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Rodent Thermoregulation: Considerations for
Tail-Cuff Blood Pressure Measurements

Krista J Bigiarelli

Noninvasive blood pressure measurement devices have gained popularity in recent years as an alternative to radiotelem-
etry and other invasive blood pressure measurement techniques. While many factors must be considered when choosing a
measurement method, specific variables should be evaluated when using a tail-cuff blood pressure technique. Rodents have
complex and dynamic thermal biology processes that involve fluctuating vasomotor tone of the tail. This and other factors
that affect vascular tone, such as the autonomic response to stress, significantly affect peripheral blood flow. Awareness and
consideration of thermoregulatory states and vasomotor tone can increase success and decrease variability when measuring
blood pressure measurements using a tail-cuff measurement technique.

Abbreviations: AHA, American Heart Association; BP, blood pressure; HR, heart rate; MAP, mean arterial blood pressure; TNZ,

thermoneutral zone
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Introduction

The complex and dynamic thermal biology of rodents and
the effects of thermoregulation on their physiology have been
well documented, especially in recent years.>08151828,29,33,57
Thermoregulatory processes affecting animal behavior and
physiology have been a subject of interest across a multitude
of topics ranging from animal welfare to pharmacologic and
toxicologic studies. The rodent thermoneutral zone (TNZ) is
defined as the range of temperatures at which the animal’s
metabolic heat production is at equilibrium with evaporative
heat loss to the environment.>!® TNZ is often incorrectly as-
sumed to be a static range, with thermoregulatory responses
similar across experimental conditions. In reality, the specific
temperature range of the TNZ is affected by a wide range of
variables, including experimental parameters. Many environ-
mental factors influence an individual animal’s TNZ, such as
rearing environment, caging conditions, bedding type and
depth, environmental room parameters, air exchange rates,
light/dark cycles, and others (Figure 1).61415182% Degpite the
ability of rodents to survive in a wide range of temperatures,
their TNZs are surprisingly narrow due in part to a high meta-
bolic rate and large surface to volume ratio.l” Unlike larger
endotherms, rodents do not have stable in core temperatures
even when they are in thermoneutral states. Rodents routinely
exhibit rapid and continuous fluctuations in their core body
temperatures.>!#1>18 Ag a result, body temperature and ther-
moneutrality should be viewed as dynamic conditional states
based on consideration of environmental conditions relative to
the TNZ. Thermoregulatory responses can alter experimental
results and affect study reproducibility,®!8 and therefore rodent
thermal biology is an important study variable that should be
understood and acknowledged.
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Temperature regulation and thermoregulatory equilibrium
are maintained by a combination of behavioral and autonomic
responses. Thermoregulatory behaviors typically precede any
long-lasting physiologic responses to increase body heat, and
include core behaviors such as nest building, social huddling,
increased activity, and moving toward a warmer environ-
ment.3141517 Physiologic thermoregulation includes autonomic
responses that most significantly involve changes in peripheral
vasomotor tone and metabolic heat production (thermogen-
esis).!828 Heat loss primarily occurs in areas with a high surface
area to volume ratio, namely the legs and tail.31828 When
exposed to cold, peripheral blood flow rapidly decreases via
vasoconstriction in the extremities to reduce heat loss.!® Laser
Doppler imaging and infrared thermography have been used
to validate the relationship between peripheral blood flow and
skin temperature. An increase in skin surface temperature indi-
cates greater vasomotor tone, consistent with increased blood
flow to the underlying tissue; the inverse also occurs.*82%36
This relationship allows tail temperature to be used as a simple
indicator of a rodent’s thermoregulatory status.

The dynamic thermal biology of mice and rats also affects
experimental results.®!8 As a result, a more comprehensive
understanding of rodent thermoregulation can improve study
reproducibility across multiple disciplines, particularly those
affected by metabolic conditions or blood flow. A common
example is the use of noninvasive blood pressure measure-
ment devices to indirectly measure systolic arterial blood
pressure!? (referred to from this point forward as BP). Non-
invasive, indirect monitoring has gained popularity in recent
years as an alternative to radiotelemetry and other invasive
measurement techniques. Due to its frequent use and the need
for reproducibility, the American Heart Association (AHA)
published recommendations to aid in the selection of optimal
BP measurement methods for research animals.!%? Direct BP
measurements, such as radiotelemetry or fluid-filled catheters,
have historically been the standard method of monitoring BP
in rodents.!%?° The use of indirect methods, most commonly a
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Factors that May Impact Thermoregulation and Thermoneutrality
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Ambient Temperature

Drug Dosing
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Body Mass Light/Dark Cycle

Drafts or Ventilated Housing Metabolic Rate
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Models of Discase
MNesting Material
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Rearing Conditions
Room Light Exposure
Species and Strain
Surgical Intervention

Figure 1. A multitude of factors related to housing status, the animal’s ability to perform natural thermoregulatory behaviors, and study proto-
cols can affect an individual animal’s thermoregulatory processes and thermoneutral zone.4151829

variety of tail-cuff techniques, have been used more frequently over
the last decade due to ease of use and overall cost-effectiveness
as compared with direct BP methods, which often require
surgery for implementation. While radiotelemetry remains
the gold standard for systolic BP measurements in some situ-
ations, the AHA recommends tail-cuff techniques over direct
BP measurements for their advantages in high-throughput ex-
perimental protocols and when quantifying changes in BP over
time.!%20 However, the accuracy and use of different tail-cuff
methods can vary significantly between tail-cuff and telemetry
measurements, leading to discrepant findings with different pro-
tocols.”?1117.38,39 This overview aims to increase awareness and
consideration of thermoregulatory states when using tail-cuff
BP methods in an effort to control these variables. Controlling
the effects of vasomotor tone, restraint, and temperature on BP
and peripheral blood flow can limit their unintended effects on
tail-cuff measurements and improve reproducibility.

Thermoregulatory Impacts on

Blood Pressure and Tail-Cuff Techniques

Thermoregulatory responses have been well studied over the
last several decades primarily in rats, particularly with regard
to the role of the tail in heat dissipation.®18232840 In rats, the tail
accounts for up to 7% of total body surface area and, due to this
large surface area and arteriovenous anastomoses, it has the
capacity to dissipate up to 25% of total heat production when
fully vasodilated.'”* Similar regulation occurs in mice due to
structural parallels and comparable surface area ratios, though
to a lesser extent.®

Several tail-cuff BP measurement systems are commercially
available, and are most commonly based on volume-pressure
recording, pulse-based, or flow-based technologies.'” While ac-
curacy and study suitability vary among the 3 types of systems,
they each can be significantly affected by the thermoregulatory
status of the animal. Regardless of the tail-cuff method technol-
ogy or tail-cuff system manufacturer, the cuff must be able to
detect enough tail blood flow to measure BP accurately. There-
fore, any physiologic state leading to a decrease in vasomotor
tone should be avoided, as tail vasoconstriction will limit the
ability of a tail-cuff ability to accurately measure BP. Maintain-
ing the animal within the TNZ ensures that thermoregulation
will not alter vasomotor tone and thereby interfere with the
accuracy of the measurement.

Three factors should be established to determine whether a
rodent is within the TNZ: 1) degree of fluctuation in tail skin
temperature, 2) closeness of tail skin temperature to median of
the full range of that fluctuation, and 3) a negative correlation

between core temperature and tail skin temperature. In gen-
eral, skin surface temperature is not a good measure of body
temperature, although it is significantly more responsive to
changes in thermal environment and physiologic status than is
core body temperature.?83! Monitoring tail skin temperature is
a simple and inexpensive way of determining whether an ani-
mal remains in TNZ range under experimental conditions.??
Changes in tail vasomotor tone, which leads to a change in tail
temperature, typically precedes an effect on body temperature
and heat loss by several minutes.*! This relationship between
temperature and vasomotor tone is often applied in protocols
that require vasodilation. For example, protocols that require
tail vein injections often use a warming method to promote
vasodilation of the tail vein for visual vein identification and
ease of needle positioning. Many methods of warming focus
on maintaining specific core body temperatures and do not
include thermoregulatory monitoring capabilities, leading to
the development of specialized devices that aim to warm the
skin to a target temperature of 32 to 35 °C prior to tail vein in-
jections. This temperature range is associated with a consistent
and adequate degree of vasodilation.” For similar reasons, this
is also the ideal target tail skin temperature range during tail-
cuff BP monitoring.” A tail temperature within the 32 to 35 °C
range provides consistent vasomotor tone that can be replicated
across multiple animals.

Warming mice to a tail temperature of 35 °C does not appear
to cause any additional stress factors that affect BP.303 Further-
more, raising the tail skin temperature by as much as 5 °C does
not appear to significantly increase core body temperature.30-38
This is due in part to the dynamic effects of thermoregulation
on vasomotor tone. The relationship between temperature,
blood flow, BP, heart rate (HR), and other cardiovascular ef-
fects is complex. Thermographic recordings show fluctuations
in tail temperature indicating that when rats are in the TNZ,
the vasomotor tone of the tail frequently transitions between
vasoconstriction and vasodilation.®%° This fluctuation is also
correlated with changes in mean arterial pressure (MAP) and
HR, suggesting a linear relationship based on ambient tem-
perature.*83%35 During a state of vasoconstriction, MAP and
HR show an associated increase. Similarly, states of vasodila-
tion are associated with a decrease in MAP and HR.*8 These
changes in MAP and HR are likely to be trivial with respect
to BP measurements, provided that the animal remains within
the TNZ despite the fluctuations in vasomotor tone, which
occur at a rate of 2 to 7 per hour® However, BP values may
be affected if the animal remains outside of the TNZ and in a
state of significant vasoconstriction or vasodilation. Tempera-
ture monitoring and control is important for both mouse and
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rat studies, but due to their greater surface-area-to-volume
ratio and rapid metabolic rate, mice are more likely to exhibit
temperature-related changes in MAP as compared with rats.3
Controlling temperature by providing thermal support and
monitoring tail skin temperature to maintain it in the range
of 32 to 35 °C can improve consistency and limit unintended
thermoregulatory effects on MAP or HR.

Given the narrow range of the rodent TNZ and the signifi-
cance of thermoregulatory responses, vasomotor activity can be
expected to contribute to variation in tail-cuff BP measurements.
Ensuring that the animal is maintained within TNZ limits with
stable and sufficient vasomotor tone, indicated by a tail tem-
perature of 32 to 35 °C, will improve repeatability. However,
temperature and thermal maintenance during tail-cuff BP meas-
urements is not consistently reported in the literature,”11.17,3839
which likely contributes to reported differences in accuracy of
tail-cuff methods as compared with telemetry.!17,3% The use of
reporting guidelines, such as the ARRIVE Guidelines (Animals
in Research: Reporting In Vivo Experiments),!° could improve
both consistency and reproducibility among similar scientific
studies. Comprehensive reporting provides a more complete
picture of study conditions and methodologies.!"! Describing
the details of the methodology and reporting thermoregulatory
variables, particularly those involving the tail, are important,
yet often overlooked, components of accurate and reproducible
tail-cuff BP measurement (Figure 2). Without this information,
accurate comparisons of the results of individual tail-cuff BP
studies are likely not feasible. Monitoring and reporting of both
environmental and physiologic conditions are equally important
and will increase data accuracy and reproducibility.

Effects of Restraint and Handling

Stress on Thermoregulation

When measuring BP in conscious animals, possible stress
effects caused by tail-cuff techniques are a topic of concern.3®
Much like the response to cold, peripheral vasoconstriction is
an autonomic response to a stressor.* Restraint stress-induced
hypothermia can also affect tail-cuff BP measurements.!321:23.24
Restraint and stress can both affect the accuracy of tail-cuff BP
measurements by causing a reduction in tail blood flow.

Handling stress is a major concern for noninvasive BP meas-
urements, namely the possibility of elevated BP values related
to restraint stress.!221243 Animal handling (for example, the act
of lifting the animal from the cage) causes a greater effect on
BP than does physical restraint (for example, time spent in an
animal holder). The act of moving a mouse cage causes stress
responses similar to those of handling individual animals, in-
cluding an increase in BP and HR. Careful attention to animal
handling practices before making BP measurements may affect
data collected during a session. Differences in animal handling
hasbeen cited as a possible variable during tail-cuff BP measure-
ments.!? The most common method of picking up mice and rats
involves lifting from the tail base prior to supporting the body;
this procedure causes anxiety in both mice and rats.!® Moving
mice by using a container to lift them causes less anxiety and
stress than does tail handling.!® Many tail-cuff BP measurement
devices include animal holders that can be used as handling tun-
nels to reduce handling stress prior to a measurement session.
Regardless of the handling method used, consistency is key to
avoid the introduction of unintended variables and reporting
the handling method is important for study reproducibility.

The effects of restraint stress are also model and species
specific. When first restrained, most commonly used rat strains
(Sprague-Dawley, Long-Evans, etc.) exhibit an initial rapid in-
crease in body temperature and a reduction in tail temperature,
followed by an overall decrease in body temperature.? The range
of limits of normothermia is significantly lower in restrained
rats as compared with unrestrained rats, indicating that restraint
can reduce the rat’s ability to thermoregulate in certain ambient
conditions.? Restraint-induced hypothermia has also been well
documented in both mice and rats and has been attributed to
anxiety, increased peripheral vasodilation, changes in ambi-
ent temperature and a combination of other factors.!321:2324
Infrared thermography has been used to monitor temperature
changes in animals after stress.?” In rodents, stressors such as
handling or restraint increase the surface temperature of the
head and back and decrease in the temperature of the tail. This
indicates that restraint induces peripheral vasoconstriction.” %37
Because tail blood flow is a critical component of noninvasive
BP measurements, these effects should be mitigated to obtain
accurate readings. Monitoring and reporting tail temperatures

Selected Recommendations for Reportable Conditions During
Tail-Cuff Blood Pressure Measurements

Ambient Temperature

Anesthetic Agent Dosage and Timing
Animal Strain Origin

Animal Transport Details

Cage Change Schedule

Caging Environmental Conditions
Cuff Sizes, if applicable

Drug Administration Details
Handling Technique

Housing Status

Light/Dark Cycle

Restrainer Style

Restraint Technigue

System Settings, if applicable

Tail Temperature During Measurements
Time of Day Measurements Are Performed
Vivarium Conditions

Figure 2. Several conditions should be documented based on ARRIVE and ACLAM reporting guidelines.'® Identifying and reporting these
potential variables, among others, can help to increase reproducibility among tail-cuff blood pressure studies.
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is important because significant differences in recorded tail
temperatures can explain differences in BP.

The AHA recommends tail-cuff techniques for high-through-
put experimental protocols,?® and many studies use tail-cuff
methods to measure BP in multiple animals simultaneously.
BP measured in the presence of an animal’s littermate or cage-
mate reduces the necessary time for stabilization (acclimation)
by up to several minutes.> A reduction in animal stress can
promote accurate and reproducible results by reducing ani-
mal movement artifacts and increasing the number of usable
measurements.

Restraint-related hypothermia can cause significant variation
in tail-cuff BP measurements, especially because the effects vary
significantly between strains and individual animals, based on
the degree of immobilization, time of day, animal age, and ani-
mal sex. Amuch greater hypothermic response occurs in female
mice and rats compared with male animals of the same strain.>?
While the exact mechanism of restraint-related hypothermia is
not fully understood, a hypothesis is that heat loss may be ac-
celerated through dissipation caused by contact with restrainer
walls.?? Prewarming animal holders reduces the temperature
decrease associated with restraint-related hypothermia,® and
supplemental heat throughout the duration of restraint can
mitigate effects on thermoregulatory status caused by restraint
and handling. Prewarming of the animal holder and providing
supplemental heat can reduce the likelihood of hypothermic
effects that may impact tail-cuff BP measurements. In addition,
differences in temperature related to time of day indicates a
relationship to circadian rhythms. Although phase-temperature
relationships can be affected by several factors, dark phases are
generally associated with higher basal temperatures than are
light phases,'>182 which may offset the heat loss related to heat
dissipation through contact with the restrainer walls. Taking
tail-cuff BP measurements at the same time each day will control
for the potential effects of phase. Furthermore, reporting the
time of day at which measurements are made as well as other
environmental factors known to affect thermoregulation will
improve reproducibility between studies.

Effects of Anesthetic Agents on

Thermoregulation

General anesthetics have significant effects on animal physi-
ology, including body temperature. Most common anesthetic
agents affect thermoregulation via a dose-dependent suppres-
sion of hypothalamic function, lowering the temperature at
which the hypothalamus responds to hypothermia by several
degrees.?>?>% This reduction has 3 main effects: heat loss is
increased, detection of cold is decreased, and thermogenic cor-
rective actions are suppressed.!®30 Immediately after the onset of
anesthesia, an initial period of increased vasodilation redistrib-
utes heat from the core to the periphery.?>?>30 This redistribution
rapidly increases the rate of heat loss and is soon followed by
an overall fall in core body temperature until hypothalamic
function prompts vasoconstriction in the periphery.?22>30 The
resulting decrease in core body temperature can be as much as 8
°Cin as little as 30 min after the onset of anesthesia in mice anes-
thetized with isoflurane at room temperature.'? Thus, standard
practice includes the use of heating pads or other external heat
sources to mitigate anesthetic-induced hypothermia.

Traditional warming methods measure rectal temperatures as
a proxy for core body temperature. While this substitute is typi-
cally sufficient for monitoring for the occurrence of hypothermia
during surgical procedures, it does not provide sufficient infor-

mation about the animal’s thermoregulatory status. With regard
to noninvasive BP measurements, core body temperatures are
less informative than skin temperatures. In addition, any surgi-
cal or pharmacological actions that affect sympathetic responses
will reduce peripheral blood flow, resulting in a further decrease
in tail skin temperature.? Because of these effects, a normal core
body temperature does not necessarily correspond with the tail
temperature range expected in a conscious animal maintained
within the TNZ. Skin temperature can vary significantly from
core body temperature and is often several degrees lower, espe-
cially when during anesthesia. Therefore, due to the inhibition
of thermoregulation during anesthesia, particular attention
should be afforded to thermal support and the resulting tail
temperature during tail-cuff BP measurements. Although both
mice and rats require thermal support during anesthetic admin-
istration, mice may require more warming to counter the effects
of anesthetic-related hypothermia than do rats, in part because
the small body mass to surface area ratio of mice accelerates the
rate of heat loss during anesthesia.!®

In addition to thermoregulatory effects, general anesthesia
has well documented cardiovascular effects.?225263033 Injected
and inhalant anesthetics can affect both thermoregulation and
cardiovascular status, but the route, significance, and implica-
tions of the effects vary by agent and dosage.5!2 As an example,
injectable agents such as a ketamine-xylazine combination tend
to cause a rapid and significant decrease in systolic and diastolic
BP after the onset of anesthesia, and the effects persist well after
anesthetic recovery.?® The AHA has recommended avoiding
anesthesia during BP measurement due to the cardiovascular
differences between conscious and anesthetized animals.?

While the effects of general anesthesia require consideration
for all BP measurement techniques, this is particularly true
for tail-cuff methods. If anesthetics must be used for BP
measurement, additional steps can be taken to promote ac-
curate measurement and reproducible results. Achieving and
maintaining thermoneutrality by applying targeted heat and
increasing the tail skin temperature will assist in vasodilation
and counter the thermoregulatory effects of the anesthetic.®
Prewarming animals in a heated chamber prior to the onset of
anesthesia can also raise overall skin temperature and delay the
onset of hypothermia during general anesthesia.3! Using tar-
geted warming to raise skin temperature by 4 to 5 °C reduces the
gradient between core and peripheral temperatures, resulting in
less overall heat loss.3 A prewarming step can be incorporated
into tail-cuff BP protocols using anesthetized animals in order
to lessen the effects of the anesthetic agent on blood flow. As in
conscious animals, a tail temperature of 32 to 35 °C indicates
tail vein vasodilation in anesthetized animals. Stabilizing the
vasomotor tone from induction through anesthetic maintenance
will help maintain consistent blood flow and accurate data dur-
ing the tail-cuff measurement session.

Conclusion

Abasic understanding of rodent thermoregulation is benefi-
cial for any groups using noninvasive tail-cuff BP measurement.
Complex thermoregulatory processes in rodents can introduce
unintended variables in tail-cuff BP measurements. Increased
awareness and understanding of these processes and their
possible effects can improve the accuracy and reproducibility
of BP measurements. Thermoregulatory state, vasomotor tone,
and peripheral blood flow should be monitored, reported, and
controlled when feasible. Reporting and assessing factors that
affect body temperature and thermoregulation are critical to
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forming conclusions and collecting accurate and reproducible
data from tail-cuff BP measurement.
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