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ARTICLE INFO ABSTRACT

Rat telemetry is widely used for biomedical research purposes and is used routinely in early pre-clinical drug
development to screen for the potential cardiovascular risk of candidate drugs. Historically, these studies have
been conducted in individually housed conditions which can impact significantly on an animal's welfare. Here
we present data from a survey of pharmaceutical companies and contract research organisations to define
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B[]ectho s current industry practices relating to the housing of rats during telemetry studies and to expand and complement
Rat a similar project in non-rodents. Results of the survey showed that 75% of respondents socially house rats on
Social housing non-recording days of telemetry studies, whereas on recording days only 46% of respondents socially house the
Telemetry animals. When social housing is used on rat telemetry studies, rats are usually housed with an unrecorded
Verapamil companion animal. We also present and compare data from a telemetry study in standard individually ventilated
Refinement cages (IVCs) with a study using new double-decker IVCs, both conducted using a companion animal approach.

Telemetry signals were successfully collected from the double-decker IVCs without a loss of signal quality whilst
offering a more spacious environment that allowed the animals to exhibit natural behaviours including full
upright posture. Cardiovascular responses following pharmacological intervention with verapamil were similar
when assessed in the standard and double-decker cages. Power analysis was conducted on pooled data from the
studies in socially housed animals with preliminary results showing the power of detection of drug-induced
effects is equivalent to previously published data in individually housed rats. This illustrates that telemetry
recordings can be made from rats in socially housed conditions within standard or larger double-decker cages for
the for the collection of cardiovascular telemetry data.

1. Introduction

Rats are used routinely during the preclinical phases of drug de-
velopment to determine potential adverse effects of new medicines on
vital organ function; primarily the central nervous system and re-
spiratory systems but also for early screening of cardiovascular risk.
Despite some differences in anatomy and in the currents responsible for
cardiomyocyte repolarisation, the basic underlying physiology of the
heart is the same in rats and humans and rats show comparable effects
to many cardiotoxic drugs (Farraj, Hazari, & Cascio, 2011). This makes
rats a suitable species for assessing the effects of drugs on cardiovas-
cular parameters such as blood pressure, heart rate, left ventricular
function and ECG (for hERG-unrelated changes) (Accardi et al., 2016;
Fryer et al., 2012; Ericson, Kagstrom, Laumola, Martinsson, & Eriksson,
2012). It is preferable for preclinical cardiovascular safety assessments

to be made in conscious freely-moving animals which can be achieved
using fully implantable telemetry (Kurtz, Griffin, Bidani, Davisson, &
Hall, 2005) and rat telemetry is now used routinely across the phar-
maceutical industry (Accardi et al., 2016; Bhatt et al., 2016; Segreti,
Polakowski, Blomme, & King, 2016). Low compound requirements as-
sociated with the small size of the animals facilitates use of this model
at an early stage of development contributing to decision-making and
compound selection. Rat telemetry is also used widely in academia
providing useful in vivo data for many biomedical research pro-
grammes.

It is expected that animals used in scientific research are socially
housed in a manner appropriate to the species, as outlined within in-
ternational guidelines for animal welfare (2010/63/EU, 2010; ILAR,
2011). However, the housing of animals used in telemetry studies has
often been deemed a justifiable exception. This is due, historically, to

Abbreviations: ECG, Electrocardiogram; ICH, International Conference on Harmonisation; IVC, Individually ventilated cage

* Corresponding author.
E-mail address: matt@vivonics-preclinical.com (M. Skinner).

https://doi.org/10.1016/j.vascn.2019.02.005

Received 19 October 2018; Received in revised form 21 January 2019; Accepted 11 February 2019

Available online 16 February 2019
1056-8719/ © 2019 Published by Elsevier Inc.


http://www.sciencedirect.com/science/journal/10568719
https://www.elsevier.com/locate/jpharmtox
https://doi.org/10.1016/j.vascn.2019.02.005
https://doi.org/10.1016/j.vascn.2019.02.005
mailto:matt@vivonics-preclinical.com
https://doi.org/10.1016/j.vascn.2019.02.005
http://crossmark.crossref.org/dialog/?doi=10.1016/j.vascn.2019.02.005&domain=pdf

M. Skinner, et al.

the inability of some telemetry system hardware to record from mul-
tiple animals within the same cage. Refinements for animals used in
telemetry studies have been widely promoted. In particular, social
housing by the inclusion of a companion animal in the same cage which
can be either uninstrumented or instrumented and recorded on a se-
parate day (Hawkins, 2014; Hawkins et al., 2004). Nevertheless, a re-
view of recent literature describing rat cardiovascular telemetry studies
indicates that individual housing is still a common practice (Accardi
et al., 2016; Segreti et al., 2016; Tang et al., 2016).

Recent technological innovations have led to a wider availability of
systems which transmit on multiple wavelengths and should facilitate
the adoption of social housing during recordings in any species. The
social housing of non-rodents (dogs, minipigs and non-human primates)
used for cardiovascular telemetry studies has been a recent focus for the
NC3Rs and the safety pharmacology community (Prior et al., 2016).
Smaller implants appropriate for recording from multiple socially
housed rodents have recently become available (Data Sciences
International, 2018; EMKA technologies, 2018; KAHA Sciences, 2018;
Kotanska, Sniecikowska, Jastrzebska-Wiesek, Kolaczkowski, & Pytka,
2017; TSE system, 2018) and the principles behind adoption of social
housing in large animals should be applicable to rodent telemetry also.

Here we present the data from a recent survey of the safety phar-
macology community, in pharmaceutical companies and contract re-
search organisations, to better understand current rat telemetry housing
practices (Prior, Gellatly, & Jackson, 2018). We also present evidence
that telemetry data can be reliably generated in socially housed animals
in two different cage systems. The original cage system employed by
Vivonics Preclinical Ltd. was standard single-storey individually venti-
lated cages (IVC) in which telemeterised rats were socially housed with
uninstrumented companions in groups of two. This set-up allowed the
animals to be in close proximity to the telemetry receiver, positioned
directly beneath the cage, which decreases the likelihood of signal
drop-out. Use of IVC cages is now a common practice within animal
research facilities to limit the exposure of staff to potential allergens
and is compatible with telemetry recordings (Krohn, Hansen, &
Dragsted, 2003). More recently, double-decker rodent IVCs have be-
come available which offer a more spacious environment allowing
animals to exhibit natural behaviours including upright posture, shown
to be an important component of a rat's welfare (Buttner, 1993;
Makowska & Weary, 2017). Housing of rats in this multilevel caging
system has also been shown to induce a positive affective state and to
improve overall wellbeing (Wheeler, Swan, & Hickman, 2015). We
assessed whether it would be feasible to make telemetry recordings
from rats socially housed in double-decker cages and whether the use of
double-decker cages would affect the ability to detect drug-induced
changes in cardiovascular parameters compared to housing in standard
cages.

2. Methods
2.1. Rodent telemetry housing survey

Questionnaires were sent to targeted individuals with responsibility
for either running telemetry studies in-house or for outsourcing this
work. The questions asked were:

1) Do you run telemetry studies in rats?

2) Are the animals socially-housed on studies? Available answers were
a) No - they are individually-housed at all times, b) Yes - only on
days between recordings, c) Yes - we include unrecorded companion
(s) in the same cage and d) Yes - multiple animals are recorded from
the same cage.

3) What is the purpose of these telemetry studies?

Demographic information elsewhere within the survey allowed as-
sessment of regional information.
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2.2. Telemetry recording in standard and double-decker cages

Animal care and experimental procedures were performed under
the authority of a valid Home Office project licence and conformed to
the UK Animals (Scientific procedures) Act, 1986. All studies involving
animals are reported in accordance with the ARRIVE guidelines
(Kilkenny, Browne, Cuthill, Emerson, & Altman, 2010). A total of 7
animals were used in the experiments. Rats were maintained in a 12h
light:dark cycle and were given full access to a standard rat RM1E
(Special Diet Services) diet and drinking water at all times.

Briefly, male Han Wistar rats were implanted with C50-PXT trans-
mitters (Data Sciences International, St. Paul, MN USA) under iso-
flurane anaesthesia at Charles River Laboratories (Margate, UK). The
pressure sensor was inserted in the abdominal aorta so the tip lay distal
to the renal arteries and the implant body was secured to the peritoneal
wall. Biopotential leads were positioned to record lead II ECG according
to a previously published method (Sgoifo et al., 1996). Animals were
transferred to the University of Nottingham facility at around
2-3months old. The animals were socially housed with a non-in-
strumented companion upon arrival at the facility and remained with
the same companion throughout the study. The telemetry transmitters
operate on a single frequency precluding the option of pair housing two
telemetered animals for simultaneous recordings. Cages were prepared
with bedding material and enrichment (chew stick and tubes). Animals
were 397-669 g at the time of study.

Phase 1 - Rats were socially-housed in standard IVCs, used for their
normal housing and for telemetry recording (Techniplast, GR900, in-
ternal height 20 cm, Fig. 1a). One telemetry receiver (RPC-1 Da-
tasciences Inc) was placed beneath each cage to detect the telemetry
signals. Rats received either vehicle (water for injection) or verapamil
(10 and 30 mg/kg, SigmaAldrich) on each dosing day in a modified
William's square design. Doses were administered by oral gavage in a
dose volume of 5mL/kg at approximately 10am each day and re-
cordings were made from at least 1 h before dosing to 22 h post-dose.

Phase 2 - Animals were transferred to larger double-decker IVCs
(Techniplast GR1800, internal height 38 cm, Fig. 1b) along with their
companion. Four RPC-1 receivers were multiplexed together to allow
telemetry recordings from each double-decker cage (Fig. 1c). The ani-
mals were dosed using the same design as in Phase 1, following a period
of 1 week of acclimatisation to the new cages. The dosing in the second
phase was conducted 5 weeks after the end of the first phase. A blood
sample (approximately 32pL) was taken from each animal on each
dosing day by tail vein microsampling (Prior, Marks, Grant, & South,
2015) at 3h post-dose in both phases and plasma prepared by cen-
trifugation (1500g 4°C for 10 min). The samples were stored frozen
until it was analysed for determination of verapamil concentration
using a LC-MS/MS method (Thermo TSQ Quantiva with Thermo Van-
quish UPLC system).

2.2.1. Data recording and sampling

Blood pressure, ECG, activity and temperature signals were re-
corded continuously at 1000Hz (50Hz for temperature) using
Notocord HEM software (NOTOCORD Inc., Paris, France) prior to, and
for up to 22 h after the start of dosing. Cardiovascular and temperature
data were extracted at set timepoints before and after dosing for gra-
phical purposes as an average of 5 min of continuous data taken at each
timepoint. Activity data was extracted as the total activity count with
each hour. For statistical comparison of drug-induced effects, all data
were summarised as large duration averages (superintervals) (Sivarajah
et al., 2010; Skinner, Xing, Lu, Ren, & Oldman, 2017) from O to 3h,
4-10h, 10-16 h and 16-22h post-dose. Data between 3 and 4 h were
not included due to disturbance caused by the blood sample taken at 3 h
post-dose. To assess the degree of signal drop-out, data were extracted
from all animals on one dosing day in both housing condition as 15s
averages and number of time points affected by signal drop-out were
counted.
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Fig. 1. a) Standard IVC cage (Techniplast GR900) used during Phase 1 and b) double-decker cage (Techniplast GR1800) used during Phase 2. Dimensions of cages are

shown. ¢) Double-decker in cage rack during telemetry recording.

2.2.2. Statistical analysis

Data was analysed using a repeated measures analysis of covariance
with pre-dose measurements used as the covariate. The statistical
model used included fixed effects of dose (control, 10 mg/kg or 30 mg/
kg of verapamil), time (0-3h, 4-10h, 10-16 h and 16-22h) and cage
type (standard single storey or double-decker) and associated interac-
tions. The individual animal and associated interactions were included
in the model as random effects.

Comparisons were performed for each timepoint separately. The
effect of treatment with verapamil was assessed by comparison of the
treated phases of the study (both the 10 and 30 mg/kg dose) with the
control for each cage type separately and then the interaction between
dose and cage type was assessed. This interaction tests whether the dose
effect is the same for each cage type. A significant interaction indicates
evidence that the cage type has an impact on the dose effect. All
comparisons were conducted using a 2-sided 5% test and accompanied
by a 95% confidence range. No multiple comparison adjustments were
made.

Activity data was analysed by first transforming using Log(activity
+1) and then performing the analysis as described above. Results of
this analysis are presented as geometric means and comparisons can be
interpreted as fold-changes.

Power analysis was performed for pooled data across the two caging
types. The methods used for the power calculation involved fitting the
model described in the statistical analysis section, estimating the ap-
propriate within animal pooled standard deviation from this analysis
and using this figure to estimate the minimal differences detectable
between two treatment groups with 80% power. The variation in de-
tectable differences with changes in group size (n = 4, 6 and 8) were
calculated.

3. Results
3.1. Telemetry housing survey

Twenty-eight responses to the survey were received, from facilities
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that run rat telemetry studies (13 contract research organisations and
11 pharmaceutical companies) or 4 individuals responsible for out-
sourcing these studies. Respondents were from the UK, Europe, USA
and Canada and answers were combined into Europe or outside-Europe
categories. All the respondents from Europe (14/14) socially housed
their rats on non-recording days compared with only 50% (7/14) of
respondents from outside Europe (Fig. 2). The majority of European
respondents (79%, 11/14) retained social housing during the telemetry
recording periods - 57% (8/14) with an unrecorded companion, or 21%
(3/14) with recordings from multiple rats in the cage. However, only
14% (2/14) of respondents from outside Europe socially house their
rats during the telemetry recording periods (by employing an un-
recorded companion). The purpose of the telemetry studies were pre-
dominantly early screening studies (before the regulatory non-rodent
study) for blood pressure and heart rate measurements (89% of re-
spondents) or left ventricular pressure/other function (32%). Other
purposes included investigative studies only when required (54%), or

BSocially Housed
14 4

Bindividually Housed

N N
o N

Total number of respondents
©

Europe Outside Europe Europe Outside Europe

Non-recording days Recording days

Fig. 2. The number of survey respondents housing animals socially or in-
dividually on recording and non-recording days of rat safety pharmacology
telemetry studies. The numbers within the bars gives the actual number of
respondents.
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Fig. 3. Effects of verapamil in telemetered rats housed in a) single storey and b) double-decker cages (mean * SE mean). Dosing occurred at O h, bar shows night
phase.
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Fig. 4. Comparison of effects of verapamil on mean arterial blood pressure, heart rate, QA interval, PR interval, body temperature and activity in standard and
double-decker cages. Charts show mean change at each time interval + 95% confidence interval. Statistically significant changes occur where the 95% CI excludes

0, except for activity where significance occurs where the 95% CI excludes 1.

for assessment of respiratory function (18%), or central nervous system
function (e.g. electroencephalograms, 36%).

3.2. Telemetry recording in standard and double-decker cages

Continuous recordings of physiological parameters were made from
both standard and double-decker cages with minimal signal drop-out.
The average number of 15 s samples affected by signal drop-out during
the 23 h recording was 18 (range 1-51) for standard cages and 3 (range
0-7) for double-decker cages. This was a very small proportion of the
total amount of data recorded (0.3% and 0.1% for standard and double-
decker cages, respectively).

The effects of verapamil were consistent between the standard and
double decker cages. Verapamil caused a dose-related decrease in mean
arterial blood pressure after 10 and 30 mg/kg with effects still evident
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at the last superinterval 16-22h after the high dose (Figs. 3 & 4). A
tachycardia was evident within the first 3h after 30 mg/kg verapamil
and QA interval, known to be affected by cardiac contractility, was also
increased after 30 mg/kg with a significant effect still evident at the last
superinterval. Verapamil had no notable effect on PR interval. A sig-
nificant decrease in body temperature was observed after 30 mg/kg
verapamil within the first 3 h of dosing in the double-decker phase that
was not apparent in the standard caging. When compared statistically
using a linear mixed effect model, no significant differences in the
verapamil-induced responses were observed between the standard and
double-decker cages (Fig. 4). Plasma verapamil concentrations (3h
post-dose) were consistent between both phases: 38 + 25 and
279 *+ 91ng/mL in the standard caging phase and 43 + 50 and
224 + 133ng/mL in the double-decker phase after 10 and 30 mg/kg,
respectively. Concentration-effect data were plotted from each animal
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Fig. 5. Relationship between plasma verapamil concentrations and mean ar-
terial blood pressure in rats and humans. Rat telemetry data from the current
study are shown on the primary y-axis. Change in mean arterial blood pressure
from vehicle control are plotted against corresponding free plasma verapamil
concentrations for individual animals along with a linear regression
(R? = 0.36). The summarised relationship between actual mean arterial blood
pressure and plasma verapamil concentration in humans is plotted on the
secondary y-axis (data, taken from De Cicco et al., 1999). Verapamil plasma
protein binding data used - f,-0.2 Rat, 0.17 human (Berry, Li, & Zhao, 2011).

using the verapamil plasma concentration data at 3 h post-dose and the
mean arterial blood pressure data (5min average) extracted at 2.9h
post dose (Fig. 5). The magnitude of hypotension was related to the free
plasma concentration of verapamil and the effects were consistent with
those reported in humans at similar concentrations (De Cicco et al.,
1999).

Retrospective statistical power based on the pooled data from the
two cage types are presented in Table 1. The effect of variations in
group size on the minimal detectable change at 80% power are shown.

4. Discussion

This study has shown that social-housing during rat telemetry stu-
dies is an achievable refinement, with data recorded from pair-housed
animals in standard IVC cages as well as newer double-decker IVCs with
expanded vertical space. Although the rats in the current study were
telemetered for recording cardiovascular data for safety pharmacology
investigations, the principles are equally applicable for telemetry stu-
dies measuring other safety pharmacology endpoints, in telemetry
studies for academic biomedical research purposes and for telemetry
studies with other small animal species.

The use of rat telemetry is a common practice within the pharma-
ceutical industry. This is apparent from the survey data and from
published literature from the safety pharmacology community (Bhatt
et al., 2016; Collins et al., 2018; Fermini et al., 2017; Segreti et al.,
2016; Tang et al., 2016). Given the main purpose of the studies is
usually early screening, to de-risk cardiovascular liabilities and aid
candidate selection prior to regulatory studies, it is likely that multiple
compounds per project are investigated. The group size for rat

Table 1

The table shows the change that can be detected in each variable with a group
size of n = 4, 6 or 8 at 80% power. Note that data was pooled from the studies
performed in socially housed rats housed in both standard and double-decker
cages.

Parameters N=4 N=6 N=8
HR (bpm) 32 24 20
Diastolic ABP (mmHg) 6 4 3
Systolic ABP (mmHg) 7 5 4
Mean ABP (mmHg) 7 5 4
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telemetry studies varies between organisations, using between 4 and 9
rats per compound tested (as per the previously referenced papers).
Cross-over study designs are most usual where the same animals receive
multiple doses, but parallel group designs are also often required to
achieve the study objectives. Most organisations maintain colonies of
telemetered rats and re-use animals for testing of multiple compounds,
thereby reducing the number of animals used; however, it is likely that
within the pharmaceutical industry many thousands of rats undergo
these procedures annually worldwide.

All European respondents to the survey house their rats socially on
non-recording days, with the majority (79%) maintaining social
housing during telemetry data recordings. This greatly contrasts with
respondents from outside Europe, where 50% house their rats in-
dividually at all times and only 14% socially-house during telemetry
data recordings. Similar trends are reflected in the literature, with
publications from the USA often reporting the use of individual housing
(Accardi et al., 2016; Segreti et al., 2016; Tang et al., 2016) and those
from Europe reporting the use of social housing (Collins et al., 2018).
The most common method employed for social housing during tele-
metry recordings is to house with an unrecorded companion animal(s),
although the survey did not determine whether they were unin-
strumented or instrumented and recorded on a separate day. This is
likely to be due to the use of legacy telemetry hardware which is unable
to record from group-housed animals simultaneously due to signal
transmission on one frequency and the potential for cross-talk. Im-
proved hardware and alternative telemetry systems are now available
that enable simultaneous recordings from socially-housed telemetered
animals; however, the current survey suggests that they are not yet
widely used (only three European respondents reported recording from
multiple animals in a cage). This could reflect the relatively small
number of survey respondents and/or the relatively recent introduction
of some of these new systems and hardware. A reason for using un-
recorded companion animals rather than recording from multiple tel-
emetered animals in each cage may also be due to the preferred latin-
square study design commonly used. This design would result in cage-
mates receiving different dose levels and a perceived risk of cross-
contamination. This is also an issue for non-rodent telemetry studies
(Prior et al., 2016); however, the risk is deemed low in rats due to the
lack of vomiting reflex although grooming and copraphagia are po-
tential sources of cross-contamination in rodents.

The ability to socially house rats during telemetry recordings sa-
tisfies the legal requirements (2010/63/EU, 2010) or best-practice
guidelines (ILAR, 2011) for social housing of laboratory animals, but
data indicates that social housing also confers an improvement to the
animals' welfare. Undisturbed heart rate, measured as an index of
stress, and stress responses to common laboratory procedures have been
shown to be reduced by social housing compared with individual
housing in Sprague Dawley rats (Azar, Sharp, & Lawson, 2011; Sharp,
Zammit, Azar, & Lawson, 2002). In the present study we socially
housed rats with uninstrumented companions in standard and double-
decker cages. Double-decker cages offer additional benefits to animal
welfare by allowing more floor space than standard IVC cages and,
importantly, enabling true upright postures to be adopted. Upright
posture has been shown to be an integral and important part of a rat's
welfare (Buttner, 1993; Makowska & Weary, 2017) and, whilst the time
spent in this position was not quantified in the current study, rats were
often seen in full upright position with a straight back when housed in
the double-decker cage (Fig. 1b). Housing rats in multilevel caging
systems has also been shown to induce a positive affective state and to
improve overall wellbeing (Wheeler et al., 2015).

Our data shows that the use of double-decker IVCs had no adverse
effect on the quality of the telemetry data recorded with less periods of
signal drop-out noted compared to the standard caging when using a
configuration of 4 multiplexed receivers. The hardware arrangement
used in this study with double-decker cages does require the user to
have a surfeit of receivers which may not always be available. In this
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situation, an alternative would be to remove the upper shelf of the
double-decker cage on recording days and use one receiver positioned
underneath the cage bottom (as with the standard cages). Removal of
the upper floor reduces the total available floor space for the rats yet
still allows full upright posture to be adopted. The use of other tele-
metry systems or hardware would also alleviate this problem since,
with some new systems, a single receiver is enough for recording from
animals in multiple cages housed in a cage rack.

In the current study, oral administration of the calcium channel
antagonist verapamil to socially housed rats caused the expected hae-
modynamic effects of hypotension, tachycardia and an increase in QA
interval (reflecting a reduction in cardiac contractility), in accordance
with data from previous studies in rats (Adeyemi et al., 2009; Fermini
et al., 2017; Tang et al., 2016) and humans (De Cicco et al., 1999).
Verapamil had no effect on PR interval despite being a known negative
dromotrope. The reason for the lack of effect is unknown but previous
studies in humans have shown the dromotropic effects of verapamil to
be reduced following oral administration (Echizen, Vogelgesang, &
Eichelbaum, 1985). There were no notable differences between the
effects of verapamil when assessed in rats housed in double-decker
versus standard IVCs. This suggests that the use of double-decker caging
is unlikely to affect the sensitivity of detections of drug-induced effects,
important when used in early drug safety screening.

An assessment of the statistical power was made from the current
data pooled across both the cage types. Whilst this data is based on only
a small number of studies and should be considered preliminary, it
demonstrates that social housing of rats during telemetry studies is
compatible with the detection of small drug-induced changes in cardi-
ovascular parameters. The minimal detectable change in arterial blood
pressure and heart rate was 4-5 mmHg and 24 bpm, respectively, in our
socially housed rats with a group size of n = 6 at 80% power. This
compares with a minimal detectable change of 5-6 mmHg and 24 bpm,
respectively, in a previously published study in telemetered rats (Bhatt
et al., 2016) in which the animals were individually housed (T Wisia-
lowski, personal communication). Other authors have shown that car-
diovascular studies performed in socially housed dogs and cynomolgus
monkeys can have similar or even greater statistical power than those
performed in individually housed animals (Prior et al., 2015, Xing et al.,
2015).

5. Conclusion

Whilst the majority of the industry survey respondents do not so-
cially house telemetered rats on recording days, there are opportunities
for adoption of this refinement within industry and academia world-
wide. Companion animals can be used in rat telemetry studies im-
proving animals' welfare without adversely affecting the detection of
drug-induced cardiovascular changes. The use of double-decker cages is
also technically possible in rat telemetry studies allowing socially
housed rats to exhibit periods of full upright posture known to be an
integral and important part of a rat's welfare.
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