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Abstract
Adolescence is characterized by behavioral traits such as emotional lability and impulsivity that are
associated with increased vulnerability to affective illness and addictions. Research in rodents has
found that adolescent rats and mice differ from adults on measures of anxiety-like behavior, novelty-
seeking and stress-responsivity. The present study sought to extend these data by evaluating fear-,
anxiety- and depression-related behaviors in male C57BL/6J mice aged four (early adolescent), six
(peri-adolescent) or eight (early adult) weeks of age. Age-groups were compared on: Pavlovian fear
conditioning and extinction, anxiety-like behavior and exploratory locomotion (using elevated plus-
maze and novel open field), and depression-related behavior (via forced swim test). Results showed
that early adolescent mice exhibited enhanced fear conditioning, but extinguished at a similar rate
as adults. There were no major differences in anxiety-like behavior across age-groups, although early
adolescent and peri-adolescent mice exhibited less exploratory locomotion than adults. Depression-
related immobility behavior in the forced swim test was lower in early adolescents than adult mice
across three test exposures. Present findings in the C57BL/6J inbred strain add to growing evidence
of changes in rodent fear- and stress-related behaviors across the developmental transition from
juvenility through adulthood. Understanding the neural basis of these ontogenic changes could
provide insight into factors could provide insight into the pathogenesis and treatment of affective
disorders that have their origins in adolescence.
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Introduction
Emotional lability, impulsivity and risk-taking are distinguishing characteristics of human
adolescence and are associated with increased vulnerability to a variety of neuropsychiatric
disorders including affective illness and addiction [4,5,44,49,50,52]. The behavioral features
of adolescence are thought to reflect the incomplete maturation of neural systems regulating
emotion and inhibitory behavioral control [8,20,32].
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Previous studies in rodents have shown that adolescents exhibit differences from adult rodents
on measures of fear-, anxiety- and depression-related behaviors and reactivity to stress (for
recent reviews, see [3,43]). For example, adolescent rats have been found to exhibit either
lesser, greater or normal levels of anxiety-like behavior in various behavioral assays as
compared to adults [9,13,15,18,25,41,43,51]. In addition, a number of studies have shown that
conditioned fear responses to footshock in rats emerges in the early adolescent period (reviewed
in [6,23,24,47]). While less research has been conducted in mice, relatively lesser anxiety-like
behavior and relatively greater exploration of novel environments has been reported in some
but not all studies of adolescent mice [1,2,29,34,48]. Existing data on stress-reactivity in
adolescent mice is also somewhat inconsistent, with studies showing both attenuated and
exaggerated neuroendocrine, neural and behavioral responses to stress relative to adults [2,
10,43,48,53], and to our knowledge little work has been conducted on depression-related
behaviors.

The objective of the present study was to clarify and extend these findings by comparing mice
at various stages of adolescent development through early adulthood for fear-, anxiety- and
depression-related behaviors. Associative fear learning and memory was assayed using a
Pavlovian fear conditioning paradigm [28]. Subsequent extinction of the fear memory was also
assessed, to provide a measure of inhibitory fear learning across adolescence [26,38]. Anxiety-
like behaviors were measured using two pharmacologically well-validated exploration-based
tests, elevated plus-maze and novel open field [11,42]. Depression-related behavior was also
tested using a pharmacologically-validated test, the forced swim test [11]. The subjects
employed for this study were C57BL/6J mice, aged four, six or eight weeks considered to
approximate to human early adolescence, peri-adolescence and early adulthood, respectively
[12,30,45]. The C57BL/6J inbred strain was chosen on the basis of its widespread use in
behavioral neuroscience research and its inclusion as a ‘group A’ priority strain in the Mouse
Phenome Project; an international effort to provide the biomedical research community with
phenotypic data on the most commonly used mouse strains
(http://aretha.jax.org/pubcgi/phenome/mpdcgi?rtn=docs/home).

Materials and methods
Subjects

Male C57BL/6J mice were obtained from The Jackson Laboratory (Bar Harbor, ME) at either
3, 5, or 7 weeks of age, with equal numbers of each age-group delivered together in a single
shipment to control for potential effects of the stress of shipping. On arrival, mice were group-
housed (2–4/cage) by age-group in a temperature- (72 ± 5°C) and humidity- (45 ± 15%)
controlled vivarium under a 12 hr light/dark cycle (lights on 0600 h). Testing was conducted
~1 week later when mice were 4, 6 or 8 weeks of age, using separate mice for each experiment.
Mice were acclimated to the test room for 1 hr prior to testing, with the exception of mice tested
for conditioning/extinction, which were acclimated in an adjacent room to avoid exposure to
the conditioned stimulus. Testing was conducted in an order counterbalanced for age. Between
subjects, apparatuses were cleaned with 70% ethanol solution unless otherwise stated. All
experimental procedures were approved by the National Institute on Alcohol Abuse and
Alcoholism Animal Care and Use Committee and followed the National Institute of Health
guidelines outlined in ‘Using Animals in Intramural Research.’

Pavlovian fear conditioning and extinction
Pavlovian fear conditioning and extinction was assessed based on methods previously
described [26,28,39]. Fear conditioning was conducted in a 27 × 27 × 11 cm chamber with
transparent walls and a metal rod floor, cleaned with a 79.5% water/19.5% ethanol/1% vanilla-
extract solution to provide a distinctive olfactory cue. Following a 180 sec acclimation period,
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mice received 4 pairings (60–120 sec variable inter-pairing interval) between a 30 sec, 80 dB,
3 kHz tone (conditioned stimulus, CS) and a 2 sec, 0.6 mA scrambled footshock (unconditioned
stimulus, US), in which the US was presented during the last 2 sec of the CS. There was a 120
sec no-stimulus consolidation period following the final US-CS pairing before mice were
returned to the home cage. Stimulus presentation was controlled by the San Diego Instruments
Freeze Monitor system (San Diego Instruments Inc., San Diego, CA).

Twenty-four hr later, recall or the CS and extinction of the response to the CS were tested.
Mice were placed in a novel context (black/white-checkered walls and a solid-Plexiglas,
opaque floor, cleaned with a 50% ethanol/50% water solution) housed in a novel room.
Following an initial 180 sec acclimation period, the mouse received 50 × 30-sec presentations
of the CS (5 sec no-stimulus interval).

Freezing (no visible movement except that required for respiration) was manually scored every
5 sec and converted to a percentage ([number of freezing observations/total number of
observations] × 100). Freezing during extinction trials were averaged into 10 × 5-trial blocks
for analysis. In a separate set of mice (8/age), reactivity to 3 × 2 sec, 0.6 mA scrambled
footshocks (60–120 sec variable interval) was scored using a visual assessment scale: 0= no
reaction, 1= running around the floor of chamber, 2= running and jumping in the air, 3= wild
running and jumping.

Elevated plus-maze
The elevated plus-maze test was conducted as previously described [7,19,33]. The apparatus
consisted of 2 open arms (30 × 5 cm; 90 lux) and 2 closed arms (30 × 5 × 15 cm; 20 lux)
extending from a 5 × 5 cm central area and elevated 20 cm from the ground (San Diego
Instruments, San Diego, CA). The walls were made from black ABS plastic and the floor from
white ABS plastic. A 0.5 cm raised lip around the perimeter of the open arms prevented mice
from falling off the maze. The mouse was placed in the center facing an open arm and allowed
to explore the apparatus for 5 min. Time spent in the open arms [(open arm time/total session
duration)*100], and entries into the open and closed arms was measured by the Ethovision
videotracking system on the basis of the X-Y coordinates of the center of mass of the mouse
image compared against a template of the dimensions of open and closed arms (Noldus
Information Technology Inc., Leesburg, VA). Percent entries into the open arms relative to
total entries [(open arm entries/total arm entries)*100] was calculated from these measures.

Novel open field
The novel open field test was conducted as previously described [7]. The apparatus was a 40
× 40 × 35 cm square arena (50 lux) constructed of white Plexiglas. The mouse was placed in
the perimeter and allowed to explore the apparatus for 60 min. Total distance traveled in the
whole arena and time spent in the center (20 × 20 cm) was measured by the Ethovision
videotracking system on the basis of the X-Y coordinates of the center of mass of the mouse
image compared against a template of the dimensions of center and perimeter (Noldus
Information Technology Inc., Leesburg, VA). For both the elevated plus-maze and novel open
field tests, the experimenter retreated to a corner of the room and remained quiet and still during
testing.

Forced swim test
The forced swim test was conducted as previously described [7,40]. The apparatus was a
transparent Plexiglas cylinder 25 cm high, 20 cm diameter) filled halfway with water (24 ± 1°
C) such that the mouse could not touch the bottom with its tail. The mouse was gently lowered
into the water and manually observed for the presence/absence of immobility (cessation of
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limb movements except minor involuntary movements of the hind limbs) every 5 sec during
the last 8 min of a 10 min test session every 24 hr for 3 consecutive days.

Statistical analysis
The effect of age was analyzed using analysis of variance (ANOVA) and Newman-Keuls post-
hoc comparisons where appropriate. The effect of trial on freezing during extinction was
analyzed using repeated measures ANOVA. Change in freezing from the first to the last trial-
block during extinction and from first extinction trial-block to the first extinction-recall trial-
block in each age was analyzed using paired t-tests. Statistical significance was set at P<.05.

Results
Fear conditioning and extinction across adolescence

During conditioning there was a significant interaction between age and CS-trial for freezing
(F8,132=2.72, P<.01). Four-week old mice froze more than older mice during the second CS-
trial and more than 8-week olds only on the fourth CS-trial (Figure 1A). Assessment of the
average reaction to footshock during conditioning in a separate cohort of mice revealed a
significant effect of age (F2,21=3.83, P<.05), with 4-week olds (= 1.04 ± 0.17) showing a
significant lesser reaction as compared to 6-week olds (= 1.63 ± 0.16) and a trend for a lesser
reaction as compared to 8-week olds (= 1.46 ± 0.13).

During CS-recall and extinction, there was a significant effect of age (F2,33=15.94, P<.01),
and trial-block number (F9,297=21.70, P<.01) but no interaction for freezing. Four-week old
mice generally exhibited more freezing than older mice, and 6-week old mice freezing more
than 8-week olds (Figure 1A). All age groups showed a decrease in freezing with trial-block.
Examining the change in freezing from the first to the last trial-block, ages did not differ (ns)
(Figure 1B).

Anxiety-like behavior in the elevated plus-maze across adolescence
There was no significant effect of age for open arm time (Figure 2A), open arm entries (Figure
2B), percent open arm entries (data not shown), or closed arm entries (Figure 2C). There was
a significant effect of age for total distance traveled: 4-week old mice traveled a significantly
shorter distance than 6- and 8-week olds (F2,21=9.89, P<.01) (Figure 2D). Differences in total
distance traveled were accounted for by age-group differences in distance traveled in the closed
arms (F2,21=16.92, P<.01, 4-weeks=671 ± 48, 6-weeks=902 ± 41, 8-weeks=978 ± 24 cm).

Anxiety-like behavior and exploratory locomotion in the novel open field across adolescence
As shown in Figure 3A, there was a significant effect of age (F2,29=3.72, P<.05) and time
(F11,319=36.81, P<.01) but no age × time interaction for total distance traveled. Collapsing
across time, post-hoc analysis showed that 8-week old mice were generally more active than
both 4- and 6-week olds. Mice of all age groups showed a progressive decrease in total distance
traveled across the session. There was a significant effect of age for percent time spent in the
center of the open field. As shown in Figure 3B, 6-week old mice showed less percent center
time than 8-week olds (F2,29=3.50, P<.05).

Depression-related behavior across adolescence
There was a significant effect of age (F2,27=13.97, P<.01), but not day, and no age × day
interaction for percent immobility in the forced swim test. As shown in Figure 4, 4-week old
mice showed significantly less immobility than older mice, regardless of age.
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Discussion
The results of the present study demonstrate developmental alterations in various measures of
fear conditioning, anxiety-like behavior and depression-related behavior across the juvenile-
to-adult period in C57BL/6J mice.

Four-week old, early adolescent mice showed more rapid and more robust acquisition of a
conditioned association between an auditory stimulus (conditioned stimulus, CS) and
footshock as compared to older mice. These young mice showed higher freezing than adults
by the second presentation of the CS, demonstrative of augmented one-trial learning.

Enhanced fear conditioning in early adolescent mice was further evidenced by higher freezing
during the last of four CS-shock presentations. Importantly, these differences did not appear
to be due to increased sensitivity to the pain of the footshocks in the early adolescents, as
reactions to footshock was actually lesser in these mice as compared to the older groups.
Enhanced fear acquisition during conditioning was paralleled by relatively greater recall and
expression of the fear response when early adolescent mice were again presented with the CS
twenty-four hours later in a novel environment. Moreover, while mice of all age groups showed
a significant reduction in freezing to the CS with repeated tone presentations (i.e., within-
session extinction), freezing was generally higher throughout the session in the early
adolescents. Thus, age-related differences in fear conditioning were not associated with
differences in rates of within-session extinction learning: the magnitude of the reduction in
freezing from start to the end of the 50-trial extinction session was no different between the
adolescents and adults. Although peri-adolescent mice exhibited normal freezing during
conditioning, overall freezing during the recall and extinction session was modestly but
statistically higher in this age-group than in adults. Taken together, these data suggest that
adolescent mice, particularly during early adolescence, have a greater propensity to acquire
and/or express conditioned fear responses than adults, and extend previous work showing that
various conditioned fear responses, including freezing, develop in early adolescence in rats
(reviewed in [6,23,24,47]). More generally, these findings potentially speak to view that human
adolescence is a period of vulnerability to anxiety disorders characterized by abnormalities in
emotional memory, such as posttraumatic memory (PTSD) [4,5,44,49]. Although beyond the
scope of the current study, elucidating the neural substrates of enhanced fear conditioning in
adolescent mice could provide insight into the pathophysiology of adolescent PTSD [8,32].
For example, examining the development of the amygdala and prefrontal cortex across mouse
adolescence would be of significant interest [26,31,37].

Interestingly, ontogenic shifts in emotional learning and memory were dissociated from
changes in unconditioned anxiety-like behaviors across adolescence. Exploration of the
aversive, open arms of the elevated plus-maze was similar in adolescents and adults; while
exploration of the aversive center of the novel open field was lower in peri- but not early
adolescents than adults. These data concur with the finding that 4-week old Swiss Webster
mice were no different from 8-week olds on the elevated plus-maze at baseline [48] (see also
[21]), but not with another report that 7-week, but not 5-week old CD-1 mice showed lesser
anxiety-like behavior in this test than adults [34], or with data variously reporting either
relatively increased or decreased anxiety-like behavior in adolescents rats in both the elevated
plus-maze, light/dark exploration test and the social interaction test [9,13,15,18,25,41,43,51].
Such differences may be due to methodological differences between studies. Another
potentially critical variable influencing these behaviors and other is genetic background of
mice tested. Mouse strains are well known to differ on various measures anxiety- and
depression-related behavior and stress reactivity (for recent review, see [22]). Recent findings
also demonstrate that adolescent mice of different strains may vary in their anxiety-related
responses to certain environmental manipulations. For example, A/J mice housed with C57BL/
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6J mice during adolescence subsequently exhibited lower levels of anxiety-like behavior in
adulthood as compared to A/J mice housed with conspecifics from the same strain while, in
contrast, anxiety-like behaviors in C57BL/6J mice were unaffected by social housing
conditions [22]. These data suggest that the ontogeny of anxiety- and possibly other ‘emotion-
related’ behaviors may vary across genetic backgrounds, and that a comparison of adolescents
versus adults in different mouse strains, both inbred and outbred, may yield valuable insights.

While indices of anxiety-like behavior were largely similar across age-groups in our study,
early adolescent mice did show lower overall levels of locomotor activity than adults in both
the elevated plus-maze and novel open field, and peri-adolescents exhibited lower locomotion
in the novel open field only, as compared to adults. Further analysis indicated that these
differences were explained by the young mice traveling a shorter distance within the safe
regions of the apparatus (i.e., closed arms of the elevated plus-maze, periphery of novel open
field). Similarly, relatively lesser activity in the open field and light/dark exploration tests has
been reported in, respectively, 5-week old CD-1 mice [2] and 4-week old Swiss Webster mice
[21], as compared to adult counterparts. However, other studies have found relatively greater
novel environment locomotor exploration in adolescent CD-1 mice [1,29], while studies in rats
report both normal and greater open field locomotion in adolescents relative to adults [14,16,
17,35,36,46]. Some authors have proposed that differences in locomotor exploration between
adolescents and adults are related to the extent that novelty drives behavior in a given test
situation and this factor may account for the apparent discrepancies across studies [30].
Notwithstanding, levels of locomotor activity in adolescent mice in the current study are
unlikely to account for the relatively higher levels of active swimming behavior exhibited by
adolescent mice in the forced swim test for depression-related behavior. Thus, early adolescents
showed significantly less immobility than adults across three daily exposures to the test. In
contrast to the step-wise age-dependent differences in fear extinction and locomotor activity
(with peri-adolescents being intermediate), differences in the forced swim test were restricted
to the early adolescent mice. Relatively lesser forced swim test immobility in early adolescents
mimics the effects of antidepressant treatment typically seen in adult rats and mice [11] and as
such can be interpreted as an reduced depression-like profile.

To our knowledge there are no other studies assessing depression-related behaviors in
adolescent rodents. However, pertinent to present findings are data describing altered
behavioral, neural and neuroendocrine responses to stress in adolescent rodents. For example,
using c-fos immunoreactivity as an index of neuronal activation, Kellogg and colleagues
showed that restraint stress produced less activation of certain brain regions mediating stress-
reactivity, including parts of the amygdala and medial PFC, in 4-week old rats as compared to
adults [27]. An attenuated stress-response in adolescent animals is consistent with the finding
that corticosterone responses to forced novelty exposure were lesser in 5-week old CD-1 mice
than adults [2], but not with another showing that adolescent Swiss Webster mice or various
rat strains were more sensitive to social and restraint stress as measured by neuroendocrine
release, body weight reductions and/or increased elevated plus-maze, light/dark exploration
test or open field anxiety-like behavior [10,43,48,53]. Again these data emphasize that task,
species and strain factors likely play a major role in determining anxiety- and stress-related
behavior in adolescent mice and highlight the need for further studies in this area of research.

In summary, the results of the present study demonstrate that the developmental transition from
juvenility through adulthood in mice sees by pronounced changes in fear- and stress-related
behaviors in the C57BL/6J inbred strain. Mice at the early adolescent stage acquired and
expressed conditioned fear responses to a greater degree as compared to adults. In contrast,
unconditioned anxiety-related behaviors in the elevated plus-maze and novel open field did
not differ between adolescents and adults, while depression-related responses in the forced
swim test were lower in early adolescent mice than adults. Thus, differences between
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adolescents and adults appear complex and specific to certain behavioral domains, at least in
this strain of mice, and cannot be explained by a general ‘deficiency’ in fear/anxiety regulation
and stress-reactivity in the younger animals. Rather, the distinct behavioral profile of
adolescent mice likely reflects evolutionary shaped strategies for meeting the unique
environmental demands of this phase of life. Elucidating the neural basis of these behaviors
could shed light on the pathogenesis and improved treatment of neuropsychiatric disorders
such as anxiety and depression that often have their origins in adolescence.
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Figure 1.
Pavlovian fear conditioning and fear extinction across adolescent development. Early
adolescent (4-week old) mice showed significantly more freezing during conditioning than
adults (8-week old), and both early adolescent and peri-adolescent (6-week old) mice generally
froze more during extinction learning than adults (A). Age-groups showed an equivalent
decrease in freezing during extinction training (B). n=12/age-group. *P<.05. Data in Figures
1–4 are Means ±SEM.
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Figure 2.
Anxiety-like behavior and locomotor activity in the elevated plus-maze across adolescent
development. Age groups did not differ in percent open arm time (A), open arm entries (B) or
closed arm entries (C), while early adolescents (4-week old) mice traveled a significantly
shorter distance than peri-adolescent (6-week old) and adults (8-week old) (D). n=8/age-group.
**P<.01.
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Figure 3.
Anxiety-like behavior and locomotor activity in the novel open field across adolescent
development. Early adolescent (4-week old) and peri-adolescent (6-week old) mice traveled a
significantly shorter distance than adults (8-week old) (A). Peri-adolescents spent significantly
less time the center of the open field than adults (B). n=10–11/age-group. *P<.05.

Hefner and Holmes Page 12

Behav Brain Res. Author manuscript; available in PMC 2008 January 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Behavior in the forced swim test for depression-related behavior across adolescent
development. Early adolescent (4-week old) mice showed significantly less immobility than
peri-adolescents (6-week old) and adults (8-week old) across 3 daily swim test trials. n=9–11/
age-group. **P<.01.
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