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HIGHLIGHTS

e Current animal models, if involving social behavior at all, are limited to very short and simple measurements.
® Social behavior is mostly manually annotated, despite available automated observation technology.

e We developed a method that combines velocity of movement with inter-individual distance of rat pairs.

e Our methods result in different behavioral classes that are naturally present in juvenile rats.

® Our approach allows automated and objective measurement of social rat behavior.

ARTICLE INFO ABSTRACT

Arfif{e history: ) Background: In the past, studies in behavioral neuroscience and drug development have relied on simple
Received 13 April 2015 and quick readout parameters of animal behavior to assess treatment efficacy or to understand underlying
Received in revised form 23 February 2016 brain mechanisms. The predominant use of classical behavioral tests has been repeatedly criticized during
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Available online 27 February 2016 the last decades because of their poor reproducibility, poor translational value and the limited explanatory

power in functional terms.
New method: We present a new method to monitor social behavior of rats using automated video tracking.

IS(?C/ i‘/:fgisﬁavior The velocity of moving and the distance between two rats were plotted in frequency distributions. In
Rat addition, behavior was manually annotated and related to the automatically obtained parameters for a
Automated phenotyping validated interpretation.

Video tracking Results: Inter-individual distance in combination with velocity of movement provided specific behavioral
Morphine classes, such as moving with high velocity when “in contact” or “in proximity”. Human observations

showed that these classes coincide with following (chasing) behavior. In addition, when animals are “in
contact”, but at low velocity, behaviors such as allogrooming and social investigation were observed.
Also, low dose treatment with morphine and short isolation increased the time animals spent in contact
or in proximity at high velocity.
Comparison with existing methods: Current methods that involve the investigation of social rat behavior
are mostly limited to short and relatively simple manual observations.
Conclusion: A new and automated method for analyzing social behavior in a social interaction test is
presented here and shows to be sensitive to drug treatment and housing conditions known to influence
social behavior in rats.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Measuring social rat behavior should be a necessity in studies
using animal models for human psychopathologies, such as autism,
depression and schizophrenia. However, there is a striking incon-
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be due to the complex nature of social behavior. Its highly inter-
active character requires the continuous perception of the other
animal’s reaction to its own behavior and thus, continuous adap-
tive responses. This dynamic behavior is more difficult to recognize,
analyze and interpret, than a single behavioral element that is
usually manually scored. Traditional social behavioral parameters,
such as time spent in playful interaction or inter-individual dis-
tance, initially seem easy to quantify and understand. However,
an important shortcoming here is that behavior is simplified and
degraded to a single readout parameter, thereby, losing the repre-
sentation of the complex dynamic features of this behavior. Another
issue is that there seems to be neither a generally adopted strategy,
nor a definition, by which social behavior, especially social play, is
measured and analyzed (Pellis and Pellis, 1998).

Most studies measure behavior in a relatively small and novel
environment in which animals are placed for a short time period.
In addition, in some cases animals are tested during their inac-
tive phase of the diurnal cycle using bright light conditions. These
test conditions do not provide an optimal challenging environment
for the expression of complex social behavior. Moreover, social
behavior is typically scored by a human observer quantifying only
frequencies and durations of a few specific social elements. On the
other hand, it is possibly to acquire more meaningful behavioral
data by using detailed ethograms in combination with multivariate
approaches. For example, the application of temporal pattern anal-
ysis has proven to be an effective tool to investigate the behavior
of rats in an elevated plus maze (e.g. Casarrubea et al., 2015).

Whereas, in general, innovative methodologies in neuroscience
are continuously becoming available and are rapidly applied,
behavioral science seems hesitant in adopting new advanced hard-
and software tools to measure behavior of rodents (Fonio et al.,
2012; Spruijt et al., 2014). This is surprising in view of the success-
ful use of technology in behavioral studies introduced in the 80s
and 90s (e.g. Sams-Dodd, 1995; Spruijt and Gispen, 1984; Spruijt
etal., 1992) and the acknowledgment of numerous clear disadvan-
tages of manually scored behavior. For instance, it is very laborious,
time consuming, error prone and subjective.

The category ‘social behavior’ encompasses play behaviors and
other affiliative social behaviors, on which we focus here, as well as
agonistic, parental and sexual behaviors. Play behavior has received
attention across different species because of its typical form, crucial
effect on development (Cooke and Shukla, 2011; Pellis and Pellis,
2009) and because of its possible application as a welfare indica-
tor (Boissy et al., 2007; Held and Spinka, 2011). In addition, studies
have focused on the rewarding aspects of play, often in relation
to reward sensitivity and abnormal brain function (for reviews see
e.g. Siviy and Panksepp, 2011; Trezza et al., 2011). Besides play,
affiliative social behaviors comprise allogrooming, crawling over
or under each other, huddling or sitting close together and follow-
ing/approach behaviors. The aim of the current study is to provide
an automated method that allows the detection of changes in both
affiliative as well as play behaviors.

The development of advanced techniques for automated iden-
tification and objective analysis of behavior has been ongoing
for a number of years now. Recently, several methods have
been described allowing automated monitoring of social dyads in
rodents (Giancardo et al., 2013; Kabra et al., 2013; Ohayon et al.,
2013; Shemesh et al., 2013; Weissbrod et al., 2013). When sophis-
ticated software tools and systems are used to observe and identify
behavior in full detail this automatically leads to a second issue:
how to deal with the complex data. Unfortunately, little attention
has been paid to the manner in which automatically acquired data,
both from individual and multiple animals can be analyzed. The
use of (top view) video images of behavior enables detailed analy-
sis of these images. A few studies have tried to adopt and develop
advanced statistical methods for analysis of trajectory data from

automated video tracking of rats and mice, e.g. (Drai and Golani,
2001; Drai et al., 2000; Kafkafi et al., 2003). The elegant approach
of Golani and co-workers includes statistical methods to search
for natural categories or so called ‘modes’ in the data itself. They
could demonstrate that locomotor behavior of exploring rats can
be divided into distinct categories of movement (Drai et al., 2000),
comparable to the use of different gears when for instance driv-
ing a car. For example, a rat can still move around while hardly
leaving its location, i.e. as if it is using its first “gear”. Alterna-
tively, it can make a run from point a to b with a much higher
velocity using its second or third “gear”. This method of analyzing
locomotor behavior by defining different categories of velocities
has been successfully applied in a few other studies using rats or
mice, however, using individual animals e.g. (Grieb et al., 2014;
McGinty et al., 2013). Periods of stationary movements have been
called ‘lingering’ behavior since animals are not necessarily inac-
tive, but can perform behaviors such as rearing and scanning of
the environment. Movements with higher velocity are often called
‘progression’ or ‘progressing’. We recently showed that drugs may
differently affect lingering or progressing. For instance, morphine
can enhance or inhibit progressing depending on the selected dose
and time-interval after injection (Spruijt et al., 2014).

Here, we describe a novel automated method of quantifying
social interactions. We take advantage of available sophisticated
analysis techniques by applying automated continuous video
tracking of pairs of rats. The previously noted methodological
and biological shortcomings are addressed by using the proposed
method as introduced above, for the distinction of different velocity
categories. Yet, we extend this by applying it in a social context and
on inter-individual distances to reveal possible different categories
of proximity. Our method does not require a priori defined and
arbitrarily chosen criteria that define movement or being in prox-
imity, rather, these thresholds are extracted from the frequency
distribution data. In addition, we now combine velocity with
inter-individual distances which leads to new behavioral classes.
These behavioral classes represent for instance moving with high
velocity and being in (close) proximity. We hypothesized that such
classes composed of velocity of movement and inter-individual
distance are sensitive to treatment with morphine and short social
isolation as this has been repeatedly shown to increase social
behaviors in rats e.g. (Niesink and Van Ree, 1989; Vanderschuren
etal., 1995a). In addition, to provide a full validation of our method
automatically obtained behavioral classes were also compared
with human observer data.

2. Materials and methods

2.1. Animals

A total of 26 male Sprague Dawley (Hsd:SD) rats were weaned
at Harlan, the Netherlands, at an age of 3 weeks and housed in
sibling pairs. Two individuals from each mother were selected and
formed a test pair. Subsequently, the pairs arrived in this configura-
tion at Delta Phenomics research facility (Utrecht, the Netherlands)
and were housed under reversed light-dark regime (red light on at
09:00 h, white light on at 21:00 h). Rats were housed in Macrolon
IV-S cages with a flat lid (Techniplast, Italy). Each cage contained
wood chipped bedding (Abedd® wood chips, LAB & VET Service
GmbH, Vienna, Austria), a plastic tube and some tissue material.
Food (CRM (E), Special Diets Services, United Kingdom) and tap
water were provided ad libitum. The holding room was maintained
at 21+ 1°C, with relative humidity set between 45 and 65%. All ani-
mals were habituated on regular basis to human handling before
start of the experiments. Experimental testing started when the
animals were 5 weeks of age, weighing an average of 91.4+6.5g.
This age was chosen to ensure high levels of social (play)
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behavior. It is known that rats have a peak in play activity between
30 and 40 days of age (Panksepp, 1981). The experiments were per-
formed in adherence to the legal requirements of Dutch legislation
on laboratory animals (WOD/Dutch ‘Experiments on Animals Act’)
and were reviewed and approved by an Animal Ethics Committee
(‘Lely-DEC’).

2.2. Apparatus and software

All testing took place in an enlarged PhenoTyper® instrumented
cage (Noldus Information Technology, the Netherlands) under
red light conditions. The animals are provided with this large
environment because the expression of social behavior requires
space, see for example (Spruijt et al., 2014). The cage consisted
of a black floor plate (floor dimensions: 90 x 90 cm), transparent
Perspex walls (high: 100cm) and a roof equipped with infrared
emitting LED’s (peak range average of 950 nm), on which a Phe-
noTyper top-unit was placed (Noldus Information Technology)
containing an infrared sensitive camera (CCD 1/3” SONY SUPER
HAD CCD black/white) and IR-filter (type Kodak 87C). Digital top
view video recordings (25 samples per seconds) were made using
a computer placed in an adjacent room. Video recordings were
processed afterwards with the video tracking software EthoVi-
sion XT 8.0 (Noldus Information Technology) using the detection
settings ‘static subtraction’. For each sample the software stores
the x- and y-coordinate of the animal’s position. See Noldus et al.
(2001) for more detailed information on the software. Animals were
marked red or black using a permanent marker (Edding, Germany)
in order for the software to individually recognize both individuals.
In contrast to the black marking, the red marking is not visible in
the video because of the infrared light conditions. This way, the
software recognizes a marked versus an unmarked animal, while
both animals experience the same handling procedure. A similar
procedure is used by Sams-Dodd (1995) and Spruijt et al. (1992).
Occasional identity swops made by the software were corrected
manually after video tracking.

2.3. Drugs

We validated our method by using a low dose of morphine
that stimulates social behaviors, see e.g. Niesink and Van Ree
(1989), Vanderschuren et al. (1995a). Morphine-HCL (Centrafarm,
the Netherlands) at a dose of 1 mg/kg and in a volume of 2.5 ml/kg
was dissolved in NaCl (0.9%) and administered subcutaneously in
the nape of the neck 30 min prior to testing. Control saline injec-
tions consisted of an equivalent volume of NaCl (0.9%) using the
same route of administration.

2.4. Social interaction test

Before the social interaction test, animals were habituated to the
experimental setup and procedure on two separate days before the
start of the first test. This involved marking of the animals, a sub-
cutaneous saline injection in the nape of the neck and habituation
to the PhenoTyper cage for 30 min. The effect of repeated testing
was considered to be minimized by these 2 days of habituation due
to the fact that any initial novelty induced behavior declines after
repeated exposure to the test environment (Spruijt et al., 2014). In
the social interaction test animals were allowed to freely interact
for 30 min with their familiar and similarly treated cage mate. Two
social interaction tests were conducted: (1) without any isolation,
thus, socially-housed (SOC) and (2) with 48 h of short isolation of
all pairs prior to the test (ISO). A repeated mixed cross-over design
was used. In the first social SOC interaction test pairs were treated
with either morphine (n =7 pairs) or saline (n = 6 pairs) 30 min prior
to testing. In the second social interaction test (ISO), the same pairs

were tested again, hence the repeated design, and, again both ani-
mals of a pair received either morphine (n=7 pairs) or saline (n=6
pairs) treatment 30 min prior to the social interaction test.

2.5. Manual scoring

Ten social interactions tests, were randomly selected across
treatment groups and manually scored by one observer blind to
the treatment. Software (The Observer XT10, Noldus Information
Technology) was used to score behavior afterwards from captured
video files using V2 playback speed of the video to precisely code the
behavior. See Table 1 for the used ethogram. Continuous focal ani-
mal sampling was used in such a way that only one animal of the
pair was followed. However, when for instance following behav-
ior displayed by the focal animal is scored, this animal can either
be the one that is following or is followed (thus being actor or
receiver, respectively). Individual animals of a similarly treated pair
displayed. Passive or active behaviors in the same way. As a conse-
quence, all social behaviors were listed as the behavior of a pair and
information on the role of actor or receiver was not distinguished
in data analysis.

2.6. Data analysis

2.6.1. Determining arrests and movements

After video tracking, the raw data containing the x- and
y-coordinates of each animal in the pair was exported from Etho-
Vision to MatLab® R2012b (The MathWorks, United States). Data
was further analyzed with help of custom made MatLab scripts.
To remove any noise, raw track data was smoothed using a robust
Locally Weighted Scatter Plot Smoothing (LOWESS) filter with a 1-s
time window. This connects points that are representative of the
animal’s trajectory and finds the most optimal fit, see Hen et al.
(2004) for a more extensive description. After smoothing other
variables were calculated, such as velocity and distance between
animals. Based on the statistical method introduced by Golani and
coworkers (as described in Drai et al., 2000) the velocity with which
a pair of animals moved was profiled.

Raw data was filtered with a repeated running median using a
one-dimensional median filter with window size 13,11, 9, 9 respec-
tively. Data was collected with 25 Hz, producing a series of 25 x- and
y-coordinates per second. This relative high sampling rate required
a repeated running median approach. Basically, this means that a
moving window of a few samples (13, 11, 9 and 9) is moved over
the data. In this moving window the median of the consecutive
samples is determined.

Tracking data was divided into movement bouts by detecting
the ‘segments of arrest’, i.e. moments were the animal really has
come to a stop without any clear visible movement of the body.
Hereby, movements bouts are defined as the path between two
arrests and subsequently, the maximal velocity that is reached by
the animal during a movement bout can be determined. Because the
tracking software always detects minor displacement of the center
point, even when animals are at arrest, a threshold for arrests had to
be determined. To find the optimal threshold, clear visible moments
of arrests of one animal in the video were manually scored by an
observer using %2 playback speed. In addition, it was scored when
the animal was moving but without clear forward movement, i.e.
more than two steps in the same direction, and it was scored when
there was clear forward movement. Based on the distribution of
arrests, a tolerance for arrest was set at 0.07 cm between 2 sam-
ples lasting at least 4 samples (0.16s). The threshold was verified
by visual inspection of graphs of track visualization with velocity
that were integrated with results of manually scored: (1) arrests,
(2) movements when staying in place and (3) forward movements
using this threshold.
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Ethogram. All behaviors were scored as states. Since the behavioral elements were scored from the view of one of the animals (focal animal) of a pair, behavioral elements

from the category ‘social’ are scored either as receiver or as actor.

Behavioral category

Behavioral element

Description

Social

Non-social

In proximity
Following

Social sniffing
Anogenital inspection
Allogrooming
Crawling over/under
Nape attack
Pinning/supine
Biting/pulling
Boxing/kicking
Defense (push off/away)

Approach
Avoid

Other

Mobile exploration

Being within one tail length from the partner without actively seeking or engaging in social
interaction.

Following the partner within a tail length distance.

Exploration of the partner’s body by sniffing (except the anogenital region).

Exploration of the partner’s anogenital region and tail.

Chewing and licking the fur of the partner.

Climbing over or crawling under the partner.

Snout or oral contact is directed to the neck region of the partner can be accompanied with biting
and pulling fur in that region.

The animal is standing over the partner, often using its front paws, to hold the other down
(pinning), while partner is lying on its back (supine position).

Pulling or biting the fur of the partner at any part of the body, except the neck region. Often
accompanied by the receiver reacting defensively.

Both animals rear and box at each other with their front paws or kick with hind paws at each other
defensively.

Pushing away the partner, but not moving away. Includes reposition of the body during
interaction. Can also be followed by an avoiding response (‘avoid’) if the animal pushes away and
then moves away.

Moving toward the partner. The animal moves in a straight line.

Moving away from the partner with at least one body length. Often the opposite of an approach,
the animal moves in a straight line away.

All individual behaviors performed when not in proximity of the partner, e.g. rearing,
self-grooming, sitting.
All individual movements through the cage.

2.6.2. Frequency distributions

Then, frequency distributions (histogram) of the maximal veloc-
ities of each movement bout were made. This was done for both
social interaction tests (ISO and SOC) and per treatment. On these
distributions the best Gaussian curves that represent the data were
fitted with an expectation maximization (EM) method. In short, it
was first determined if different components, in this case Gauss-
ian curves, could be recognized within the population. Thereafter,
proportion, mean and standard deviation were estimated of each
Gaussian curve with the EM algorithm. For more details on this
method see for example Drai et al., 2000.

After visual inspection of all frequency distributions plots, two
Gaussian curves were plotted on the frequency distributions plots
(see also Fig. 1, left panel). This was verified by assuring that the
mean values of the curves were at least two standard deviations
apart. A positive outcome of this verification step confirmed that
the two curves are indeed representing the data. Subsequently, the
intersections of the curves created with the EM method were used
to determine a threshold/cutoff value for the different modes or
categories in which an animal moves.

Additionally, a similar analysis was done on the inter-individual
distance between animals. The difference here is that distance
between animals was calculated for each sample in the tracking
data. Subsequently, all the inter-individual distances per sample
were plotted in a frequency distributions. After visual inspection
of all frequency distributions plots, three Gaussian curves were
plotted on the frequency distributions plots (see also Fig. 1, right
panel). The intersections of the curves created with the EM method
were used to determine the different modes or categories of inter-
individual distance.

2.6.3. Behavioral classes and statistical analysis

The identified modes or categories in velocity and inter-
individual distances were combined into behavioral classes. After
that, data were statistically tested using R statistical software (ver-
sion 2.15.2). The pair of animals was considered as the statistical
unit (thus samples size is the number of pairs) for all behaviors.
Normal distribution and outlier checks were performed and after
that all analyses was done using non-parametric testing. To com-
pare the effect of morphine with saline treatment and the effect

of 48 h short isolation, an unpaired Wilcoxon rank sum test (also
known as the Mann-Whitney U test) was executed over the full
length of the social interaction test: 30 min.

3. Results
3.1. Frequency distributions

Visual inspection of the inter-individual distance and the veloc-
ity frequency distributions per pair revealed no major differences
between pairs of the same group and treatment. Therefore, inter-
individual distance and velocity profiles were created across test
condition (ISO or SOC) and across treatment (MOR or SAL). Fit-
ting the Gaussian expectation maximization yielded two curves
that divide the movements of the animals in two separate cate-
gories or modes: (1) “low velocities” and (2) “high velocities”. For
inter-individual distance, the application of the Gaussian method
resulted in three curves and thus, three different categories or
modes of sociality: (1) “in contact” (2) “in proximity” and (3) “not
in proximity”.

3.2. Manual scoring versus automatic parameters

The percentage that each manually scored behavior occurs rela-
tive to the nine different classes of automated behavioral classes is
depicted in Table 2. The three distinct velocity categories are indi-
cated with ‘low’ (i.e. both animals are moving with low velocity),
‘high’ (both are moving with low velocity) and ‘low + high’ (one rat
is moving with high velocity, while the other is moving with low
velocity). In addition, the behavior of the rat pair can fall into the “in
contact”, “in proximity” and not in proximity” while moving with a
certain speed. The shading in Table 2 highlights a high level of coin-
cidence of the manually scored behavior (firstitemin each row)and
the automated behavioral classes (first item of each column).

For example, it shows that all manually scored social behaviors
were only occurring in the “in contact” and “in proximity” category
but not in the “not in proximity”. Furthermore, some behaviors
were almost exclusively represented in one specific behavioral
distance/velocity class. For instance allogrooming, nearly only
occurred when being “in contact at low velocity”. Also, all behaviors
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Fig. 1. Two examples of the data analysis process to identify different modes or categories of velocity and social behavior (proximity) using frequency distributions of velocity
(left) and distance between the two rats (right). The blue dashed line represents the empirical data, the red lines are Gaussian curves that are the result of the Gaussian
expectation maximization. The cut-off values above the graphs are the intersection points of the red lines which determines the thresholds by which different modes or
categories of velocity and proximity are defined. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

Table 2

Comparison of the manually scored behaviors in relation to the automatically obtained behavioral parameters. The percentage
that each manually scored behavior occurs relative to the nine different classes of automated behavioral classes is depicted.
The three distinct velocity categories are indicated with ‘low’ (i.e. both animals are moving with low velocity), ‘high’ (both are
moving with low velocity) and ‘low +high’ (one rat is moving with high velocity, while the other is moving with low velocity).
The shading highlights a high level of coincidence of the manually scored behavior (first item in each row) and the automated

behavioral classes (first item of each column).

Contact In proximity Not in proximity

low low + low
Category low high + high low high high low high + high
Allogrooming 93.8 14 4.3 0.4 0.1 0.1 0.0 0.0 0.0
Anogenital inspection 37.9 17.0 26.6 4.1 G5 4.8 0.0 0.1 0.0
Social sniffing 38.3 11.4 21.1 9.0 9.0 10.7 0.0 0.3 0.2
In proximity 27.8 3.0 8.3 31745 7.2 15.0 0.2 0.5 0.5
Approaching 0.5 3.6 4.7 2.6 192 19.8 1.1 277 20.9
Avoid (moving away) 2.2 18.3 8.3 1.7 40.0 10.5 0.2 135 5.4
Nape attacking 24.8 38.0 24.5 0.5 9.4 211 0.0 0.6 0.1
Pinning/supine 65.0 16.2 18.1 0.1 0.4 0.3 0.0 0.0 0.0
Biting/pulling gkl 34.2 23.4 2.3 5.3 1.7 0.0 0.0 0.0
Boxing/kicking 25.0 32.0 24.6 13 11.4 4.2 0.0 1.2 0.2
Crawling over/under 42.2 28.3 26.3 0.6 1.5 11 0.0 0.0 0.0
Defense 11.7 46.1 22.6 0.6 15.0 33 0.0 0.5 0.2
Following 1.0 26.5 4.4 0.5 56.7 34 0.0 753 0.1
Other 0.1 0.2 0.3 6.5 1.7 5.0 50.5 6.6 29.2
Mobile exp|oration 0.0 0.7 0.5 1.2 7.6 7.9 9.5 27.2 45.4

related to play were mainly found in the “in contact” category while
individual behaviors (other and mobile exploration) were almost
only seen in the “not in proximity” category. Also, following (chas-
ing) behavior is performed at high velocity being both “in contact”
and “in proximity”.

3.3. Effects of short isolation and compound validation

3.3.1. Total distance moved

An overall effect of morphine on the total distance moved per
animal pair during the 30 min social interaction test was detected
(Fig. 2). Morphine significantly increased the total distance moved
as compared to saline (U=37, p=0.022) in the social test condi-
tion. In the short isolation test condition, morphine also increased
the total distance moved as compared to saline, however, this was
only a near significant trend (U=35, p=0.051). Furthermore, an
effect of short isolation (48 h) on total distance moved per pair was

also observed in the saline (U= 36, p=0.002) and morphine (U=47,
p=0.002) treated groups.

3.3.2. Movement with low or high velocities

Both high velocity (Fig. 3) and low velocity movements (data
not shown) were affected by drug treatment when given after a
short isolation. In the social interaction test after short isolation,
morphine significantly increased the time spent moving with high
velocity as compared to saline (U=38, p=0.014). Also, morphine
treated animals spent significantly more time moving with high
velocity when tested after short isolation (U=43, p=0.017).

3.3.3. Inter-individual distance combined with velocity of
movement

The classification of the velocity modes combined with that
of the inter-individual distance resulted in nine different behav-
ioral classes that represent sociability. These nine classifications
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Fig. 2. Average (+SEM) total distance moved in centimeters during the 30 min-
social interaction tests for the two treatment groups after short isolation housing
(48h) and social housing. Morphine (MOR, n=7) 1 mg/kg and saline control (SAL,
n=6). Asterisks indicate significant differences; *p<0.05 and ¢ indicates a trend
p<0.1.
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Fig. 3. Average (+SEM) total time moving with high velocity during the 30 min-
social interaction tests for the two treatment groups after short isolation housing
(48 h) and social housing. Morphine (MOR, n=7) 1 mg/kg and saline control (SAL,
n=6). Asterisks indicate significant differences; *p <0.05.

are defined by a specific combination of a pair that can either be “in
contact”, “in proximity” or “not in proximity” (the “social modes”)
and move with high velocity or low velocity, or one is moving with
high velocity and the other is moving with low velocity (‘the veloc-
ity modes’). In the latter mode, both animals moving at different
velocity, there were no differences seen between the treatments in
both conditions (social and short isolation).

Morphine compared to saline, significantly increased moving
with “high velocity when in contact” (U=42, p=0.001) after the
shortisolation condition, (Fig. 4A) but not after the social condition.
In the interaction test after social housing morphine significantly
increased moving “with high velocity when in proximity” com-
pared to saline (U=41, p=0.002) but not in the isolation condition
(Fig. 4B). When animals were moving “with high velocity when
not in proximity” no effects of morphine or short isolation were
observed (Fig. 4C). In addition, the effects of short isolation hous-
ing were observed in both morphine and saline treated animals. For

morphine treated animals, short isolation significantly enhanced
the time moving with “high velocity in contact” (Fig. 4A, U=49,
p<0.005) and “high velocity in proximity” (Fig. 4B, U=44,p=0.011)
compared to social housing. Saline treated animals also spent sig-
nificantly more time in moving with “high velocity in proximity”
in the social interaction test after short isolation as compared to
social housing (Fig. 4B, U=36, p=0.002).

4. Discussion

Our method revealed that juvenile rats show two distinct modes
or categories of movement: movements with low or high velocity.
This is in line with observations of others in mice (e.g. Kafkafi et al.,
2003) and in rats (Drai et al., 2001). In addition, by applying the
same method - now for the first time - on inter-individual distance
we detected three distinct modes or categories of inter-individual
distances: “in contact”, “in proximity” and “not in proximity”. Inter-
estingly, the combination of velocity with inter-individual distance
yielded distinct behavioral classes which are sensitive to pharma-
cological and environmental treatment and which are consistently
in line with human hand scored behavioral data.

In the “in proximity category”, hand scored behaviors mainly
observed are: in proximity (without being actively engaging in
social interaction), approach or avoidance and following (socially
active). While, in the “in contact” category (very close: one whisker-
length away) most observed behaviors are the play behaviors,
social investigation or social grooming. This suggests that our auto-
mated method is capable of distinguishing real physical contact
behaviors from social behaviors that do not necessarily involve
physical contact (touch) such as following behavior (chasing) or
approach/avoidance. In addition, by combining inter-individual
distance with velocity of movement the automated behavioral
classes also identifies following behavior which takes place at high
velocity. Moreover, it characterizes behaviors such as allogrooming,
social sniffing and play contact behaviors that are mostly per-
formed when animals are both moving with a lower velocity. The
automated behavioral classes are in line with manual scoring at a
compatible level as two human observers, which usually achieve
80% reliability. In the present study this is sufficient to detect the
effects of morphine treatment and environmental manipulation,
i.e. isolation.

Short isolation from peers before the test is a well-known
manipulation to increase social behavior of rats (e.g. Niesink and
Van Ree, 1982). The here defined (automated) behavioral classes
demonstrate a clear effect of short isolation on social behavior. Both
morphine and saline treated animals move more with high veloc-
ity when “in contact” or “in proximity” in the social interaction test
after short isolation. In addition, our study shows that morphine
intensifies social behavior by increasing moving with high veloc-
ity, while simultaneously decreasing the inter-individual distance
from “in proximity” to “in contact”. Probably, morphine strength-
ens the intrinsic motivation to engage in social behavior with the
two aforementioned effects as a consequence. This is in line with
previous studies showing that morphine increases levels of social
(play) behavior (Niesink and Van Ree, 1989; Vanderschuren et al.,
1995b) after a short period of individual housing before treatment.
The effects of morphine are most clearly seen in the high velocity
category which is comparable with the earlier finding that mor-
phine increases moving with high velocity in individual animals
(Spruijt et al., 2014).

The automatically determined “in proximity” matches relatively
poor with the manually scored “in proximity”. In proximity is
defined in the manual soring as: “Being within one tail length from
the partner without actively seeking or engaging in social inter-
action”. A human observer is biased toward scoring changes in
behavior in contrast to the system, which scores at a fixed frequency
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Fig. 4. Average (SEM) time in each of the distance classes (A, “in contact”; B, “in proximity”; C, “not in proximity”) and moving with “high velocity” during the 30 min social
interaction tests for the two treatment groups after short isolation housing (48 h), left panel and social housing, right panel. Morphine (n=7) 1 mg/kg, saline control (n=6).

Asterisks indicate significant differences; *p <0.05.

(every sample) the behavior again. Thus, our current automated
observation tool determines per sample in which category the sam-
ple belongs which could have resulted in a slight overestimation
of frequencies as compared to human scoring. In addition, human
observers tend to interpret behavior after a behavior or behavioral
sequence has occurred and, therefore, short events are tend to be
neglected by human observers. This way of observing may escape
human awareness. On the other hand, also non intended proximity
behaviors may have occurred which is not recognized by the human
observer as in proximity, for example when the animal is highly
active and runs around it can cross the other individual’s proximity
area. When humans do not see the intention to be in proximity they
also do not score it, whereas, when objectively measured they are
in proximity. The factor intention as easily and unaware used by
humans to identify behaviors is not part of automatic system and
may, thus result, into differences.

In the social interaction test animals perform a mixture of social
behavior and otherwise motivated behaviors. The present method
provides an objective tool to focus on the efficacy of a treatment on
the “real” social episodes in the test. Those episodes are character-
ized by a decrease in the inter-individual distance which occurs
in the “in contact” or “in proximity” distance categories. When
trial duration increases to hours and even days, our method could
extract the specific episodes of behavior in which social interaction
takes place. This is important when possible effects of a treat-
ment are expected to preferentially occur in the social domain.
Hypothetically, when animals which show aberrant social behavior
are treated with an antidepressant agent or anxiolytics this could
restore baseline social behavior. In our test setup, which has the
benefits of a home-cage approach, this could easily be measured

by automatically selecting the social episodes and subject those
episodes to further analysis.

The use of automated (social) behavioral parameters based on
coordinates of the animals is not new. For example, Sams-Dodd
(1995) used an automated parameter for social interaction in rats.
In his study, a fixed threshold was used: animals are in close prox-
imity when their center of gravity points are within 20 centimeters
from each other. It was mentioned that (p. 161): “selection of a crite-
rion value of 20 cm is based on systematic variation of this parameter
from 0 to 50cm” and “the value of 20 cm resulted in the least vari-
ation in the data”. It is exactly this variation that we now use to
obtain the different categories of proximity by using the frequency
distributions of inter-individual distances. An important benefit
of our approach is that the threshold is not assessed artificially
(arbitrarily) by limiting variation but based on the animal’s own
behavior. When the size of animals changes (due to age or gender)
or different setups are used, the arbitrarily chosen cutoff values
have to be assessed again, whereas in our approach this is deduced
from the actual data. What is regarded as high velocity or being
in proximity is defined by the variation in the occurrence of differ-
ent velocities or inter-individual distances and not by an arbitrarily
chosen value.

In the future, nose and tail point recognition or even 3 dimen-
sional image building of the animals, see for example (Matsumoto
et al., 2013), could have an added value, because, it might be pos-
sible then to capture the orientation of animals toward each other.
However, the current tracking of body contour is still a challenge
for the software when the animals are close together. Here, the
overlapping pixels cause merging of body contours and that makes
it difficult for algorithms to recognize the individual rats and, thus,
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also to correctly identify the nose or head area. Still, in future,
ideally, tracking software should be able to recognize full body
contour and movement of individuals even when they are close
together. Many behavioral elements have such specific character-
istics such as the pinning behavior and nape attacks, that these
characteristics might be useful in “learning” the software to recog-
nize these behaviors. A similar approach was recently applied in
mice, where 2 relatively simple behaviors ‘walk and follow’ could
be recognized by the system (Kabra et al., 2013). Most computers
systems are not a hundred percent error free. It is especially difficult
for a computer system relying on only top view camera images to
identify different animals properly when they are close together or
overlap partially. In our setup, using commercially available track-
ing software, we needed to manually correct identity swops before
our analysis could take place. Also, other software systems have
dealt with these issues. For example, some provide tracking super-
vision in which the tracks can be corrected frame-by-frame when
two blobs of animals are overlapping in such a way the software
does not recognize two individuals (De Chaumont et al., 2012).

Due to all the recently developed new systems it seems that
long term monitoring of laboratory rodents in a group should be
readily adopted in future research. Application of such method-
ology though, requires a vast understanding of the basic principles
behind the software and the subsequent statistical methods to ana-
lyze the data. There is still a huge gap between the extraction of
biological relevant information from complex data sets derived
from long-term group housed animals and the current state of
the techniques (Branson, 2014). Regardless of the system used,
our approach of data analysis could potentially also be applied on
data output from other systems, as long as it allows an accurate
identification, determination of the velocity of movements and the
inter-individual distance. In the future, we plan to integrate the
behavior with ultrasonic vocalizations of the rat pairs which will
further increase the sensitivity of our system and leads to a better
understanding of the social behavioral profile of rats. The ultimate
goal is to continuously monitor group housed rats in a home-cage
environment to study their behavior in a relatively fast, automated
and objective way without interference of human handling.
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