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« The suitability of methods for
analysing distress in laboratory mice
was assessed.
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« Transmitter implantation caused
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o Tumour growth provoked very mild
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distress analysis.
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Prospective severity assessment is legally required in many countries to ensure high-quality research
along with high welfare standards for laboratory animals. Mice and rats, the most common laboratory
species, are prey animals that usually suppress signs of pain and suffering. Therefore, highly sensitive
readout parameters are necessary to adequately quantify distress. The present study compared the per-
formance of different non-invasive methods in determining animal distress, such as measuring body
weight, distress score, faecal corticosterone metabolites, burrowing, and nesting behaviour, with contin-
uous monitoring of heart rate, body temperature and activity by telemetry. The distress caused by two
surgical interventions was compared and the burden caused by tumour growth was described.
Transmitter implantation caused higher distress than laparotomy plus carcinoma cell injection into the
pancreas. Surprisingly, no significant increase in distress was observed during tumour growth. The recei-
ver operating characteristic curve analysis revealed that some non-invasive distress-parameters, i.e.,
distress-score and burrowing activity, exhibited slightly better performance to quantify distress than

Abbreviations: HR, heart rate; BT, body temperature; Act, activity; TI, transmitter implantation; CI, carcinoma cell injection; FCMs, faecal corticosterone metabolites; ROC,
receiver operating characteristic; AUC, area under the curve; NSAIDS, non-steroidal anti-inflammatory drugs.
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the most suitable parameters measured by telemetry. Due to the high burden caused by the implantation

of the telemetric device, the use of non-invasive methods to assess distress in laboratory animals after

surgical interventions should be favoured in future studies.

© 2019 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Animal welfare is important for animal based biomedical
research. Therefore, many countries have implemented new regu-
lations to ensure high-quality research with minimal harm to ani-
mals. The European Union requires application of the 3Rs (replace,
reduce, refine), a harm and benefit analysis and a prospective
severity assessment for each animal experiment [1-3]. To ade-
quately implement these mandatory guidelines, an evidenced-
based distress analysis for laboratory animals is essential.
However, guidance and examples of comprehensive distress

analyses or studies that compare the suitability of different distress
parameters are difficult to find in the current literature. Mice and
rats are the most commonly used laboratory animals in biomedical
research. These prey animals usually suppress signs of pain, suffer-
ing and weakness. Therefore, highly sensitive readout parameters
are mandatory for evaluating distress or wellbeing in rodents [4].

Well-being or welfare of animals is fulfilled when the nutri-
tional, environmental, health, behavioural and mental needs of
animals are satisfied [5]. Different interventions, such as surgery
or handling procedures, can provoke short time stress responses
or even “distress”, where an animal is unable to adapt for a distinct
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Fig. 1. Experimental design for distress assessment. Radio telemetric transmitters were implanted on day O (TI). The distress of transmitter implantation (TI) was analysed
using telemetry and non-invasive methods after surgery on day 0 and on recovery days 1-3, 7 and 13. The distress assessment for laparotomy plus cancer cell injection into
the pancreas (CI) was performed before (—1) and after laparotomy (0), as well as on recovery day 1-3. Distress was also quantified during tumour growth on days 4, 18 and 34

after carcinoma cell injection (CI).

Table 1
Data analysis for distress parameter after transmitter implantation (n = 10).

Days after transmitter implantation (TI)

0 1 2 3 7 13
Figs. Distress parameter
2A Distress-score Mean 6.80 0.60% 0.40° 0.40° 0.00° 0.00°
(0-66) +SD 0.63 0.97 0.84 0.84 0.00 0.00

2B Burrowing [g] Mean 4.0 78.9 90.3 121.1° 160.3* 174.4°
+SD 12.6 36.3 91.6 61.6 63.0 42.0

2C Body weight change [%] Mean -8.30 —~7.58 -8.45 -7.25 —4.65%¢ —3.36%>¢
+SD 2.39 2.02 1.86 2.18 2.76 1.75

2D Nesting-score (1-6) Mean 1.90 5.10° 5.30" 5.40° 5.00 4.80
+SD 145 0.74 0.48 0.70 0.67 0.42

2E HR [bpm] Mean 590.75 557.82 515.44 509.01° 487.45° 482.45°
+SD 35.86 27.89 20.12 15.59 29.58 2431

2F Act [c/min] Mean 1.41 2.16 2.21 3.30° 3417 3.87%P¢
+SD 0.57 0.52 0.68 0.92 0.99 1.07

2G BT [°C] Mean 36.54 36.71 36.56 36.61 36.79 36.71
+SD 0.43 0.35 0.37 0.40 0.23 0.20

2H FCMs [ng/g] Mean 4061.98 2085.26" 1402.17¢ 1325.48° 1301.45° 1220.90°
+SD 1560.77 1311.05 560.25 413.48 500.32 576.03

2 P<0.05 compared to day 0.
b P<0.05 compared to day 1.
€ P<0.05 compared to day 2.
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period of time to the different stressors or its environment [6]. This
distress can be evaluated by indicators of the physical, biochemical
and psychological state of animals [7]. As indicators of the physical
condition of an animal, changes in body weight and clinical scoring
systems have proven useful for assessing severity and as criteria to
determine a humane end point [8-10]. Changes in so-called “lux-
ury” behaviour, i.e., burrowing and nesting activity, reflect the psy-
chological state of animals. These natural behaviours are
comparable to activities of daily living in humans, and good perfor-
mance should represent well-being in mice and rats [11-13]. How-
ever, deterioration of nesting and burrowing activity might
function as an indicator for neurological disorder [14-16], pain
and stress [17-19]. In addition, the stress hormone corticosterone
is a sensitive distress indicator, and the measurement of its
metabolites in faeces represents a novel non-invasive method to
assess distress by analysing the biochemical state of animals
[20,21]. In addition to these non-invasive approaches, heart rate
(HR), body temperature (BT) and activity (Act) have proven to be
important readout parameters for the physical state of an animal.
Continuous monitoring of these parameters can be provided by
telemetry using implanted radio telemetric transmitters [22,23].
HR reportedly increases after acute restraint stress [24-26], cage
change [27], and laparotomy [17]. Stress induced hypothermia
was observed after handling [23], cage change [27,28] and different
injections [29]. Moreover, it is an accepted method to measure
anxiety [30]. Activity of mice was reported to be enhanced after
short term stressors, such as handling [23] and cage change [27]
or reduced upon laparotomy and chronic tumour disease [31].
These publications indicate that HR, BT and Act might function as
sensitive readout parameters for assessing animal distress. The
aim of the current study was to directly compare non-invasive
methods to telemetric parameters for assessing distress in a mur-
ine orthotopic pancreatic cancer model.

Material and methods
Ethical statement

All animal experiments were approved by the local authority
(Landesamt fiir Landwirtschaft, Lebensmittelsicherheit und Fis-
cherei Mecklenburg-Vorpommern; Az. 7221.3-1-062/16). Deci-
sions of the local authority were in accordance with the
protection of animal act for Germany and the European Directive
2010/63/EU [2]. Male C57BL/6] mice between 13 and 15 weeks of
age were housed separately in type III cages (dark light cycle; dark
period: 7 pm-7am) with food and water ad libitum. Enrichment
was provided in the form of nesting material, paper roles, and woo-
den sticks.

Transmitter implantation and telemetry

For transmitter implantation, each mouse was anaesthetized
with 1-2vol% isoflurane. For perioperative analgesia, 5 mg/kg
carprofen was injected subcutaneously (Rimadyl®, Pfizer GmbH,
Berlin, Germany). The eyes of the mouse were kept wet by using
eye ointment (Jenapharm, Jena, Germany). The abdomen and the
right sight of the thorax were shaved. A mid line laparotomy was
performed, and the ETA-F-10 transmitter (Data Sciences Interna-
tional, Minnesota, USA), which is able to detect ECG signals, BT
and Act of the mice, was placed in the abdominal cavity. The
telemetry lead for the negative electrode was tunnelled subcuta-
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Fig. 2. Animal distress after transmitter implantation (TI). Distress-score (A),
burrowing behaviour (B), percentage of body weight change (C), nesting-score (D),
heart rate (HR) (E), activity (Act) (F), body temperature (BT) (G) and faecal
corticosterone metabolites (FCMs) (H) were evaluated on the day of surgery (0) and
on recovery days 1-3, 7 and 13. Significant differences were determined for non-
parametric data with the Friedman test and Dunn’s method for multiple compar-
isons (A-F). Parametric data was calculated by repeated measures one-way ANOVA
followed by Tukey’s test for pairwise comparisons (G-H). P < 0.05 significant to
indicated day (n = 10). For details, see Table 1.
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neously from the peritoneum to the right side of the thorax, and
the end of the electrode was fixed with two sutures (4-0 polyester,
non-absorbable, SMI sutures, Steinberg, Belgium) in the pectoralis
major muscle. The positive electrode was tunnelled subcuta-
neously to the left side under the costal arch and was sutured onto
the external obliqgue muscle. The peritoneum was closed with
resorbable, coated 5-0 vicryl sutures (Johnson & Johnson MEDICAL
GmbH, New Brunswick, USA). Skin lesions were sewed using a 5-0
prolene suture (Johnson & Johnson MEDICAL GmbH), and mice
were placed in front of a heating lamp for 30 min. Transmitter
implantation surgeries lasted for 45-55 min for each mouse. For
postoperative analgesia, 1250 mg/L metamizol (Ratiopharm, Ulm,
Germany) was provided continuously in the drinking water until
the end of the experiment. The mouse cages were placed above
the receiver to detect the signals, and the parameters were moni-
tored using the programme Ponemah (Version 5.2; Data Sciences
International, Minnesota, USA). Data were saved every minute for
each parameter and each mouse, and were analysed using the pro-
gramme Excel (Microsoft, Redmont, USA). To analyse the ECG sig-
nals two distinct parameters, i.e. HR and heart rate variability were
calculated (HRV) via SDANN-value (standard deviation of R-R
intervals in 1 min intervals over on 12 h segment; 7 pm-7am). All
telemetric parameters were monitored continuously for 24 h after
the distinct interventions and on the recovery days (Fig. 1). How-
ever, the conclusions were based on 12-h recordings of HR, BT
and Act at night during the active period of the mice to eliminate
physical reactions caused by handling of the animals or distur-
bances in the animal facility.

Syngeneic orthotopic pancreatic carcinoma model

Orthotopic injection of pancreatic cancer cells was performed as
previously described by Zechner et al. [32]. In short, the mice were
anaesthetized with 1.2-2.0 vol% isoflurane, and 5 mg/kg carprofen
(Rimadyl®, Berlin, Pfizer GmbH) was applied by s.c. injection for
analgesia. Eyes were kept wet by using eye ointment. The abdomen
of the mice was shaved, and the abdominal cavity was opened by
laparotomy. Then, 5puL of cell suspension (murine cell line
6606PDA, 2.5 x 10°/5 uL cells in Matrigel) was injected slowly
using a 25 pL syringe (Hamilton, Reno, Nev., USA). The pancreas
was placed back into the cavity. The peritoneum was closed using
a coated 5-0 vicryl suture (Johnson & Johnson MEDICAL GmbH),
the skin was sewed with a 5-0 prolene suture (Johnson & Johnson
MEDICAL GmbH), and mice were placed in front of a heating lamp

Table 2
Data analysis for distress parameter after carcinoma cell injection (n =9).

for 30 min. The duration of the surgical procedure for carcinoma
cell injection was 20 min per mouse. A total of 1250 mg/L metami-
zol was applied daily in the drinking water until the end of the
experiment (mice were euthanized 37 days after tumour cell injec-
tion). Metamizol was chosen to cover possible pain caused during
the recovery days after surgery and during the tumour growth per-
iod. The benefit of metamizol is that it can be self-administered by
the mice. Repetitive injection of analgesic components would
cause additional distress [24,33] and influence our data analysis.
To cover possible pain after the surgical procedures, carprofen
5 mg/kg was injected subcutaneously. The application of metami-
zol in combination with carprofen was chosen for both surgical
interventions, i.e. transmitter implantation and carcinoma cell
injection, in order to directly compare those procedures in terms
of distress. An opioid such as buprenorphine was intentionally
not applied for analgesia because it is reported to reduce food
and water consumption, activity, body weight in both mice and
rats [34-36]. Compared to buprenorphine, non-steroidal anti-
inflammatory drugs (NSAIDS), such as ketoprofen, indomethacin,
meloxicam and carprofen, provoked fewer side effects and similar
analgesic efficacy after distinct abdominal surgeries [37,38] and
after transmitter implantation [39-41] in rodents.

Assessment of non-invasive distress parameters

Non-invasive parameters were assessed during the light phase
(7am-7pm). After transmitter implantation (TI), distress was anal-
ysed after surgery (0) and on recovery days 1-3, 7-8 and 13. Eval-
uation of distress after tumour cell injection (CI) was quantified on
the day before (—1), the day after surgery (0) and on recovery day
1-3. The assessment of distress during disease progression was
performed on days 4, 18 and 34 of tumour development (Fig. 1).
The distress score was assessed 30 min after each surgical inter-
vention and at the indicated recovery days according to a clinical
scoring sheet, which has been published by Kumstel et al. [33]
and is based on other scoring systems [42-44]. Body weight was
measured 24 h after evaluating the other distress parameters to
allow sufficient time for body weight adjustments to a specific
level of distress. To assess body weight, mice were placed by tail
handling on a scale for 5-10 s. Changes in body weight were calcu-
lated as a percentage of the value assessed 1-4 days before trans-
mitter implantation. The weight of the transmitter (1.6-1.7 g
dependent on the electrode length) was subtracted from the mea-
sured body weight. Burrowing behaviour was analysed according

Days before/after carcinoma cell injection (CI)

-1 0 1 2 3

Figs. Distress parameter

3A Distress-score (0-66) Mean 0.00° 478 0.00° 0.00° 0.00*
+SD 0.00 0.97 0.00 0.00 0.00

3B Burrowing [g] Mean 174.40° 52.67 181.00° 154.67° 193.78°
+SD 41.99 34.43 31.14 56.72 15.42

3C Body weight change [%] Mean -3.36 -2.02 -3.44° -2.72 -2.63
+SD 1.75 243 2.02 1.98 2.00

3D Nesting-score (1-6) Mean 4.80 422 5.00 5.00 5.00
+SD 0.42 0.97 0.00 0.71 0.71

3E HR [bpm] Mean 479.09° 539.29 508.47 497.03 495.44"
+SD 23.19 33.82 22.71 22.27 36.56

3F Act [c/min] Mean 3.91 2.83 3.69 3.94 4.03
+SD 1.12 0.74 1.43 1.04 0.92

3G BT [°C] Mean 36.69" 36.37 36.76° 36.78 36.72
+SD 0.20 0.26 0.16 0.27 0.33

3H FCMs [ng/g] Mean 1220.90° 1800.68 1445.50 1226.45 1392.81
+SD 579.03 772.92 476.36 556.10 686.63

2 P<0.05 compared to day 0.
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to Deacon et al. [11] by placing a burrowing tube filled with 200 g
of food pellets into the cage 3 h before the dark phase. The amount
of burrowed pellets was evaluated 2 h later. To analyse nesting
behaviour, a nestlet (5-cm square of pressed cotton batting, Zoon-
lab GmbH, Castrop-Rauxel, Germany) was provided 1 h before the
dark phase. The nest was scored the following morning. In addition
to the 1-5 point scale from Deacon et al. [ 12], 6 points were scored
for a perfect nest when more than 90% of the circumference of the
walls were higher than the mouse’s body height. To facilitate indi-
vidual learning, burrowing and nesting were performed three
times in group housing until mice were housed separately
throughout the entire experiment. To measure faecal corticos-
terone metabolites (FCMs), 200-400 mg faeces were collected from
the home cages 24 h after the interventions or on indicated days.
The faeces were dried 4 h at 65 °C and stored at —20 °C. Later,
50 mg homogenized faeces were extracted with 1 mL 80% metha-
nol and analysed by a 5a-pregnane-38,11p,21-triol-20-one
enzyme immunoassay, which has been validated for use with mice
[20,45].

Data analysis

A repeated measure design was applied without using a control
group, since the aim was to compare distress parameters after dis-
tinct interventions and the corresponding recovery phases. The
quantification of distress after transmitter implantation was per-
formed on 10 mice, after carcinoma cell injection on 9 mice and
during tumour progression on 7 mice, since one mouse had to be
euthanized due to complications after carcinoma cell injection,
and two additional mice reached humane endpoint criteria during
tumour progression. All data were graphed and analysed using
GraphPad Prism 8.0 (GraphPad Software, San Diego, USA). Data
for Figs. 2-5 and 9 are presented in line graphs, indicating mean
values + standard deviations. For assessment of normality, the
Shapiro-Wilk-test was applied, and for scores (distress score,
nesting-score), the Kolmogorow-Smirnov test. For parametric data
a repeated measures one-way ANOVA followed by a Tukey test for
multiple comparisons was performed. For non-parametric data and
data in percent the Friedman test followed by Dunn’s method was
applied. Data for Figs. 6 and 7 are presented in point plots, indicat-
ing mean * standard deviation. Significance was calculated either
by unpaired t-test for parametric data or by Mann-Whitney test
for non-parametric data or data in percent. Differences with
P <0.05 were considered significant. To evaluate the performance
of each parameter to quantify distress, the area under the curve
(AUC) was assessed by performing receiver operating characteris-
tic (ROC) curve analysis on data from mice before and after laparo-
tomy plus carcinoma cell injection. The 95% confidence intervals
and P-values were calculated for each parameter.

Results
Animal distress after transmitter implantation

To assess the distress of mice after transmitter implantation,
non-invasive and telemetric parameters were quantified after sur-
gery (0), as well as on recovery day 1-3, 7 and 13 (Fig. 1). The dis-
tress score was significantly increased on days after the
intervention, due to observations of abnormal posture and passive
spontaneous and flight behaviour, as previously published [33].
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Fig. 3. Animal distress after laparotomy plus carcinoma cell injection (CI). Distress
score (A), burrowing behaviour (B), percentage of body weight change (C), nesting
score (D), HR (E), Act (F), BT (G) and FCMs (H) were evaluated before (—1), on the
day after surgery (0) and on recovery day 1-3. Significance was analysed for non-
parametric data and data in percent with the Friedman test followed by Dunn’s
method (A-E). Parametric data was determined by repeated measures one-way
ANOVA followed by multiple comparisons via Tukey’s test (F-H): P < 0.05 signif-
icant to indicated day (n=9). For details, see Table 2.
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Table 3
Data analysis for HRV before and after carcinoma cell injection (CI) (n=9).

Days before/after carcinoma cell injection (CI)

-1 0 1 2 3
Fig. Distress parameter
4A SDANN [ms] Mean 14.12°P 10.08 12.12% 14.83 13.28
+SD 3.22 2.49 2.77 4.15 3.76

4 P<0.05 compared to day 0.
> P<0.05 compared to day 1.

40
30 P=0.0155
= 30 2
E. P=0.0079 %
Z 50 -0, s -
== 20 P=0.0443 "ﬁ ® ',,)
< c 404 —-- SDANN
[=] $ ®
D 40 i AUC =0.86
10 209 Cl=069-1.0
| P=0.0092
O —T—T—T—T1 7 04— T T T 1
1 0 1 2 3 0 20 40 60 80 100

days before / after Cl 100% - Specificity%

Fig. 4. Heart rate variability (HRV) before and after carcinoma cell injection (CI).
HRV calculated as SDANN in ms (standard deviation of R-R intervals in 1 min
segments of 12 h during the dark phase, 7pm-7am) before surgery, after carcinoma
cell injection (CI) on day O and on the recovery day 1-3 (A). To evaluate the
performance of HRV the area under the curve (AUC), the 95% confidence interval
(CI) and the P-value (p) were assessed by performing receiver operating charac-
teristic curve (ROC) analysis on data from mice before (—1) and after carcinoma cell
injection (0) (B). Significance was determined for these parametric data by One Way
ANOVA for repeated measurement, followed by multiple comparison via the Tukey
test (A): P <0.05 (n=9). For details of the data, see Table 3.

However, mice recovered within one day (Fig. 2A). Compared to
the day of surgery, a significant increase in burrowing behaviour
was observed on day 3, 7 and 13 after transmitter implantation,
indicating a steady recovery of mice (Fig. 2B). A reduction in body
weight of 8% average was observed in animals after transmitter
implantation. A slow body weight gain was characterized by a sig-
nificant increase on recovery days 7 and 13. However, within the
two weeks of recovery, mice did not return to their initial body

Table 4
Data analysis for distress parameter during tumor progression (n= 7).

weights (Fig. 2C). The day after surgery, nesting scores were low
but recovered within one day (Fig. 2D). Mean HR during the night
after surgery (day 0) was significantly elevated compared to recov-
ery days 3, 7 and 13. Additionally, a significant reduction from
recovery day 1 to day 7 and 13 was noticed (Fig. 2E). Compared
to day O, a significant increase in Act was observed on post-
surgical days 3, 7 and 13 (Fig. 2F). Significant differences could
even be observed when comparing day 1 and 2 to day 13. This indi-
cates that mice needed more than two days to recover (Fig. 2F). No
significant differences were noticed in BT after surgery or during
the recovery period (Fig. 2G). However, a significant increase of
FCM concentrations after surgery compared to all recovery days
was quantified (Fig. 2H). All parameters, with the exception of
BT, demonstrated recovery of mice after transmitter implantation.
However, the timing of recovery, especially between day 1 and day
3, was different between parameters. All parameters approached a
plateau phase of recovery on day 7-13, indicating stabilization of
the physical, physiological and psychological state of the mice.

Animal distress after carcinoma cell injection

For assessment of distress after orthotopic injection of pancre-
atic cancer cells, all non-invasive and telemetric distress parame-
ters were quantified before (-1), on the same day of carcinoma
cell injection (0) and on recovery day 1-3 after cell injection
(Fig. 1). Distress score and burrowing behaviour were significantly
altered on day 0, indicating increased distress of the mice that
exhibited fast recovery within one day (Fig. 3A and B). A significant
reduction in the percentage of body weight was noticed on the first
recovery day compared to the day of surgical intervention (Fig. 3C).
A minor non-significant reduction of nesting behaviour was
observed on day 0 (Fig. 3D). HR was significantly elevated after
laparotomy, followed by a steady reduction until recovery day 3

Days before/after carcinoma cell injection (CI)

-1 4 18 34
Fig. Distress parameter
5A Distress-score Mean 0.00 0.00 0.00 0.00
+SD 0.00 0.00 0.00 0.00
5B Burrowing [g] Mean 174.40 185.57 165.14 140.29
+SD 41.99 21.57 44.09 50.41
5C Body weight change Mean -3.36 -2.24 -041° 0.48%
+SD 1.75 1.97 2.01 2.28
5D Nesting-score Mean 4.8 4.86 5.0 4.14
+SD 0.42 0.69 0.58 1.21
5E HR [bpm] Mean 479.09 483.89 475.77 485.04
+SD 23.19 53.11 15.43 35.92
5F Act [¢/min] Mean 3.91 4.20 4.67 443
+SD 1.12 1.27 1.01 0.92
5G BT [°C] Mean 36.69 36.66 36.81 36.64
+SD 0.20 0.24 0.17 0.17
5H FCMs [ng/g] Mean 1220.90 1097.52 1038.54 1003.62
+SD 579.03 480.24 428.81 534.43

2 P<0.05 compared to day —1.
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Fig. 5. Animal distress before and during tumour growth. Distress score (A),
burrowing behaviour (B), percentage of body weight change (C), nesting score (D),
HR (E), Act (F), BT (G) and FCMs (H) were evaluated before (—1) carcinoma cell
injection (CI) and on days 4, 18, 34 after cancer cell injection. Significant differences
of non-parametric data and data in percent were evaluated with the Friedman test
followed by Dunn’s method (A-E). Parametric data was determined by repeated
measures one-way ANOVA followed by pairwise comparison via Tukey’s test (F-H):
P < 0.05 significant to indicated day (n = 7). For details of the data, see Table 4.

(Fig. 3E). Act was slightly and non-significantly reduced after sur-
gery (Fig. 3F). However, BT was significantly reduced, while FCMs
were significantly increased, after carcinoma cell injection, fol-
lowed by rapid recovery within one day (Fig. 3G and H). In addition
to HR, the HRV was calculated from the ECG signals and a signifi-
cant reduction in HRV after carcinoma cell injection was quantified
(Fig. 4A). The analysis of the discriminatory power of HRV revealed
a lower AUC (AUC = 0.86, P = 0.0092) compared to HR (AUC = 0.95,
P=0.0013) (Fig. 4B). The following analysis, therefore, focused on
the HR values. The non-invasive methods distress score, burrowing
behaviour and FCMs, as well as the telemetric data for HR and BT,
indicated increased distress of mice after carcinoma cell injection
followed by rapid recovery within one day.

To evaluate animal distress during tumour growth, all parame-
ters were assessed one day before and on days 4, 18 and 34 after
carcinoma cell injection. No significant alterations in distress score
or burrowing behaviour were noticed during this period (Fig. 5A
and B). The percentage changes in body weight increased signifi-
cantly during tumour growth (Fig. 5C). No significant alterations
were observed either in the other non-invasive parameters,
nesting-activity, FCMs, or in any parameters measured by teleme-
try, such as HR, Act, or BT (Fig. 5D-H). In conclusion the applied
methods do not indicate a significant increase in distress during
tumour growth.

Comparison of animal distress after surgical procedures

To compare the distress of transmitter implantation to laparo-
tomy plus orthotopic carcinoma cell injection, we graphed all dis-
tress parameters measured on the same day (0) after each
intervention. All non-invasive parameters and most parameters
measured by telemetry (HR, Act but not BT) demonstrated signifi-
cantly more distress after transmitter implantation compared to
carcinoma cell injection (Fig. 6A-H). Even on recovery day 2 after
both surgical interventions, distress parameters such as burrowing,
body weight change and Act indicate significantly more distress
after transmitter implantation compared to carcinoma cell injec-
tion (Fig. 7).

The AUC of each parameter for predicting animal distress

The performance of each readout parameter to diagnose dis-
tress was evaluated by applying ROC curve analysis. Therefore,
data from all animals were used from the day before (—1) and after
carcinoma cell injection (0). ROC curves are typically used to graph
the performance of diagnostic tests [46]. An area under the curve
(AUC) of 1.0 represents high discriminatory power to differentiate
between animals before and after carcinoma cell injection, while a
value of 0.5 demonstrates no discriminatory power for this param-
eter. According to this analysis, the highest discriminatory power
was obtained for the distress score (AUC=1.0, P=0.0003)
(Fig. 8A). Burrowing behaviour also displayed a good performance,
with a high AUC of 0.96 and a P-value of 0.0009 (Fig. 8B). In con-
trast, percentage of body weight change (AUC=0.68, P =0.2004)
and nesting behaviour (AUC = 0.68, P = 0.2004) demonstrated low
discriminatory power for distress assessment (Fig. 8C and D). Tele-
metric monitoring of HR (AUC = 0.95, P =0.0013), Act (AUC = 0.85,
P=0.0134) and BT (AUC = 0.84, P = 0.0152) also indicated high AUC
to discriminate between animals before and after surgery (Fig. 8E-
G). FCMs also exhibited discriminatory power to differentiate
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Table 5
Data analysis for comparison of animal distress after transmitter implantation (TI) and carcinoma cell injection on day 0.
TI Cl

Fig. Distress parameter

6GA Distress-score Mean 6.80" 4.78
+SD 0.63 0.97
n 10 9

6B Burrowing [g] Mean 4.0° 52.67
+SD 12.6 34.43
n 10 9

6C Body weight change Mean -8.30° -2.02
+SD 2.39 243
n 10 9

6D Nesting-score Mean 1.90° 4.22
+SD 1.45 0.97
n 10 9

6E HR [bpm] Mean 590.75° 539.29
+SD 35.86 33.82
n 10 9

6F Act [c/min] Mean 1.41° 2.83
+SD 0.57 0.74
n 10 9

6G BT [°C] Mean 36.54 36.37
+SD 0.43 0.26
n 10 9

6H FCMs [ng/g] Mean 4061.98° 1800.68
+ SD 1560.77 772.92
n 10 9

# P<0.05 compared to CI.

between animals before and after carcinoma cell injection
(AUC=0.78, P=0.0469) (Fig. 8H). When comparing the distress
after all interventions by HR during light and dark phase, more sig-
nificant changes during the recovery phase were observed in the
light phase (Fig. 9). However, the AUC of Act to detect distress after
Cl proved to be better during the dark phase (AUC-=0.85,
P=0.0134) compared to the light phase (AUC=0.72, P=0.1223)
(Fig. 10).

Discussion

This study compared the suitability of non-invasive to teleme-
try based methods when evaluating distress in mice. The animal
distress was quantified after transmitter implantation, carcinoma
cell injection and during cancer growth. Transmitter implantation
caused significantly more burden to mice when compared to
laparotomy plus carcinoma cell injection (Fig. 6). In contrast, no
significant induction of distress was detected during tumour
growth (Fig. 5). In addition, ROC curve analysis revealed that the
non-invasive methods, distress score and burrowing behaviour
displayed slightly higher AUC than HR, BT and Act for defining dis-
tress after carcinoma cell injection.

Body weight change is an important parameter for indicating
the physical state of mice. A significant reduction of body weight
was, for example, observed after colitis [47] or intra-bone marrow
transplantation [48]. In these studies, body weight loss correlated
well with other distress parameters, such as burrowing [47] or
FCMs [48]. Burrowing behaviour was also affected after laparo-
tomy in other animal models [19] and was reported to be more
sensitive than nesting [49]. An increase of the telemetric parame-
ters HR, BT and Act was observed upon stressors such as
resident-intruder test [50], handling, disturbance and cage change
[27]. The above-cited literature, as well as our results, support the
hypothesis that these non-invasive and telemetric parameters are
able to score distress in response to different interventions.

When comparing these parameters after telemeter implanta-
tion and cell injection, it can be concluded that transmitter implan-
tation caused significantly more distress than laparotomy plus
carcinoma cell injection, as indicated by seven (out of eight) signif-
icantly altered parameters (Fig. 6). This statement is also supported
by a sustained recovery period after transmitter implantation (cf.
Figs. 2 and 3).

Both interventions included laparotomy; however, the higher
distress after transmitter implantation might be due to the sec-
ond incision and implantation of the telemetric device, which
weights 1.7 g and is quite heavy for a mouse. Furthermore, the
duration of surgical procedures (45 to 55 min for telemeter
implantation versus 20 min for carcinoma cell injection) might
influence distress in mice. Even anaesthesia alone without sur-
gery is reported to provoke significant alterations of HR, BT,
ACT and burrowing as well as nesting activity [18,51,52]. The
measured read out parameters in this manuscript are, therefore,
influenced by anesthesia, but also analgesia and surgical inter-
ventions or tumor growth. A distinction between distress caused
by anaesthesia, analgesia or the surgical procedure was not
made, since anesthesia and analgesia are mandatory. Another
limitation is that it could not be clarified how much pain the
mice experienced, since the distress parameters utilized are not
specific for pain. In addition, animals with analgesia could not
be compared to animals that did not receive analgesia because
exploring distress without analgesia would cause unintentional
suffering for the animals and is not in accordance with our ani-
mal welfare guidelines. However, in future studies, these sensi-
tive distress parameters will be used to compare different
analgesia methods after distinct interventions. According to the
EU-Directive 2010/63/EU, Annex VIII [2], surgical interventions,
including laparotomy and transmitter implantation, should be
classified as “moderate” severity. This rating is in line with our
assessed distress score after both surgical interventions (total
score 5-15: moderate distress [33]). After transmitter implanta-
tion, we observed a maximal body weight loss of 11.1%, which
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Table 6
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Data analysis for comparison of animal distress after transmitter implantation (TI)
and carcinoma cell injection on recovery day 2.
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Fig. 6. Comparison of animal distress after transmitter implantation and carcinoma
cell injection. Distress score (A), burrowing behaviour (B), percentage of body
weight change (C), nesting score (D), HR (E), Act (F), BT (G) and FCMs (H) were
evaluated on days of transmitter implantation (TI) and carcinoma cell injection (CI).
The point plots indicate mean * standard deviation. Significance was determined
for non-parametric data and data in percent with the Mann-Whitney test (A-E) and
for parametric data with the unpaired t-test (F-H): TI: n = 10; CI: n = 9. For details of
the data, see Table 5.

TI CI

Fig. Distress parameter

7A Distress-score (0-66) Mean 0.40 0.00
+SD 0.84 0.00
n 10 9

7B Burrowing [g] Mean 90.30° 154.67
+SD 91.63 56.72
n 10 9

7C Body weight change [%] Mean —7.25% -2.72
+SD 2.18 1.98
n 10 9

7D Nesting-score (1-6) Mean 5.30 5.00
+ SD 0.48 0.71
n 10 9

7E HR [bpm] Mean 515.44 497.03
+SD 20.12 22.27
n 10 9

7F Act [c/min] Mean 2.41° 3.94
+SD 0.64 1.04
n 10 9

7G BT [°C] Mean 36.56 36.78
+SD 0.37 0.27
n 10 9

7H FCMs [ng/g] Mean 1402.17 1226.45
+SD 560.25 556.10
n 10 9

2 P<0.05 compared to CI.

can be classified as moderate distress [53]. Additionally, seven
parameters clearly indicated that transmitter implantation leads
to more distress than laparotomy plus cancer cell injection
(Fig. 6). It does not seem correct that both interventions have
the identical severity classification. These data may suggest that
more than 4 classes (non-recovery, mild, moderate and severe)
or subclasses are necessary to generate a widely applicable sys-
tem for the guidance of ethical review and monitoring of animal
experiments.

In contrast to the surgical interventions, no distress was
observed with the applied methods during cancer growth,
although mice carried quite huge pancreatic tumours with an aver-
age weight of 494 mg (standard deviation: 285 mg) on day 37
after carcinoma cell injection. Since the tumour weight only mini-
mally contributes to the measured body weight (mean: 1.43%,
standard deviation: 10.76%), the observed body weight gain of
mice during the phase of tumor growth (mean: 2.79%, standard
deviation: #2.19%), is only partially caused by increased tumour
weight, but is also caused by an increase of the actual body weight.
However, it is well accepted that body weight change alone can be
a poor distress indicator for tumour mouse models [43].

Thus, it can be suggested that tumour growth in this animal
model causes mild distress. Consistent with the present data, sim-
ilar minor alterations in burrowing behaviours, FCMs, nest building
activity and body weight loss were observed upon repeated anaes-
thesia, which is also classified as a “mild” procedure [49,54].
Another interpretation could be that the utilized distress parame-
ter might also not be sensitive enough to assess distress caused by
the internal tumour growth.

When comparing all read-out parameters, it was observed that
distress score and burrowing activity exhibited the highest AUC for
determining distress after cancer cell injection (AUC of parameters:
distress-score > burrowing > HR > Act > BT > FCMs > body = weight
change = nesting). Thus, distress score and burrowing behaviour
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Fig. 7. Comparison of animal distress on recovery day 2 after transmitter
implantation and carcinoma cell injection. Distress-score (A), burrowing behaviour
(B), the percentage of body weight change (C), nesting-score (D), HR (E), Act (F), BT
(G) and FCMs (H) were evaluated on the recovery day two after transmitter
implantation (TI) and recovery day two after carcinoma cell injection (CI). The point
plots indicate mean * standard deviation. Significance was determined for non-
parametric data and data in percent with the Mann-Whitney test (A-D) and
parametric data with the unpaired t-test (E-H): TI: n=10; CI: n = 9. For details of
data see Table 6.
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Fig. 8. Performance of each parameter to quantify distress after carcinoma cell
injection. To evaluate the performance of each parameter, the area under the curve
(AUC), the 95% confidence interval (CI) and the P-value (p) was assessed by
performing receiver operating characteristic curve (ROC) analysis on data from
mice before (—1) and after tumour cell injection (0). The distress score (A),
burrowing behaviour (B), body weight change (BW change) (C), nesting behaviour
(D), HR (E), Act (F), BT (G) and FCMs (H) were evaluated (n =9).
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Table 7
Data analysis for HR values during light and dark phase.

Days after transmitter implantation (TI) 0 1

Fig. Distress parameter

9A HR [bpm] Mean 590.67 574.87
+SD 27.96 30.26
n 10 10

9D HR [bpm] Mean 590.75 557.82
+SD 35.86 27.89
n 10 10

Days before/after carinoma cell injection (CI) -1 4]

Fig. Distress parameter

9B HR [bpm] Mean 458250 561.19
+SD 33.70 52.86
n 9 9

9E HR [bpm] Mean 479.09° 539.29
+SD 23.19 33.82
n 9 9

Days before/after carinoma cell injection (CI) -1 4

Fig. Distress parameter

ac HR[bpm] Mean 465.26 467.19
+SD 34.80 56.86
n 7 7

9F HR[bpm] Mean 482.94 483.89
+SD 24.67 53.11
n 7 7

2 3 7 13
530.96"" 495.63" 466.94><d 462.95*°
41.65 24.05 25.07 35.08

10 10 10 10
515.44 509.01° 487.45%" 482.45"
20.12 15.59 29.58 2431

10 10 10 10

1 2 3

500.54 478.03% 467.33°

25.250 28.94 19.47

9 9 9

508.47 497.03 495.44"

22.71 2227 36.56

9 9 9

18 34

459.74 439.95

23.72 31.50

7 7

475.77 485.04

15.43 35.92

7 7

a
b

P <0.05 compared to day 0.
P <0.05 compared to day 1.
P <0.05 compared to day 2.
P <0.05 compared to day 3.

c

indicated a better performance for distress determination than tele-
metric monitoring of HR, Act or BT. However, since the confidence
intervals of all assessed parameters overlap, no distress parameter
is significantly better for distress quantification. Therefore, all
parameters are useful to quantify distress after laparotomy.

A limitation of the clinical score is that it was initially devel-
oped to cover several murine gastrointestinal disease models,
and its assessment is always influenced by the subjective per-
ception of the researcher. However, this scoring system proved
to be sensitive to detect distress after surgery but did not detect
distress symptoms during tumour progression or recovery days
(see Figs. 2A, 3A and 5A). Interestingly burrowing behaviour, as
one objective distress indicator, showed higher AUC than the
telemetric parameters, and the AUC of FCMs is comparable to
BT and Act (Fig. 8).

Another limitation of our results section might be that the aver-
age HR, BT and Act was calculated only during the active phase in
mice (dark phase, 7pm-7am). In order to address this issue, com-
parison of HR during the light phase (7am-7pm) with the dark
phase (7pm-7am) was additionally provided for all interventions
and the following recovery days (Fig. 9). In fact, more significant
differences were observed during the light phase caused by lower
baseline values of the resting heart rate. Moreover, telemetric
parameters during the light phase were also influenced by the
assessment of burrowing behaviour, as well as by disturbances of
personnel in the animal facility. It was previously reported that
an adequate assessment of HR by telemetry should always be
performed in undisturbed animals [55]. Additionally, the AUC of
measuring Act was lower during the light phase, when compared
to the dark phase. (Fig. 10). Based on the above mentioned reasons,
the light phase was intentionally not used for the assessment of
telemetric parameters.

In addition, to the slightly reduced AUC for distress prediction
after surgery, another disadvantage of using telemetry is the rel-
atively high distress caused by transmitter implantation, which
also demands a long recovery period. A recovery period of
2 weeks after transmitter implantation was estimated, in accor-
dance with other studies [27,50]. However, the time to fully
regain body weight proved to be too short (Fig. 2C). Even
13 days after transmitter implantation, the body weight of mice
was still reduced by 3%. Thus, a recovery period of greater than
2 weeks can be recommended. Another disadvantage of teleme-
try is the expensive hardware, including receiver, matrix and
transmitter and that surgical implantation of the transmitter
should be performed by trained personnel with micro-surgical
skills to minimize tissue trauma related distress [31]. These dis-
advantages might argue against using telemetry for distress
assessment if other sensitive and non-invasive methods are
applicable.

However, one major benefit of telemetry is the high temporal
resolution of data assessment. In particular, HR proved to be a
very useful readout parameter for analysis after short time
stressors. For example, handling, injection and cage changes
increased HR for 30-70 min [24,27]. Such a short-term stress
would be difficult to assess using behavioural methods. In addi-
tion, HR was reported to be a very sensitive indicator of stress,
since not only direct stress induction but also just witnessing
stress of other mice [56] or being singly housed increased HR
[55]. Thus, telemetric analysis might provide valuable insight
when analysing temporary or mild distress. Telemetric data
acquisition is also helpful when quantifying stress induced alter-
ations of circadian rhythm and sleep patterns [31,57]. Hence,
there are some situations where distress analysis by telemetry
might be very useful.
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Fig. 9. Comparison of mean HR during light and dark phase. Mean HR continuously
monitored during 12 h light phase (7am-7pm, except on surgery days: 4pm-7pm),
on the days after transmitter implantation (TI) (A), before and after carcinoma cell
injection (CI) (B), as well as before and during tumour growth (C). Mean HR
evaluated during the 12 h dark phase (7pm-7am) after transmitter implantation
(D), on the days before and after carcinoma cell injection (E), as well as during
tumor growth (F). Significance was analysed for parametric data by One Way
ANOVA for repeated measurement, followed by multiple comparison via the Tukey
test (A). Non-parametric data were evaluated with the Friedman test and followed
by Dunn’s method (B-F): P < 0.05 (TI: n =10, CI: n =9, TP: n = 7). For details of data
see Table 7.

Conclusions

In conclusion, this study revealed that non-invasive distress
parameters, such as distress score and burrowing behaviour, had
a slightly better performance than telemetric monitoring of HR,
Act and BT in terms of distress assessment in a murine pancreatic
cancer model. Considering the additional distress caused by trans-
mitter implantation, the expensive hardware and required micro-
surgical skills, the use of non-invasive parameters rather than

A Light phase B Dark phase
100 100
80 80
5 b
s 60 3 60
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*— p=01223 p p=00134
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Fig. 10. Comparison of AUC of activity (Act) during light and dark phase. To
evaluate the performance of Act to determine distress the area under the curve
(AUC), the 95% confidence interval (CI) and the P-value (p) were assessed by
performing receiver operating characteristic curve (ROC) analysis on data from
mice before (—1) and after tumour cell injection (0), during 3-12 h light phase (A)
and 12 h dark phase (B).

telemetry can be recommended for evidence-based severity
assessment.
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