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Low dose MK-801 reduces social investigation in mice
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fect on social behavior in mice, we examined adult male ICR mice for interaction
with companion mice (juvenile male). Test mice were injected with either saline or MK-801 (0.1 mg/kg), and
were tested 30 min later for their social behavior during a 5-min session. A second encounter took place
30 min later, with either a familiar companion mouse (the same as in the initial encounter) or a novel mouse.
In saline controls, second encounter with a familiar companion mouse showed reduced social investigative
behaviors (anogenital sniffing and staying together), indicating habituation toward a familiar mouse. Second
encounter with a novel companion mouse did not show habituation in social investigative behaviors.
Pretreatment with MK-801 reduced anogenital sniffing during the first encounter. At the second encounter,
these mice displayed non-discriminative habituation of social investigative behaviors, with reduced
anogenital sniffing and staying together, regardless of whether the companion mouse was a familiar or a
novel one. These results indicate that MK-801 affected exploratory activities of mice, resulting in both
reduced social investigative behaviors during first encounter with a companion mouse, and diminished
discriminative capacities for a familiar vs. a novel companion mouse during subsequent encounter.

© 2008 Elsevier Inc. All rights reserved.
1. Introduction
The ability for recognizing conspecific identity is an important
survival skill for animals. Studies in rodents have demonstrated their
remarkable sensitivity to discriminate between familiar vs. unfamiliar
individuals (File and Hyde, 1978; Thor and Holloway, 1982).

When twomiceencounter for thefirst time, theyengage in a series of
social investigative behaviors to acquaintwith eachother; in subsequent
encounters, mice spend less time investigating the same companion.
This decrease in social interaction upon repeat encounters can be
viewed as an index for social recognition. Social recognition may be a
form of short-term memory with a limited duration (30 min–2 h) in
individually housed mice and rats (Thor and Holloway, 1982; Sekiguchi
et al., 1991; Bluthe et al., 1993). Group-housed mice can display robust
long-term (7 days) social memories for juvenile conspecifics (Kogan
et al., 2000).

In social interaction, olfactory cues are a critical aspect for rodents
(Matochik, 1988; Bluthe et al., 1993). It has been demonstrated that
soiled bedding or urine samples from a juvenile rodent can be used as
olfactory cues for recognition (Sawyer et al., 1984; Popik et al., 1991).
These and other studies indicate that sensory inputs from olfactory
cues form the foundation of social recognition in rodents, and the
ability to recognize conspecifics is critical for social relationships
(Yamamuro, 2006).
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Deficits in social capacities are considered a negative symptom in
schizophrenia (Sams-Dodd, 1995). In laboratory studies, rats treated
with NMDA antagonists such as PCP and MK-801 display behaviors
related to symptoms in schizophrenia, including decreased social
behavior (Sams-Dodd, 1995). Employing a range of MK-801 doses (0.2,
0.3, and 0.4 mg/kg), Rung et al. showed that test rats exhibit decreased
proximity toward companion rats, and considered this a model for
negative symptoms of schizophrenia (Rung et al., 2005). Hlinak et al.
showed that, when MK-801 was injected immediately after rats had
initial encounter, social recognition in subsequent encounter was
impaired (Hlinak and Krejci, 1994; Hlinak and Krejci, 2003). Chronic
administration of MK-801 (0.13 mg kg/day, over 14 days) also reduced
social interaction in rats (Matsuoka et al., 2005). However, howMK-801
may impact social interactions in mice has not been reported.

In this study, we adapted a published method (Thor and Holloway,
1982), and examined MK-801 effect on exploration and social
investigative behaviors in mice. We chose a relatively low dose
(0.1 mg/kg), because MK-801 is known to influence a variety of
psychomotor behaviors in rodents, and our previous work in mice
indicated a complex dose-related effect for MK-801 (Wu et al., 2005).
Specifically, at doses of 0.3 mg/kg or higher, stereotypy and ataxia
occurred, and doses of 0.15 mg/kg or higher induced substantial
hyperlocomotion (Wu et al., 2005). Based on these observations and
our pilot studies (data not shown), a low dose of MK-801 at 0.1 mg/kg
would likely minimize drug influence on psychomotor activities,
allowing its effect on social behaviors to be examined. Our choice of
MK-801 dose also reflected evidence from other studies. Using a range
of MK-801 doses from 0.2 mg/kg to 0.4 mg/kg, Rung and colleagues
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showed that rats displayed decreased proximity toward companion
animals (Rung et al., 2005). Chronic administration of MK-801 at
0.13 mg/kg also reduced social interaction in rats (Matsuoka et al.,
2005). In addition, Hlinak and Krejci showed that MK-801 at 0.1 mg/kg
impacted social recognition in rats when administered immediately
after the initial social encounter, while a higher dose of MK-801 at
0.15 mg/kg reduced investigation time regardless of whether the rats
were re-exposed to the same or novel companion animals, and signs
of ataxia were observed at 0.2 mg/kg dose of MK-801 (Hlinak and
Krejci, 1994; Hlinak and Krejci, 2003). These reports thus also suggest
that MK-801 at 0.1 mg/kg was sufficient to influence social behavior,
while higher dose may further impact psychomotor activities.

2. Materials and methods

2.1. Animals

Male ICR mice were obtained from Shanghai Laboratory Animal
Center, Chinese Academy of Sciences, Shanghai, China. Male adult ICR
mice, weighing 35–40 g at the time of experiment were used as test
mice. Male juvenile ICR mice, weighing 28–31 g at the time of
experiment were used as companion mice to minimize aggression
(Terranova et al., 1998). Animals were housed in standard housing
conditions (inplastic cageswith sawdust beddingand free access to food
andwater,12 h light–dark cycle) and2–3miceper cage foraweekbefore
experiments were conducted. Principles of laboratory animal care were
followed in accordance with the Guide for the Care and Use of
Laboratory Animals (Institute of Laboratory Animal Resources, 1996),
the PRC National Standards for Laboratory Animal Quality, and Guide-
lines for the Use of Experimental Animals. All experimental protocols
were approved by the Ethics Committee for Biological Science, Shanghai
Institutes for Biological Sciences, Chinese Academy of Sciences.

2.2. Drugs

MK-801 (Tocris Cookson, Inc., Ellisville, MO)was stored as a 4-mg/ml
stock solution at −70 °C. Predilution of stocks with saline to the final
Fig.1. First-encounter social investigative behaviors inmice and the impact of MK-801. Test m
i.p. injection of either saline or MK-801 (0.1 mg/kg), and placed in home cage for 30 min. Firs
placed into the test arena at the same time. Animals were allowed to move and interact freely
the test mouse only. Data are shown as mean±SEM (n=12–13). Open boxes: saline-injecte
between MK-801 mice and saline controls (Student's un-paired t-test). Top row: individual
injection concentrationswasdoneat thebeginning for each experiment,
and these solutions were stored at 4 °C. Dilutions were designed to give
injection volumes of 100 μl per 20 g of animal weight.

2.3. Experiment procedure

Experiments were performed in plastic cages (l, w, h: 48 cm×
24 cm×20 cm), covered with a piece of glass on the top, and with
bedding inside. Each cagewas placed inside awooden enclosure (l,w, h:
60 cm×40 cm×44 cm), equipped with a video camera on the top. Test
and companionmicenevermet before. Social interactionwas conducted
over two encounter sessions, lasting for 5 min in each encounter. Two
encounter sessions were separated by 30 min, with mice returned to
their respective home cages. For the second encounter to observe social
interaction, companion mice were either from the same pairing as the
first social interaction (familiar companion mice) or different (novel
companionmice). Prior to thefirst social interaction, testmice receiveda
15-min acclimation period in plastic cages, were administered an i.p.
injection of either MK-801 (0.1 mg/kg) or saline, and were returned to
their homecages. Thirty-min later, a testmouseand a companionmouse
were placed in the plastic cage that the test mouse has acclimated to,
with two mice about 10 cm apart in initial placement positions.

Pairing of mice consisted of four groups: saline/familiar, saline/
novel, MK-801/familiar, and MK-801/novel. All experiments were
conducted between 9:30 am and 3:00 pm.

2.4. Social interaction behaviors

Video tapes were scored by three observers, who were blind to the
experimental pairing or drug treatment. Scoring consisted of seven
behaviors, all regarding the testmouse only, with 5min per observation
session.

1) Rearing: cumulative time when a mouse lifted both of its front
paws.

2) Square crossing: The surface area of the plastic cage was visually
divided into eight equal squares. Each square crossing was scored
ice (adult male ICR) were placed in the testing arena to acclimate for 15min, followed by
t encounter began when a test mouse and a companion mouse (juvenile male ICR) were
, and were videotaped for 5 min. The video was analyzed offline for various behaviors of
d control mice. Closed boxes: MK-801-injected mice. ⁎, significant difference (pb0.05)
-oriented behaviors; bottom row: social behaviors.



Table 1
Overall tendency of behavior changes between the first and the second encounters with
the companion mouse

Saline/familiar Saline/novel MK-801/familiar MK-801/novel

Rearing ↑ – – ↑
Square crossing ↓ – ↑ –

Self-grooming – – – –

Anogenital sniffing ↓ – ↓ ↓
Approaching – – – –

Staying together ↓ – ↓ ↓

Note: up- and down-arrows indicate significant increase or decrease in behaviors. Dash
indicates no significant difference.
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when the four limbs of the test mouse moved from one square to
another.

3) Self-grooming: cumulative time for the test mouse's self-grooming
activities (coat, paw grooming).

4) Anogenital sniffing: cumulative time for the testmouse to investigate
the tail/anogenital area of the companion mouse.

5) Approaching: total count for the test mouse to approach the
companion mouse, starting from a body separation distance of at
least 1 cm apart (about half of the body width).

6) Staying together: cumulative time for the test mouse to bewith the
companion mouse. Two mice were within 1-cm distance, and can
be either stationary or engaged in other interactive activities
(sniffing head, body, paw, or tail/anogenital area, or climbing on
top of each other).

Rearing, square crossing, and self-grooming were considered
individual-directed behaviors. Anogenital sniffing, approaching, and
staying together were considered social interaction behaviors.

2.5. Statistics

Statistical analysis used Student's un-paired t-test to compare the
results during the initial encounter. Wilcoxon test was used to
compare the results between the initial and the second encounters.

3. Results

3.1. First-encounter social investigative behaviors in mice and the impact
of MK-801

In order to studyMK-801's effect on social behaviors, testmice (adult
male ICR) were injected with either saline or MK-801 (0.1 mg/kg). First
encounter began 30 min later when a test mouse and a companion
mouse (juvenile male ICR) were placed in the test arena at the same
time.
Fig. 2. Second-encounter social investigative behaviors and the impact of MK-801. After the
cage for 30min. Second-encounter testing beganwhen a test mouse was placed in the same t
time. The companion mouse was either the same as in the first encounter (“familiar”), or diff
for 5 min. The video was analyzed offline for various animal behaviors of the test mouse only.
bars: second-encounter behaviors with a familiar companion mouse. Hatched bars: second-
between the first- and the second-encounter behaviors (Wilcoxon test). Top row: individua
Fig. 1 showed various behaviors of the test mice, both for their
individual-oriented behaviors (top row: rearing, square crossing, and
self-grooming) and social behaviors with the companion mouse
(bottom row: anogenital sniffing, approaching companion mice, and
staying together with companion mice). Compared with the saline
group, MK-801 mice showed significant reduction in rearing (t(23)=
2.515, pb0.05) and anogenital sniffing (t(23)=2.167, pb0.05). Other
behaviors were not significantly different, although self-grooming
showed a tendency of increase (p=0.10).

3.2. Second-encounter social investigative behaviors and the impact of
MK-801

After 30 min in the home cage following the first encounter,
second-encounter testing began. A test mouse was placed in the same
testing arena as in the first encounter, together with a companion
mouse. The companion mouse was either the same as in the first
encounter (“familiar”), or different (“novel”). At this low dose of MK-
801, we did not observe any impairment of motor performance or
ataxia. Results of individual-oriented and social behaviors are shown
in Fig. 2, and the overall tendency of behavior changes is summarized
in Table 1. Compared with behaviors during the initial encounter,
first-encounter social interaction described in Fig. 1, mice were returned to their home
esting arena as before, and a companion mouse was also placed in the arena at the same
erent (“novel”). Animals were allowed to move and interact freely, and were videotaped
Data are shown as mean±SEM (n=12–13). Open bars: first-encounter behaviors. Closed
encounter behaviors with a novel companion mouse. ⁎, significant difference (pb0.05)
l-oriented behaviors; bottom row: social behaviors.
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significant reduction in second encounter was seen for anogenital
sniffing for saline over familiar (pb0.001, n=12), MK-801 over familiar
(pb0.001, n=15), and MK-801 over novel (pb0.001, n=14); also
reducedwas the time staying together for saline over familiar (pb0.01,
n=12), MK-801 over familiar (pb0.01, n=15), and MK-801 over novel
(pb0.001, n=14). Whereas, increased rearing was observed for saline
over familiar (pb0.01, n=12), and MK-801 over novel (pb0.05, n=14).

4. Discussion

To characterize MK-801's effect on social behavior in mice, we
examined adult male ICR mice for their interaction with companion
mice (juvenile male ICR). Both the initial encounter (Fig. 1) and
subsequent encounter (Fig. 2) were observed, and various behaviors
were scored. The behaviors observed include individual-oriented
behaviors for the test mouse (rearing, locomotion, and self-grooming),
as well as social behaviors directed toward the companion mouse
(sniffing the anogenital area of the companion mouse, approaching
the companion mouse, and staying together with the companion
mouse). For the second encounter with the companion mouse,
familiar pairing (with the same companion mouse as the initial
encounter) and pairing with a novel mouse were compared. This way,
the memory from the first encounter with the familiar mouse would
be a factor influencing the subsequent social behaviors.

For the initial encounter, pretreatment with MK-801 reduced
sniffing anogenital area among the social behaviors (Fig. 1D). Rodents
possess rather sensitive olfactory senses, both as a way for exploring
the environment, and for encounter with other members of the same
species. Sniffing the anogenital and tail area of a companionmouse is a
common way for gathering olfactory signature of the companion,
because urinary odors and preputial gland are the predominant
component of the olfactory signature of a rodent (Engelmann et al.,
1995). Low dose of MK-801 reduced anogenital sniffing (Fig. 1D),
without significantly altering other social behaviors (Fig. 1E,F). This
suggests that olfactory sense serves as a subtle yet important
indicator, and MK-801-induced reduction in anogenital sniffing
represents a sign of early stages of MK-801-related social withdrawal,
possibly contributing to MK-801 influence on social memory. These
results are in agreement with the olfactory bulb distribution of NMDA
receptors (Monaghan and Cotman, 1985; Trombley and Westbrook,
1990), to which MK-801 is a non-competitive antagonist.

Pretreatment with MK-801 before the initial encounter also
reduced rearing among the individual-oriented behaviors (Fig. 1, top
row). As a behavioral activity, it is unclear in the literature how to
interpret rearing behavior. It is known that locomotion can interfere
with rearing (Wu et al., 2005). In this regard, rearing is part of the
repertoire of movement behavior. Edsbagge et al. suggested to
consider rearing as a form of exploratory behavior (Edsbagge et al.,
2004). Our observation also indicated that as a form of exploration,
rearing behavior parallels that of hole-poking exploratory behavior
(data not shown). Reduction of rearing by low dose of MK-801 (Fig.1A)
supports the notion that rearing represents a sensitive indicator of
mouse's exploration of the surrounding environment.

During the second encounter with a companion mouse, different
patterns ofMK-801 impactwere seen for repeating the encounterwith a
familiarmouse vs.meeting a novelmouse (Fig. 2 and Table 1), especially
for the two behaviors of anogenital sniffing and staying together.

Social investigative behaviors (anogenital sniffing and staying
together) of the test mouse during the second second-encounter
session with a familiar companion mouse were decreased for saline
group compared with the first first-encounter session (Fig. 2D and F,
saline panel, left 2 bar comparisons, significant difference). On the
other hand, there was no difference for the saline group during the
second encounter with a novel companionmouse (Fig. 2D and F, saline
panel, right 2 bar comparisons, no difference). Similar findings have
been reported before (Thor and Holloway, 1982; Dantzer et al., 1987;
Sekiguchi et al., 1991; Engelmann et al., 1995; Kogan et al., 2000), with
two possible interpretations — social memory and habituation. Social
memory (social recognition) is defined as a decrease of social
investigation during a second second-encounter session with the
same animals, without a decrease to different animals (Thor and
Holloway, 1982). Habituation is thought as a widely adapted form of
learning where a decrease in response takes place to repeated stimuli
that lack reinforcing quality (Thorpe, 1963; Liebrecht and Askew,
1980). Social memory formed during the initial encounter serves
companion recognition during subsequent encounters. Thus, during
the second encounter with the same companion mouse, the
familiarity from social memory resulted in habituation, leading to
reduced social investigative behaviors; a novel companion represents
a new form of social stimuli, therefore no such habituation took place
for social investigative behaviors.

It is noteworthy that, with the pretreatment of MK-801, the social
investigative behaviors (anogenital sniffing and staying together)
during a second encounter were all decreased compared to the first
encounter, regardless of whether the companionmousewas a familiar
or a novel one (Fig. 2D, MK801 panel, pair-wise comparisons for both
familiar and novel pairing in second encounter, significant differ-
ences). This indicates that after MK-801 treatment, testing mice
regarded both familiar and novel companion mice as if they were the
same, and habituation took place for both types of companion mice.
Taking into account that MK-801 reduced anogenital sniffing during
the first first-encounter session (Fig. 1D), one possibility is that MK-
801 may have impaired a mouse's olfactory discriminative capability,
thus hampering the formation of social memory to discriminate
between a familiar vs. novel companion mouse; that is, during a
second encounter, the memory of first encounter gave rise to
habituation for both familiar and novel companion mice, without
the benefit of social memory to distinguish whether a companion
mouse was a familiar or a novel one.

When MK-801 was administered immediately after the first first-
encounter session, it was observed that MK-801 at 0.1 mg/kg in rats
resulted in ‘amnesia’, i.e., the time spent by animals in social inves-
tigation during re-exposure to the same juvenile companion was
comparable with the time measured during the initial exposure and
with the time of animals re-exposed to a novel juvenile (Hlinak and
Krejci, 1994; Hlinak and Krejci, 2003). That is, both familiar and novel
companion rats were treated as if they were novel during re-exposure.
These results indicate that no habituation took place, because MK-801
administered immediately after initial encounter impaired the con-
solidation of social memory.

Taken together, our results indicate that exploratory behaviors in
mice, both individual-oriented (as in rearing) and social investigation
(anogenital sniffing), are sensitive to low dose of MK-801 effect. In
particular, pretreatment with MK-801 resulted in both a reduction in
social investigative behaviors during first encounter with a compa-
nion mouse, and a diminishment of discriminative capacities for a
familiar vs. a novel companion mouse during subsequent encounter.
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