase inhibitor N°-monomethyl-L-
arginine. When using a control group with an equally titrated,
increased level of blood noradrenaline, they found that the
autoregulatory index was significantly lower in nitric oxide
synthase inhibitor group than that in the noradrenaline titrated
control. This study indicated that reduced nitric oxide secre-
tion was associated with impaired cerebral autoregulation,
suggesting that nitric oxide has a role in the native regulation
of cerebral autoregulation in humans [21]. In contrast, Zhang
et al. revealed that both arterial blood pressure and cerebral
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Table 1  Articles of cerebral autoregulation (CA), cerebrovascular reactivity, and neurovascular coupling

Journal First author Year

J Appl Physiol (1985) Salinet AS 2015 CA and neurovascular coupling
Physiol Rep Maggio P 2014 CA, cerebrovascular reactivity, and neurovascular coupling
PLoS One Chen J 2014 CA and cerebrovascular reactivity
Med Eng Phys Gommer ED 2014 CA and neurovascular coupling
Clin Sci (Lond) Bailey DM 2013 CA and cerebrovascular reactivity
J Appl Physiol (1985) Maggio P 2013 CA and neurovascular coupling

J Appl Physiol (1985) Ainslie PN 2012 CA and cerebrovascular reactivity
Conf Proc IEEE Eng Med Biol Soc Deegan BM 2010 CA and cerebrovascular reactivity
Am J Physiol Regul Integr Comp Physiol Wilson LC 2010 CA and cerebrovascular reactivity
Eur Neurol Reinhard M 2010 CA and neurovascular coupling
Physiol Meas Gommer ED 2008 CA and cerebrovascular reactivity
Am J Physiol Regul Integr Comp Physiol Ainslie PN 2008 dCA and cerebrovascular reactivity
Exp Physiol Ainslie PN 2007 dCA and cerebrovascular reactivity
J Appl Physiol (1985) Ainslie PN 2007 dCA and cerebrovascular reactivity
J Neurol Singhal S 2005 dCA and cerebrovascular reactivity

blood flow velocity variability did not alter after using N°-
monomethyl-L-arginine to block nitric oxide synthase, which
suggested that inhibition of nitric oxide production had no
discernable effect on cerebral autoregulation in humans [26].

The conclusions from the referenced studies differ, which
can be attributed to the following reasons. First of all, cerebral
autoregulation was detected under different circumstances.
White et al. used a thigh tourniquet release maneuver to ma-
nipulate arterial blood pressure [21], whereas Zhang et al.
conducted a head-up tilt [26]. The two methods likely cause
different degrees of change in cerebral arterial blood pressure.
Secondly, there were less than 20 subjects enrolled in each
study; the sample sizes were relatively small to reach consis-
tent statistical results. Last but not least, the effect of
transmural pressure intervened with the autoregulatory re-
sponse of nitric oxide on cerebral arterioles. Kajita et al. re-
ported that the vasogenic secretion of nitric oxide was signif-
icantly increased when transmural pressure decreased below
60 mmHg, thereby promoting autoregulatory vasodilation. If
transmural pressure was elevated higher than 60 mmHg, the
effect of nitric oxide became limited [24].

Sympathetic Control of Cerebral Autoregulation

Theoretical Basis, Controversial Results, and Possible
Reconciliation

One of the important roles of sympathetic nervous system is to
control the vasomotor function. Theoretically, sympathetic
nervous stimulation causes the vasoconstriction of blood ves-
sels as a result of activation of alpha-1 adrenergic receptors by

@ Springer

norepinephrine released by post-ganglionic sympathetic neu-
rons. These changes may affect the function of blood vessels.
The cerebrovascular bed is widely innervated by sympathetic
nerve fibers [27, 28]. Indeed, current theory holds that sym-
pathetic nerves regulate cerebral blood flow by managing ce-
rebral vascular resistance. However, the role of the sympathet-
ic nervous system in cerebral autoregulation remains poorly
characterized, since research results were inconsistent in both
human and animal models. In 1961, Sagawa and Guyton
found that the resection of carotid sinus nerves completely
abolished the effect of cerebral autoregulation in dog models,
suggesting that sympathetic pathways were involved in cere-
bral autoregulation [29]. However EkIof et al. reported that
cerebral autoregulation was preserved in monkeys with chron-
ic sympathetic denervation [30], which suggested the oppo-
site. Existing research in human subjects also reaches a debat-
able conclusion. Using trimethaphan to block the autonomic
ganglionic pathways in 11 healthy subjects, Zhang et al. found
that sympathetic vasoconstriction was not the primary mech-
anism in regulation of cerebral blood flow [31]. Gierthmiihlen
et al. enrolled 17 patients with infarction of the dorsolateral
medulla oblongata, which affects central sympathetic path-
ways. They demonstrated that the sympathetic nervous system
did not impact cerebral autoregulation if perfusion pressure
decreased under normotonous conditions [32]. In contrast,
Zhang et al., in another study, reported a significant change
of cerebral autoregulation after ganglion blockade with
trimethaphan [33]. Similarly, the study of Hamner indicated
that sympathetic regulation for cerebral and brachial blood
flow was dependent on frequency in pressure oscillations [28].

The role of sympathetic nerves in cerebral autoregulation
remains controversial for the following reasons: (1) cerebral
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autoregulation includes static cerebral autoregulation and dy-
namic cerebral autoregulation. Dynamic cerebral autoregula-
tion is calculated from a mathematical model, which is more
sensitive and able to distinguish the subtle differences among
experimental groups [28, 31, 33]. However, these two indexes
were arbitrarily adopted in previous studies, which contribut-
ed to the inconsistency. (2) Compensatory and regenerative
mechanisms are confounding factors in sympathetic control.
For example, chronic sympathetic denervation [30] and
chronic central sympathetic deficit [32] barely impacted cere-
bral autoregulation, whereas acute carotid sinus nerve removal
resulted in total loss of cerebral autoregulation [29]. (3) The
distribution of sympathetic innervations is heterogeneous. It is
suggested that only in certain areas of the brain, sympathetic
control has the priority in regulating blood flow [34]. (4) The
sample sizes of their work are relatively too small to reach
consistent statistic results.

Unresolved Issues in Sympathetic Control

Though there is limited proof that sympathetic activation
causes direct change in cerebral autoregulation, it certainly
causes indirect changes. Activated sympathetic neural path-
ways can enhance the production of renin, which results in
downstream elevation of angiotensin II concentration [35].
Angiotensin II is a peptide hormone that causes vasoconstric-
tion; it can increase the lower threshold of cerebral autoregu-
lation, potentially shifting the lower limit of cerebral autoreg-
ulation toward higher blood pressure levels. Additionally, the
concentrations of adrenaline and noradrenaline are increased
after excessive sympathetic activation, which also induces va-
soconstriction. One study of anxiety, a disease involving sym-
pathetic activation, reported that sympathetic activation limit-
ed hypercapnic cerebral vasodilation [36]. Interestingly, an-
other recent study revealed that the variation of cerebral blood
flow velocity when changing position from supine to upright
differed between the anxious and the healthy groups [37].
Anxious subjects exhibited pronounced reduction in cerebral
blood flow velocity after abrupt standing, suggesting a deficit
in alleviating low cerebral blood flow velocity by vasodilation
[37]. Though these studies cannot come to any specific con-
clusion, they indicate that sympathetic activation may damage
normal cerebral autoregulation. Further research is needed to
investigate the relationship between sympathetic activation
and cerebral autoregulation.

Cerebral Autoregulation in Subarachnoid
Hemorrhage and Traumatic Brain Injury

The impairment of cerebral autoregulation has been reported
in certain cerebral diseases such as subarachnoid hemorrhage
and traumatic brain injury. Even though the mechanisms are

unclear as mentioned above, sympathetic control and nitric
oxide control are two of the main pathways in the regulation
of cerebral autoregulation. Specific relationships between the-
se pathways in subarachnoid hemorrhage and traumatic brain
injury need to be investigated for designing new therapeutic
methods. The following section aims to clarify the sympathet-
ic and nitric oxide control of cerebral autoregulation in these
specific diseases using both direct and indirect evidence.

Cerebral Autoregulation and Subarachnoid
Hemorrhage

Overview

Subarachnoid hemorrhage is a subtype of stroke with a high
mortality of nearly 50 % with one in eight patients dying
outside of the hospital [38]. Delayed cerebral vasospasm and
delayed cerebral ischemia are coupled to one another and are
among the crucial causes of morbidity and mortality following
subarachnoid hemorrhage [39]. It has been reported that cere-
bral autoregulation is associated with cerebral vasospasm/
delayed cerebral ischemia (Fig. 1) [39, 40]. Budohoski et al.
studied cerebral autoregulation in 98 consecutive patients with
aneurysmal subarachnoid hemorrhage. They found that im-
paired cerebral autoregulation within the first 5 days after
subarachnoid hemorrhage was associated with increased risk
of delayed cerebral ischemia [40]. Otite et al. reported that
patients with delayed cerebral ischemia had developed com-
promised cerebral autoregulation compared with those with-
out complications [39]. Moreover, both the studies of Lang
and Jaeger reached similar conclusions [41, 42]. In general,
these studies indicate that comprehensive understanding of
cerebral autoregulation can aid in identifying patients with
high risk of secondary complications following subarachnoid
hemorrhage.

Mechanisms
Nitric Oxide Control

Since relevant experiment research is extremely limited, the
mechanism between cerebral autoregulation and cerebral
vasospasm/delayed cerebral ischemia in subarachnoid hemor-
rhage is not fully understood. However, related research can
offer some information. Sabri et al. found that the uncoupled
endothelial nitric oxide synthase is upregulated in large cere-
bral arteries after subarachnoid hemorrhage, which led to de-
creased nitric oxide availability and increased superoxide and
peroxynitrite concentrations [43]. Reduced availability of ni-
tric oxide in blood and cerebrospinal fluid is one of the im-
portant mechanisms underlying cerebral vasospasm [44]. In
addition, hemoglobin released from subarachnoid blood
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Fig. 1 Simulation diagram of dynamic cerebral autoregulation
parameters in subarachnoid hemorrhage and traumatic brain injury. a
The phase difference between arterial blood pressure and cerebral blood
flow velocity in patient with subarachnoid hemorrhage is significantly
lower than in the healthy subject, which indicates the compromised
dynamic cerebral autoregulation. b Flatter slope of step response is
observed in patient with traumatic brain injury, which demonstrates an
impaired dynamic cerebral autoregulation. Phase difference and step
response are two autoregulatory parameters derived from transfer
function analysis. Phase difference is a frequency domain parameter. A
large phase difference may suggest that cerebral blood flow velocity does
not follow the changes of arterial blood pressure whereas cerebral blood
flow velocity follows the change of arterial blood pressure passively
when it changes in phase. Step response shows the response of cerebral
blood flow velocity to a step change of arterial blood pressure. The
quicker the step response drops back to the baseline level, the better
autoregulation it indicates. SAH subarachnoid hemorrhage, TBI
traumatic brain injury

following aneurysmal rupture inhibits the activity of endothe-
lial nitric oxide synthase, thereby reducing nitric oxide pro-
duction which decreases nitric oxide availability for smooth
muscle cells leading to vasoconstriction [44, 45]. In a later
study, Sabri et al. discovered that recoupling endothelial nitric
oxide synthase with simvastatin could reduce secondary com-
plications such as vasospasm, microthromboemboli, and neu-
ronal injury [46]. These studies indicated that the reduction in
nitric oxide is crucial to induce cerebral vasospasm/delayed
cerebral ischemia after subarachnoid hemorrhage. As previ-
ously described, nitric oxide plays a role in cerebral autoreg-
ulation, and the likely role is that nitric oxide deficiency dis-
ables proper cerebral autoregulation, leading to vasospasm/
delayed cerebral ischemia and other related complications
(Fig. 2).

Based on the conclusions above, some studies investigated
the change in cerebral vasospasm/delayed cerebral ischemia
by increasing the production of nitric oxide or activating nitric

@ Springer

oxide synthase. Osuka et al. found that adiponectin, which
plays an important role against cerebral vasospasm via the
AMPK/endothelial nitric oxide synthase signaling pathway,
was significantly elevated in the cerebrospinal fluid after sub-
arachnoid hemorrhage [47]. The study of Vellimana indicated
that hypoxic preconditioning protected against vasospasm and
neurological deficits by increasing both nitric oxide availabil-
ity and endothelial nitric oxide synthase activity [48]. Based
on its effect against vasoconstriction, Kim et al. delivered
ultrasound-facilitated nitric oxide to treat vasospasm follow-
ing subarachnoid hemorrhage; improved neurologic function
was observed in their treated animals [44]. Moreover, estro-
gen, specifically 170 estradiol (E2), has potential therapeutic
implications for ameliorating the delayed neurological deteri-
oration following aneurysmal subarachnoid hemorrhage via
activating endothelial nitric oxide synthase [49]. These studies
all together indicate the connection between nitric oxide and
vasospasm after subarachnoid hemorrhage.

To sum up, nitric oxide, potentially by improving cerebral
autoregulation, can attenuate cerebral vasospasm/delayed ce-
rebral ischemia after subarachnoid hemorrhage. It can be im-
plied that normalized or increased concentrations of nitric ox-
ide contribute to a better prognosis in subarachnoid hemor-
rhage via alleviating cerebral autoregulation impairment.

Sympathetic Control

The acute stage following subarachnoid hemorrhage is ac-
companied by pronounced sympathetic activation, which con-
tributes to the development of cerebral vasospasm [50, 51].
However, there is no study about the role of sympathetic
nerves in cerebral autoregulation after subarachnoid hemor-
rhage. As previously described, excessive sympathetic activa-
tion is associated with cerebral autoregulation dysfunction.
Thus, sympathetic activation after subarachnoid hemorrhage
may disturb cerebral autoregulation and thereby induce cere-
bral vasospasm and delayed cerebral ischemia (Fig. 2).

Cerebral Autoregulation and Traumatic Brain
Injury

Overview

Clinically, 49-87 % of patients with severe traumatic brain
injury have an absence or impairment of cerebral autoregula-
tion [52]. It is reported that even a minor head injury may
impair cerebral autoregulation and increase the risk of second-
ary ischemic neuronal damage [53]. More recently, there has
been investigation of the correlation between traumatic brain
injury and cerebral autoregulation impairment [54, 55]. In a
series of 36 severe traumatic brain injury patients, 30 of them
were reported to have impaired cerebral autoregulation 3—
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Fig. 2 Nitric oxide and
sympathetic controls of cerebral
autoregulation in subarachnoid
hemorrhage. eNOS endothelial
nitric oxide synthase, NO nitric
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5 days after injury by Sviri et al. (Fig. 1). Though recovered
some, there were still 19 (53 %) and 9 (25 %) individuals with
cerebral autoregulation deficit 9-11 and 12—-14 days after in-
jury, respectively. In their study, it was indicated that cerebral
autoregulation recovery after severe traumatic brain injury
was delayed, in particular cases more than 2 weeks [55]. In-
terestingly, similar results were demonstrated in professional
boxers, a type of chronic traumatic brain injury. These results
help explain why chronic traumatic brain injury is a progres-
sive disease with the worsening cerebral autoregulation im-
pairment [56]. The loss of cerebral autoregulation in the cere-
bral vasculature can lead to both the hypoperfusion that con-
tributes to cerebral ischemia and the hyperemia that results in
increased intracranial pressure [52, 57]. Both potentially in-
duce secondary injury after traumatic brain injury.

Mechanisms
Nitric Oxide Control

As previously indicated, the role of nitric oxide in these path-
ological conditions remains unclear. Theoretically, both over-
expression and deficiency have harmful effects. Attenuated
production of nitric oxide by endothelial nitric oxide synthase
results in inadequate cerebral perfusion, whereas excessive
production by neuronal nitric oxide synthase and inducible
nitric oxide synthase leads to neurotoxicity and cellular injury
[52]. The production of nitric oxide in traumatic brain injury
changes along with the pathological process. In the first 5—
30 min after traumatic brain injury, nitric oxide production
was increased in injured brain tissue, probably via the activa-
tion of endothelial nitric oxide synthase and neuronal nitric

Delayed cerebral ischemia

oxide synthase [58—61]. From 30 min to 6 h after traumatic
brain injury, the concentration of nitric oxide was reduced,
probably as a consequence of the diminished activity of endo-
thelial nitric oxide synthase [61]. Nitric oxide expression
started to recover after 6 h following traumatic brain injury,
further elevating to its peak between 20 and 42 h after trau-
matic brain injury [62, 63], which was attributed to the activity
variation of inducible nitric oxide synthase [61] (Fig. 3). Pre-
injury administration of the neuronal nitric oxide synthase
inhibitor 3-bromo-7-nitroindazole has been shown to have
protective effects since it decreases nitric oxide concentration
during the first 5-30 min after traumatic brain injury [64].
During the following 6 h, the lower concentration of nitric
oxide is associated with low cerebral blood flow. Accordingly,
administration of L-arginine at this time has been shown to
improve cerebral blood flow and neurological outcome in
traumatic brain injury models [61, 65]. Afterward, inhibition
of inducible nitric oxide synthase reduces the expression of
nitric oxide which has been shown to exert neuroprotective
effects in most experimental traumatic brain injury models
[66, 67].

As previously described, studies have shown that nitric ox-
ide concentration is crucial for regulating cerebral autoregula-
tion [21, 22]. However, previous studies only investigated the
impact of lower nitric oxide concentration on cerebral autoreg-
ulation by using nitric oxide inhibitors. As reported before, the
concentration of nitric oxide declined at 30 min to 6 h after
traumatic brain injury, which may disturb cerebral autoregula-
tion [21, 22]. Some studies revealed that inhaled nitric oxide
reduces secondary brain damage after traumatic brain injury
[68-70], which may be associated with the improvement of
cerebral autoregulation. However, there is limited information
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Fig. 3 Nitric oxide and
sympathetic controls of cerebral
autoregulation in traumatic brain
injury. eNOS endothelial nitric
oxide synthase, nNOS neuronal
nitric oxide synthase, iINOS
inducible nitric oxide synthase,
CA cerebral autoregulation
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about cerebral autoregulation under high nitric oxide concen-
tration. Thus, no direct evidence is available to indicate the
effect of nitric oxide on cerebral autoregulation in the first 5—
30 min or 6 h later after traumatic brain injury.

Sympathetic Control

Increased intracranial pressure and activated sympathetic
pathways following severe traumatic brain injury lead to ele-
vated plasma catecholamine levels [71] which last for several
weeks to months [72, 73]. Blocking of the hyperadrenergic
response using beta-blockers has been demonstrated to be
associated with significant improvements in mortality, espe-
cially in older and seriously injured patients [74]. As previ-
ously described, there is some indirect evidence showing dis-
abled cerebral autoregulation from excessive sympathetic ac-
tivation. Chronic sympathetic activation further interferes with
cerebral autoregulation and thereby may induce secondary
brain damage. However, further research about sympathetic
control on cerebral autoregulation after traumatic brain injury
is needed to verify this hypothesis.

Notably, during the 5-30 min and >6 h after traumatic brain
injury, the high concentration of nitric oxide induces vasodi-
lation, while excessive sympathetic activation has the opposite
effect. Participation of these and other confounding mecha-
nisms make the change in cerebral autoregulation during these
two phases uncertain (Fig. 3).

Questions and Prospects

With increasing relevant research being accomplished, cere-
bral autoregulation is becoming the intriguing topic in regula-
tion of cerebral blood flow. Nevertheless, some issues remain
for further study. First of all, there is no standard method for
the detection or measurement of cerebral autoregulation. Re-
sults from different methods are not comparable, which makes
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it difficult to draw a precise conclusion. Secondly, present
research is not comprehensive. For example, there are few
studies of cerebral autoregulation combining high concentra-
tion of nitric oxide and excessive sympathetic activation,
which is required for complete understanding of underlying
mechanisms. Thirdly, in particular diseases such as subarach-
noid hemorrhage and traumatic brain injury, studies of cere-
bral autoregulation are descriptive with phenomenon reported
only. In future, it is necessary to use relevant animal models to
reproduce the results observed in humans and to study the
mechanisms. Fourthly, cerebral autoregulation, cerebrovascu-
lar reactivity, and neurovascular coupling are recognized as
components of a whole system in cerebral blood flow regula-
tion. As mentioned above, there are inevitable interactions
among them, which remain unclear. These particulars would
be advantageous, especially for understanding the pathology
of certain cerebral vascular diseases. Last but not least, accord-
ing to the results from existing studies, the improvement of
cerebral autoregulation is associated with alleviated brain in-
jury and reduced incidence of complications; however, there
are few drugs that can improve cerebral autoregulation so far.
Targeting cerebral autoregulation is a prospective treatment
for cerebral vascular diseases.

Conclusion

Intact cerebral autoregulation is crucial for appropriate cere-
bral blood flow. Cerebral autoregulation impairment is asso-
ciated with many diseases and unsatisfactory outcomes. How-
ever, the mechanisms of cerebral autoregulation regulation are
currently beyond full comprehension. Nitric oxide control and
sympathetic control are two major underlying factors involved
in regulating cerebral autoregulation in physiological and
pathological conditions. Altering nitric oxide concentration
or sympathetic activity may serve as new therapeutic targets
in regulation of cerebral blood flow.
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