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1. Introduction

A major clinical problem in treating drug abusers or addicts
is the high rate of relapse to abuse even long after absti-
nence [40,41,63,96]. To address this issue, much effort has been
made in the establishment of extinction-reinstatement proce-
dures in experimental animals [10,18,19,30,72,80], which are
currently used to mimic some aspects of drug relapse in human
addicts. There are at least two typical versions of extinction-
reinstatement paradigms: the drug self-administration (SA4) and
extinction-reinstatement procedure, and the drug-conditioned
place preference and extinction-reactivation procedure. The drug
QA version of the extinction-reinstatement procedure is based
on the findings of similarities in the development of drug
dependence/addiction between humans and laboratory animals
(Tuble 1), including intravenous drug SA behavior (e.g. [7]), esca-
lated drug consumption [1,52], compulsive drug-taking behavior
[15,20,92], cue-induced reinstatement [23,25,29,39,60,64,94,97],
drug-primed reinstatement [19,30,39,80,99], and stress-triggered
reinstatement [4,27,80]. The relevance of these extinction-
reinstatement behaviors to human dependence/addiction has
been reviewed and discussed extensively elsewhere [26,43,72,73].
Using this procedure, potential anatomical neuronal substrates
and neurotransmitter systems during the development of drug
dependence/addiction have been identified [28,71,80,94], and
clinical studies support these findings [5,35-37,45]. Clinical
therapeutic candidates have also been tested using the extinction-
reinstatement procedure in experimental animals [73,90].

Epidemiological studies suggest that genetic factors con-
tribute to 30-680%of the variability in drug dependence/addiction
and alcoholism [44,47,62,89,91,93]. Through the overexpression
or inactivation of target genes via viral vectors (e.g. over
expression vector or siRNA vector) or antisense oligonucleotides,
the SA-extinction-reinstatement procedure inrats hasbeen used to
investigate genetic factors involved in drug dependence/addiction
including drug relapse [62]. To date, however, the genetically
modified laboratory animals available have mainly been inbred

Table 1
Similarities in drug dependence/addiction between humans and experimental
animals

Operant behavioral items Humans ' Non-human Rates: . Mice:
primates :
Drug self*administration SO O o O
Fscalated drug consumption [@) O O N.D.
Compulsive drug-taking O O @) ND.¢
Relapse. i i i
Drug-associated cues O O O [@)
Drug priming (.pi) [0 O O Transient
Stress stimulation Q O O Limited.
Specific candidate genes ? ? ? ?

O indicates similax; ? indicates unclear; N.D. indicated not detexmined.

mouse strains. Therefore, it is essential for researchers to extend
the drug SA-extinction-reinstatement procedure in rats to mice.
Since intravenous drug SA behavior was reported in mice by
Carney et al. [7] in 1991, several specific genes/proteins have
been identified as neural substrates involved in the early stage
of drug dependence/addiction, including an acetylcholine recep-
tor containing beta 2, the serotonin 1B receptor, the dopamine D2
receptor, the mu-opioid receptor, metabotropic glutamate recep-
tor 5, cannabinoid receptor 1, the Kir3 potassium channel subunit,
homer 2, and the tissue plasminogen activator [50,61,77,83,98].
In addition, several lines of evidence have indicated that there
is considerable individual variability in the propensity for drug
relapse in human addicts or laboratory animals [4,20,47,51,93].
Although susceptibility to drug relapse might be, at least in
part, due to genetic factors [4,17,67,78], it largely remains to be
determined which specific genes are involved in the propensity
for drug relapse. Since the year 2002, researchers have man-
aged to develop a drug SA-extinction-reinstatement procedure
in mice [29,39,48,88,97,99]. Using this procedure, it has been
shown that specific genes are associated with vulnerability to the
reinstatement of drug-seeking behavior [59,69,100,101]. Based on
recent documented information and our own experiences, in this
review, we firstly describe some procedural considerations for
the successful establishment of an SA-extinction-reinstatement
procedure in mice, and then summarize some behavioral charac-
teristics of mouse strains under the SA—extinction-reinstatement
procedure.

2. Procedural considerations

The procedural considerations for SA-extinction-reinstatement
in rats have been well described elsewhere [73]. The practical
considerations for surgery to implant the catheter and drug SA
training in mice have also been discussed in detail elsewhere
[85]. To date, few procedural considerations or suggestions have
been available for drug SA-extinction-reinstatement in mice [78].
In this section, attention will be paid to a number of method-
ological considerations in extinction training and subsequent tests
for drug-primed, cue-induced, and stress- triggered reinstatement
behavior in mice. Also, whether certain procedural factors in
drug SA training affect extinction and subsequent tests for rein-
statement of extinguished drug-seeking behavior in mice will be
discussed.

2.1. Extinction

In an SA-extinction- reinstatement procedure, extinction refers
to a progressive decrease in drug-associated operant responding
when the drug is no longer available [62]. The extinction training is
usually introduced prior to reinstatement tests when the animals
acquired stable drug SA behavior.
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2.1.1. Conditions for extinction training

Two sets of conditions have been used for extinction training in
animals: extinction training (set# 1) with neither drug- conditioned
cues nor availability of a drug solution versus extinction training
(set #2) with drug-conditioned cues but without the infusion of
a drug solution. To determine the cue-induced reinstatement of
extinguished drug-seeking behavior, set# 1 of conditions should be
employed for extinction training following the acquisition of stable
drug SAbehavior[29,39,48,59,69,97,99,100]. Both sets of extinction
conditions could be used to determine the drug-primed or stress-
triggered reinstatement of extinguished drug-seeking behavior. For
example, a few laboratories have demonstrated that after extinc-
tion training under set #1 of extinction conditions, a priming
injection of drug alone reliably reinstates drug-seeking behaviorin
monkeys or rats without the presentation of cocaine-paired stim-
uli (e.g. [2,52,79]). In most published drug-primed reinstatement
studies, however, drug-associated cues are presented either con-
tingently and/or non-contingently during both extinction training
and drug-primed reinstatement testing, namely extinction train-
ing preformed under set #2 conditions (e.g. [4,29,39,97,99,100)).
One reason for this is that repeated presentations of previously
drug-associated cues during the testing period seem to facilitate
and prolong effects of the one-shot priming injection of a drug or
transient stress stimulation on subsequent reinstatement behavior.
For example, cocaine-paired external stimuli have been reported
to enhance the reinstating effectiveness of non-contingent cocaine
administration in rats and monkeys previously trained under
second-order schedules of drug reinforcement [42,79]. Similaly, it
has been reported that the combination of i.p. cocaine +contingent
cocaine-paired external stimuli significantly reinstated respond-
ing, whereas the ip. priming injection of cocaine alone did not
[75]. Tt has also been reported in cocaine-trained rats that the
non-contingent presentation of drug- associated external stimuli in
combination with a priming injection of d-amphetamine produced
greater reinstatement behavior and enhancement of dopamine
efflux in the nucleus accumbens than amphetamine alone or non-
contingent stimuli alone [22]. Although the reinstating power of
these stimuli is significantly attenuated by repeated presenta-
tion during extinction, it is possible that they still possess some
reinstating efficacy. The absence of drug-paired external stimuli,
in any form, in the testing for reinstatement induced by a drug
alone might play an important role in reducing the magnitude of
the drug-primed reinstatement effect to insignificant levels [52].
Therefore, it has been postulated that the absence of contingent
drug-associated cues during extinction and subsequent reinstate-
ment testing decreases the effectiveness of a non-contingent drug
alone as a reinstating stimulus [52,99]. Interestingly, it has been
shown in rats that drug-primed or stress-triggered reinstatement
behavior is critically dependent on repeated presentations of the
contingent drug-associated cues [52,74,75].

Under set #1 of extinction conditions, the absence of drug-
contingent cues will reduce the number of extinction training
sessions (days) needed to achieve similar extinction criteria (e.g.
6-10 daily sessions of training in rats). Given that drug-primed
reinstatement is transient [99], the decreased numberofextinction
training sessions needed to achieve the criterion may be critical for
succeasful observation of the drug-primed reinstatement behav-
ior in mice. Under set #2 of extinction conditions, however, it may
take much longer for animals, especially for mice, to achieve the
extinction criteria. For example, it has been reported in rats that
drug-related cues induce an enduring resistance to extinction of
cocaine-seeking behavior [95]. For mice, we should weigh the dura-
tion of extinction training and the facilitation of drug-contingent
cues for drug-primed or stress-triggered reinstatement behavior
because the drug-primed or stress-triggered reinstatement behav-

ior in mice is transient or limited [4,29,39,48,97,99]. Thus, the
careful selection of extinction conditions will be important to the
successful establishment of a SA-~extinction-reinstatement proce-
dure in mice.

2.1.2. Griteria for extinction training

There are at least three types of criteria for extinction train-
ing in mice’ absolute criteria (#1), where the number of active
operant responses (nose-poke or leverpress) is less than or equal
to the absolute number of active operant response (e.g. <20) in
two or three consecutive sessions [29,39,48,59,99]; relative crite-
ria (#2), where the number of active operant responses (nose-poke
or leverpress) is less than or equal to the relative percentage
(e.g. 25-30% of previous baseline operant responses in each ses-
sion of drug SA during a stable phase [69]; and composite criteria
(#3), where the number of active operant responses (nose-poke
or leverpress) meets any of the absolute or relative criteria (e.g.
[o7D).

It has been observed that mice exhibit many more active oper
antresponses to seek the infusion of a drug solution during the first
session of extinction training than do rats [78,97,99,100]. Further
more, mice seem to be much more resistant to extinction training
as compared with rats [29,78,97,99,100]. To shorten the duration
of extinction training in mice, in some cases, relative or compos-
ite criteria may be helpful to successfully observe drug-primed
or stress-triggered reinstatement of extinguished drug-seeking
behavior [78,97].

2.1.3. Potential effects of several factors during drug SA on
subsequent extinction training

2.1.3.1. Schedulesofreinforcement. Drug SAcanbe performed under
a single FR, multiple FR, or progressive ratio (PR) schedule of rein-
forcement[21,29,39,84,87,97,99,100]. It hasbeen postulated in mice
that drug SA under the PR schedule will give rise to unnecessary
difficulty in the subsequent extinction training, since mice show
stronger resistance to extinction training [29,78,97]. Furthermore,
drug SA training under the PR schedule of reinforcement may not
only extend the duration of subsequent extinction training, but also
facilitate cue-induced reinstatement of extinguished drug-seeking
behavior in rodents. Similarly, drug SA training under a higher FR
schedule of reinforcement may also have some impact on subse-
quent extinction training and cue-induced reinstatement behavior.
Importantly, animals are usually subjected to extinction training
under the same schedule as that used for the stable phase of drug
SA training. Relative to the PR schedule of reinforcement, the FR
schedule would be better for drug SA training when targeting drug
relapse in mice.In ourexperience, drug SA training under the FR1/2
schedule of reinforcement seems to be useful for shortening the
duration of the subsequent extinction phase [97,99). After about
10 daily 3-h sessions of extinction training, mice could meet the
extinction criterion (less than 25 active nose-poke responses or 30%
of active nose-poke responses during the stable self-administration
phase in two consecutive daily sessions) [97,99]. In contrast, it has
been reported that mice were considerably resistant to extinction
training (18.3 4 2.7 days) to meet a similar criterion (less than 25
active lever-pressing responses in two consecutive daily 2-h ses-
sions) [29]. Here, we recommend a combination of the FR1 and
FR2 schedules (FR1/2 schedule) for drug SA training and FR2 for
extinction and subsequent tests for reinstatement behaviorin mice
[97,99,100]. In our studies, once the mice could make a minimum
of 60%nose-poke responses in the active hole and received no less
than 10 infusions of addictive drug solution over two consecutive
sessions under an FR1 schedule, the drug reinforcement program
shifted to an FR2 schedule [97,99].
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9.1.3.2. Session time. It has been reported that session time for
drug SA plays an important role in the subsequent extinction
responding and drug-primed reinstatement behavior in rodents
[52,55]. Although there is wide range of session times for drug
SA training in rodents, from 30 min to 24h [4,7,29,39,69,97-100],
sessions of 30min to 3h have been mostly used for the
SA-extinction-reinstatement procedure in mice, and the session
time for extinction and subsequent tests for reinstatement behav-
ior usually is the same as that used for prior drug SA training
[4,29,48,69,97,99,100]. To target specific genetic factors involved
in extinction responding or incubation of drug-craving behavioy,
however, researchers have to take a longer session time (e.g.adaily
6-h session) into consideration [52,55,56].

2.1.3.3. Operant training and food/water restriction prior to or durr
ing drug SA training. To accelerate the acquisition of drug SA
behavior in rodents, it has become popular for researchers to
employ operant training with natural rewards (such as food,
water, sucrose, etc.) prior to catheterization for drug SA and
food/water restriction during the drug SA training. However, the
operant training with natural rewards or food/water restriction
has been reported to accelerate the acquisition of stable drug
SA behavior [4,9,11.29,59,69], increase resistance to extinction of
cocaine-taking behavior [16], and facilitate reinstatement of extin-
guished cocaine-seeking behavior in rodents [8,39]. If possible,
researchers should use neitheroperant training prior to drug SAnor
food/water restriction during drug SA to avoid confounding effects
in extinction-reinstatement studies. For some addictive reinforces
such as morphine, nicotine, and alcohol, however, operant training
with natural rewards and/orfood/waterrestriction seems to be nec-
essary [4,69,88,98,101]. In this case, researchers have to consider
the profound impact of prior operant training and/or food/water
restriction in their experimental design and the interpretation of
the SA-extinction-reinstatement studies in mice. Notably, when
the same experimental chamber is used for food-reinforced oper
ant training and subsequent drug SA training, the resumption of
operant responding during the tests for drug reinstatement behav-
ior may be due to food extinction responding or reinstatement of
food-seeking behavior rather than drug-seeking behavior. If this
is the case, researchers have to design additional experiments to
clarify the confounding influence of prior operant training and/or
food/water deprivation on extinction and subsequent tests for
reinstatement of drug-seeking behavior. For example, researchers
can examine reinstatement of food-seeking behavior in a separate
group of animals that are subjected to similar operant training with
natural rewards and/or food/water deprivation [100].

2.2. Drug-primed reinstatement behavior

Tn an SA-extinction-reinstatement procedure, reinstatement
refers to the resumption of extinguished drug-seeking behavior fol-
lowing exposure to addictive drugs, drug-associated cues, or stress
stimulation [73]. Accordingly, there are three subtypes of tests
forreinstatementbehavior: non-contingent drug-primed (typically
ip), cue-induced, and stress-stimulated reinstatement of extin-
guished drug-seeking behavior. Drug-primed reinstatement refers
to the resumption of extinguished drug-seeking behavior following
exposure to non-contingently priming injections of addictive drugs
(ip., iv.ors.c.).

2.21. “Between-session”, “between- within- session”, and
“within-session” schedules

According to the timeline, the tests for reinstatement of extin-
guished drug-seeking behavior could be classified into “between-

session”, “between-within-session”, and “within-session” sched-

ules [73]. The “between-session” schedule is that in which drug
SA training, extinction training, and subsequent tests for rein-
statement behavior are conducted on separate days [18]. The
“within-session” schedule is that in which drug SA training, extine-
tion training, and tests for reinstatement behavior are conducted on
the same day [86]. The “between-within-session” schedule is that
in which drug SA training is conducted over days, but the subse-
quent extinction training and tests for reinstatement behavior are
determined on the same day following different periods of drug
withdrawal [19].

For an SA-extinction-reinstatement procedure in mice,
“hetween-session” [29,48,97,99,100] and “between-within-
session” [39] schedules have been used to determine drug-primed
reinstatement of extinguished drug-seeking behavior. In the
“hetween-session” schedule, longer extinction periods increase
the similarity of the animal model to drug relapse in the human
setting [10]. However, repeated testing under extinction con-
ditions may result in the attenuation of operant responding
to drug-priming injections according to the “between-session”
schedule,. Using the “between-within-session” reinstatement
schedule, Highfield et al. [39] have found that 129X1/Svd mice
show modest drug-primed reinstatement behavior after a priming
injection with cocaine at a dose of 6.0mg/kg (iv), although
lower doses of cocaine (1.5 and 3.0 mg/kg, i.v) failed to reinstate
cocaine-seeking behavior. In contrast, using the “between-session”
reinstatement schedule, Fuchs et al. [29] have found that in
C57BL/6 mice, cocaine-seeking behavior is not reinstated after a
priming injection with a wide range of doses of cocaine (0,1,25,5,
10, 20, and 40 mg/kg, i.p.) according to a between-subjects design.
We have previously reported that the drug-primed reinstatement
behavior in mice seems to be transient [99]. If this is the case, it
would seem difficult to observe reinstatement behavior induced
by the priming injections of addictive drugs, after a prolonged
period of repeated extinction training in the “between- sessions”
schedule. Thus, the different time schedules used by the two
research groups may provide one possible explanation for this
discrepancy (the “between-within-session” vs. the “between-
session”). The iv. priming injections of addictive drugs seem to
be much more effective of reinstating extinguished drug-seeking
behavior than i.p. priming injections in mice [39,48,97]. However,
the iv. drug-primed reinstatement behavior following longer
extinction periods according to the “between-within-session”
schedule seem not to be feasible, since catheter patency is shorter
in mice than in rats. In addition, the “between-within-session”
or “within-session” schedule appears to be a better choice for
drug-primed reinstatement behavior in mice, especially when the
screening of therapeutics is the major goal, because the extinction
training and subsequent test for drug-primed reinstatement
behavior occur on the same day.

2.2.2. Between-subjects versus within-subjects design

Drug-primed reinstatement behavior can be determined with a
between-subjects or within-subjects design. The advantages of the
between-subjects design are as follows. First, the dose-dependent
response tests for drug-primed reinstatement behavior can be
determined on the same day and under the same conditions. Sec-
ond, the effective priming dose of addictive drugs to reinstate
drug-seeking behavior can be clearly shown in the dose-dependent
response curve for drug-primed reinstatement behavior. However,
this design requires the use of a large number of animals, and a
lot of effort for prior drug SA training, especially in the case of
mice. To date, a between-subjects design has mostly been used
to test drug-primed reinstatement behavior in 1odents [29,39].
To save on the number of animals used in experiments, how-
ever, a within-subjects design has also been employed to test
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drug-primed and cue-induced reinstatement behavior [48,99,100].
Although it has been shown that i.p. priming injections of addic-
tive drugs reliably reinstate extinguished drug-seeking behavior in
rats using a between-subjects design, the i.p. priming injection of
cocaine with a wide range of doses (6-40 mg/kg) failed to rein-
state extinguished cocaine-seeking behavior in C57BL/6J and 129
mice [29,39]. Using a within-subjects design, however, it has been
recently shown that the i.p. priming injection of methamphetamine
(METH) dose-dependently reinstated drug-seeking behavior in
the C57BL/6 strain, and subject-regulated i.v. injection of cocaine
reliably induces reinstatement of drug-seeking behavior in the
C56BlL/6Jstrain [29,99]. One may argue that undera within=subjects
design, repeated testing over several consecutive daily sessions in
the same group of animals might reduce the effectiveness of the
drug alone as a reinstating stimulus. Instead, researchers should
consider the opposite case, in which once triggered by higher
effective doses of addictive drugs, the drug-seeking behavior may
remain until, even beyond, the next daily test. Actually, previous
reports have confirmed that repeated testing does not play a role
in the lack of effects of non-contingent drugs alone [29,99].

It would be interesting to further investigate whether a within-
subjects design can overcome the weak effects of ip. priming
injections of other addictive drugs on the reinstatement of extin-
guished drug-seeking behavior in mice.

2.2.3. Priming by intraperitoneal (i.p.) injection versus
intravenous (i.v.) infusion

Both ip. and iv. priming injections of addictive drugs have
been used to test drug-primed reinstatement behavior in rodents
[29,39,48,52,72,99,100]. In rats, i.p. priming is widely used and
consistently effective of reinstating extinguished drug-seeking
behavior [72]. In mice, however, its effectiveness in reinstat-
ing extinguished drug-seeking behavior has been inconsistent
[29,39,48,97,99]. For example, using a between-subjects design,
the ip. priming injection of cocaine at a wide range of doses
(1.0-40.0mg/kg) failed to reinstate drug-seeking behavior in the
C57BL/6 or 129X1/Svd mouse strain [29,39,85]. Also, we have
previously observed that using a between-subjects design, the
ip. priming injection of METH at doses of 0.5 and 1.0mg/kg
failed to induce drug-seeking behavior in the (57BL/6 strain
[97], although similar doses reliably provoke the reinstatement
of extinguished METH-seeking behavior in rats [2]. In contrast,
using a within-subjects design, the i.v. priming infusion of cocaine
seems to be effective at reinstating extinguished cocaine-seeking
behavior in C57BL/6 or 129X1/Svd mice, although one study
employed a“between-within-session” schedule [39], and the other,
a “between-session” schedule and a subject-regulated priming
infusion of cocaine [48]. Similarly, we have reported that at the
doses examined, a combination of an i.v. non-contingent prim-
ing injection and self-infusions of METH reinstated drug-seeking
behavior in the C57BL/6Jstrain [97].

Although the potential mechanism(s) underlying the difference
in reinstatement of extinguished drug-seeking behavior induced
by an ip. or iv. priming injection in mice has not been clar
ified, it has been postulated that in contrast to rats, mice are
sensitive to different discriminative stimulus effects or intero-
ceptive cue(s) produced by an ip. or i.v. priming injection (e.g.
a more rapid onset of action with iv. priming infusions vs. a
slower one with ipp. priming injections), and the interoceptive
cue provided by an ip. priming injection may not be sufficiently
associated with the previously experienced drug reinforcement
via an i.v. infusion [6,48,85]. Although the subject-regulated injec-
tion of cocaine or a combination of a non-contingent i.v. infusion
and a small number of self-administered infusions of METH reli-
ably reinstated drug-seeking behavior in the 129 and C57BL/6J

mouse strains [48,97], it should be noted that the drug-primed
reinstatement behavior might reflect acute extinction behavior
immediately after the cessation of the self-regulated drug infu-
sion. Another drawback of these procedures is the relatively short
patency of the jugular catheter in mice. Thus, we argue that these
experimental designs are not optimal for drug-primed reinstate-
ment behaviorin mice. Interestingly, in recent studies [99,100], we
have successfully demonstrated that an i.p. priming injection of
METH dose-dependently reinstates drug-seeking behavior in wild-
type C57BL/6 mice or glial cell-derived neurotrophic factor (GDNF)
heterozygous knockout animals, by modifying the experimental
procedures [99,100].

2.2.4. Dose-dependent curve and dosing order

Similar to drug SA, the magnitude of drug-primed reinstate-
ment has been shown to be dose-dependent, with low doses
producing a less robust reinstatement than moderate or high
doses [48,70,99,100]. Using a between-subjects design for dose-
dependent drug-primed reinstatement behavior in mice, the
subgroup of animals for each dose and dosing order should be bal-
anced across individual animals based on their drug intake during
drug SA training, since our correlation study has revealed that the
number of active nose-poke responses during the test for effective
METH:-primed reinstatement behavior (at 1.0 mg/kg of METH, i.p.)
is positively correlated with the total amount of METH taken by
individual mice during drug SA training [99].

Importantly, using a within-subjects design, the dosing order
for the priming injection of addictive drugs may be critical for the
successful observation of dose-dependent drug-primed reinstate-
ment behaviorin mice. The order of different doses for the priming
injection of addictive drugs could be randomized by a Latin Squares
design [48], or according to an ascending sequence from saline to
progressively higher doses [39,99,100]. If the former dosing order
is used to determine the dose-dependent curve for drug-primed
reinstatement behavior in mice, it is essential to introduce a few
sessions of extinction training between two tests at different doses
of addictive drugs. In this case, a prolonged testing period may
lead to a failure of transient drug-primed reinstatement behav-
ior in mice [99]. Another limit is that repeated extinction training
may attenuate the subsequent tests for drug-primed reinstatement
behavior in animals, especially in mice [82]. Without the intro-
duction of extinction training between two different doses, on the
other hand, effects of a prior higher effective dose of drug will
mask effects of the subsequent test dose. This is because addic-
tive drug-reinstated drug-seeking behavior theoretically remains
until, even beyond, the next test with a lower ineffective dose
of drugs once the priming injection of additive drugs effectively
reinstates drug-seeking behavior (e.g. a few days and beyond).
In contrast, it is advisable for researchers to use the ascending
sequence (from saline to progressively higher doses) for testing
dose-dependent drug-primed reinstatement behaviorin mice, dur
ing which a possible delay in drug-primed reinstatement behavior
could be detected by consecutively testing forreinstatement behav-
ior(without extinction training between two doses of drug priming
injections) according to a within-subjects design [99].

2.2.5. Non-contingent priming infusions of drug solution prior to
each session of drug SA training

Acommon practice in drug self- ad ministration studies is to start
the training sessions with one or two non-contingent priming infu-
sions of addictive drug solution [73,85]. As in the case of prior
operant training with natural rewards, this manipulation surely
facilitates the acquisition of stable drug self-administration behav-
ior, but it also confounds the interpretation of experimental data
from subsequent tests for drug-primed reinstatement behavior,
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When non-contingent priming infusions of an addictive drug solu-
tion ave given at the start of each training session, they may become
discriminative cues that predict drug availability [12]. As these
priming infusions are not given during the extinction phase, when
the priming injection is reintroduced during subsequent tests for
drug-primed reinstatement behavior, it may reinstate drug-seeking
because of its discriminative stimulus properties (ie., it informs
the animals that the drug is now available or that subsequent lever
presses will lead to contingent drug infusio ns). Thus, when priming
infusions of an addictive drug solution are given prior to each train-
ing session, their effects on reinstatement behavior afterextinction
may be due to their discriminative stimulus effects, incentive moti-
vational effects, or both. To avoid confounding influences in studies
of drug- primed reinstatement behavior, therefore, itwould be opti-
mal to avoid non-contingent priming infusions at the onset of each
training session [73]. When researchers are not targeting drug-
primed reinstatement behaviox, or relapse to abuse of reinforcers
such as nicotine, alcohol, and morphine, however, non-contingent
priming injections of the addictive drug solution at the start ofeach
training session may be a good alternative to operant training with
natural rewards and/or food/water restriction.

Taken together, consistent with previous studies in rats {21,521,
the reinstatement procedure itself (e.g. extinction conditions or
extinction- reinstatement schedules) plays an important role in the
successful observation of the drug-primed reinstatement of extin-
guished drug-seeking behavior in mice.

2.3. Cue-induced reinstatement behavior

Tt has long been recognized that drug-conditioned environmen-
tal stimuli are important determinants of drug-seeking behavior
[22,32]. Accordingly, external stimuli (typically light and/or tones
that have been repeatedly paired with drug delivery) can provoke
reinstatement of extinguished operant responding when presented
response-contingently or non-contingently during reinstatement
testing [3,30,95]. One possible explanation for this effect is that
the conditioned stimuli are acting as secondary reinforcers. A sec-
ondary reinforcer refers to a previously neutral stimulus (e.g. tone
or light) that has acquired reinforcing properties through its prior
association with a primary reinforcer (e.g. food or drugs) [12].
Therefore, operant responding during the test session may have
been maintained by the cue’s ability to function as a secondary
reinforcer.

Similar to previous reports in rats [18,60] and monkeys
[33], it has been reported that drug-associated cues reli-
ably reinstate extinguished drug-seeking behavior in various
mouse strains (including mutant animals) for different addic-
tive substances such as cocaine, METH, alcohol, and nicotine
[29,39,48,59,69,88,97,99-101]. Regardless of procedural factors, to
date, cue-induced reinstatementbehavior appears to be very robust
in mice when compared with drug-primed or stress- triggered rein-
statement behavior [29,39,48,59,69,88,97,99-101]. This procedure
isexpected to open awindow to investigate roles ofcandidate genes
in the secondary reinforcing properties of environmental cues pre-
viously associated with the delivery of drug solutions.

2.4. Stress-stimulated reinstatement behavior

Human and animal studies have suggested that stress is one
of the most important factors in drug relapse after a period of
abstinence [27,57,66,80]. Although stress-triggered reinstatement
behavior has been widely investigated in rats, the data on stress-
stimulated reinstatement behavior in mice are very limited [4,39].

Food deprivation has been regarded as a stressor because it acti-
vates the hypothalamic-pituitary-adrenal stress axis in animals

[39,66]. As a slight stressor, food deprivation has been reported
to reliably reinstate cocaine-seeking in the 129X1/Svd strain, but
the magnitude of operant responding is dependent on the level of
food deprivation (22 hvs. 1 h deprivation) [39]. It hasbeen reported
that as a widely used stressor in animal models, foot shock is able
to reinstate nicotine-seeking behavior in mouse individuals with
high stress sensitivity, although there is no significant difference
in acquisition and maintenance of nicotine consumption between
individuals with high stress sensitivity and those with low stress
sensitivity [4]. This suggests that a genetic predisposition to high
stress sensitivity may specifically contribute to vulnerability to
drug relapse. In humans, psychosocial stress elicits and increases
the urge to smoke [24], and abstaining smokers report that they
have stress [65] and difficulty dealing with stress [76]. Therefore,
it could be worth extending the present model of stress-triggered
relapse to other mouse strains and identifying specific genetic risk
factors that may contribute to stress-triggered drug relapse.

3. Characterization

In the last decade, an SA-extinction-reinstatement procedure
has been widely used in rats to elucidate potential factors and
mechanisms underlying drug relapse [26,72,73]. Recently, efforts
have been made at a similar procedure in mice. Based on docu-
mented reports and our own experiences, we try to summarize
some characteristics of extinction-reinstatement behavior in mice

as below (Table 2).

3.1. Extinction

3.1.1. Resistance to extinction

It has been reported that rats typically take about 6-10 daily
sessions to extinguish cocaine-, METH-, heroin-, and nicotine-
seeking behavior with a “between-session” extinction schedule
[2,54]. Under similar conditions in mice, however, it has been
reported to take 10-20 daily sessions to extinguish cocaine- ,METH-
, nicotine- or alcohol-seeking behavior [4,29,39,69,97,99-101]. In
our studies of METH-seeking behavior, a few C57BL/6 mice took
one month or more to lose METH-associated operant respond-
ing following METH (0.1 mg/kg/infusion) SA training (unpublished
data). This phenomenon is consistent with previous observations
of alcohol-seeking behavior in mice [101]. Interestingly, the resis-
tance to extinction in mice is similar to the case in human addicts
[13,14,31,34,38,58], although the possible mechanism(s) undexly-
ing the resistance to extinction in mice remains unclear. Some
researchers argue that the increased extinction resistance in mice,
as compared with that in rats, may result from species- specific
hyperactivity, procedural difference, even difference in behavioral
criteria, but do not imply that the mouse model ofrelapse possesses
stronger construct validity than the rat model {29].

3.1.2. Attenuation of reinstatement behavior by repeated
extinction training

Similar to the case in rats, repeated extinction training reduces
the magnitude of subsequent reinstatement of drug seeking
behavior in mice [29,99,100]. We have reported a decrease in drug-
seeking behaviorinduced by METH- associated cues with pro longed
withdrawal and repeated sessions of extinction training in the
wild-type C57BL/6 strain, GDNF heterozygous knockout animals,
and GDNFwild- type littermates [99,100]. These observations seem
inconsistent with previous reports that the magnitude of extinction
responding and subsequent cue-induced reinstatement behavior
often shows evidence for incubation of drug-craving behavior fol-
lowing a delay of several weeks in rats [55]. This discrepancy
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Table 2

Characteristics of extinction-reinstatement behavior in rats and mice

Operant behavioral items Rats Mice

Duration of extinction fraining Shorter Ionger [29,78,97,101]
Time-dependent incubation of drug craving Yes Not detected yet

Drug-primed reinstatement Yes Weak and transient [29,39.48,97,99}
Cue-induced reinstatement Strong and long-lasting Strong and long-lasting [29,39,97,99]
Stress-triggered reinstatement Yes Yes but limited [4,39]

may be because the extinction responding and subsequent cue-
induced reinstatement behavior in our study were examined after
repeated cycles of extinction training (a within-subjects design),
since repeated training decreases the propensity for drug relapsing
[82].

3.2. Drug-primed reinstatement

3.2.1. Weak effects of drug priming on reinstatement behavior

There are a few reports related to drug-primed reinstatement
of drug-seeking behavior in mice. It has been reported that the
ip. priming injection of cocaine fails to 1einstate drug-seeking
behavior in the C57BL{6 and 129X1/Svy strains [29,39]. The iv.
priming infusion of cocaine could reinstate drug-seeking behavior,
but only at the highest dose examined (6.0 mg/kg) [39]. Recently,
using a within-subjects design, it has been demonstrated that
response-contingent access to cocaine dose-dependently rein-
states drug-seeking behavior [48]. Under similar conditions, we
have previously found that the i.p. priming of METH fails to reinstate
drug-seeking behavior in the C57BL/6 strain, although a combina-
tion of non-contingent intravenous (i.v.) priming and self-injected
METH increases reinstatement behavior in the absence of METH-
paired stimuli (cue- and hole-lamps) and without METH infusion
prior to self-injection [97]. However, we have recently found that
using a within-subjects design, the i.p. priming injection of METH
dose-dependently reinstated drug-seeking behavior in wild-type
C57BL/6 mice, GDNF heterozygous knockout animals, and GDNF
wild-type littermates, by improving the experimental procedures
[99,100]. It should be noted that MEIH-primed reinstatement of
drug-seeking behavior in GDNF wild-type littermates is weaker
than that in the C57BL/6J strain [99,100]. Although it remains
unclear whether the effects of drug priming injections on rein-
statement of extinguished drug-seeking behavior are much weaker
in mice than that in rats, these findings in mice suggest at least
three points. First, the effects of priming injections of addictive
drugs on the reinstatement of drug-seeking behavior are weaker in
mice than in rats, Second, the drug-primed reinstatement of drug-
seeking behavior in mice seems to be sensitive to experimental
procedures including the route of drug priming administration, a
within-subjects design, or a between-subjects design [99]. Third,
similar to distinct drug SA behavior in various mouse strains, the
drug-primed reinstatement of drug-seeking behavior is expected
to be different in various mouse strains including inbred and out-
bred strains, since genetic background plays an important role in
the development of drug dependence and relapse {68].

3.2.2. Transient drug-primed reinstatement behavior

Using a within-subjects design, we have recently found in the
C57BL/6 strain that METH-primed reinstatement of extinguished
drug-seeking behavior disappears within 2 months after with-
drawal from METH self-administration. In contrast, cue-induced
reinstatement of extinguished dirug-seeking behavior lasts for at
least 5 months after withdrawal from METH self-administration
in wild-type C37BL/6 mice and GDNF heterozygous knockout ani-

mals, whereas the cue-induced reinstatement of extinguished
drug-seeking behavior also disappears within half a year in GDNF
wild-type littermates [99,100]. If this is the case for all addic-
tive drugs, researchers may have to take experimental procedures
into consideration during testing for drug-primed reinstatement of
extinguished drug-seeking behavior in mice.

3.3. Cue-induced reinstatement

3.3.1. Strong effects of drug-associated cues on reinstatement
behavior

In contrast to the weak effects of drug priming injections
on drug-seeking behavior in mice, to date, all reports have
indicated that drug-associated cues are so strong that cue-
induced reinstatement behavior is readily observed in mice
under different conditions including a between-subjects design
or within-subjects design, a “between-session” schedule or
“between-within-session” schedule, different types of addictive
substances (e.g. cocaine, METH, alcohol), and various mouse strains
(e.g. C57BL/6, 129X1/Sv] mutant mouse strains, and theirwild-type
littermates) [29,39,48,59,69,88,97,99-101]. These findings suggest
that the cue-induced reinstatement of drug-seeking behavior in
mice is a reliable and useful model of relapse with which to
identify specific genes involved in vulnerability to drug depen-
dence/addiction in humans.

3.3.2. Long-lasting cue-induced reinstatement behavior

In contrast with the transient nature of MEIH-primed rein-
statement behavior in mice, we have recently found that
METH-associated cue-induced reinstatement behavior in the
C57BL/6Jstrain or GDNF heterozygous knockout animals persisted
for at least 5 months (presumably equivalent to 8-10 years in
humans) [99,100]. Different from previous reports that cue-induced
reinstatement often shows evidence for incubation of drug-craving
behavior following a delay of several weeks in rats [55], there was
a decrease in drug-seeking behavior induced by METH- associated
cues with prolonged withdrawal and repeated sessions of extinc-
tion training in our studies. One plausible explanation for this
discrepancy is that the cue-induced reinstatement behavior in our
study was examined after repeated cycles of extinction training
(a within-subjects design), since repeated training decreases the
propensity for a relapse of extinguished drug-seeking behavior
[82]. Another plausible explanation is that the session time for
METH self-administration training was 3 h, whereas a longer time
(e.g. prolonged access to addictive substances) seems to be criti-
cal for the demonstration of incubation of drug craving in rodents
[52,55].

3.4. Shress-stimulated reinstatement

To date, there have been only two reports showing the
stress-triggered reinstatement of drug-seeking behavior in mice
[4,39]. The 129X1/SvJ mouse strain has been reported to show
time-dependent reinstatement of extinguished cocaine-seeking
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behavior after food deprivation (as mild stress) [39]. It was recently
reported that footshock triggered reinstatement of extinguished
nicotine-seeking behavior appeared to depend on individual sen-
sitivity to stress in the F2 generation from an intercross of high
(C57BL/6J and low (C3H/J emotional mouse strains [4]. These
findings suggest the effect of stress to be weak and limited when
it comes to reinstating drug-seeking behavior in mice, as com-
pared with the ability of stress to trigger drug-seeking behavior
in rats. Furthermore, specific genes or genetic background are
expected to be critical for stress-induced reinstatement of extin-
guished drug-seeking behavior [4]. In the near future, it would
be interesting to extend the present findings of food depri-
vation or footshock-triggered reinstatement behavior to other
mouse strains or other types of physical or psychological stress
stimulation.

3.5. Correlation between drug SA, extinction, and triggering
factors of reinstatement behavior

Similar to the case in rats [21,52,81], the amount of drug intake
during drug SA training in mice should have profound impacts on
subsequent tests for reinstatement behavior. It has been reported
inthe 129X1/Svdstrain that a high correlation (r=0.7) was observed
between cocaine intake during training and the effect of prim-
ing with a high dose of cocaine on reinstatement behavior [39].
Recently, our correlation study has revealed in C57BL/6Jmice that
there is a positive correlation between the total amount of METH
taken by individuals during SA training and the magnitude of
METH:- primed reinstatement behavior [99]. However, there was no
correlation between the total amount of METH taken by mice dur
ing SA and the number of active nose-poke responses during the
test for cue-induced reinstatement, or the first session of extinction
training, although individual mice show much variationinthe num-
berofextinction sessions required to achieve the extinction criteria
[29,48]. Also, there was no correlation in the number of active
nose-poke responses between the testing for METH:- primed rein-
statement and the testing for cue-induced reinstatement, probably
suggesting that METH- primed and METH- associated cue-induced
reinstatement involve different neural substrates or transmission
pathways. In addition, it has been reported that foot shock
stimulated reinstatement of nicotine-seeking behavior in mice
mainly depends on individual reactivity to stress rather than nico-
tine SA behavior [4], although in rats, the amount of total drug
intake during drug SA training appears to influence the magni-
tude of reinstatement behavior induced by footshock stimulation
{81l

There seems no positive correlation between the rate of oper
ant responding during drug SA training and the magnitude of
subsequent reinstatement behavior. It has been reported that
under an FR1 schedule, the training dose of cocaine (0.2, 0.4, or
1.0 mg/kg/infusion), which leads to a high, modexate, or low rate of
operant responding, respectively) does not alter the magnitude of
reinstatement behavior induced by cocaine priming in rats [16]. In
addition, regardless of the training dose, food restriction enhances
the effect of cocaine priming on reinstatement behavior. It has
been found that after SA reinforced by heroin (0.025, 0.05, 0.1,
or 0.2 mg/kg/infusion); FR1 schedule) or cocaine (0.25, 0.5, 1.0, or
2.0 mg/ke/infusion); FR1 schedule) on alternate days, the rate of
operant responding in rats during training (which is high with low
doses and low with high doses) does not predict the magnitude
of operant responding to cocaine or heroin priming after extinc-
tion training [53]. In contrast, a previous report has shown that
the rate of operant responding during drug SA training is nega-
tively correlated with the magnitude of cue-induced reinstatement
[49].

4. Concluding remarks

Although available reports are limited on the extinction-
reinstatement behavior in mice, there is an impetus for researchers
to pursue mouse models at least based on the following two points:
identification of potential genetic factors involved in drug relapse,
and much similarity between the mouse model of extinction-
reinstatement behavior and the observed characterizations of drug
abstinence and relapse in human addicts. Mice with targeted gene
mutations, such as transgenic and knockout mice, provide a pow-
erful tool for investigating candidate genes/proteins that may be
involved in drugs of abuse in humans [17,50,78]. Thus, it is likely
that future studies using mouse models of reinstatement behav-
ior will yield important information on the role of specific genes
in drug-relapsing behavior. In addition, the magnitude of the rein-
statement behaviorinduced by drug priming, drug-associated cues,
and stress stimulation seems to decrease with the duration of with-
drawal from drug SA (199,100], and our unpublished observation).
This phenomenon seems to be similar to the case in human addicts,
in which the risk rate for drug relapse appears to decrease with
the duration of abstinence from addictive drug-taking behavior
[13,14,31,34,38,58]. In contrast, the time course of vulnerability to
reinstatement behavior in rats is opposite to that of relapse risk in
human addicts [55].

In addition to the SA—extinction- reinstatement procedure, other
extensions of the drug SAmodel can also be used to identify specific
risk genes/proteins involved in the end-stage of drug abuse. One
example is that animal paradigms under a second-order schedule
of reinforcement could be used to evaluate drug-seeking behav-
jor in rats based on cocaine self-administration [3,78]. Another
example is the “incubation” of drug-craving behavior in rats with
an increase in the duration of withdrawal from cocaine SA [55]. A
third example is escalated drug consumption in rats originally with
prolonged access to cocaine through SA, and then being extended
to other addictive drugs such as heroin, and METH [1,46,52]. A
recent example of extension is addiction-like or compulsive drug-
taking behaviorin rats. After prolonged cocaine SA, cocaine-se eking
behavior in rats becomes compulsive [20,92]. In the near fature,
these extensions of the drug SA model in genetically modified ani-
mals may help to identify potential specific genes/proteins involved
in the late stages of drug dependence/addiction.

In conclusion, the SA-extinction-reinstatement procedure and
distinct characteristics of drug-primed, cue-induced, and stress-
triggered reinstatement of extinguished drug-seeking behavior
in mice may provide a new platform for identifying specific
genes/proteins involved in drug relapse by using genetically mod-
ified animals. Using this mouse model of relapse, several specific
genesormolecules have beenidentified asimportantin vulnerabil-
ity to drug relapse [59,69,100]. Future studies will need to extend
the present SA-—extinction-reinstatement procedure to additional
mouse strains, as well as genetically manipulated animals. Fur
ther characterization of extinction and reinstatement behavior
induced by various addictive substances in different mouse strains
will increase our understanding of the genetic and neurobiological
mechanism(s) underlying drug relapse in humans.
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ARTICLE INFO ABSTRACT

Article histbry: Early-life stress during the postnatal period could precipitate long-lasting alterations in the functional
Received 2 August 2008 properties underlying emotional expression in humans, but how the psychological stress of cross-fostering
Received in revised form 21 October 2008 affects emotional behavior during adulthood in mice remains primarily unknown. The purpose of the
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present study was to examine the long-term effects of cross-fostering on the emotional behavior and
cognitive functions of ICR offspring in adulthood. Cross-fostering was performed from postnatal day 7 for
3 weeks. Mice were divided into three groups: (1) biological group: pups born from ICR dams fostered by
their original mothers; (2) in-foster group: pups born from ICR dams but adopted by other ICR dams and
(3) cross-foster group: ICR pups adopted by C57 darns. ICR mice were subjected to behavioral experiments

Available online 6 November 2008
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Emotional behavior at the age of 8 weeks. Emotional behaviors in the cross-fostered mice were significantly altered in the
Cognitive function open-field, elevated plus maze and forced swimming tests, as well as social interaction tests. However,
Serotonin the cross-fostered mice showed normal memory function in the Y-maze and novel object recognition

Mice tests. The contents of serotonin metabolisms were decreased in the prefrontal corfex and hippocampus
indicated the deficit of serotoninergic neuronal function by cross-fostering. These findings suggested
that the early-life stress of cross-fostering induced long-lasting emotional abnormalities, which might be
possibly related to alterations of serotonin metabolisms.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Stressful events have been implicated in the onset or exacer-
bation of psychological disturbances in humans {2]. Exposure to
adverse events early in life, such as childhood neglect and physical
or sexual abuse is regarded as one of the most prominent envi-
ronmental factors associated with the increased risk of emotional
disorders |{13]. Evidence is mounting to support the hypothesis
that adverse early environments underlie vulnerability to a vari-
ety of psychological disorders, such as anxiety, depression and
schizophrenia {6,7}.

Early-life stress, during the prenatal or postnatal period, exerts
lasting effects on neural development thus affecting behavior in
rodents {1,33]. For instance, rats exposed to prenatal stress in utero
exhibit increases in anxiety or depression-like behaviors [20,36]
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Nagoya 468-8503, Japan. Tel.: +81 52 839 2735: fax: +81 52 839 2738,
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and impaired cognitive function with aging [33]. Prenatal stress
also induces long-term changes in neurobiological systems, includ-
ing hyperactivity of the hypothalamo-pituitary-adrenal (HPA) axis
in response to later stress [20]. Changes of postnatal interactions
with pups and dams could-profoundly affect the emotionality as
well as cognition of offspring in rats too [3]. It has been reported
that maternal deprivation for long periods during the first 3 weeks
of life impairs emotional behavior and affects pyramidal dendritic
outgrowth in the prefrontal cortex [29]. In contrast, some post-
natal manipulations have opposite effects on the development of
offspring. Repeated maternal separation for a period of 15min
each day for 3 weeks, known as postnatal handling, has anxiolytic
properties, which reduces anxiety-like behavior in aduit rats [36),
improves the performance of aged offspring in cognitive tasks [17),
and attenuates stress-induced secretion of corticosterone.
Cross-fostering as a kind of postnatal psychological stress, could
modify the mother-infants relationship early in life and mimic
the psychology of childhood adoption which has frequently hap-
pened recently, Clinical researchers have reported that adopted
children with a history of prenatal substance exposure {4,28] or
placed relatively late in their adoptive home are at heightened



L Lu et al. } Behavioural Brain Research 198 (2003) 172~178 173

risk of social, inteliectual, and emotional problems [32]. Animal
studies have also shown different responses of pups to adoption
caused by differences in maternal care: BALB/cBy] dams displayed
tess nursing and ficking/grooming of pups and spent less time in
the nest than CS57BL/6By] dams {10,11,30]. Other researchers have
examined the influence of the interaction between genetic sus-
ceptibility and environmental factors on emotional behavior and
reported that cross-fostering affects the level of anxiety in rats
{12.39], These findings indicate that cross-fostering may affect the
behavior of offspring. However, most researchers have focused on
the differences in maternal care between several species. It remains
to be determined whether cross-fostering has long-lasting effects
on emotionality as well as cognition in offspring during adulthood
in ICR mice.

In the present study, to systematically investigate long-term
effects of cross-fostering on emotional and cognitive functions in
offspring, we examined emational behavior, response to stress,
social interaction, and cognitive function in adult ICR mice which
had experienced cross-fostering for 3 weeks,

2. Materials and methods
2.1. Animals

Pregnant ICR and CS7BL/6Hms Slc dams (E12) obtained from SLC Japan
(Shizuoka, japan} were maintained op a 12/12-h light/dark cycle {lights on from
08:00 ro 20:00) with free access to food (CE2; Clea Japan In¢., Tokyo, Japan} and
water, Dams were housed individually till parturition. I€R pups were weaned at 28
days of age and housed by sex in each group. Male pups were used for behavioral
analyses at the age of 8-9 weeks. All of the behavioral experiments were carried out
in a sound-attenuated and air-conditioned experimental room {23+£1°C, 58 +5%
humidity}. The mice were habituated for at least 30 min before the tests and ail
behavioral tests were recorded by DVD camera {o reconsider these resalts, The exper-
iments were performed in accordance with the Guidelines for Animal Experiments
of Meijo University and the Guiding Principles for the Care and Use of Laboratory
Animals approved by the Japanese Pharmacological Society (2007).

2.3, Cross-fostzring procedure

Cross-fostering was performed at the postnatal day 7 (PD7) and completed
within 5 min. Litters which consisted of 10 puaps per dam with an equal number
of males and females were used when possible. in this way, mice were divided into
three different groups: (1) biclogical group: pups born from ICR dams and fostered
by their original mothers; (2} in-foster group: pups born from ICR dams but adopted
by other ICR dams and (3) cross-foster group: ICR pups adopted by €57 dams. All of
the pups in each litter were taken out from their original cages and shortly separated
from their eriginal dams. Then, for the biclogical group, pups in the same litters were
retumed to their own dams one by one; for the in-foster group, the pups were put
into their adepted dams within the same strain; while for the cross-fostered pups,
they were put into other cages of C57 dams. All of the litters were composed of pups
with same development history. Each group for each fime contained more than three
litters and were repeated more than 3 times. All of the pups were weighed once 2

_week from birth to 8 weeks old. Male offspring were randomly used to check the
behavioral changes and biochemical analyses.

2.3. Open-fleld test

As previously described {23}, the apparatus for the open-field test consisted of 3
square area with black walls (£40 cm x W40 an x H 40 am) and was set inthe exper-
imental room. The floor of the field was divided into 64 identical squares (16 center
squares, 16 corner squares and 32 other squares) so that the ambulation of mice
could be measured, A light (100 W bulbs} was positioned 100 cm above the center.
Each mouse was placed in the same corner square of the apparatus and aliowed to
explore freely for 5 min. During this period. the latency to cross the center squares,
the time spent in the center and the corner sguares, the numbers of ambulation,
rearing and grooming events, and the frequency of defecation as well as urination
were counted [30]. To count ambulation or rearing, entry inte a square was defined
as al} four legs being inside the square. At the end of the test, the mouse was returned
to its home cage and the apparatus was thoroughly cleaned with 70% ethanol

2.4. Elevated plus maze test

The elevated plus maze was made of wood and consisted of two open arms
(L25 cmx W8cm) and two closed arms {25 am x W8cm x H20 an) emanating
from a common central platform (8 cm x Bem) fo form a plus shape. The entire

apparagus was elevated to a height of 50 cin above the floor. Testing commenced by
placing 3 mouse on the centra] platform of the maze facing an open arm, and the
standard 5-min test duration was employed. An entry was defined by all four Jegs
entered into the arm. The open arm entries () and the time spent in open amms
{X), and the tofal arm entries were calculated. After each test, the apparatus was
thoroughly cleaned with 70% ethano! as previously described [40).

3.5, Forced swimming east

Mice were placed individuslly in a transparent polycarbonate cylinder
{¢p8cm = H20 am) containing water at 22 *Cto a depthef 11.5 an, and forced o swim
for 2 5-min perjod. The duration of immobility behavier was messured automati-
cally by a SCANET MV-20 {MelguestCo. Ltd., Toyaina, Japan), asdescribed previously
{271

2.6, Social interacHon test

The apparatus for the sodial interaction test was made of a gray polycarbon-
ate {130 cn x W25 o x H 25 am} {31} Lighting in the experimental room consisted
only of a dark light {25 W bulbs) and was diffused to minimize shadows in the arena.
Before the test, each mouse was habituated aione in the apparatus for 10 min on two
consecutive days. On the test day. the mice were randemly asngned according (o
gender to an unfamiliar partner in each group. The pairs of unfamiliar mice were
placed in the apparatus for 10 min and the total arnount of time spent in active sodal
interaction, such as sniffing, grooming, following and mounting as well as cawling
over or under the partner, was recorded. Passive contact (sitting or lying with bod-
ies in contact} was not included in social interaction. At the end of the test, all the
boluses were removed and the apparatos was cleaned with 70% echanol.

2.7, Y-maze test

The ¥Y-maze apparatus was made of woed and consisted of three arms
{(L40cmx Wi2com x H3 cm at bottom, L40am x W12 em x 4 10cm at top) which
converged at equal angles. Mice were placed at the center of the apparatus and
allowed to move freely through the maze during the B-min session. The series of
armn entries was recorded visually. Alternation was defined as successive entry into
the three arms on overlapping triplet sets. Alternative behavior (%) was caleulated
as the ratio of actual alternations to possible alternations (defined as the number of
armn antries minus two) multiplied by 100[25].

2.8 Novel object recognition test

The novel object recognition test was performed following previous reports {211
The test procedure consisted of three sessions: babituation, training, and ratention.
Each mouse was individually habituated to the box (L30 coy x W30 em x H30 am),
with 10 min of exploration in the absence of objects for 3 days (habituarion ses-

ion). During the training session, two objects were placed in the back corner of
the box. A mouse was then placed midway at the front of the box and the total
time spent exploring the two objects was recorded for 10 min. During the retention
session, animals were placed back into the same hox 24h after the training ses-
sion, in which one of the familiar objects used during training was replaced with a
novel object. The animals were then allowed to explore freely for 5 min and the time
spent exploring each object was recorded. Throughout the experiments, the objects
were used in 2 counterbalanced manner in terms of their physical complexity and
emotonal neutrality. A preference index, the ratio of time spent exploring either of
the two objects (fraining session) or the novel object {retention session) over the
fotal amount of time spent exploring both the objects, was used to assess cognitive
function

2.9. Determination of and its bolite levels in the brain

The prefrontal cortex and hippocampus were dissected out from the brains on
an ice-cold plate immediately after the mice were decapitated. Each part of brain
sample was quickly frozen and stored in a deep freezer at ~80°C until assayed.
The contents of norepinephrine (NE). dopamine (DA), 3.4-dihydroxyphenylacetic
acid {DOPAC), homovanillic acid {HVA). S-hydroxytryptamine {5-HT}, and 5-
hydroxyindoleacetic acid (5-HIAA) were determined using high-performance liquid
chromatography with electrochemical detection {411,

2.10. Statistical enalysis

Alldata were expressed as the means 3 S.EM. The analysis of body weight during
the period of cross-fostering was conducted with a two-way analysis of variance
{ANOVA), followed by Bonferroni's test as a post hoc comparison. Other statistical
differences were tasted using a one-way ANOVA followed by Bonferroni’s test. A
probability level of P< 0,05 was regarded as statistically significant.
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Fig. 1. Effect of cross-fostering on body weight. The body weight of pups during the
cross-fostering period from 1 to 4 weeks {A) and at the age of 8 weeks (B). Data are
expressed as the mean + S.EM. for 1018 mice (Bonferroni’s test}.

3. Results

3.1. Effect of cross-fostering on body weight

As reported previously, body weight was considered as
an assessment of cross-fostering, since it was sensitive to
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a change of rearing conditions [12]. To confirm the effect
of cross-fostering, the weight of pups was measured during
the period of cross-fostering and throughout their develop-
ment. As shown in Fig. 1, the pups in the in-foster group
gained weight as observed in the biological group, However,
body weight was significantly lower in the cross-foster group
than the biological or in-foster group during the period of
cross-fostering (Fyoup(za68y = 2240, P<0.01; Fyeen(s 168) = 1394.66,
P<0.0%; Fyroup » weeiqs.168) = 2.13, P>0.05, Fig, 1A). No significant dif-
ferences were observed among the three groups at the age of 8
weeks when all of the behavioral tests were started (Fp 44) = 1.80,
P>0.05, Fig. 1B).

3.2. Effect of cross-fostering on behavior in the open-field test

An open-field test under mild stressful conditions is commonly
used to detect emotional changes in mice [40]. In-fostered mice
showed no changes of behavior in the open-field test compared
with biological mice (Fig. 2). Meanwhile, the mice in the cross-
foster group spent less time in the center squares (F343,=11.87,
P<0.01, Fig. 2B) but Jenger in the corners {Fz 43)=3.61, P<0.05,
Fig. 2C) than either the biological or in-foster group when exposed
to a novel environment under mild stressful conditions in the
open-field. Furthermore, cross-fostered mice showed significant
decreases in ambulation (Fi3 43)=5.26, P<0.01, Fig. 2D) and rearing
(F2.43y=7.03, P<0.01, Fig. 2E) compared with the in-foster group.
There were no significant differences in the latency to the cen-
ter squares (Fiy 43, =0.37, P> 0.05, Fig. 2A), the number of grooming
events {F43y=0.35, P>0.05, Fig. 2F), and the frequency of defeca-
tion (F 43)=0.12, P> 0.05, Fig. 2G) as well as urination (F3 43) = 0.72,
P>0.05, Fig. 2H) in the cross-foster group (Fig, 2).
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3.3. Effect of cross-fostering on behavior in the elevated plus maze

In the in-foster group, no significant changes in behavior in
the efevated plus maze were observed compared with that in the
biological group (Fig. 3). The percentage of open arm entries was
significantly decreased in the cross-foster group compared with
both the biological and the in-foster group (Fa,44)=15.90, P< 0.01,
Fig. 3A). Notably, the percentage of time spent inthe open arms was
remarkably reduced in the cross-foster group compared with the
other two control groups {F,44) = 14.06, P<0.01, Fig. 3B) whereas
total arm entries was unaffected (F(p 44y =2.79, P>0.05, Fig. 3C).

3.4. Effect of cross-fostering on immobility time in the forced
swimming test

To further investigate the emotional response to stvess, we
examined the effect of cross-fostering on forced swimming-
induced immobility, As shown in Fig. 4, the cross-fostered mice
showed a significant increase of immobility time in the first S5min
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Fig.4. Effectofcross-fosteringonimmobility timein the forced swimming test. Data
are expressed as the mean S.EM. for 10-17 mice. *P<0.05, **p<0.01 vs, in-foster
group; #P<0.05 vs. biological group (Bonfestont's test).
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fFig. 5. Effect of cross-fostering on social interaction. Active social interaction behav-
iors, such as sniffing and grooming the partner, following, mounting, and crawiing
under or over the partner were recorded as the time of interaction during this period.
Data are expressed as the mean : S.EM. for 10-17 mice. **P<0.01 vs. in-foster group:
#4p< (.01 vs, biological group {Bonferroni's test).

and total 10 min but not the second 5 min {first 5 min: Fp 42y =9.06,
P<0.,01; second 5 min: Fp,42)=0.74, P=0.48, P>0.05; total 10min:
F2,43,=4.88, P<0.05, Fig. 4}, compared with the in-fostered mice,
which implied a state of increased depression which affected
adaptation to stress. On the contrary, in-fostered mice showed a
significant reduction of immobility time compared with biological
control mice in the first 5 min, but not the second 5 min and total
10min (P<0.05, Fig. 4).

3.5. Effect of cross-fostering on sacial interaction

The in-foster group showed a significant decrease in social
interaction behavior compared with the biological group (Fig. 5).
In addition, social interaction time was significantly shorter in
the cross-foster group than the biological and in-foster groups
(F(z‘qz) =17.84, P<0.0], Flg. 5).

3.6. Effect of cross-fostering on behavior in the Y-maze test

There were no significant differences in spontaneous alterna-
tion behavior among the biological, in-fostered and cross-fostered
mice in the Y-maze test {Fig. 6). The total number of arm entries
was also unchanged among the three groups (F( 44) =0.40, P> 0.05;
Fi2,44)=2.75, P> 0.05, respectively, Fig. 6).
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Fig. 6. Effect of cross-fostering on behavior in the Y-maze test. The percentage
of spontanecus alternation behavior {A). The number of arm entries (B). Data are
expressed as the mean £ $.E.M. for 10-18 mice. There were no significant differences

among the groups {Bonferroni’s test}.
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3.7. Effect of cross-fostering on performance in the novel ohject
recognition test

In the training session, the mice in the biological, in-foster and
cross-foster groups spent equal amounts of time exploring either
of the two objects (F44)=0.21, P>0.05, Fig. 7A), and thus there
was no biased exploratory preference in either group of animals.
In addition, total time spent in the exploration of objects in the
training session did not differ among the three groups (Fiy 44y =0.55,
P>0.05, Fig. 7B).

When retention performance was tested 24 h after the training
session, three were no differences in the level of exploratory pref-
erence for the novel objects among the three groups (Fp; 44)=0.93,
P>0.05, Fig. 7C). The total exploration time did not differ among the
three groups in the retention session either (F3,44)=2.55, P>0.05,
Fig. 7D).

3.8, Alteration of monoamine metabolism in the prefrontal cortex
and hippocampus

To clarify the neurochemical basis of altered emotional behav-
ior in cross-fostered mice, the amount of monoamines and their
metabolites in the prefrontal cortex and hippocampus were deter-
mined. As shown in Fig. 8A, a significant decease of NE, 5-HT and
its metabolites 5-HIAA as well as DA in the prefrontal cortex in
cross-foster group was observed, compared with those in biological
group (NE: F332)=3.93, P<0.05; 5-HT: F52;,=3.80, P<0.05; 5-
HIAA: Fi325y=6.07, P<0.01; DA: F33,)=4.48, P<0.05, Fig. 8A). But,
there were no differences for the contents of dopamine metabo-
lites among groups, including DOPAC and HVA (DOPAC: Fiy23)= 116,
P>0.05; HVA: Fp27)=0.94, P>0.05, Fig. 8A). In the hippocampus,
compared with the biological group, the mice in cross-foster group
also showed significant reduction of 3-HIAA (F325)=7.00, P<0.01,
Fig. 8B), but no changes in NE, 5-HT, DA, DOPAC and HVA (NE:
F(2,25) =0,88, P>0.05; 5-HT: F(z'zs) =2.06, P>0.05; DA; F(z,zz) =292,
P>0.05; DOPAC: F325)=0.63, P>0.05; HVA: Fy35,=187, P>0.05,
Fig. 8B). For the in-foster group, the contents of NE in the prefrontal
cortex and 5-HIAA in the hippocampus were also reduced com-
pared with biological group (Fig. 8A and B). Whereas, the turnovers
of monoaminergic neuronal systems were not affected by in- and
cross-fosterings (data were not showed),

4. Discussion

Cross-fostering as a kind of early-life stress in rodents could
mimic the psychology of children adopted as babies or suffering

neglect as well as physical abuse {34}, Although most adopted indi-
viduals are well adjusted, population-based studies have reported
an elevated risk for psychological maladjustment in adopted
children: compared with representative samples of nonadopted
children [15}, A meta-analysis of findings from more than 25,000
adoptees, revealed significantly more behavioral and emotional
problems among adoptees than nonadoptees [38], Studies in ani~
mal madels have found that cross-fostering within 24 h after birth
affects the maternal behavior and pups' responses [11,30], But, few
articles have systemically examined its fong-lasting effects on emo-
tional or cognitive functions in ICR mice,

Clinical researches have reported that approximately 120,000
children in the USA are adopted annuaily, and adopted individuals
constitute about 1.5 million children at young age [26]. How-
ever, the face of adoption is changing from decreasing domestic
adoptions to a sharp increasing of international ones. Worldwide,
approximately 40,000 children per year are moved between more
than 100 countries through adoption [ 14], Therefore, there is a per-
sistent concern that adopted children may be at heightened risk for
mental health or adjustment problems [16]. To clarify this concern,
we designed the in- and cross-fostering groups to be equivalent to
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Fig. 8. Monoamines and their metabolite contents in the prefrontal cortex and hip-
pocampus. The contents of monoamines and their metabolites in the prefrontal
cortex (A). The rnonoamines and their metabolite contents in the hippocampus (B).
Data are expressed as the mean & S.EM. for 8-10mice. »*P<0.01 vs. in-foster group!
#P< (.05, ¥ P<0.01 vs. biological group {Bonferroni’s test).
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‘the domestic’ and ‘international adoptions', respectively, Further-
more, we also think the degree of stress induced by adoption might
be different for both pups and their adopted dams from in-fostering
and biological groups, Therefore, it might produce different effects
on long-term behavioral abnormality in each group. Some of our
results showed these differences in behaviors and neurochemical
parameters among them.

Previous studies have shown that adoption at different points
in postnatal period affect the responses of pups and dams in rats:
Early adoption on PD1 prevents the stress-induced secretion of cor-
ticasterone which is observed in offspring separated early, reduces
lfocomotor activity in a novel environment, and improves spa-
tial recognitive function [3.8]. In contract, later adoptions (PD5
and PD12) prolong the stress-induced secretion of corticosterone,
increase locomotor response to novelty, and disrupt spatial recog-
nition [3,8]. Furthermore, the second postnatal week has been
reported as critical to establish the proper responses to later stress
in adolescence | 22]. Therefore, cross-fostering was carried out from
PD7 to P28 in the present study to focus on the emotional behavior
of offspring in aduithoed.

Body weight during development has been considered as an
indicator of maternal rearing [12]. In this study, we measured the
body weight of pups throughout their development. No signifi-
cant differences were observed at the age of 8 weeks when all
of the behavioral tests were started. Therefore, it is unlikely that
the behavioral changes in cross-fostered mice are due to malnu-
trition in adulthood. On the contrary, the body weight of ICR pups
was reduced by cross-fostering during the period of adoption, indi-
cating the maternal rearing by C57BL/6 dams is impaired by the
adoption of a different strain of pups and the ICR pups is sensitive
to adoption by C57BL/6 dams, Other possible explanations for the
decrease in pups' body weight include the number of litters, the
quality of adopted maternal care and the nourishment in milk, etc,
[37). since we have used different strain of mice and alternated the
relationship of dam and pups during their developing period. In
this paper, we merely want to show the final co-effects of these
factors in the first step of experiments, Therefore, we did not sepa-
rate the exact role for each factor. Further researches are needed to
clarify whether each factor differently influences on body weight
in cross-fostering.

The changes in emotional behavior of mice were examined by
the open-field, elevated plus maze and forced swimming as well as
social interaction tests, In the open-field test, the mice are exposed
to aversive stimuli (novelty, lit, and open area) to avoid and new
places to explore. The internal conflict is measured by the duration
of stay in peripheral areas and avoidance of the center area, called
thigmotaxis, and the number of ambulation or rearing events is
thought to reflect the exploratory tendencies in mice [35]. In the
present study, the cross-fostered mice showed an increase in thig-
motaxis and decrease in exploratory tendencies, The results were
consistent with the previous report that C57BL/6By] mice raised
by BALB/cBy] dams spent less time in the center of the open-field
area [30]. Furthermore, in the elevated plus maze test, the cross-
fostered mice showed a decrease in the both of the number of open
arm entries and the time spent in open arms, parameters of poten-
tial anxiety in mice [18]. Taken together, these behavioral studies
suggested the cross-fostered mice are in a state of increased anxi-
ety. Immobility time in forced swimming test is used to evaluate the
state of stress or depression since it can be increased by stressors
and reversed by some antidepressants [9]. The cross-fostered mice
showed a significant enhancement of immobility time during the
first 5 min in the forced swimming test which suggests increased
sensitivity to stress or inappropriate coping responses when fac-
ing severely stressful situations, Social withdrawal is regarded as a
feature of emotional disorders | 19]. We examined the social behav-

ior of offspring in adulthood. The social interaction time in the
cross-foster group was remarkably shorter than thatinthe in-foster
group. Interestingly, the mice not only in cross-foster group but
also in-foster group showed a significant decrease in social interac-
tion behavior compared with those in the biological control group,
suggesting the social interaction test may be more sensitive for
detecting the behavioral changes of fostering. Taken together, all of
the behavioral resuits indicate that the cross-fostered mice were in
a state of high emotionality and so failed to adapt to other stressors.

Cognitive function was also evaluated by measuring the spon-
taneocus alternation behavior of mice in the Y-maze test (an index
of spatial memory) and exploratory preference in the novel object
recognition test (an index of visual recognition memory) |25}, There
were no significant differences in cognitive function among the
different fostering groups suggesting that the cross-fostered mice
were normal in cognitive function including short-term memory
and visual recognition memory in ICR mice, However, the data sup-
porting unaffected memory are inconclusive: later adoption from
PD5 or PD12 has been reported to impair memory in the Y-maze
test for male adult offspring in rats, whereas early adoption from
PD1 has the opposite effect [3]. The differences may be partly due
to either the period of cross-fostering or the strains of mice in each
study. Therefore, we cannot make such conclusion that the stress
of cross-fostering might not be strong enough to impair learning or
memory in [CR mice. Other types of memory should be tested such
as spatial memory, contextual memory, latent learning associated
with selective attention and motor learning.

In the present study, we used the same offspring for behavioral
tests, repeatedly, to measure various emotional and cognitive func-
tions, Itis unlikely that the carry-over effects of previous behavioral
tests would affect the following behavioral tests, since (1) each
behavioral test consists of different parameters which affect moti-
vation and curiosity, etc., (2) all groups have the same influences
from previous behavioral tests and (3) we compared them with the
control one, The control group in the present study did not show
any behavioral abnormality compared with that in our previous
studies [23,2540].

To investigate the neurochemical basis of these emotional
abnormalities, we measured the levels of monoamine neuro-
transmitters and their metabolites in the prefrontal cortex and
hippocampus, which related to emotional and cognitive function
[40]. We found the contents of 5-HT and 5-HIAA were reduced in
cross-fostered mice, indicating the deficit of serotoninergic neu-
ronal function by cross-fostering, It is well known the serotonergic
system plays a critical role in regulation of emotional stress during
development, and the dysfunction of serotonergic systern has been
implicated in the etiology of emotional disorders [ 16,22]. Therefore,
the aberrant serotonergic system or its receptors induced by cross-
fostering may lead to these emotional abnormalities. Furthermore,
since the dysfunctions of noradrenergic and dopaminergic system
are also related to some stress-induced disorders, such as depres-
sion [5,24], the reduction of NE and DA in the prefrontal cortex
might partly contribute to these emotional abnormalities of cross-
fostered mice in the present study, However, further research is
needed to determine the precise mechanisms of cross-fostering on
impaired emotional behavior in ICR mice.

5. Conclusion

In conclusion, the present study demonstrated that cross-
fostering of ICR pups with C57BL{6 dams from PD7 for 3 weeks
affected the emotionality, but not memory, of offspring in adult-
hood which could mimic the psychology of adoption in humans,
Furthermore, stress-related psychological diseases are known to
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involve both genetic susceptibility and environmental factors, but
the interactions of genes and the eavironment in the susceptibii-
ity to stress are still unclear {7]. The early-life siress induced by
cross~-fostering has important imptications for research into vulner-
ability to stress or the interactions of genetic and environmental
factors using stress or psychiatric disease-related genetic animal
models.
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