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Automated Tracking of Motion and
Body Weight for Objective Monitoring
of Rats in Colony Housing

Christian Brenneis,”” Andreas Westhof,' Jeannine Holschbach,> Martin Michaelis,' Hans Guehring,’
and Kerstin Kleinschmidt-Doerr!

Living together in large social communities within an enriched environment stimulates self-motivated activity in rats.
We developed a modular housing system in which a single unit can accommodate as many as 48 rats and contains multiple
functional areas. This rat colony cage further allowed us to remotely measure body weight and to continuously measure move-
ment, including jumping and stair walking between areas. Compared with pair-housed, age-, strain-, and weight-matched
rats in conventional cages, the colony-housed rats exhibited higher body mass indices, had more exploratory behavior, and
were more cooperative during handling. Continuous activity tracking revealed that the amount of spontaneous locomotion,
such as jumping between levels and running through the staircase, fell after surgery, blood sampling, injections, and behav-
ioral tests to a similar extent regardless of the specific intervention. Data from the automated system allowed us to identify
individual rats with significant differences (>2 SD) from other cohoused rats; these rats showed potential health problems,
as verified using conventional health scoring. Thus, our rat colony cage permits social interaction and provides a variety of
functional areas, thereby perhaps improving animal wellbeing. Furthermore, automated online tracking enabled continu-
ous quantification of spontaneous motion, potentially providing objective measures of animal behavior in various disease
models and reducing the need for experimental manipulation. Finally, health monitoring of individual rats was facilitated

in an objective manner.

Wild rats naturally live in colonies comprising 100 members
or more. They establish complex habitats including burrow
systems and use human facilities (for example, farms, barns)
to find food. The home ranges of rats living at high density
overlap, and the rats’ relationships are determined through
social interactions.! The facts that domestic male rats tend to be
socially despotic rather than territorial enables rats to life at high
densities in shelters in which they can build social structures.
In contrast, most research facilities house rats in small groups
of 2 to 5 animals, in an environment with low complexity and
few opportunities to practice their natural physical activities,
to develop a social hierarchy or to establish functional areas.

Several studies have investigated the effects of group sizes
and environmental enrichment on the wellbeing, develop-
ment, and stress responses of rats during experiments. Female,
Hooded Norway rats showed greater preference for a cage
containing a group of familiar rats than for extra space or enrich-
ment, thus indicating the high importance of social contact for
rats.!” A systematic comparison of preferred group sizes with
increased space (20 cm? per rat) revealed that a group size of 6
was preferred over both smaller (1, 2, 4 rats) and larger (12 rats)
groups.'® However, the experiment was restricted to a short time
period (90 min) and small group sizes (12 rats or fewer).!8 When
rats are housed at high densities, pathophysiologic indices of
social stress, such as escape-related behavior, occurs!! and are
much more pronounced in female than male rats, suggesting
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that social housing conditions of rats can vary markedly be-
tween sexes. In addition, female rats show increased aggression
toward cage mates, and this behavior is highly variable and
dependent on the individual animals.

Pain sensitivity, anxiety, and stress responses seem particu-
larly to be positively influenced through social buffering and
vary markedly depending on the presence of cage mates.'® In
a study with male rats, social housing (10 to 12 animals per
cage) for more than 25 d attenuated stress responses, such
as impulsiveness and anxiety after forced swimming or foot
shock.’> When rodents are devoid of any social contact, dra-
matic pain behaviors, such as autotomy of a denervated limb
after dorsal rhizotomy, are markedly increased.? In contrary,
another study showed that social isolation can decrease pain
sensitivity by p-opioid signaling, and overcrowding has the op-
posite effect.! In addition to social buffering, the introduction
of enrichment items into the cage can modify stress resistance
and pain sensitivity. Objects that enhance sensory stimulation,
cognitive activity, and physical exercise have dramatic positive
effects on brain morphology and behavior in rodents.* These
enrichment items provide superior ‘environmental construct
validity” for preclinical research. One recent study combined
colony socialization and cage enrichment by housing 40 mice
in a large cage with several vertically connected levels.” Hip-
pocampal neurogenesis during aging was markedly prolonged
in mice that experienced this housing for more 20 wk compared
with mice from standard, nonenriched housing. Hippocampal
development correlates with improved memory function and
decreased depression.!* Furthermore, neurogenesis correlated
with roaming entropy, a measure that describes the degree to
which activity is distributed throughout the entire cage area
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(for example, different levels).!* This relationship suggests that
locomotion in a social and complex environment is a marker
of an individual animal’s development, even in genetically
identical, inbred mice. Positive influences of social housing on
neurogenesis also occur in rats of both sexes.?

In summary, housing rodents in a large social community
and complex environment can reduce stress and improve ani-
mal wellbeing. Continuous tracking of the socially stimulated
locomotion and body weight of single rats within the colony
may represent a powerful, sensitive, and objective resource to
estimate the stress experienced by various treatment or surgery
groups and the general condition of individual animals. To test
this hypothesis, we here developed a modular cage system for
housing more than 40 rats in a group; this housing systems
allows them to jump, hide, and climb or descend a ramp to
change between differently enriched functional areas. We in-
troduced a fully automated tracking system that enables the
experimenter to study patterns of locomotion longitudinally
continuously and to automatically assess body weight of each
rat atleast once daily. Using this automated tracking system, we
investigated the effects of various experimental interventions
such as knee surgery and oral dosing on movement behavior
and body weight gain in rats.

Materials and Methods

Animals and general housing conditions. Male Lister Hooded
(CrL:LIS) outbred (weight, 244 + 11 g) and male Lewis (LEW/
Crl) inbred (weight, 253 + 11 g) SPF rats were purchased from
Charles River Laboratories (Sulzfeld, Germany). Although we
acknowledge the importance to investigating both sexes in
colony housing, we decided to first establish colony housing
with males only in view of the increased aggressiveness and
potential influence of hormonal fluctuation in female rats.!?3

At the vendor, rats were housed in conventional polycarbon-
ate cages (595 mm x 380 mm x 200 mm high; floor area, 1820 cm?)
in groups of 5 animals per cage. On arrival at our facility, rats
were either housed in the same type of cages in pairs of 2 (1 from
each strain or stock) or directly transferred to colony housing
cages. Here 20 Lister Hooded rats were housed together with
20 Lewis rats (mixed strain and stock in the experiment with
prototype colony cage). For identification, rats were tattooed
(Animal Identification and Marking Systems, Hornell, NY) at
the base of the tail. Rats were housed on an inverted day-night
photocycle: during the daytime (0600 to 1800), housing rooms
were dark (with short-term red working light, which likely is
invisible to rats due to their dichromatic vision?!), with rooms
lit (less than 125 Ix) at night (1800 to 0600). Room temperature
was set to 20 °C. All experimental interventions and behavioral
testing (outside of the home cage) were performed between
0700 and 1500 (active phase). Rats in all cage types received
pelleted food (V1534-727, Ssniff, Soest, Germany) and water
without restriction. Woodchip bedding (aspen wood, 3.5 x 4.4
mm) was provided in cellulose bags (200-g Nestpacks, Dane-
sand, Bioscape, Castrop-Rauxel, Germany ), which are gnawed
open for use as burrows. In addition, autoclaved paper bedding
(Enviro-dri, 1 mm, Charles River) was provided to be used as
nesting material, and aspenwood blocks (large, Ssniff) were
available for rats to gnaw. Colony cages were changed twice
each week (Monday and Thursday), and the conventional cages
were changed weekly. All procedures were approved by the
animal protection authorities of the local district government
(Regional Authorities of Hessen, Germany).

Prototype setting of modular cage system for rat colony
housing. We converted a commercially available housing rack
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(F-suite Ferret Rack, Tecniplast, Buguggiate, Italy; http:/ /www.
tecniplast.it/en/product/f-suite-ferret-housing-rack.html) for
colony housing of a maximum of 48 rats (Figure 1 A). A tube
on the back of the cage that originally enabled ferrets to cross
between the lower and upper cages was removed, and the holes
were closed by a stainless-steel plate. The upper and lower
cages were connected by a custom external staircase (Hugo
Wohnig, Niedernhausen, Germany) on one side of the cage.
This staircase was designed as a walled ramp (84 cm x 15.6 cm x
14.8 cm) with 6 transverse struts spaced 10 cm apart to provide
footholds. A hinged top was added that allows easy access to
rats in the staircase. Transit tubes (diameter, 8.2 cm) were used
to interface the staircase with the upper and lower cage walls
(Figure 1). The area of a complete floor of this prototype cage
is approximately 5400 cm?.

Rat colony cage (final set-up). To obtain the final set-up,
which included the integrated tracking system, we added re-
movable back walls, ceilings with a grid, an additional water
bottle at each front door, and 2 intermediate levels (catalog no.
4P02B700rat, Makrolon tubs, Tecniplast) with central holes to
the prototype cage, yielding a total of 22,246 cm? over 4 levels
in the complete cage (Figure 2). The upper level was enriched
with a single tunnel, 4 retreats, and 2 crawl balls (all from
Plexx, Elst, Netherlands), The staircase was attached through
additional holes in the right side wall. Care was taken to ensure
that all parts in contact with rats are easy to remove, clean, and
autoclave. According to EU directive 2010/63 Annex III (2010),
which mandates 250 cm? per rat weighing 200 to 300 g, we
housed 48 rats in a single colony cage. However, several cages
can be connected by means of the staircase transit tubes; in this
case, the staircase is removed and the transit tubes connect the
upper and lower cages of 2 racks. Therefore, a total of 194 rats
(that is, 48 x 4) can be housed as a single group when 4 racks
are combined into a single unit.

In the final colony cage set-up, we housed male Lister Hooded
(CrL:LIS) rats (age, 6 wk; average weight, 200 to 225 g at study
start) for 20 wk (final weight, 412 to 495 g). We chose Lister
Hooded rats because they were much more active than the
Lewis rats in preliminary experiments. Increased activity is an
advantage for behavioral tests, such as the CatWalk test (see
following section), which is used to characterize osteoarthritis
symptoms.® The CatWalk gait analysis results were consistent,
and we did not see increased variability due to outbreeding
and investigating functionality under different conditions. For
identification through the system antenna, rats were injected
subcutaneously at the lower back with a radiofrequency iden-
tification chip (Slim T-SL Microchip 10.9 x 1.6 mm and 2.0-mm
needle, Datamars, Bedano, Switzerland). To ensure that rats
could be identified locally by visual examination in the group
quickly or when a chip got lost, the rat’s number was tattooed
at the base of their tail. Using this set-up and the automated
tracking system, we analyzed the effect of different experimental
interventions and unexpected cases of abnormal general condi-
tion on the locomotion and body weight of rats.

Automated tracking system and HM3 software. The data
acquisition system HM3 was designed by MBRose (Faaborg,
Denmark) according to our requirements. To detect the tran-
sponders displaying the rat’s identification number, antennas
were placed at the bottom and top of the staircase (TP1 and TP2,
Figure 3 C), at the jump holes (height at JP1, 28 cm; height at
JP2,34 cm, Figure 3 D), and at the 2 body weight measurement
stations [BW1 and BW2], Figure 3 E). Whereas the TP and JP
antennas merely detect the passage of a rat, the rat is attracted
to enter the scale for weight measurement by the BW detectors
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Figure 1. (A) The prototype rat colony cage. (B) Diagram of the cage setup. The rack consists of 2 cages which are connected by a custom staircase
(*) with transit tubes that enter and exit the staircase (#). Both cages are equipped with a feeder and water bottles. Each level is interspersed with

wood bedding.

because of access to a drinking nipple at the end of the tube
(Figure 3). All antennas are connected by data cables (R]J45) to
the embedded personal computer, where rat detection events
were compiled and stored locally inline for subsequent synchro-
nization. During synchronization (every 30 min, for our set-up),
the local database of each embedded PC is synchronized with
the common database, which is accessible from the institutional
network (Figure 4). Thus our data were accessible outside the
animal facility at 30 min after collection. The setup and con-
trol of the system was managed by the HM3-Lab program of
the data acquisition system. From here, tracking experiments
were started and stopped and the actual data recording was
monitored. When stored in the corporate database, data were
accessible from any computer in the network that ran the
HM-View program. The entire hardware works as a ‘plug and
play’ system; none of the antennas, scale units, or cables are
accessible to the rats.

‘Leave the cage’ test. Exploratory behavior was determined
by using the leave-the-cage test. Two rats, one Lewis and one
Lister Hooded, were placed in an empty conventional cage
(floor area, 1820 cm?; height, 20 cm; Tecniplast). The cage lid was
opened to 25% of maximum, and the time until the rats left the
cage with both hind paws (stands mostly on the top of the cage)
was determined. The maximum time of assessment was 480 s.

Gait analysis by using the CatWalk test. The CatWalk test (Cat-
Walk XT 10.0 system, Noldus, Wageningen, The Netherlands)
was performed to investigate gait characteristics according to
time and surface parameters of paw prints. While rats walked
voluntarily along the walkway, their paw prints were visual-
ized by boundary surface optics. Rats that had been housed for

2 wk in conventional cages or the prototype colony cage were
placed on a wet tissue to moisten paws and then placed onto
one end of the walkway of the CatWalk system. An individual
run was defined as sufficient when the walkway was completely
passed within 10 s, and run duration was the actual time for a
sufficient run. Three independent runs were targeted for each
rat, and total analysis time did not exceed 5 min per animal.
If fewer than 3 run were acquired, the cut off time of 10 s was
assigned for each of the missing runs. For a complete CatWalk
session (for example, testing 48 rats 3 times each), the rats were
outside of the colony cage for 2 to 4 h. Tests were done between
0700 and 1500.

Light—dark box test. Rats that had been housed in the respec-
tive cage type for 2 wk were placed individually in the dark
compartment of the test system (TSE Systems, Bad Homburg,
Germany). The latency until the rat entered the light compart-
ment and the distance moved during 3-min intervals for 1 h
were recorded. The long duration was chosen to estimate not
only the threshold for initial exploration but also the decline of
exploratory activity, which can indicate habituation and reduced
stress in the new environment.

Joint instability surgery. Surgery was performed after rats
had been habituated for 4 wk (age at arrival, 10 wk). At 30 min
before surgery, each rat received buprenorphine (0.06 mg/kg
SC, Temgesic, RB Pharmaceuticals Limited, Berkshire, United
Kingdom). Rats were anesthetized with 1.5 %—2.5 % isoflurane
(Baxter, Unterschleissheim, Germany) in 0.5 L/min carbogen
(95% oxygen and 5% carbon dioxide) by inhalation mask and
placed onto a warming pad (model 150, CMA Microdialysis,
Solna, Sweden). Eyes were covered with eye cream (Bepanthen,
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Figure 2. Final set-up of the rat colony cage containing the spontaneous motion and body-weight tracking system. (A) Photograph of colony
cage with the HM3 locomotion and body-weight tracking equipment (doors open). (B) Diagram of final colony cage set-up. BW, body-weight
measurement station with antenna (red); H,O, watering station (blue); JP1 and JP2, lower and upper (respectively) jump holes with antennas;
TP1 and TP2 lower and upper (respectively) entrance to and exit from staircase with antennas. Each detection is recorded as an event desig-
nated its location ID, rat ID, detection time, and (possibly) body weight. The recorded data are kept in a database for further data processing.
Individual levels are equipped as follows: level 1 (feeding ground) contains food, water, and woodchip bedding; level 2 (resting area) contains
woodchip bedding and red plastic huts; level 3 (defecation area) contains woodchip bedding; level 4 (playground) contains 4 retreats, 2 crawl
balls, 1 hanging tunnel, watering stations, and body-weight stations. (C) Staircase transit tracking system (TP1, TP2) comprises a tube that al-
lows a single rat to enter or exit the staircase, which has antennas. (D) Both jump holes (JP1, JP2) are formed by tubes (diameter, 169 mm) that
are adjustable in height (height of jump, 28 to 34 cm). Both jump holes allow tracking of any jump separately from level 1 to 2 and from 3 to 4.
(E) The weighing stations (BW1, BW2) are located on the ceiling of level 4. Single rats enter a tube suspended on a scale. The rat can then access
a drinking nipple at the end of the tube. Red arrows, antennas; green arrows, tube and scale of the weighing station.

Bayer Vital, Leverkusen, Germany). The rat was placed in the  described elsewhere.! Briefly, a skin incision was made medial
supine position, the right knee joint was shaved and disinfected  in parallel to the patella of the right joint. The area of the medial
(Cutasept, Bode, Hamburg, Germany), and joint instability —quadriceps tendon was cut from its anchorage, the patella was
surgery through transection of the anterior cruciate ligament translocated proximately, and the joint capsule was opened.
and resection of the medial meniscus surgery was performedas  Then the anterior cruciate ligament was transected by using
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Figure 3. Influence of housing conditions on body weight gain, change in body mass index (BMI), and exploratory behavior in the prototype
colony cage. (A) Scheme of the time course for housing conditions, behavior testing, and blood sampling. (B) Comparison of manually measured
body weight gain of Lewis and Lister Hooded rats housed in conventional cages or the prototype colony cage. Shown is the mean weight gain
over time since arrival. (C) Comparison of body mass index (body weight / body length?) of the same rats shown in panel A. Data are given as
mean * SEM (n = 4-10 Lewis rats or 5-9 Lister Hooded rats; 2-way ANOVA followed by Sidac posthoc testing comparing single animals from
different housing types within a given rat line; *, P < 0.05). (D) Effects of housing conditions on exploratory behavior of rats in the leave-the-
cage test. Data are shown as the mean + SEM (1 = 5-10 Lewis rats and 5-9 Lister Hooded rats; unpaired ¢ test comparing single animals from
different housing types within a given rat line; t, P < 0.01). (E) The duration of the run through the walkway was determined after 2 and 4 wk of
differential housing. Data are shown as the mean = SEM of total runs from 10 to 20 Lewis or Lister Hooded rats (each rat made 1 to 3 runs; 2-way
ANOVA followed by Sidac posthoc testing of single runs. §, P <0.0001). (F) Latency to enter the light compartment after placement into the dark
compartment in the light-dark box test (LDB). Data are shown as mean + SEM (1 = 9-20 Lewis rats and 10-20 Lister Hooded rats; 2-way ANOVA
followed by Sidac posthoc testing. 1, P < 0.01). (G) Locomotion in the light compartment of a light-dark box over 1-h in 6-min intervals during
the first test of the same rats as shown in panel F. Data are shown as the total distance travelled (mean + SEM).
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Figure 4. Data collection, transport, and storage. All radiofrequency identification (RF-ID)-detecting antennas located in the cage were con-
nected via data cables (R]45) to the embedded PC, where the events were compiled and stored locally inline for the succeeding synchronization.
Every 30 min, the Lab-PC sequentially synchronized the local database of each embedded PC with the common database, which was accessible
from the corporate network, so that the results of a study could be followed from the office PC outside the animal facility. The setup and control
of the system were managed from the Lab-PC. From here, sessions were started and stopped and running sessions monitored. Before rats en-
tered the cage, their actual body weight was registered at an external station.

a sharp hook, the anterior meniscotibial tendon was dissected
by using a scalpel, and the medial meniscus was removed.
Finally, the joint capsule, associated muscles, and connective
tissue were sutured in layers. For postsurgical analgesia, rats
received meloxicam (0.5 mg/kg SC; Metacam injection solution,
Boehringer Ingelheim, Bieberach, Germany). To allow full recov-
ery from anesthesia, the rats were housed in conventional cages
in pairs with water and food available during the first night
after surgery, after which they were replaced in the colony cage.

Health monitoring. Health monitoring by visual examination
was performed daily during the week after surgery and once
weekly thereafter, according to a health scoring system (Figure 5).
Health parameters were body weight; retention of a 2-finger
skin fold as a sign of dehydration; fur and claw condition; signs
of infection; signs of inflammation or injury; condition of eyes,
mouth, ears, and surgical wound; lameness during movement;
and general behavior (for example, apathy). In this study, 2
animals had health scores higher than 0 (optimal score); one
rat had lameness with minor joint swelling at 6 d after joint
instability surgery, and the other rat had a weight loss of greater
than 10% during the week after oral vehicle dosing. These cases

were used for cross validation of general condition assessment
by the automated tracking system.

Sublingual blood sampling. Rats were anesthetized with
isoflurane (3% to 4.5%). To expose the underside of the tongue
to the outside of the mouth, the tongue was coiled around a
cotton-tipped applicator. The sublingual vein was localized
and a cannula inserted (23-gauge, B Braun, Melsungen, Ger-
many). Free-catch blood (approximately 200 uL) was collected
in a plastic tube, after which the bleeding was suppressed by
using a gauze sponge.

Dosing procedure. For intraarticular injection, rats were
anesthetized with isoflurane (3% to 4.5%), the right knee was
shaved and disinfected, and 30 uL of 0.9% NaCl was injected
intraarticularly through a cannula (27-gauge, Sterican, B Braun).
The application was made by using a custom device (the ‘Handy
Stepper System’), which moves the needle and applies the exact
volume after a pedal is pushed. Oral administration of vehi-
cle (0.5% methyl cellulose and 0.25% Tween) was performed
by using a flexible stomach tube (Feeding needles, Scanbur,
Karlslunde, Denmark) inserted into the esophagus.
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Score

Water and food Intake normal 0

Intake reduced; skin tent vanishes within 2 s 3

Skin tent does not vanish within 2 s (dehydration) 5
Behavior (unstimulated) Normal 0

Apathy; movement only after stimulation; crouched posture 5

Apathy; no movement after stimulation; crouched posture; lateral position 15
Lameness and joints (eventually after Fully weight-bearing; no swelling 0
stimulations to move) Intermitted loading; slight swelling of one joint 2

Limb not used; light swelling of more than one joint or moderate swelling of one

joint 4

Injected or operated joint

No redness; no warmth;

no sensitivity to touch; wound is clean, dry, and not swollen 0

Low-grade redness; slightly warm; low-grade licking; low-grade sensitivity (pulls
away); wound edges swollen; low-grade crusting or secretion; wound closed; joint
shows low-grade swelling and warming, but no sensitivity to touch; wound is clean,

dry, and not swollen

Severe redness, warm, licking, high-grade sensitivity (pulls away rapidly, turn head);

joints or wound (or both) moderately to severely swollen; secretion 5
Self-mutilation; severe sensitivity (vocalization, biting); severe or purulent secretion 15
Eyes, nose, ears, and mouth Normal, clean, pink 0
Red, bleary, purulent, watery eyes; pale, blue, yellow, or gray mucocutaneous
membrane; swollen, scuffed, injured; mouth open; teeth too long 5
Genitalia and anus Clean, dry, normal 0
Slightly dirty; feces soft 1
Severely dirty; feces liquid; redness; purulent; injured 5
Fur and nails Smooth, dry, clean; nails not damaged or too long (if too long, trim nails) 0
Slightly dirty or bristled fur; nail missing 3
Severely dirty or bristled fur; red fur; eyes with red borders; nailbed inflamed 5
Body weight Normal; reduction of <5% in operated animals 0
Reduced 5% to 10% 2
Reduced 11% to 20% 3
Reduced >20% 15
Total
Severity Action score
Low No intervention 0-4
Moderate Inform vet (examination; therapy decision) 5-9
Severe Inform vet (euthanasia decision); twice-daily scoring; analgesia; treatment 10-14
Euthanasia Euthanasia 10-14
for
>2d
Euthanasia Euthanasia 15

Figure 5. Ethogram: general health score.

Statistical methods. The effect of housing type was analyzed
statistically by using data points from individual rats (housed
in colony or in pairs) according to strain or stock. The statistical
analysis is based on the core assumption that the 24 conventional
cages used in this experiment were comparable in all respects,
such that the cage number had no effect on the outcome. Great
care was taken to ensure the same environmental conditions
for all conventional cages. All type IV cages together were
treated as a single experimental unit (given that there was no
treatment difference) within the statistical tests. When multiple
time points were considered, 2-way ANOVA followed by Sidac
posthoc testing was used. For comparison at a single time point,
unpaired and 2-tailed ¢ tests of normally distributed data (that
is, passed KS normality test with an o value of greater than 0.05,
and the same SD in 2 compared groups was assumed) was used

to compare 2 groups of each strain or stock. Significance was
defined as a P value less than 0.05.

Results

Rat behavior and adolescence in the colony housing prototype.
To investigate the effect of different types of housing on rat
development and behavior, Lewis (strain) and Lister Hooded
(stock) rats from the same delivery were either housed together
in a prototype cage in colony of 48 rats (24 of each strain and
stock) or as pairs in conventional plastic cages (same strain or
stock in each cage; Figure 2 A). No harm or serious hostilities
were observed when the 2 rat lines were housed together in the
prototype colony cage, beginning the first day of their socializa-
tion. In general, the rats in the colony housing were very active,
using the staircase and changing levels frequently (that is, more
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Conventional cages
(24 cages; 2 rats per cage)

Colony cage
(1 cage; 48 rats)

Number of cage changes per week
Time (min) for
Washing and autoclaving
General cage assembly (bedding, water, food, enrichment)

Assembling tracking equipment

Checking hardware and software

Transferring 48 rats into new cage(s)

Transferring cages and rack (from colony cage to experiment)

Bedding needed
General information

Maximal capacity (room size, 14.03 m?)

Workplace ergonomics

Rat behavior and cooperativeness

conventional cages (each 5500 g +

1 2
100 90
30 15
0 15
0 5
120 20
(excludes manual weighing) (includes manual weighing)
0 10
(8 cages per week)
14.4 kg 8kg
180 cages 8 cages

(2 rats per cage; 360 rats) (48 rats per cage; 384 rats)

Need to lift out and open 24 No need to lift cages; open front
door once to handle 48 rats

animal weight) to handle 48 rats

Rats avoid experimenter’s hands  Rats are cooperative and sociable
and voluntarily approach the

experimenter’s hands

Figure 6. Time- and cost-effectiveness of conventional caging and colony housing for rats.

than 100 times daily). Weight gain was similar in rats housed
in the prototype colony cage and in conventional cages (Figure
3 B). After 11 wk of housing, Lister Hooded rats that had been
colony-housed had significantly (P < 0.05) greater body mass
index than did those housed in conventional cages (Figure 3
C); this effect was less pronounced and not significantly dif-
ferent in the Lewis strain. During the observation period of 8
min, the leave-the-cage test revealed that Lewis rats that had
been colony-housed for 10 wk left the cage significantly (P <
0.05) faster than did age- and strain- matched control rats from
conventional pair housing (Figure 3 D). Lister Hooded rats
showed the same (albeit nonsignificant) trend.

When rats are placed into a new test system, they typically
need several habituation cycles to acclimate them to the new
environment. We investigated how rats housed in the conven-
tional and prototype colony cages behaved when first placed in
the CatWalk system for gait analysis. In our experience, when
conventionally housed rats are placed in the system for the first
time, they usually explore the new environment slowly and
cautiously. However, when rats are tested a second time (for
example, 2 wk later), they typically perform the CatWalk run
much faster than initially, which we interpret as a habituation
effect. Both lines of colony-housed rats performed the CatWalk
run significantly more quickly than did the rats in the conven-
tional cages, even at the first visit (Figure 3 E).

We investigated exploratory behavior related to illumination
of a test area by using the light-dark box paradigm. During
the first trial, Lewis rats took more time to enter the light box
than did Lister Hooded rats; colony housing significantly (P <
0.05) reduced this latency (Figure 3 F). During the second test
(2 wk after the first) all rats, independent of line and housing
type, entered the light box relatively promptly, indicating some

habituation to this condition. We then compared the rats” ac-
tivity in the light box during the 1-h test period. As expected,
Lister Hooded rats were much more active than were Lewis
rats (P < 0.05). In addition, after an initial exploration phase,
the colony-housed rats Lister Hooded rats entered the light
box infrequently (Figure 3 G); for the majority of the 1-h test
period, these rats stayed in the dark box. This behavior was
significantly (P < 0.05) different from that of conventionally
housed Lister Hooded rats, which still left the dark compart-
ment more frequently.

Practical experience showed that the colony-housed rats
were very easy to handle. We familiarized colony-housed rats
to handling by daily training over 1 wk, beginning the day after
delivery. For approximately 10 to 20 min, experimenters used
both hands to stroke all rats and allowed the rats to explore
their gloved hands and arms. As soon as an experimenter
opened the door of a colony cage, the rats were attracted to the
experimenter’s hands. The experimenters placed their hands
into all areas of the cage, and the rats did not show any escape
or hiding behaviors. This simplifies the removal of rats from the
cage and enables large numbers of rats to be handled in a short
time. Several important aspects regarding the time and cost
effectiveness of colony housing compared with a conventional
housing system are compared in Figure 6.

Automated tracking of spontaneous motion of healthy rats in
the final colony cage set- up. Directly after arrival from breed-
ers, rats were placed into the version of the colony cage that
was equipped with an automated tracking system (Figures 4
and 7). The rats gradually learned how to access all levels of the
cage habitat. In particular, level 4 can only be accessed through
the upper jump hole (JP2, which is set to 34 cm) and is not vis-
ited by the rats during the first several days after arrival. The
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Figure 7. Accuracy of automated locomotion and body weight meas-
urements of individual rats. (A) The number of times a rat passed
a particular antenna in 15 min was counted by eye (as the observer
stood in front of the cage) and compared with the number of detec-
tions stored in the database for the same station and time period. (B)
The time course of manual compared with automated body weight
measurement. Data are shown as mean + SEM (n = 60 rats). (C) Dif-
ferences between manual and automated body weight measurements
of rats shown in panel B. Data are shown as median, minimum, and
maximum (n = 60 rats). For orientation, the 5% deviation threshold
(average) is indicated as a dotted line.

analysis of the relative distribution of detections at the different
stations (Figure 8 A) shows that the number of detections at JP2
reached a plateau of approximately 20% only after about 12 d,
thus indicating that a minimum of 12 d is needed to habituate
rats to the colony cage before baseline recordings should start.

The path of an individual rat through the cage can be illus-
trated by plotting the antenna responses over time; Figure 8 B
shows an example of the path of an 8-wk habituated rat over
24 h. To view only sequential moves from one specific tracking
point to another, we filtered out all consecutive detections at
the same station. The locomotion pattern illustrates that during

the light phase (that is, 1800 to 0600), the rat remained at level
4 from 0000 to 0600 and 1800 to 0000, passing the JP2 antenna
only once in 6 h to briefly visit the base level (which contains
the feeding station) before returning directly to level 4. This pat-
tern suggests that the sleeping area of the example ratis level 4.
During the dark phase (0600 to 1800), this rat frequently moved
between the very low and high levels of the cage and often used
the staircase. Comparing many such path views, we recognized
that the results varied markedly both between individual rats
and for a particular rat over time (data not shown). Of note,
even rats with the lowest activity were still detected nearly 100
times daily (including consecutive repeated detections at the
same station, which are not shown in Figure 8 B).

We next investigated locomotion by summarizing the detec-
tions at all stations within 24-h periods. During 4 consecutive
days without any experimental interventions, the daily activity
was comparable between days (Figure 8 C), and none of the
healthy rats was detected fewer than 100 times each day. Finally,
we analyzed the locomotion data in 6-h intervals to follow the
circadian rhythm (Figure 8 D). Although variation within the
group increased when analyzed over the shorter interval, the
median values describe a steady circadian rhythm in the rat
colony, with their lowest activity during the light phase between
0000 and 0600.

Sensitivity of spontaneous motion to experimental interven-
tions. Changes in spontaneous motion can potentially reflect
stress, anxiety, pain, or physical disability.” For anesthesia,
blood sampling, intraarticular injection, and behavioral tests (for
example, gait analysis), animals typically are brought in conven-
tional cages to a different room, where they remain for as long
as 3 h. This practice may induce a minimal level of stress, even
though this effect is not detectable through visual health scoring
(Figure 5). We here assessed whether changes in spontaneous
motion occurred after rats are returned to the colony cage after
experimentation. To this end, we analyzed the number of detec-
tions at all antennas during 1500 to 0600, when no one was in
the housing room and when the rats were undisturbed (Figure
9). We found that any intervention performed during the day
substantially reduced the spontaneous motion activity of rats
during the following undisturbed nighttime period. However,
the effect did not differ between the various types of interven-
tion: for example, anesthesia with subsequent blood sampling
had a similar effect as did CatWalk gait analysis. The visual
health scores of the affected rats did not differ before and after
intervention (Figure 5). Furthermore, reductions in activity did
never fell below 50%, and if there was no further disturbance,
the activity level recovered within the next 2 d.

Automated identification of animals with a reduced general
condition. To investigate whether the locomotion and body-
weight tracking system is suitable for identifying individual rats
with potential health problems, we cross-validated the tracking
data by using findings from visual health scoring (Figure 5).

Case 1: Reduction in body weight after dosing of vehicle by oral
gavage. After dosing a group of 18 healthy rats with a vehicle
solution by oral gavage, we found that health scoring 7 d later
revealed that one rat (no. 6) had a greater than 10% reduction
in body weight (score, 3). All other rats and all other health
parameters were scored as 0 throughout the entire week after
this procedure. The time course of automatically determined
weight in the colony cage showed that the body weight of rat
6 began to fall after oral application (Figure 10 A). No other rat
showed a reduction in body weight of more than 5% (that is, 2
SD; Figure 10 B). In contrast, the analysis of data from different
antennas indicated that rat 6 did not show any significant dif-
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Figure 8. Automated tracking of spontaneous motion of individual rats housed in a colony cage. (A) Habituation period of 150- to 200-g Lister
Hooded rats in a colony cage after breeding and rearing in conventional plastic cages. Data are shown as the percentage of detections at the
single tracking stations relative to other stations over the first 25 d. (B) Example of the path of a rat (8-wk habituated Lister Hooded rat) through
a colony cage over 24 h. Consecutive detections at the same station have been filtered out, and only sequential moves to a different station are
shown (data in panels A, C, and D are not filtered). (C) Total number of detections at all 6 stations in 24-h intervals over 4 d without disturbance
(weekend and holidays after 11 wk of habituation). Data are shown as the median, minimum, and maximum of 18 rats. (D) Total number of
detections at all 6 stations in 6-h intervals (same rats as in panel C). The black line connects median values to demonstrate circadian rhythmicity.

ference in locomotion activity through the cage compared with
the group average (Figure 10 C). Therefore, in this case, the body
weight function of the automated tracking system supported
the findings from visual health monitoring.

Case 2: Reduction of spontaneous motion after surgical inter-
vention. We induced joint instability by using a surgical method
that results in cartilage erosion! to investigate potential drug ef-
fects in this model. Daily health scoring reveals that rats usually
recover from this surgical intervention within approximately
1wk, when body weight returns to levels comparable to those
of healthy rats, health scores normalize, and gait disturbances
are not noticeable at visual examinations. Here we compared
automated tracking data between colony-housed healthy rats
and those in which joint instability was induced surgically. One
rat of the operated group (no. 45) was documented on the health-
scoring sheet as still showing signs of lameness at 6 d after
surgery. We compared the body weight and locomotion activity
of rat 45 with those of the rest of the operated group during the
postsurgical period. Compared with the healthy group, all rats

in the surgery group (including no. 45) showed some decrease
in body weight gain during the first postoperative week. The
weight of rat 45 did not differ from that of other rats in the
surgery group, either by manual measurement or automated
detection (Figure 11 A). Analysis of the number of detections
at all antennas revealed that locomotion on day 6 after surgery
was significantly lower in the joint instability group compared
with healthy rats. Rat 45 had, by far, the greatest reduction in
spontaneous motion (more than 2 SD below the mean of all
operated rats, Figure 11 B and C), indicating that this parameter
can be used to confirm the observed health issue.

Discussion
In the colony cage, rats can socialize and express self-moti-
vated behaviors including climbing, jumping, and arranging
different functional areas. The system was designed for eco-
nomical long-term use with a large number of rats. All parts
of the apparatus that contact rats can be autoclaved, and the
time for assembly, bedding changes, and animal handling does
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Figure 9. Effects of blood sampling, behavioral testing (CatWalk), or
anesthesia with intraarticular injection on spontaneous motion in the
colony cage. Data are shown as the mean + SEM (n = 7 rats) of the
total detections at all antennas between 1500 and 0700 (time without
any disturbance by staff) each day. Anesthesia was induced by isoflu-
rane (3% to 4%) and was followed by intraarticular injection of vehi-
cle (30 uL 0.9% NaCl or PBS) or blood sampling (approximately 200
uL, sublingual venipuncture). For gait analysis, rats performed 1 to 3
runs along a CatWalk apparatus. For any intervention, rats were trans-
ferred to and transported in conventional plastic cages from the hous-
ing room to a different room, where they waited in the conventional
cages until all testing was complete. All interventions were performed
between 0700 and 1500, when locomotion data were excluded from
the analysis shown.

not exceed that for conventional cages containing the same
number of rats.

The high body mass indices with low variation indicate that
all colony-housed rats have undisturbed access to food and that
subordinate rats are not blocked from the food area by territo-
rial, aggressive rats. Using the tracking system, we observed
that after a 2-wk habituation period, all rats frequently moved
between all levels of the cage. As a benefit of this colony housing
environment, we noted that rats were more inquisitive and co-
operative during handling outside of the colony cage. Previous
studies have demonstrated that social and cage enrichment can
buffer anxiolytic effects of stress, attenuate pain-related behav-
iors, and even improve the response rate to analgesics.!>1520
Our observations reflect these same benefits. Compared with
conventionally housed rat pairs, colony-housed animals needed
less time to habituate to a new test environment and show ex-
ploratory behavior. These findings indicate that colony-housed
rats adapt more readily to the new environment and suggest a
lower level of stress in these animals. Habituation is important
for many studies, given that rodents, as prey animals, may mask
signs of distress when they are in a novel environment.?? In the
light-dark box paradigm, a test for anxiety behavior,? the latency
to and duration of exploration of the illuminated area (the novel
environment) were shorter for colony-housed compared with
conventionally housed rats. Therefore, rats housed in the colony
cage showed less anxiety with regard to exploring the light area
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Figure 10. Case of decreased general health condition was identified
through automated body weight measurement but not by locomotion
tracking. After oral gavage of vehicle (methocel), rat 6 was noticed
during health scoring because of low body weight. (A) Automated
body weight tracking illustrates body weight difference of rat 6 com-
pared with the group average (1 = 18). (B) Weight gain of individual
rats during the first 7 d after dosing of a vehicle solution by oral gav-
age. The accuracy of automated compared with manual body weight
measurements is illustrated in Figure 4. (C) Locomotion of individual
rats during the first 7 d after dosing by oral gavage. Data are shown as
the sum of detections at all antennas during 7 d for each rat.

but soon stopped entering this area. We hypothesize that the
social interactions and environmental enrichment in the colony
cage stimulate the rats; conversely the novel light-dark box en-
vironment may be perceived as having low sensory input and
therefore does not induce activity. In contrast, conventionally
housed rats were active throughout the 1-h observation period
and explored this novel environment much longer than did the
colony-housed rats.

Similar to stress and anxiety, pain can be attenuated by social
buffering in different animal models.!> Both physical enrichment
in a 3-floor cage including tunnels, running wheel, and extra
nesting material as well as social enrichment in groups of 4 rats
have been shown to ameliorate the duration of inflammatory
pain.! How colony housing modulates parameters indicative
of experimentally induced pain needs to be determined in the
respective models. However, we surmise that colony housing
refines experiments both by buffering overall pain through the
provision of a stimulating and diverse living environment as
well as by improving symptomatic characterizations through
the reduction of stress during testing outside of the home cage
and in a novel environment. The recently developed paradigm
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Figure 11. A rat with a decreased general health condition was identi-
fied due to locomotion data but not by automated body weight track-
ing. Rat 45 was noticed during health scoring because of postsurgical
lameness. (A) Body weight gain during the first 6 d after surgical inter-
vention as measured by the automated weighing stations. 1, Unpaired
t test: t = 3.31, P = 0.0018. (B) Total detections on day 6 (1500 to 0700)
after joint instability surgery. Each symbol represents a single rat. §, Un-
paired t test: t = 6.501, P < 0.001. (C) Body weight gain compared with
spontaneous motion activity within the operated group. The dotted line
indicates the cut-off value (that is, 2 SD below the mean). Of note, rat 45
is below the threshold for locomotion activity but not for weight gain.

Colony housing with general-condition tracking in rats

Phenoworld offers physically enriched housing in a social
environment for a maximum of 6 rats, where rats can choose
different functional areas and perform different physical activi-
ties, such as wheel running.>® Rats housed in this environment
show a more clearly circadian sleep pattern and more social
interactions.>® In male guinea pigs, colony housing was associ-
ated with a lower increase in the cortisol level in response to
novelty.!3 It is well established that in humans, social support
leads to resilience to stress.!®

Furthermore, we developed a custom automated tracking
system to monitor voluntary activity, which can be impaired due
to experimental pain, disability, or decreased general health of
any cause. The tracking system automatically detected jumps
and staircase use between cage levels. Antennas were located
at key positions to detect all vertical moves throughout the
cage, which reflect the majority of physical efforts. Different
functional areas—such as the food and water area on the lowest
level and the playground with 4 retreats, 2 crawl balls, and a
hanging tunnel at the highest level—and the ability to interact
with numerous cage mates likely drives rats to seek the area
that provides them with the most comfort. This preference can
be influenced by the rats” current health condition; conversely,
we predicted that their spontaneous choice can give information
regarding their current health condition. Changes in spontane-
ous motion has previously been shown to reflect stress, anxiety,
pain, or physical disability.”

We characterized the influence of typical experiment-related
interventions, which are not expected to affect rat health or rep-
resent a significant burden, by analyzing the sum of detections
that occurred after such an intervention and between 1500 and
0700, when no staff was present to disturb the rats. In contrast
to our expectations, all nonsurgical interventions tested—a
voluntary behavioral test (CatWalk gait analysis), short general
anesthesia, blood sampling or vehicle application—significantly
decreased activity to similar extents, such that a noninvasive
behavior test produced a similar reduction in locomotion ac-
tivity as did anesthesia followed by intraarticular injection or
blood sampling. For all of these interventions, we transferred
rats as small groups in small cages to a different room, where
they remained for as long as 3 h. This practice likely induced
pretesting stress, which was reflected as a reduction in activ-
ity during the following night. Reductions in activity did not
fall below 50% after these short interventions. More severe
decreases in activity can therefore be considered to exceed the
usual experiment-induced effects and can be used to estimate
disease burden or to identify individual rats with unanticipated
decreases in their general health.

To cross-validate the automated tracking system with a
conventional health scoring system, we describes 2 cases that
illustrate how the rat colony cage system can be used to identify
potential health problems. In the first case, overall activity at
6 d after joint instability surgery was reduced significantly in
the operated group compared with untreated rats. Although
the operated group was expected to and did show a moderate
decrease in activity, the activity level of one rat with postsurgi-
cal lameness according to visual health scoring was more than
2 SD below the mean of the group and therefore was identified
as abnormal.

The overall activity of a rat population can vary from day to
day, potentially due to new personnel in or visitors to the facility,
noise, new smells, the presence of a new batch of rats in the same
or an adjacent room, or even group dynamics. The meaning of
such events and their overall influence on rat behavior might be
greatly underestimated, because they typically are only barely
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visibly apparent. However, our current data indicate that the
variation in activity within a group (whether treated or healthy)
during a given day is relatively low. Therefore, establishing a
cut-off value (for example, 2 SD) to define an individual ani-
mal’s activity relative to that of the remaining group members
may be a better predictor of a reduced general condition than
is evaluating that particular animal’s activity over several days.

In the colony cage, body weight was measured automatically
at least once daily for most rats (>98%). We found that weight
could identify an animal with a potential health issue despite
no noticeable impairment of its activity level. A limitation of
body weight measurement is that rats with decreased general
health conditions might not enter the weighing station, which
is on the highest level of the cage; in addition, this level has no
feeding station and has to be accessed through the upper jump
hole. However, because a rat that has not entered the automatic
weighing station must be weighed manually, the associated
visual observation might then reveal a potential impaired condi-
tion. In addition, data comparison over time for the individual
rat likely will reveal reduced use of the body weighing station
as a noticeable deviation. In addition, such rats would be likely
to have decreased overall locomotion, especially regarding the
upper jump hole. The combination of activity and body-weight
tracking may be an ideal complementary system to identify
most potential health issues.

A goal is to collect data from daily experimental routines to
define an ideal threshold that reliably discriminates an indi-
vidual rat with a reduced general condition from the normal or
expected internal control group. Because all data are transmitted
to a network server every 30 min, the colony cage might serve
as an online alarm system to notify the attending veterinarian
promptly regarding the need to visually examine a particular
rat. Our experience shows that within a short period of time,
natural variations in activity can be dramatic. Some rats are
almost completely immobile for long periods of time, whereas
others move a lot. Therefore, a time interval that is long enough
to compensate for these interindividual differences over time
is necessary to identify real outliers in terms of their degree of
spontaneous motion. We found that even within a 6-h period,
activity counts varied from almost 0 to 150 detections between
rats. In contrast, no rats had fewer than 100 detections during an
entire day. These findings suggest that we can expect a minimal
level of activity by healthy colony-housed rats during a 24-h
period but that rest periods within that day will vary markedly
from rat to rat.

Because the colony cage is a modular design and because
multiple units can be connected horizontally, it potentially can
be used to house very large groups. How an increase in group
size (for example, 96 or 144 rats) and habitat size (for example,
2 or 3 cages) influences rat development and the sensitivity of
the relative locomotion readout to the health status of individual
rats needs to be investigated. In the present study, we started
housing rats in colony cages at an average age of 6 wk and
housed them until a maximum of 20 wk. We do not know yet
how older, potentially less adaptable, rats will associate with
cage mates in the group cage.

In conclusion, we established a new housing system for rat
colonies that includes an automated activity and body-weight
tracking system. Our data suggest that this environment has
beneficial effects on rat activity and on ease of handling. In ad-
dition, our system proved valuable for the objective and timely
identification of individual rats with impaired general-health
conditions. The system directly provides data that can be used
to refine animal experimentation. Moreover, long-term use of

the system might reveal evidence to support reduction of ani-
mal numbers. With the health-tracking system, the loss of sick
animals potentially can be avoided through earlier identification
and appropriate treatment. Furthermore, group sizes potentially
might increase to accommodate the individuality that emerges
during life in a socially enriched environment, as was shown
previously in mice.® In contrast, the necessary group size might
decrease due to refined data collection, as represented by the
undisturbed recording of activity behavior in a social context.
Furthermore, the translational value of the disease models in
the colony cage may increase because as in humans, physical
activity and social relations interact in rats. Ultimately, these
benefits might allow fewer animals to be used for successful
drug development.

We anticipate that data associated with complex activity pat-
terns related to social interaction and different functional areas
will prove to be a valuable resource for unraveling rat behavior
in the context of different diseases and treatments. Therefore,
the next step will be the evaluation of this tool’s potential to
quantify associated disease and drug-treatment related impair-
ment of symptomatic condition.
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