
Cardiovascular morbidity and mortality depend on a
variety of well-known risk factors, including obesity,

hypercholesterolemia, cigarette smoking, physical inactiv-
ity, and hypertension. In addition, enhanced blood pressure
variability, even in the absence of hypertension, has been
identified as an independent cardiovascular risk factor. For
example, the risk for coronary heart disease was found to
be fivefold higher in untreated subjects with large systolic
blood pressure variability compared with subjects with low
systolic blood pressure variability (5). Moreover, the severe-
ness of Goldblatt hypertension may rely on variations in
renal arterial pressure (10). 

How does the human body protect itself against these dele-
terious blood pressure fluctuations? The most intensively stud-
ied mechanism to buffer blood pressure fluctuations is the
arterial baroreceptor reflex. Changes in arterial pressure are
detected by receptors located at the aortic arch and the
carotid sinuses. The afferent pathway projects to the brain
stem, where sympathetic and parasympathetic efferent signals
are generated. This response antagonizes the initial changes in
arterial blood pressure by adjustments in heart rate and vas-
cular tone. After an initial drop in blood pressure, an increase
in heart rate can usually be observed within a few heartbeats

and the adjustment of blood pressure is usually complete
within 1–2 min. Thus the baroreceptor reflex is sufficiently
rapid to prevent the occurrence of orthostatic hypotension
with dizziness or fainting. However, there are pathophysio-
logical conditions associated with impaired baroreceptor
reflex function. For example, the sensitivity of the reflex is
markedly reduced in atherosclerosis, heart failure, autonomic
neuropathy, or pure autonomic failure. Because the require-
ment to stabilize arterial blood pressure is such a fundamen-
tal necessity for cardiovascular function, it is surprising that
there should be only one short-term blood pressure control
mechanism that can respond within less than a minute.

A vascular blood pressure control system

A considerable amount of evidence suggests that a second
short-term blood pressure control mechanism exists besides
the baroreceptor reflex. This rapidly responding system acts
at the site of the vasculature by the following mechanism
(Fig. 1): changes in arterial blood pressure lead to corre-
sponding changes in vascular shear stress. This mechanical
stimulus causes an increase in cytosolic Ca2+ content in the
endothelial cells. The resulting Ca2+-calmodulin complex
enhances the activity of the endothelial isoform of nitric
oxide synthase (eNOS). The subsequently formed nitric oxide
(NO) diffuses into the adjacent vascular smooth muscle cells,
where it activates the enzyme guanylyl cyclase. This leads to
a rise in cGMP that acts by reducing the intracellular free
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Blood pressure instability may promote cardiovascular morbidity. Recent data suggest a role of nitric
oxide in stabilizing arterial blood pressure. A rise in blood pressure enhances endothelial shear
stress and nitric oxide release. The resulting vasodilation antagonizes the initial increase in
blood pressure. This system can respond within 2–10 seconds. 
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Ca2+ concentration. Thus vascular resistance decreases and
blood pressure is maintained at its initial level.

Functional significance of the vascular blood pressure
control system

If this vascular blood pressure control system is of any
hemodynamic significance, one would expect a stronger
blood pressure variability when this control system is inhib-
ited. Indeed, it has been demonstrated in conscious dogs
and rats that pharmacological inhibition of NOS by applica-
tion of false substrates causes a marked increase in blood
pressure variability. This enhanced blood pressure instability
persists when the hypertension associated with NOS inhibi-
tion is prevented by additional application of exogenous NO
donors (11). Power spectral analysis revealed that the
enhanced blood pressure variability is mainly manifested in
a low frequency range similar to the frequency range gener-
ally ascribed to sympathetic modulation of vasomotor tone.
In rats, this frequency range is located between 0.2 and
0.6 Hz and in dogs between 0.1 and 0.5 Hz. Thus the vas-
cular NO system is most effective in dampening blood pres-
sure fluctuations in a time range between 2 and 10 s. Taking
into account that the NO molecule has a biological half-life
time of ~6 s, it seems reasonable to assume that this system
is able to buffer blood pressure fluctuation within 2–10 s.
However, it should be mentioned that the blood pressure
buffering effect of NO remains controversial. In humans (2)
and rats (3), a reduced low-frequency spectral power was
found after inhibition of NO synthase. However, in these
studies hypertension due to NO inhibition was not counter-

acted, and thus sympathetic inhibition due to the barorecep-
tor reflex may have occurred. Since sympathetic modulation
of vasomotor tone acts in the same frequency band as the
vascular NO system, it seems that the reduction in low-
frequency spectral power of arterial blood pressure in these
two studies (2, 3) was due to sympathetic inhibition and was
not related to the blockade of NOS.

Power spectral analysis of arterial blood pressure during
NOS blockade in rats and dogs demonstrated that the NO
system is most effective in buffering blood pressure fluctua-
tions at ~0.4 Hz. However, this does not mean that the NO
system cannot buffer slower blood pressure fluctuations as
well. In a study by Gouedard et al. (4), blood pressure fluc-
tuations related to the renin-angiotensin system were
investigated in conscious rats. In this study, blood pressure
fluctuations in a frequency range between 0.02 and 0.2 Hz
were enhanced by NOS inhibition with the use of the false
substrate NG-nitro-L-arginine methyl ester (L-NAME). This
effect was prevented by the angiotensin II-AT1 receptor
antagonist losartan. This finding can be interpreted in such
a way that activation of the renin-angiotensin system is
associated with an intrinsic instability of arterial blood pres-
sure in the frequency range between 0.02 and 0.2 Hz.
Under physiological conditions, these blood pressure fluc-
tuations are buffered by the NO system and, therefore, are
not apparent. However, if the NO system is blocked, blood
pressure variability becomes unmasked. When losartan is
added to L-NAME, the renin-angiotensin system that ini-
tially generated the blood pressure fluctuations is inhibited
and blood pressure fluctuations diminish. This example
demonstrates that the vascular blood pressure control
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FIGURE 1. Mechanism of the vascular blood pressure control system. Vascular shear stress promotes Ca2+ influx into endothelial cells. Subsequently, the
Ca2+-calmodulin complex activates endothelial nitric oxide (NO) synthase (eNOS). NO diffuses to the adjacent vascular smooth muscle cells (VSMC), where it
activates the guanylyl cyclase. cGMP causes a reduction in intracellular Ca2+ concentration in VSMC and, therefore, leads to vasodilation.
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system can also stabilize arterial blood pressure below the
frequency band between 0.2 and 0.6 Hz, where it appears
to be most effective in rats and dogs.

As mentioned above, pharmacological blockade of NOS in
rats and dogs is accompanied by an enhanced blood pressure
variability (4, 11), indicating that endogenously generated NO
can buffer blood pressure fluctuations. However, these studies
were not able to ascribe the blood pressure stabilizing effect of
endogenous NO to a specific NOS isoform. In a recent study
(13), we therefore compared blood pressure variability in con-
scious knockout mice that specifically lack the gene for eNOS
with their wild-type controls. Compared with their wild-type
controls, blood pressure was higher and overall blood pressure
variability was markedly enhanced (Fig. 2, A and B). Thus the
blood pressure buffering effects of endogenous NO appear to
be mediated by eNOS. The enhanced blood pressure variabil-
ity in eNOS knockout mice was mainly manifested in a fre-
quency band between 0.05 and 0.4 Hz, with a maximum at
0.2 Hz (Fig. 2C). Thus blood pressure in these mice reveals an
intrinsic instability, with fluctuations of ~5 s duration. This fre-
quency characteristic agrees fully with that found in other
species after pharmacological NOS inhibition and with the
biological half-life of NO, which is roughly 6 s.

The question then arises as to why the other short-term
blood pressure control system, i.e., the baroreceptor reflex,

does not fully compensate for the higher blood pressure
variability in eNOS knockout mice. To shed light on this
issue, we investigated baroreceptor-heart rate reflex sensi-
tivity in eNOS knockout mice by the so-called sequence
method. Briefly, spontaneously occurring sequences of
three or more consecutive heartbeats were detected during
which both arterial blood pressure and interbeat interval
simultaneously increased or decreased. Linear regressions
between blood pressure and interbeat interval values of
these sequences reflect baroreceptor-heart rate reflex sensi-
tivity. We did not find any significant differences in barore-
ceptor-heart rate reflex sensitivity between the strains.
However, the sequences were roughly twice as frequent in
blood pressure time series from eNOS knockouts than in
those from wild-type controls (13). The greater number of
sequences in the eNOS knockout mice suggest that the
larger blood pressure variability in eNOS knockout mice
was partly compensated by the baroreceptor reflex. Thus
the actual blood pressure buffering capacity of the vascular
eNOS system was underestimated in this study.

NO that is released from the endothelium in response to
vascular shear stress may also exert nonvascular effects. For
example, it has been demonstrated that NO attenuates
baroreflex function at the site of the carotid sinuses (8) and at
specific sites within the central nervous system. However, this
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FIGURE 2. Blood pressure variability in wild-type mice and eNOS mutant animals. A: original blood pressure tracings in representative animals. White lines
indicate mean blood pressure. Spontaneous blood pressure variability is markedly enhanced in conscious eNOS knockout mice. B: probability distributions of
mean blood pressure values. After adjusting mean blood pressure of each strain, the probability distributions of all animals were averaged. A much broader dis-
tribution was found in eNOS knockout mice. C: arterial blood pressure power spectra. The spectra of all animals were averaged. The enhanced blood pressure
variability in eNOS knockout mice is manifested in a frequency band between 0.05 and 0.4 Hz. (Figure was reproduced from Hypertension 33: 1359–1363,
1999, with permission.)
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action of NO is unlikely to participate in the NO-dependent
blood pressure buffering system, since NO-mediated sup-
pression of the baroreflex would enhance rather than buffer
blood pressure variability. In addition, NO-mediated barore-
flex inhibition predominantly concerns the baroreceptor-
heart rate reflex, whereas sympathetic baroreflex function is
largely preserved (6). Furthermore, since baroreflex function
was not altered in eNOS knockout mice (13), and since
baroreflex function was enhanced by specifically blocking
the neuronal isoform of NOS with 7-nitroindazole (9), it is
unlikely that NO-dependent suppression of baroreflex func-
tion is mediated by eNOS.

On the other hand, it has also been demonstrated that
inhibition of NO synthesis by L-NAME reduces the excitabil-
ity in nucleus tractus solitarius (NTS) neurons (7). On the
other hand, NO can enhance the excitability within the
NTS, the site of the first central relay station of afferent path-
ways of cardiovascular reflexes. Activation of the NTS (e.g.,
by baroreceptor activation) in turn causes inhibition of the
neurons in the rostral ventrolateral medulla (RVLM), the ori-
gin of the central portion of the preganglionic sympathetic
pathway. Indeed, it has been demonstrated that NO exerts
an inhibitory effect on sympathetic activity in the RVLM
(15). However, there is evidence that these central effects of
NO are mediated by the neuronal rather than the endothe-
lial isoform of NOS. Thus it is reasonable to assume that the
central actions of NO do not participate in the blood pres-
sure buffering effects of the vascular blood pressure control
system discussed here.

Implications for blood pressure variability as a diagnostic
tool

It has been suggested that investigation of blood pressure
variability and calculation of its frequency distribution by
power spectral analysis can provide useful information for
various pathophysiological conditions. The underlying con-
cept is based on the idea that an activated regulatory system
causes oscillations at a specific frequency, i.e., at the reso-
nance frequency. If all of these regulatory systems have
different resonance frequencies, it would be possible to
determine the activity of each of the different regulatory sys-
tems by frequency analysis of blood pressure variability. For
example, the resonance frequency of the arterial barorecep-
tor reflex was found near 0.4 Hz in rats (1). In the same
species, blockade of NOS caused a strong increase in blood
pressure variability in the frequency range between 0.2 and
0.6 Hz (11). Hence it is difficult to distinguish between
blood pressure regulation via NO and the arterial barore-
ceptor reflex by spectral analysis of arterial blood pressure.
The frequency ranges overlap. 

Nevertheless, in a clinical application, frequency analysis
of blood pressure variability may still be useful. For example,
in patients with autonomic neuropathy, endothelial NO pro-
duction may not be disturbed, whereas baroreceptor reflex
function is impaired due to the neuropathy. Thus frequency
analysis of blood pressure variability can be used to quantify
the impairment of baroreceptor reflex function and to follow

the progression of the autonomic neuropathy. Another exam-
ple is atherosclerosis. In atherosclerosis it has been demon-
strated that arterial baroreceptor reflex function is impaired
(14). In addition, it has been repeatedly shown that endothe-
lial dysfunction accompanied by a reduced production of
endothelial-derived NO is also present in this disease (12).
Changes in blood pressure variability can, therefore, be
expected from impaired baroreceptor reflex function and
impaired endothelial NO production. Thus, in atherosclero-
sis, frequency analysis of blood pressure variability can be
used to investigate the progression of the disease, but it is not
possible to distinguish whether a deterioration of the disease
is due to a progression in endothelial dysfunction or due to
further impairment of baroreceptor reflex function.

Summary and conclusions

Several lines of evidence suggest the existence of a vas-
cular short-term blood pressure buffering system that relies
on endothelial NO production in response to enhanced
vascular shear stress. Inhibition of the vascular blood pres-
sure control system by blockade of the NOS causes marked
blood pressure instability. In addition, blood pressure vari-
ability in knockout mice lacking eNOS is dramatically
enhanced compared with wild-type controls. Thus the vas-
cular blood pressure buffering system seems to depend on
a functional eNOS. Power spectral analysis of arterial blood
pressure during inhibition of NOS in dogs and rats and
experiments in eNOS knockout mice suggest that the vas-
cular blood pressure control system is most effective in
buffering blood pressure variability in a frequency range
between 0.1 and 0.6 Hz. However, the NO system is also
able to stabilize blood pressure at lower frequencies. This
frequency characteristic partly overlaps with that of the
arterial baroreceptor reflex. Frequency analysis of arterial
blood pressure variability can, therefore, not only provide
information about sympathetic modulation of vasomotor
tone but also about endothelial function.
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Close your eyes and answer this question: where are you?
The answer is not so straightforward, a fact which itself

reveals a complexity in how our brains organize, store, and
retrieve experience. Let’s assume you are at your desk and
answer as such. But without changing location, an equally
valid answer may be “five paces from the door” or “in the
south of Prague.” Quite naturally, each answer may have come
from memory, since no direct perception of the desk, door, or
Prague is necessary. Although each declaration is accurate, the
appropriateness depends on the context of the question. This
example indicates several important features of cognition that
are particularly, but not exclusively, characteristic of spatial
cognition. The perception and understanding of space funda-
mentally involves memory and the implicit construction of a
reference or coordinate frame. There are, of course, several
reference frames that one can hold in mind, none of which is
universally appropriate. The brain clearly stores multiple
memories, and to use them it must therefore organize and
coordinate them in a way that preserves their integrity.

These commonplace considerations are especially impor-
tant in light of the progress of research into the mechanisms of
degenerative brain diseases (Alzheimer’s, Parkinson’s) that dis-
turb processes of understanding or cognition. According to
one classification, it is the declarative memory of Alzheimer
patients that suffers first. Others have classified such memories
as being episodic in that they are memories of events identi-
fied in time and space. Experimental animal models of cogni-

tion have therefore focussed on this class of memory. But is it
at all possible to examine declarative or episodic memory in
animals? A positive reply to this question requires the avail-
ability of nonverbal tests of declarative or episodic memory.

Since episodic memories are fundamentally located within
a spatial context, memory research in animals (see Ref. 5 for
a review) has focused on the domain of spatial cognition
because of several properties. Although space itself cannot
be directly perceived, spatial problems and thus spatial mem-
ories are of fundamental importance to mobile organisms.
Spatial memories form and are necessarily organized within
distinct reference frames that themselves must be coordi-
nated. In this review, we first describe the different ways in
which common spatial problems appear to be solved. We
then summarize our recent animal experiments demonstrat-
ing that these different spatial strategies are functionally dis-
tinct, that they coexist, and that they depend on autonomous
memories that can be studied at the cellular level.

Modes of navigation

All mobile organisms are critically dependent on effective
navigation, defined as the purposeful self-directed movement
through an environment. Although “way following” is a legit-
imate spatial behavior, it is not considered a form of naviga-
tion since it does not usually allow the subject to take novel
or optimal paths from one place to another. Particularly
important is place navigation–finding an unmarked place the
position of which can only be recognized by its relationship
to perceptible distant landmarks or by the memory of the
path leading to it from the current position of the animal.
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Understanding of the neurophysiology of cognition is advancing through the study of how animals
navigate and understand space. Manipulating various classes of spatial information and recording
from hippocampal neurons provides a robust model for understanding how the brain stores
and constructs the spatial memories that are critical for organizing daily experience. 
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