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The central nervous system (CNS) plays an essential role in
cardiovascular regulation: from the level of the peripheral
vasculature, to modulation of cardiac function, to body fluid
homeostasis (see Fig. 1). Intricate neural networks, along with
reflex inputs, influence the activity of autonomic nerves innervating organ systems involved in cardiovascular regulation.
Aside from direct efferent innervation of target organs, the
CNS is also critically involved in the release and modulation of
hormonal factors that influence cardiovascular control. CNS
control of the cardiovascular system has become an area of
intense investigation because of a growing body of evidence
that a number of common complex diseases, including hypertension, heart failure, and obesity, are characterized by alterations in neurocardiovascular regulation (25, 54).
The mouse has emerged as a critical model in nearly all
areas of biomedical research, and neural mechanisms of cardiovascular function and disease are no exception. The availability of well-defined genetic strains; advanced technologies
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for precise manipulations of the murine genome, including
cell- and tissue-specific alterations; and increasingly sophisticated methods for integrative physiological analyses have converged to allow us to ask and answer questions of complex
neuroregulatory processes in ways not possible before. The
following brief review will focus on a number of key experimental approaches currently used for the in vivo assessment of
neurocardio-regulatory control in the mouse, with an emphasis
on arterial blood pressure (ABP) regulation. New developments, advantages, and limitations of these various methods
for measurement of CNS effector mechanisms in murine
models are presented. The field of neurocardiovascular control is a vast area of research, and therefore it would be
impossible to cover and reference all of the work. To aid the
reader, we have cited a number of reviews and representative articles when appropriate.
Neural Control of ABP
Because of the importance of the CNS in both short- and
long-term control of ABP, many investigations have focused
on the central mechanisms and brain regions involved in the
neurogenic control of blood pressure. In this regard, several
indirect and direct methodologies have been developed that
allow for the measurement of ABP in murine models. For an
extensive review, the reader is referred to previously published
expert recommendations on the appropriate techniques for the
measurement of ABP in experimental animals (45).
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Circ Physiol 301: H654 –H662, 2011. First published June 24, 2011;
doi:10.1152/ajpheart.00355.2011.—A growing body of evidence indicates that a
number of common complex diseases, including hypertension, heart failure, and
obesity, are characterized by alterations in central neurocardiovascular regulation.
However, our understanding of how changes within the central nervous system
contribute to the development and progression of these and other diseases remains
unclear. As with many areas of cardiovascular research, the mouse has emerged as
a key species for investigations of neuroregulatory processes because of its
amenability to highly specific genetic manipulations. In parallel with the development of increasingly sophisticated murine models has come the miniaturization and
advancement in methodologies for in vivo assessment of neurocardiovascular end
points in the mouse. The following brief review will focus on a number of key
direct and indirect experimental approaches currently in use, including measurement of arterial blood pressure, assessment of cardiovascular autonomic control,
and evaluation of arterial baroreflex function. The advantages and limitations of
each methodology are highlighted to allow for a critical evaluation by the reader
when considering these approaches.
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Indirect measurements of ABP. In the mouse, a classic
approach used for the measurement of ABP has been
through indirect estimates obtained using tail-cuff plethysmography (23, 24, 45). ABP is measured as the cuff pressure
at which blood flow in the tail is restored upon release of an
occlusion cuff. While this method allows for a noninvasive,
inexpensive, and high-throughput approach, the physiological validity of ABP obtained using tail cuff has been
questioned (45). This is due, in part, to the necessary
restraint and thermal stress (heating of the animal) imposed
on the mouse during periods of measurement. While appropriate training and handling of the mice has been suggested
to minimize the stress on the animal (43, 50), a number of
studies have shown that even more than a week of “conditioning” fails to prevent the large increase in ABP and heart
rate induced by restraint stress (27, 59). These external
factors are particularly confounding for neurocardiovascular
research in which important changes in ABP between
groups and/or following an experimental intervention may
be relatively subtle. For example, murine models allow for
discrete genetic manipulations in specific neural regions
(20, 84). Such highly targeted experimental approaches may
result in small, albeit physiologically, significant changes in
blood pressure, an effect that could potentially be masked
because of the limitations of the tail-cuff technique. In
addition, restraint stress alone influences the amount of
neural outflow to the cardiovascular system, thus possibly
confounding the interpretation of results when examining
neural control of ABP. Furthermore, tail-cuff measurements
normally only provide measures of systolic blood pressure
during a limited number of cardiac cycles from the tail.
Recent advances in the equipment available, including volume pressure recordings, allow for an estimation of diastolic
AJP-Heart Circ Physiol • VOL

blood pressure, although the accuracy of these measures
remains a matter of debate (24). As such, indirect methods
have been recommended primarily for use when quantifying
frank systolic hypertension (45). In addition, tail-cuff methodologies are useful when screening large numbers of animals (22, 78), although the measurements should be confirmed with direct methods (45).
Direct measurements of ABP. In contrast to indirect measurements, direct recordings of ABP, using fluid-filled catheters or implantable radiotelemeters, allow the dynamic
intricacies of neural control of blood pressure to be examined. The variability of ABP between cardiac cycles and
throughout a 24-h period may be quite large, particularly in
nocturnal animals that are more active at night (such as
mice). Importantly, small alterations in the inherent variability of ABP can have important physiological and pathophysiological consequences, such as ABP-related effects on
organ function (e.g., target organ damage) (64). In this
regard, individual neural genes and/or CNS loci may be
involved in the control of different aspects of blood pressure
regulation (e.g., systolic vs. diastolic, diurnal rhythms, etc.),
an effect that cannot be evaluated using indirect ABP
measurement techniques. It is therefore not surprising that
the ability to directly measure ABP for extended periods of
time has begun to provide novel insight into neurohormonal
cardiovascular regulation.
One methodology to obtain direct recordings of ABP is via
the insertion of a fluid-filled catheter into a major artery. While
a variety of vessels has been used in larger animal models, the
femoral artery has been the common vessel employed in the
mouse (30, 59). The proximal portion of the fluid-filled catheter is introduced into the artery, whereas the distal portion is
exteriorized and connected to a calibrated pressure transducer,
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Fig. 1. Schematic illustrating neural cardiovascular control. Sympathetic (light gray lines) and parasympathetic (dotted gray lines) autonomic efferent nerves arise
from the central nervous system and influence arterial blood pressure via innervation of peripheral end-organ targets. The activity of efferent autonomic outflow
is determined within central neural circuits, as well as modulated by a number of peripheral afferent inputs, in particular the arterial baroreflex. In addition, the
central nervous system is intimately involved in the control of a number of hormonal factors that may influence cardiovascular regulation through bidirectional
communication with central autonomic regions or by acting on peripheral targets. While neurocardiovascular regulation is a complex and integrated process, the
mouse represents a critical model that allows for the dissection of the individual systems involved.
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with advancement of the catheter tip to the lower aorta, as an
alternative to the carotid and/or abdominal aorta implantation.
We have found that comparable ABP recordings can be obtained using the femoral or carotid artery approach. In addition,
these recordings can be maintained for an extended period of
time, and we have successfully kept recordings for over 30
days in mice as small as 18 g. While the obstruction of blood
flow to the extremity is a concern with this approach and
further miniaturization of the catheter will prove to be beneficial, proper surgical training and expertise appear to minimize
these effects.
The major disadvantage with radiotelemetry is the high
cost associated with the initial purchase of the devices,
hardware and software, as well as the continued expense for
refurbishment of the radiotransmitter battery and catheter
(41). However, the added benefits of the data that can be
obtained may outweigh the expense of radiotelemetry. In
addition to providing accurate long-term continuous evaluation of ABP, radiotelemetric measurements also allow for
simultaneous recordings of locomotor and biopotential activity (19, 26, 82). In this regard, the ability to record
electrical activity in a conscious mouse, such as an electrocardiogram, represents a significant advantage over anesthetized preparations in which the well-known effects of anesthesia on the autonomic control of the heart have been
extensively documented (85, 86). In addition, behavioral
activity should be considered. Indeed, several studies performing experimental interventions (i.e., genetic manipulation) to evaluate ABP and heart rate control have come to
different conclusions when locomotor activity was taken
into consideration (36, 72). Furthermore, it appears that
newer transmitters will soon become available, which will
also allow for the concurrent recording of body temperature
(www.datasci.com). Simultaneous recordings of blood pressure, cardiac electrical activity, locomotor activity, and
body temperature will likely prove to be beneficial to not
only investigate the role of the CNS on individual systems
but also allow for integration of the central neural factors on
multiple systems at the same time. An overview of the
advantages and disadvantages of the methods for ABP
measurement in the mouse is highlighted in Table 1.

Table 1. Experimental approaches to investigate neural control of arterial blood pressure
Pros

Indirect methods
Tail cuff

Cons/Caveats

• Inexpensive
• Easy to use/Does not require special training
• Useful for high-throughput screening

Direct methods
Fluid-filled catheters

Implantable radiotelemetry

• Allows for continuous, direct recordings usually
over ⬃1 to 2 wk
• Measurements allow for the assessment of shortand long-term cardiovascular variability
• Allows for continuous, direct, hands-free, and
wireless recordings over months
• Provides simultaneous recordings of locomotor
and biopotential activity
• Measurements allow for the assessment of shortand long-term cardiovascular variability
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• Extremely stressful to the mouse due to the necessary physical
restraint and thermal stress
• May only provide accurate measurements of systolic blood
pressure
• Maintaining a patent arterial line for more than ⬃1 to 2 wk
can be difficult
• Requires surgical expertise
• High cost associated with initial investment and refurbishment
fees
• Requires surgical expertise
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in line with an amplifier and recording device. Importantly,
for long-term continuous recordings of ABP, it is necessary
for the exteriorized portion of the system to be connected to
a tether/swivel device that allows stress-free movement of
the mouse. Following recovery from surgical procedures,
direct recordings using fluid-filled catheters are accurate and
allow for the continuous measurement of ABP over time.
The major disadvantage of this technique is that maintaining
a functional arterial catheter for an extended period of time
is challenging and meticulous, labor-intensive care is necessary to ensure the patency and accuracy of the catheter. As
such, the majority of studies in mice using fluid-filled
catheters have been generally limited to a recording time of
⬃1 to 2 wk (45), although patent arterial catheters for up to
5 wk have been reported (59).
Within recent years, the advent of miniature wireless
radiotelemetric technology has provided an alternative approach for direct recordings of ABP (11, 12, 42, 61).
Implantable radiotelemeters allow for high-fidelity measurements of ABP to be obtained over weeks to months, without
the need for tethering of arterial catheters or restraining of
the mouse. The common approach involves the placement of
a gel-filled, pressure-sensitive catheter into the thoracic
aorta via the common carotid artery (11, 12). Subsequently,
the attached radiotransmitter body is placed in a subcutaneous “pocket” along the flank. The small size of the radiotelemeter (⬃1 g) is minimally stressful to an adult mouse
(20 –30 g), and the carotid artery catheterization approach
provides highly reliable short- and long-term measurements
of ABP. However, a consideration with this placement of
the telemeter is the potential of inducing cerebral ischemia
due to ligation of the carotid artery. While C57/BL6 mice
with carotid placed radiotelemeters are behaviorally indistinguishable from unoperated control mice (11), other murine strains are particularly susceptible to cerebral ischemia
induced by carotid occlusion (4, 18), and therefore this
should be considered during the study design.
The abdominal aorta has been used as an alternative catheterization site for radiotelemetry (42, 61), although this technique typically requires larger than average mice (⬎30 g) and
is associated with a higher mortality rate (11, 12). Our laboratory and others have begun to employ the femoral artery,
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flow to calculate region-specific norepinephrine release. Details of this technique have been extensively reviewed (21).
Interestingly, the translation of this methodology to the rat has
recently occurred (35, 37). While a few examinations of
norepinephrine turnover in the heart and brown adipose tissue
have been reported (38, 39, 80), application in a murine model
awaits further development.
PHARMACOLOGICAL APPROACHES. The increase in heart rate
following muscarinic blockade of the heart, such as with
methylatropine, can be used as an estimate of the tonic level of
cardiac parasympathetic activity. In contrast, the decrease in
heart rate following blockade of ␤-adrenergic receptors (e.g.,
propanolol) allows for the estimation of tonic cardiac sympathetic control (16, 30). In line with this, sympathetic control of
the vasculature may be evaluated after the removal of ␣-adrenergic receptor restraint or ganglionic blockade, with pharmacological agents such as phentolamine or hexamethonium,
respectively (29, 30, 48). Importantly, acute infusions of
pharmacological agents can be performed in conscious
mice, eliminating the need and the confounding effect of
anesthesia. However, it is important to realize that alterations in the receptor density (adrenergic or muscarinic), as
well as inherent vascular properties (i.e., vascular hypertrophy), will also influence the hemodynamic changes following pharmacological manipulation. As such, pharmacologically induced changes in heart rate and ABP primarily
reflect the tonic level of autonomic control of the cardiovascular system but may not always mirror efferent parasympathetic or sympathetic neural activity.
FREQUENCY DOMAIN MEASUREMENTS. Regular oscillations in
ABP and heart rate occur at various frequencies because of the
influence of central autonomic rhythms, as well as local vascular mechanisms, respiratory patterns, and circulating factors (53, 64, 65). With the use of sophisticated mathematical
partitioning, individual rhythms in cardiovascular parameters can be determined. The underlying theory is that the
timing of cardiovascular responses to individual physiological mechanisms differs. For example, cardiac vagal control
affects the variability of heart rate at higher frequencies
(HFs) than the sympathetic nervous system. A detailed

Table 2. Experimental approaches to investigate neural control of the autonomic nervous system
Pros

Indirect methods
Biochemical measurements

Cons/Caveats

Pharmacological blockade

• Simple/quick/easy
• Can analyze a number of metabolites in the
norepinephrine synthesis pathway
• Can be performed in conscious mice

Frequency/time domain analysis

• Useful to evaluate tonic parasympathetic and
sympathetic support of the heart and vasculature
• Cost effective/simple/straightforward
• Can be performed in conscious mice

Direct methods
Efferent nerve recordings

• Direct recording of neural signals arising from
the central nervous system
• Allows for investigation of differential autonomic
outflow to different organ systems

AJP-Heart Circ Physiol • VOL
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• “Global” measurements only
• Influenced by secretion, tissue clearance and reuptake
processes
• A number of external factors may influence the
measured responses (i.e., receptor density)
• Primarily reflects tonic parasympathetic and
sympathetic support of the heart and vasculature
• A number of external factors may influence the
measured responses (i.e., respiration)
• Does not reflect differential autonomic outflow to
and/or differential responsiveness of individual
vascular beds
• Limited to anesthetized preparations and recording at
one time point only
• Does not reflect the end-organ response
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Direct innervation of target organs by autonomic parasympathetic and sympathetic nerves is the major mechanism by
which the CNS affects cardiovascular regulation. Given that a
number of pathophysiological states are characterized by alterations in autonomic function (25, 54), a major focus of
neurocardio-regulatory research has focused on the central
mechanisms involved in the control of the branches of the
autonomic nervous system. A number of approaches are currently used for the examination of the autonomic nervous
system in the mouse, each with their benefits and limitations
(see Table 2).
Indirect methods for evaluating the autonomic nervous
system. The most commonly employed investigations of parasympathetic and sympathetic control in the mouse have relied
on indirect measurements of autonomic neural activity. In this
regard, the methodologies used can be classified into biochemical assays, pharmacological approaches, or mathematical indices, including frequency and time-domain assessments.
PLASMA AND URINE BIOCHEMICAL MEASUREMENTS. The activity
of the sympathetic nervous system can be estimated from
urinary or plasma measurements of norepinephrine, epinephrine, and other metabolites of the norepinephrine synthesis
pathway (21, 29, 40, 48). While beneficial, such approaches
only provide a “global” estimate of sympathetic function.
Another drawback is that circulating norepinephrine levels are
determined by secretion, tissue clearance, and reuptake processes, all of which influence the measured plasma concentration (21, 40). In addition, urinary catecholamine excretion is
intimately linked to kidney function and thus is not reliable in
situations in which renal function is altered (40).
Given the above limitations, alternative approaches using
radiotracer techniques have been used, so far predominately in
humans, for the measurement of norepinephrine kinetics.
Briefly, the infusion of radiolabeled norepinephrine, combined
with venous sampling, allows for an estimate of the spillover of
norepinephrine into the plasma. While this technique can be
applied to estimate “whole body” kinetics, the evaluation of
specific regional beds may also be performed via local arterial
and venous cannulation, along with measurements of blood
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have concluded that while LF blood pressure variability may
reflect the contribution of sympathetic nerve activity on an
acute basis (␣-blockade), it does not appear to reflect the
prevailing level of sympathetic nerve activity per se (66, 77). In
the mouse, a comprehensive evaluation of the usefulness of
ABP variability to reflect sympathetic nerve activity in healthy
and sympathetically overactive models is yet to be determined;
however, it is greatly needed to evaluate the utility of the
technique.
TIME DOMAIN MEASUREMENTS. Parasympathetic heart rate
control can also be evaluated from mathematical measurements
obtained in the time domain. Such measures are calculated
based on the time interval between successive cardiac cycles.
A number of indices can be considered, including the square
root of the mean of the sum of the squares of differences, the
standard deviation of differences between beat-to-beat or NN
intervals, the standard deviation of NN intervals, and the heart
rate variability triangular index. A detailed description of these
parameters has been provided by the Task Force of the European Society of Cardiology (1), and normal values have been
established for the mouse (47, 81).
Direct methods for evaluating the autonomic nervous
system. A very powerful approach to examine the neural
signals arising from the CNS is via the recording of efferent
parasympathetic and sympathetic nerve activity. The placement of a bipolar electrode around an intact nerve, followed by
amplification of the neural signal, allows for the direct measurement of postganglionic autonomic nervous system activity
(28, 54). Efferent parasympathetic nerve activity can be directly recorded from nerve fibers of the cardiac vagal or
cervical vagus nerve branches (16, 34, 44). Whereas this
technique has been applied in rats and larger animals, to the
best of our knowledge, no published reports of direct efferent
parasympathetic nerve recordings have been reported in the
mouse. This is likely due to the technical difficulty associated
with recording vagal efferent nerve activity (16).
In contrast, a growing number of laboratories have begun to
directly record sympathetic nerve activity in murine models. In
relation to cardiovascular regulation, recordings from the lumbar (70, 71), renal (49, 51, 56), and splanchnic (17) sympathetic nerves have been the primary nerves evaluated to date. It
is likely that with the progression of the technique, other
regional outputs, such as the cardiac nerves, will be examined,
as reported in other animal models. The measured efferent
sympathetic output is due to a complex integration of neural
pathways, hormonal mediators, and a plethora of afferent reflex
inputs, in particular the arterial baroreflex. Because of the
multifaceted interplay of all of these factors, efferent nerve
activity to specific organs is highly differentially regulated (54,
62). For example, anatomical tracer studies have revealed a
distinct topography of CNS circuits, with separate groups of
neurons associated with organ-specific sympathetic pathways
(68, 69, 79). Importantly, whole nerve recordings represent the
summation of the ongoing activity of hundreds to thousands of
unmyelinated postganglionic sympathetic nerve fibers. While
multiunit recordings are the common approach in most animal
models, the potential also exists for the recording of single-unit
firing properties from individual nerve fibers (54). However,
we are unaware of any reports of single-unit recordings in the
mouse.
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methodology on the acquisition and frequency domain analysis of cardiovascular parameters in mice has been previously published (7). It is important to note that to obtain
measurements of cardiovascular variability, continuous recordings of ABP and heart rate are required, with radiotelemetry being the most common technique applied.
In this regard, power spectral analysis methods of heart rate
variability have revealed that parasympathetic modulation of
the mouse heart occurs at HFs (2.5–5.0 Hz); the variability
within this frequency range is reduced by muscarinic receptor
blockade with atropine (5, 32). Importantly, the heart rate
variability within the HF range primarily results from respiratory-driven, vagal-mediated variations in pulse interval (i.e.,
respiratory sinus arrythmia) (75). For this reason, some investigators center the HF range around the respiratory rate of each
individual animal, instead of using a fixed range (74, 75). In
contrast, the sympathetic nervous system influences low-frequency (LF: 0.4 –1.5 Hz) heart rate oscillations, although
atropine significantly reduces the power within this range,
indicating a parasympathetic contribution to this frequency
band as well (5, 32). As such, the LF-to-HF ratio is often
reported as a marker of “sympathovagal balance.” Although
this approach is common, because of the influence of vagal
modulation on all frequency bands, changes in this ratio
(e.g., group comparisons) can be difficult to interpret and
the individual frequency spectrums should also be considered (5, 16, 32).
Comparable spectral analysis approaches have been used to
evaluate the autonomic influence on ABP variability. Using
systemic ␣1-adrenergic blockade with prazosin and elegant
statistical approaches, Baudrie and colleagues (5) determined
that sympathetic modulation of the mouse peripheral vasculature likely occurs in the LF spectrum at 0.15– 0.6 Hz. The HF
component of ABP variability is encompassed by respiratory
influences, and the physiological factors contributing to this
band remain unclear but probably reflect nonautonomic influences on ABP control (31, 73). Interestingly, a large number of
studies in the mouse present the LF-to-HF ratio for ABP,
whereas reports in other species have commonly focused on
only the LF domain.
At the present time, spectral analysis of ABP represents the
primary means for obtaining estimates of long-term sympathetic control of the peripheral vasculature in a conscious
mouse. However, although it is easily performed, a number of
caveats to the technique should be considered. Sympathetic
neural outflow to individual vascular beds may occur differentially (see Direct methods for evaluating the autonomic nervous system). By only considering ABP, spectral analysis
cannot take into account this complex heterogeneity of sympathetic activity. In line with this, differences may exist in the
frequency responsiveness between vascular beds (31, 76).
Perhaps an even more important consideration of spectral
analysis is whether the measurements obtained truly reflect
“sympathetic drive” or “sympathetic nerve activity.” Reports
obtained in rats have demonstrated that while directly measured sympathetic nerve activity was higher in spontaneously
hypertensive rats compared with Wistar-Kyoto controls, the LF
blood pressure variability spectrum was similar between strains
(77). These results are in line with other reports of a weak
relationship between sympathetic nerve activity and LF blood
pressure variability (13, 66, 83). As such, several investigators
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The Arterial Baroreflex
Although a number of afferent reflex pathways are involved in the modulation of the autonomic nervous system
because of its importance in blood pressure homeostasis, the
arterial baroreflex has received a considerable amount of
attention. Afferent neural signals from baroreceptors located
within the carotid sinus and aortic arch are relayed to brain
stem regions crucial for the control of efferent autonomic
outflow. Through these central pathways, reflex-mediated
changes in autonomic outflow function to regulate ABP on
a beat-to-beat, as well as potentially a long-term, basis. A
number of methodologies have been applied in the mouse to
examine baroreflex regulation, including an examination of
the overall reflex function and investigation of the afferent
and efferent neural arcs.
Indirect assessment of arterial baroreflex function. The
ability to obtain continuous recordings of ABP and heart rate
with direct recordings (i.e., fluid-filled catheters or radiotelemetry) allows for the estimation of “spontaneous” measures of
cardiovagal baroreflex sensitivity (i.e., gain). Computer-based
analysis of random fluctuations in ABP and heart rate can be
applied in the time and frequency domain to calculate arterial
baroreflex gain (46). In the time domain, the most commonly
employed approach has been the sequence technique (6). This
method involves an identification of three or more consecutive
beats of ABP that are positively correlated with pulse interval.
For example, progressive falls in blood pressure may be
paralleled by falls in pulse interval, due in part to baroreflexmediated regulation. Linear regression is applied to calculate
the slope of all individual ABP pulse-interval relationships,
AJP-Heart Circ Physiol • VOL

and the average of all “sequences” during a recording period is
taken as cardiovagal baroreflex sensitivity. Baroreflex estimates obtained using the sequence technique can also be
separately examined for sequences in which ABP is increasing
versus decreasing. This is beneficial, given the well-characterized hysteresis in cardiac baroreflex control; baroreflex sensitivity to falls in pressure are greater compared with rises in
pressure (33). An alternative to the sequence method is the
measurement of baroreflex gain using frequency-based power
spectral analysis methods. In this regard, the calculation of the
LF transfer function gain between ABP and heart rate has been
used as a measure of cardiac baroreflex sensitivity (46). Importantly, muscarinic blockade with atropine has been shown
to significantly reduce the sensitivity measures obtained using
these indirect methods, whereas ␤-blockade has no effect (46).
These findings suggest a vagal predominance in baroreflex
control of the heart in conscious mice.
Indirect measures of arterial baroreflex control are cost
effective and inherently straightforward, especially if mice are
already instrumented for direct ABP and heart rate recordings.
The strength of these experimental approaches is provided in
their ability to assess the arterial baroreflex without the need
for additional external manipulation. Moreover, with extended
recordings of ABP, they can provide insight into potential
diurnal variations and or activity-dependent influences on arterial baroreflex control (58). A caveat to the indirect baroreflex techniques is the assumption that spontaneous oscillations
in blood pressure cause oscillations in pulse interval, because
of baroreflex-mediated mechanisms. While baroreceptor denervation significantly reduces the sensitivity estimates obtained with these indices, it does not completely eliminate the
parallel fluctuations in ABP and pulse interval (57). As such,
because of the spontaneous nature of the techniques, a number
of baroreflex-independent effects on heart rate control, such as
respiration or circulating hormonal influences, may contribute
to the calculations. These external influences likely contribute
to the highly variable gains previously reported for these
measurements, with between-day coefficients of variation in
the same animal approaching 50% (46). Furthermore, it is
important to recognize that transfer function and sequence
method estimates only reflect baroreflex sensitivity around
the prevailing heart rate and ABP (i.e., operating point of
the entire baroreflex curve) (6). Indeed, spontaneous
changes in ABP are typically ⬍10 mmHg in mice (46). The
arterial baroreflex stimulus-response curve is sigmoidal in
nature, with a maximal sensitivity at the midpoint of the
curve and a lesser gain at the threshold and saturation portions
of the curve. Therefore, experimental manipulations in which a
decreased sensitivity is noted may be due to the fact that the
operating point is simply located on a flatter portion of the
baroreflex curve, while the maximal sensitivity of the curve
remains unchanged (67). Lastly, spontaneous measures only
provide insight into cardiovagal baroreflex control (6, 16).
Importantly, cardiac baroreflex function does not always parallel arterial baroreflex control of the peripheral vasculature
(i.e., sympathetic nerve activity) (14, 51). For example, in a
number of hypertensive models, cardiovagal baroreflex sensitivity is reduced, whereas reductions in sympathetic arterial
baroreflex gain have not been conclusively shown (2).
Direct assessment of arterial baroreflex function. Although
spontaneous baroreflex examinations are beneficial, an inher-
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So far, published reports of direct recordings of sympathetic
nerve activity in mice have been restricted to anesthetized
preparations. The well-known depression of the cardiovascular
system during anesthesia is a clear limitation of this strategy
(85, 86). Furthermore, measurements have been typically limited to one discrete time point. While such approaches lend
important insight into neural mechanisms, they do not allow
for dissection of the time course and/or evaluation of differential sympathetic responses during the development of disease
or following an experimental perturbation. For example,
chronic recordings in rats have recently demonstrated distinct
regional sympathetic responses during the development of
angiotensin II/salt-sensitive hypertension (63). Over 24 days of
recording, renal sympathetic nerve activity transiently decreased, whereas lumbar sympathetic nerve activity remained
unchanged, leaving the authors to conclude that sympathetic
nerve activity to another vascular region, such as the splanchnic bed, was the preferential driver in this form of hypertension (although not directly measured). In line with this,
Malpas and colleagues have developed telemetric instrumentation for chronic recordings of sympathetic nerve activity in larger rodents and animals (9, 55, 60), with beta
testing of other manufactured systems currently in progress.
Given the power of genetic manipulation in murine models,
there is a clear need for further miniaturization of equipment, as well as development of telemetry systems for
chronic nerve recordings in the mouse. Although challenging, the ability to record sympathetic nerve activity in the
conscious mouse will likely become feasible in the future.
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output (3, 14). Each of these points in the baroreflex arc work
in concert to determine the integrated baroreflex response. In
this regard, an alteration in one portion of the baroreflex
network may be compensated for by other areas, and therefore
it may be necessary to investigate the individual pieces of the
reflex pathway independently. Chapleau and colleagues (51)
have illustrated elegant methodologies to individually investigate the afferent, central, and efferent components of the
arterial baroreflex in mice. For example, direct recordings of
aortic depressor nerve activity during pharmacologically induced changes in ABP allow for the investigation of afferent
baroreflex input into the CNS. In addition, direct stimulation of
the aortic depressor nerve bypasses the afferent pathway and
provides a method to evaluate the central and efferent components. Lastly, direct stimulation of vagal or sympathetic efferent nerves, while simultaneously recording the end-organ response (i.e., heart rate or blood flow/pressure), serves to investigate the efferent arm of the baroreflex. Although these
methods have not been extensively applied to mouse models,
they represent a strong approach to dissect out the complexity
of arterial baroreflex control. A summary of the major pros,
cons, and caveats for the investigation of the arterial baroreflex
in mouse models are presented in Table 3.
Summary
Neural control of the cardiovascular system is a complex and
integrated process, and neurocardiovascular dysregulation is
clearly implicated in a number of pathophysiological states.
However, the precise CNS mechanisms underlying the development and progression of neurocardiovascular diseases remain poorly understood. Because of the ease of genetic manipulation, the mouse has become a powerful model for investigating complex neuroregulatory principles. As presented in
this review, a number of indirect and direct methodologies
exist for the in vivo examination of neural effector mechanisms
in murine models, each with their associated benefits and
pitfalls. We have highlighted areas in which the advancement
in neurocardiovascular assessment methodologies will be particularly important as the field continues to progress and new
questions are posed using murine model systems.

Table 3. Experimental approaches to investigate arterial baroreflex function
Pros

Indirect methods
Frequency/time domain analysis

Direct methods
Pharmacological approaches

Analysis of afferent/central/efferent
components

Cons/Caveats

• Cost-effective/simple/straightforward
• Can be performed in conscious mice

• Baroreflex-independent effects may influence the
measured responses (i.e., respiration)
• Can only be used for evaluation of cardiovagal
baroreflex control
• Reflects baroreflex sensitivity only around the
prevailing heart rate and blood pressure

• Provides insight into the entire baroreflex
stimulus-response curve
• Can be performed in conscious mice

• Need to infuse pharmacological agents several
times to establish an average response
• Maintaining a patent venous line for long-term
studies can be difficult

• Can be used to examine both cardiovagal and
sympathetic baroreflex control
• Allows for an assessment of the complexity of the
individual baroreflex arcs
• Can be used to examine both cardiovagal and
sympathetic baroreflex control
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ent limitation is the assumption that changes in ABP lead to
reciprocal changes in heart rate. Manipulations in which the
input to the system (i.e., ABP) is stressed across a wide range
of pressures allow for direct baroreflex-mediated changes in
vagal and sympathetic control to be examined. Vasodilator
(e.g., nitroprusside) and vasoconstrictor (e.g., phenylephrine)
drugs can be administered via implanted intravenous catheters
to elicit baroreflex-mediated responses. The slope of the relationship between ABP (commonly systolic ABP) and pulse
interval provides a measure of cardiovagal baroreflex sensitivity (8, 10, 16). In addition, this technique has also been applied
to examine the sympathetic baroreflex by examining the relationship between ABP (commonly diastolic or mean ABP) and
the reciprocal changes in efferent sympathetic nerve activity
(49, 52). Whereas a number of direct examinations of heart rate
control in conscious mice have been reported, examinations of
the sympathetic arc of the baroreflex in the mouse have been
limited to a few laboratories to date.
With the infusion of pharmacological agents, the full extent
of arterial baroreflex engagement can be examined. In this
regard, the entire sigmoid response curve may be evaluated,
including calculations of the maximal gain, as well as the
response range of the baroreflex (8, 51). Importantly, because
of the beat-to-beat nature of baroreflex responses, the study
drugs should be administered in a rapid manner to eliminate the
potential for reflex compensatory influences on the measured
responses (87). However, to establish “average” responses, it is
common that an infusion of study drugs be performed multiple
times within the same animal. This may be a confounding
factor when considering this technique, given that the common
vasoactive agents used, nitroprusside and phenylephrine, also
exert direct actions on autonomic centers within the CNS (15).
Moreover, if the study design requires multiple assessments of
arterial baroreflex control, such as during the development of
disease, maintaining a patent venous catheter for extended
periods of time in a mouse can be challenging.
Pharmacological measurements of arterial baroreflex sensitivity consider the entire arterial baroreflex arc, from the input
into the system (ABP) to the ensuing end-organ response. Thus
the derived gains comprehensively reflect arterial baroreflex
afferent input, to central processing, to the resultant efferent
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