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Abstract

The extent to which characteristic adolescent behaviors are associated with pubertal changes or
driven by more general, puberty-independent developmental alterations is largely unknown. Using
physiological and hormonal markers of puberty, this experiment characterized pubertal timing
across adolescence and examined the relationships among these variables and novelty-directed
behaviors. Males and females were tested for response to novelty at P28, P32, P36, P40, P44, P48
and P75, and examined for balano-preputial skinfold separation and sperm presence (males) or
vaginal opening (females), followed by blood collection for hormonal assessments. Despite earlier
pubertal maturation in females, with maturation generally completed by P36 in females and P44 in
males, novelty-directed behavior peaked at P32 and P36 in both sexes, and was unrelated to
pubertal measures. These data support the suggestion that the ontogenetic peak in this behavior
during adolescence is not notably puberty-dependent.
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Introduction

Adolescence is a unique transitional period between childhood and adulthood which is
characterized by numerous behavioral, hormonal and neural changes in humans as well as
nonhuman mammals (see Spear, 2000, 2007 for review). Among the age-typical behavioral
characteristics of adolescence evident across a variety of mammalian species are increases in
peer-directed social interactions and novelty/sensation seeking, along with generally higher
levels of alcohol consumption than are evident at maturity (see Spear, 2000, 2010, for
review). Encompassed within the broad adolescent period is puberty — i.e., the processes that
eventually culminate in reproductive maturation, including sex-typical increases in gonadal
steroids and other physiological changes such as the emergence of secondary sexual
characteristics, as well as seemingly associated behavioral alterations such as increased
interest in the opposite sex and sexual desire. Although the terms adolescence and puberty
have sometimes been used interchangeably, they are not synonymous, with puberty a
relatively temporally restricted phase within the broader adolescent period.

Address correspondence to: Courtney Vetter-O’Hagen Department of Psychology Binghamton University PO Box 6000, State
University of New York Binghamton, NY 13902-6000 cvetterohagen@gmail.com Phone: (607)-777-2578 Fax: (607)-777-6418.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Vetter-O’Hagen and Spear Page 2

Prototypic adolescence in humans is often considered to be the second decade of life
(Petersen, Silbereisen, & Sorensen, 1996), with females often maturing earlier than males.
Given the broad developmental period subsumed, some have divided adolescence into early
(ages: ~10-14 yrs), middle (~15-17 yrs) and late (~18-25 yrs) stages (e.g., Baumrind, 1987;
Feldman & Elliot, 1990; Arnett, 2000), with specific physical, hormonal, and
neurobehavioral changes associated with each phase (Feldman & Elliot, 1990). Likewise, a
conservative age range during which both male and female rats appear to exhibit adolescent-
typical neurobehavioral characteristics has been defined as postnatal (P) day 28-42 (Spear &
Brake, 1983; Spear, 2000; Odell, 1990), although females tend to progress into adolescence
slightly earlier, and animals of both sexes, especially males, continue to show some signs of
adolescence for some time thereafter. There has been little systematic investigation of the
time course of adolescence in rats and the unfolding of puberty during this transition.

Although in some individuals the onset of adolescence seems contemporaneous with the
onset of certain pubertal signs (e.g., Petersen et al., 1996), there is substantial individual
variation in both the age of onset and rate of progression through puberty within the broader
adolescent period (e.g., Dubas, 1991; Sun, Schubert, Chumlea, Roche, Kulin, Lee, Himes &
Ryan, 2002). This timing is not inconsequential, with long-lasting differences associated
with early or late pubertal onset (e.g., Michaud, Suris & Deppen, 2006; Zehr, Culbert, Sisk
& Klump, 2007; Negriff, Susman & Trickell, 2010). Among children in the United States,
the mean age of entering puberty in girls is approximately 11 yrs of age, continuing to
completion by approximately 16 yrs of age, with this process delayed about a year on
average in boys (Sun et al, , 2002). In rats, the peri-pubertal period has been suggested to
subsume the interval from about P30-40 in females and P35-55 in males (Ojeda & Skinner,
2006), with physical markers of sexual maturation observed from P32-34 and P45-48 in
females and males, respectively (Lewis, Barnett, Freshwater, Hoberman & Christian, 2002).

Some of the age-typical behavioral and neural characteristics of adolescence may depend
upon the rise in gonadal hormones at puberty, and hence would be considered puberty-
dependent. Yet, some changes during this same general developmental period may be driven
by more general, puberty-independent ontogenetic processes. Studies have only recently
begun to systematically examine these possibilities. Although it is difficult to parse the
relative contributions of pubertal versus non-pubertal maturation processes to adolescent-
typical neurobehavioral alterations in human subjects, this distinction is beginning to be
addressed by relating effects not only to chronological age, but also to objective measures of
pubertal development, such as Tanner’s stage classification of secondary sex characteristics
(Marshall & Tanner, 1968), or subjective self-report measures such as the Pubertal
Development Scale (Martin, Kelly, Rayens, Brogli, Brenzel, Smith & Omar, 2002). Using
this approach, for example, adolescent-typical increases in sensation-seeking have been
suggested to be pubertally-related in humans, based on findings that self-reported sensation
seeking was highly correlated with pubertal stage, but not age, when examining individuals
varying widely in pubertal status across a relatively narrow age range (11-14 yrs old; Martin
et al., 2002). The results of similarly designed studies have provided some initial support for
the suggestion that pubertal status may also play a role in cognitive processing of emotion
and social stimuli as well as motivation and arousal (Steinberg, 2008; Dahl & Gunnar, 2009;
Blakemore, Burnett & Dahl, 2010; Forbes & Dahl, 2010; Forbes, Phillips, Ryan & Dahl,
2011). However, it is difficult to dissociate the relative contribution of pubertal status versus
age in these studies, especially when, as in the majority of these studies, the subjects
examined were similar in chronological age, but varied markedly in pubertal status, thereby
biasing for detection of pubertal status effects over age effects (see Spear, 2009 for
discussion).

Dev Psychobiol. Author manuscript; available in PMC 2013 July 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Vetter-O’Hagen and Spear Page 3

In animal models, examining puberty-dependent versus puberty-independent
neurobehavioral changes can be assessed through pre-pubertal removal of the gonads,
thereby creating animals that do not experience the increases in gonadal hormones
associated with puberty. However, few studies have used this strategy to examine the role of
rising sex hormones on behaviors during the adolescent period, focusing instead on the
potential organizational role of these rising hormone levels for influencing later sex-typical
behaviors in adulthood (e.g., Schulz & Sisk, 2006; Romeo, Schulz, Nelson, Menard & Sisk,
2003; Primus & Kellogg, 1989, 1990). Yet, in a recent a study conducted in our laboratory,
pre-pubertal gonadectomy was not found to influence the high alcohol consumption
characteristic of the adolescent period in male or female rats nor later novelty-directed
behavior (Vetter-O’Hagen & Spear, 2011; Vetter-O’Hagen & Spear, under revision).

Although the results of the latter study support the suggestion that changes in novelty-
seeking may be independent of increases in pubertal hormones, it is possible that examining
this behavior in relation to a variety of pubertal indices may illuminate subtle pubertal
effects on this behavior. Even though prior work has characterized hormonal changes
associated with puberty (Dohler & Wuttke, 1974; Korenbrot, Huhtaniemi & Weiner, 1977)
and physical markers of puberty onset and sexual maturation in rats (Lewis et al., 2002),
there has been little attempt to systematically compare physical and hormonal indicators of
pubertal onset with behavioral measures that may be puberty-related in both males and
females within the same study. Consequently, the purpose of this experiment was to
characterize pubertal timing in male and female rats across adolescence and into adulthood
using physical markers of genital development and pubertal rises in plasma gonadal
hormone levels, relate these measures to ontogenetic responses to novelty, and examine the
relationships among the relative developmental timing of these physical, hormonal and
behavioral measures.

Materials and Methods

Subjects

A total of 164 male and female Sprague-Dawley rats bred in our colony at Binghamton
University were used as experimental subjects in the present experiment. Each litter was
culled to 8-10 pups on the day after birth (postnatal day (P) 1), with 6 animals of one sex
and 4 of the other kept whenever possible. Offspring were weaned at P21 and housed with a
same-sex littermate until the time of experimental testing. All animals were kept in a
temperature-controlled vivarium on a 14:10 light/dark cycle (lights on at 0700) and given ad
libitum access to food (Purina Rat Chow, Lowell, MA) and water. Animals were treated in
accordance with guidelines for animal care established by the National Institute of Health
(Institute of Laboratory Animal Research, 2010), using protocols approved by Binghamton
University Institutional Animal Care and Use Committee. Throughout this experiment, only
one animal per litter was assigned to any experimental condition.

Experimental Design

A total of 164 animals were used across the 2 (sex) x 7 (ontogenetic time-point) between
subjects factorial design of this study, with both male and female animals examined using a
cross-sectional design at the following ages: P28, P32, P36, P40, P44, P48 and P75. Eight
males were placed into the youngest age group, with 10 males examined at the other ages.
Eight females were placed into the two youngest age groups, with 16 females assigned to the
other age groups to allow assessment of estradiol and progesterone levels at multiple stages
of the estrous cycle.
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Procedure

The novel chamber consisted of a Plexiglas chamber (30 x 20 x 20 cm for the 5 youngest
age groups and 45 x 30 x 30 cm for the two oldest age groups) containing clean wood
shavings and divided along the long axis into 2 equally sized compartments by a clear
Plexiglas partition containing an aperture (7 x 5 cm for adolescents and 9 x 7 cm for adults)
allowing the experimental animal to move between compartments. By using a two-
compartment apparatus, animals could choose how much time to spend on the same side of
the chamber as the novel object. This may be important given that the response of rats to
situations involving free-choice novelty differs from that associated with inescapable
novelty, with the latter situation thought to be particularly likely to be stressful (see Klevaur
& Bardo, 1999). A video camera mounted approximately 60 cm above each chamber was
used to record the novelty testing sessions. All testing was conducted under low light
conditions (3 lux).

On the test day (i.e. P28, P32, P36, P40, P44, P48 or P75), animals were weighed and then
placed individually for 30 min into the novel chamber. After the first 25 min in this test
context, a novel object (a new cotton ball approximately 3 cm in diameter) was placed into
one side of the chamber for 5 min. The entire 30-min session was videotaped for later
analysis of behavior in the novel context as well as toward the novel object. Behaviors
scored included latency to contact the novel object, time spent sniffing the novel object, time
spent in contact with the novel object and the proportion of time spent on the same side as
the novel object; cross-over data, blocked into 5 min time bins, was also used as an index of
activity during the 25-min period prior to the introduction of the novel object. All animals
were tested between 1000 and 1300 hours.

Immediately after the novelty test, animals were euthanized via rapid decapitation, with
trunk blood collected and stored at —80°C until the time of analysis of circulating plasma
testosterone in males and estradiol in females. Samples were also analyzed for
corticosterone and progesterone to examine possible age and sex differences in stress-related
hormone release after exposure to novelty.

Following blood collection, carcasses were examined for external signs of sexual
maturation. Balano-preputial skinfold separation (i.e. cleavage of the prepuce from the glans
of the penis) in males and vaginal opening in females was assessed at each ontogenetic time-
point. Males were examined for BPS by attempting to manually retract the prepuce from the
glans with gentle pressure (de Jong & van der Schoot, 1979; Korenbrot et al., 1977; Wisner,
Stalvey &Warren, 1983). Skinfold cleavage was scored as none (0), incomplete (1) or
complete (2). The presence or absence of sperm in the seminiferous tubules was assessed by
the diffusion method. Briefly, the testes were removed and the epididymis was nicked in a
few sites with a scalpel blade, avoiding blood vessels, and then placed into a test tube
containing approximately 10 ml of physiologic saline. The sperm were allowed to diffuse
into the saline solution for 5 min. A sample of the saline solution was then placed onto a
glass slide for determination of the presence or absence of sperm under the light microscope.

In females, vaginal opening was assessed by visual inspection and defined as a complete
separation of the membranous sheath covering the vaginal orifice. If vaginal opening was
complete, vaginal smears were collected using a lavage technique to index stage of estrous
cycle. A disposable pipette containing 30 pl of saline (0.9% wi/v) was shallowly inserted
into the vagina; the fluid was then flushed into the vagina and recollected into the pipette.
The sample was then placed onto a glass slide and while still wet was examined under a
light microscope (x40 magnification) for determination of estrous cycle phase. The
proportion of nucleated epithelial cells to non-nucleated cornified cells to leukocytes was
utilized to assign estrous cycle phase (Becker, Arnold, Berkley, Blaustein, Eckel, Hampson,
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Herman, Marts, Sadee, Steiner, Taylor & Young, 2005; Yener, Turkkani, Aslan, Aytan &
Cantug Caliskan, 2007) using the following criteria: diestrus 1 samples contain primarily
leukocytes; diestrus 2 samples contain leukocytes and round non-nucleated cells; proestrus
samples contain a predominance of nucleated epithelial cells; and estrus samples contain
primarily non-nucleated cornified cells. For the purposes of data analysis, diestrus 1 & 2
were combined because they both represent the follicular phase of the estrous cycle and
have similar hormonal profiles (i.e., estradiol and progesterone; Becker et al., 2005).

Hormone Analyses

Testosterone, estradiol and progesterone levels were assessed via radioimmunoassay using
a 1251 RIA double antibody kit from MP Biomedicals (Solon, OH), with specificities of
100% for each hormone assayed. Testosterone assay sensitivity was 0.03 ng/ml, with inter-
and intra-assay coefficients of variation of 10.1% and 6.6%, respectively. Sensitivity of the
estradiol assay was 7.2 pg/ml, with inter-assay coefficients of 9% and intra-assay
coefficients of 7.3%. Progesterone assay sensitivity was 0.11 ng/ml, with inter-assay
coefficients of 7.9% and intra-assay coefficients of 5.9%. Samples and standards for each
gonadal hormone assay were run in duplicate, using a Packard Cobra Il Autogamma
Counter, with disintegrations per min averaged against a standard curve. Corticosterone
levels were assessed by radioimmunoassay using a tritium-based kit supplied by MP
Biomedicals (Solon, OH), with 100% specificity for rat corticosterone. The sensitivity of
this assay was 12 ng/ml, with inter- and intra-assay coefficients of variation of 9% and 7%
respectively. Standards and samples for corticosterone were assayed in duplicate, with
disintegrations per min averaged against a standard curve performed with each assay and
input into GraphPad Prism 2.0 software for calculations of ng/ml in each sample.

Data Analyses

Since vaginal opening (in females) and sperm presence (in males) data were dichotomous
and categorical in nature, these data were analyzed using non-parametic Fisher’s Exact
Probability Tests comparing the number of animals displaying either vaginal opening or
sperm presence in each age group to the number displaying these characteristics at every
other age, using an adjusted a. = .0024 in order to avoid inflating the possibility of Type 1
errors. For analysis of BPS data, which was rated on a scale of 0-2 and hence ordinal in
nature, the Kruskal-Wallis H test was used, followed by Mann-Whitney U tests comparing
ratings at each age to ratings at every other age (again, using an a of .0024).

Hormone, novelty, and weight data were analyzed using 2 sex x 7 age (P28, P32, P36, P40,
P44, PA8 & P75) analyses of variance (ANOVASs). The distribution of females in each phase
of estrous across age was examined using a Pearson’s Chi-Square test. In order to explore
the potential impact of phase of estrous on hormonal and behavioral data among immature
and mature females, data from P32, P36, P40 & P44 females were grouped and compared to
data for females examined at P48 & P75 using 2 age (i.e. P32-P44 vs. P48-P75) x 3 stage of
estrous cycle (proestrus, estrus, diestrus 1 & 2) factorial ANOVASs. Levene’s tests were used
to test for homogeneity of variance (HV) in each data set. Data violating this assumption
were normalized via log(1g) (n+1) transformations as necessary prior to analysis by
ANOVA, as detailed in the Results. For ease of interpretation, non-transformed data are
shown in all figures and tables. Fisher’s LSD tests were used to determine the locus of
significant main effects and interactions in all ANOVAs.

In order to examine the contributions of puberty above and beyond those of age per se,
relationships between the hormonal and physical measures of pubertal onset and the
behavioral data were explored using partial correlations controlling for age.
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Results

Genital Development

In females, vaginal opening was not observed in any females at P28, whereas by P32, 25%
of females tested exhibited vaginal opening, with generally all females exhibiting vaginal
opening from P36 on (with the exception of one female at P40; see Fig. 1 — left panel). The
number of animals exhibiting vaginal opening at P32 was not significantly greater than at
P28, but was significantly less than all of the older age groups (p< .001 for all comparisons,
Fisher’s Exact Test), with the older ages not differing significantly from one another. Males
at the youngest 3 age groups did not show complete BPS or sperm presence; whereas 60%
of males showed both complete separation and sperm presence by P40, 90% by P44 and
100% by P48 and older (see Fig. 1 — right panel). In the analysis of BPS, age was a
significant variable (H(6, 68) = 59.00, p< .0025), with the number of animals showing either
complete or incomplete separation at P40, P44, P48, and P75 significantly greater than the
three youngest age groups. In the analysis of sperm presence, the number of animals
showing sperm presence in the three oldest age groups was significantly greater than the
three youngest age groups (p < .001 for all comparisons, Fisher’s Exact Test), with P40
males not differing significantly from either the older or younger groups.

Plasma Hormone Levels

Estradiol was first analyzed in all females collapsed across stage of estrous. When analyzed
in this way, a main effect of age was revealed (F(6, 88) = 9.27, p< .01), with estradiol levels
increasing gradually across age to reach adult levels by P48 (see Fig. 2 — left panel).
Postnatal day 40 females were significantly elevated above the youngest age, but still
significantly lower than both P48 and P75 and not different from P44 females. In males, the
analysis of testosterone levels revealed a main effect of age (H(6,68) = 56.48, p< .0025),
with levels being undetectable at the three youngest ages (P28, 32 & 36; see Fig 2 — right
panel). Testosterone levels were low but significantly greater than zero at P40 and increased
dramatically from P40 to P44, followed by additional significant rises from P44 to P48 and
from P48 to P75.

In the overall ANOVASs of progesterone and corticosterone levels, baseline sex differences
were evident, with these hormones significantly greater in females than males [main effects
of sex: F(1, 150)= 32.52, p< .01; F(1, 150) = 42.61, p< .01, respectively]. However,
progesterone and cort data violated HV assumptions and transformations were not
successful in improving data homogeneity, likely due, at least in part, to these sex
differences. Consequently, all progesterone and cort data were analyzed separately by sex.
Although the progesterone data in females still violated the HV assumption, data
homogeneity was improved by the log;0)(n+1) transformation and hence the data were
analyzed in this way. In these analyses, the only age effect that emerged was in the analysis
of the female progesterone data, (F(6, 89) = 3.54, p< .01), with progesterone levels in
females low at P28 and P32, followed by an increase from P32 to P40, with levels not
differing significantly from adults by this age (see Fig. 3).

Phase of Estrous Effects

The percent of females in each estrous stage at each age is shown in Fig.4. When the
distribution of females in each phase of estrous was analyzed across age from P36 on,
females at P36, P40 & P44 were found to differ significantly from P48 & P75 females, with
fewer females in estrous at the younger ages than at the older ages (X2 = 11.52, p< .01).
Since the number of females in each phase differed across age, with some phases poorly
represented at certain ages, the impact of phase of estrous on the hormonal and behavioral
data was examined by grouping estrous cycle data for females at P32, P36, P40 & P44 and
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comparing those data with that estrous cycle data from females combined across the two
older age groups (i.e., P48 & P75). When the estradiol and progesterone data were analyzed
in this way, main effects of age (F(1, 75) = 10.67, p< .01; F(1,75) = 5.62, p<.05,
respectively) emerged, with greater levels of both hormones seen in the older than younger
group of females. Main effects of estrous stage also were evident for both hormones
(F(2,75) = 11.64, p<.01; F(2, 75) = 4.42, p<.05, respectively), with estradiol levels higher
during proestrus than in estrus or diestrus 1 & 2, whereas progesterone levels were lower
during estrus than during both proestrus and diestrus 1 & 2. As can be seen in Fig. 5, these
cycle effects tended to be more pronounced in the older age groups for both hormones,
although age did not interact significantly with cycle in either analysis.

Body Weight

In order to examine patterns of relative weight gain across age, daily percent body weight
gain was estimated by subtracting each animals’ weight at a particular age from the mean of
the next younger age, then dividing by that mean as well as the number of days between the
two ages (i.e., 4 days between all ages, with the exception of 27 days between P48 and P75),
then multiplying by 100. For example, to determine the estimated daily percent body weight
gain between P28 and P32, the following formula was used: [(((n; weight(P32) — mean
weightpogy)/mean weightppg))/4)*100)]. A main effect of sex (F(1, 136) = 9.75, p<.01) and
age (F(5, 136) emerged in the analysis of these data, with males showing greater percent
body weight gain than females (see Fig. 6). The greatest daily body weight gain was
observed on P32, followed by a significant decline at P36, with gains at P32-36 significantly
greater than at P40-48 and gains at all ages from P32-48 greater than at P75. Although a
trend for an age x sex interaction did not reach significance, as can be seen in Fig. 6, body
weight gains tended to decline earlier in females (at P32 to P36) than in males (between P36
and P40).

Response to Novelty

In the ANOVA of time spent sniffing the novel object, a main effect of age (F(6, 150)= 2.13,
p< .05) was revealed, with sniffing of the novel object peaking at P32 & P36 (see Fig. 7 —
left panel). Novel object sniffing at P36 was significantly elevated over both the youngest
age (P28) and two oldest ages (P48 & P75), with sniffing at P32 also being significantly
greater than at the oldest age. A trend for a similar age effect was also observed in the
analysis of time spent in contact with the novel object, with contact peaking at P36, although
this tendency did not reach statistical significance (F(6, 150) = 1.92, p = .08; see Fig. 7 —
right panel). No sex effects emerged in the analyses focused on response to the novel object,
despite a trend for females to show less sniffing of and contact with the novel object than
males at P28 (see Fig. 7). There were no significant effects of sex or age in analyses of
latency to contact the novel object and the proportion of time spent on the side of the
chamber containing the novel object (data not shown).

The analysis of crossover data during the first 25 min of the familiarization session revealed
only a significant main effect of sex (F(1, 150) = 3.80, p< .05), with females (A= 8.91,
SEM=0.41) regardless of age, showing a greater number of crossovers than males (M=
7.71, SEM= 0.46). Additionally, a main effect of bin (F(4, 600) = 209.51, p < .01) also
emerged, with activity dramatically decreasing from the first 5 min to the second 5 min of
the familiarization session and continuing to gradually decrease across the remaining bins
(data not shown).

The 2 age group x 3 cycle phase ANOVAs of the novelty data in females revealed no main
effects or interactions involving estrous cycle (data not shown).
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Partial Correlations Among the Hormonal, Physical and Behavioral Data

As can be seen in Table 1, in the correlational analyses of the female data controlling for
age, a significant positive correlation between vaginal opening and estradiol levels emerged
(r2=0.21, p< .05), along with a significant negative correlation between vaginal opening
and percent daily body weight gain (r2 = -0.42, p< .01), with females displaying vaginal
opening more likely to have higher estradiol levels and the rate of body weight gain
declining with sexual maturity. Estradiol levels were also significantly positively correlated
with corticosterone levels (r2 = 0.21, p< .05). The analysis of the novelty-directed behavioral
measures revealed that sniffing of the novel object, contact with the novel object, latency to
contact the novel object and proportion of time spent on the same side as the novel object
were all significantly positively correlated with each other (see Table 1 for r2 values), but
not with any of the hormonal or physical measures (other than a negative correlation
between time spent on the same side as the novel object and corticosterone levels; r2 =
-0.25, p< .05). Crossover data from the 25 min prior to the novel object test (i.e. total
crossovers) was not correlated with any of the variables.

As shown in Table 2, in the analyses of the male data (controlling for age), BPS was
positively correlated with sperm presence (r2 = 0.88, p< .01) and both of these variables
were negatively correlated with percent daily body weight (r2 = -0.40, p<.01, and r2 =
-0.32, p<.05, respectively). Progesterone was also positively correlated with corticosterone
(r2 = 0.46, p<.01). As in the female data, all of the novelty behaviors were significantly
correlated with each other (see Table 2 for r2 values), but no other variables, other than a
significant negative correlation of corticosterone and time spent on the same side as the
novel object (r?2 = -0.26, p< .05). Total crossovers prior to the novel object test were not
correlated with any other measure.

Discussion

As expected, physical and hormonal signs of puberty were observed earlier in females, with
vaginal opening beginning to occur at P32 and generally completed by P36, whereas in
males, BPS and the presence of sperm was observed in a majority of males by P40, with
these indices of pubertal maturation generally complete by P44. Sex hormones showed
similar sex-specific ontogenetic patterns, with estradiol and progesterone levels in females
detectable at the youngest age (P28) and increasing across age, whereas testosterone levels
did not reach detectable levels until P40 and increased thereafter. Among vaginally open
females, stage of estrous cycle impacted hormone levels, but not novelty-directed behavioral
measures, with estradiol levels highest during proestrus, and progesterone levels lowest
during estrus regardless of age, although more mature females (P48-75) showed higher
overall levels of both hormones than their younger (P32-44) counterparts. Novelty-directed
behavior peaked between P32 and P36, followed by a gradual decline into adulthood; no
significant impact of sex on this behavior was revealed. Partial correlations controlling for
age found no significant relationship between the hormonal or physical measures of puberty
and novelty-directed behavioral data, suggesting that the developmental peaks in this
behavior were not related to pubertal onset.

In the present study, general ontogenetic increases in sex steroid hormones were observed in
females, with significant levels of estradiol and progesterone seen at the youngest age
examined (P28) that rose thereafter to reach levels significantly greater than the youngest
age by P40. When levels of estradiol and progesterone of younger (P32-44) and older
(P48-75) females were compared across estrous phase, the same phase of estrous effects
were present in both age groups, with hormone levels greater overall in more mature females
relative to their younger counterparts. These results suggest that the general ontogenetic
increases observed in both estradiol and progesterone are developmental in nature and not
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simply driven by different phases of the estrous cycle being expressed across age. It is
unclear why the distribution of estrous cycle phases varied somewhat across age among
vaginally open females, with possibilities ranging from either random sampling differences
or age differences in cycle timing and patterning. Examining more females per age group
could have helped distinguish these possibilities, although phase of estrous is best
determined when females are examined for multiple consecutive days and at least 2 cycles
are observed (Becker et al., 2005) -- a technique not possible in the current study given the
cross-sectional nature of the design.

Among males, BPS and sperm presence were observed in a majority of males at the same
age that testosterone was first detectable, suggesting a low threshold for this androgen’s
action on genital tissue and sperm development. The fact that testosterone was not
detectable until P40 was surprising given reports of low levels of plasma testosterone
throughout the juvenile period in some studies (Dohler & Wuttke, 1975; Gupta, Rager,
Zarzycki & Eichner, 1975). Exposure to a mild stressor, however, was found to suppress the
low levels of testosterone normally evident in pre-pubertal males (Romeo, Lee, Chhua,
McPherson & McEwen, 2004). Based on the slightly elevated levels of corticosterone
observed following the novelty test in the present study, it is possible that the mild stress of
this testing may have suppressed the already low levels of testosterone in pre-pubertal males
to levels below the threshold of detection. Alternatively, the assay used in the present study
may not have been sensitive enough to detect low levels of testosterone in the youngest
males. Nonetheless, physical changes in male genitalia were observed at the same time as
increases in plasma testosterone. Future studies examining a broader range of hormones
across the pubertal transition, such as prolactin and DHT, may be helpful in understanding
the constellation of hormonal changes associated with puberty that influence genital
development and other end-points of sexual maturation.

Peaks in estimated percent daily body weight gains were greatest at P32 and P36 when
collapsed across sex, although there was a trend for an earlier post-peak decline in body
weight gain in females (P32-P36) than in males (from P36-P40) that did not reach
significance. Remarkably similar and more robust findings were obtained in prior
longitudinal work in our laboratory where daily body weight gain in females was found to
asymptote between P23-P34 before declining, whereas body weight gains in males were
greatest between P27-38 (Vetter & Spear, 2007). Taken together, these data suggest that the
accelerated rate of growth typical of the adolescent period (Nance, 1983; Marshall &
Tanner, 1968) occurs during the early to mid adolescent period, around the time of puberty
onset in both sexes, findings consistent with prior work (Kennedy & Mitra, 1963; Nazian &
Cameron, 1999). In line with other evidence linking this growth spurt to pubertal processes
in humans and in animal models (e.g., Plant & Witchel, 2006), results from the partial
correlational analyses where age was controlled revealed significant negative correlations
between percent daily body weight gain and vaginal opening in females, and between
weight gains and BPS and sperm presence in males.

Novelty-directed behavior, specifically, sniffing of the novel object and, to a lesser extent,
contact with the novel object, peaked between P32 and P36 at levels elevated above that of
younger animals (P28) and began to decline after P36, with adult-like levels reached by P40.
These results are reminiscent of prior work in our laboratory showing that adolescents
exposed to a novel object from P33-37 spent more time interacting with the novel object
than adults, with no sex differences emerging during adolescence (Douglas, Varlinskaya &
Spear, 2003). Similar findings of greater novelty-seeking behavior in adolescents than adults
have been reported in other groups as well (Stansfield & Kirstein, 2006; Abreu-Villaca,
Queiroz-Gomes, Dal Monte, Filgueiras & Manhaes, 2006; Adriani et al., 1998), although in
these studies adolescents were generally examined only at one age, making it difficult to
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determine the developmental time-course of novelty-seeking behavior through adolescence
and across the transition into adulthood.

The peak in novelty behaviors at P32-36, prior to the completion of the physical and
hormonal signs of puberty suggests that the greater novelty-seeking behavior of adolescents
may be independent of puberty-related behavior changes. The lack of significant sex
differences in novelty-directed behaviors during development in the present study and others
(Douglas et al., 2003; Abreu-Villaca et al., 2006) adds further support for the independence
of novelty-seeking and puberty. If pubertal changes played a major role in this behavior, sex
differences would be expected, with females showing a different ontogenetic profile than
males due to their earlier progression through puberty. Perhaps the most compelling
evidence for the independence of novelty-seeking and pubertal processes in our animals was
the results of partial correlation analyses exploring the relationship between hormonal and
physical signs of pubertal development and novelty behaviors (controlling for the effects of
age) in which these puberty measures were not correlated with novelty-directed behaviors. It
is not simply the case, however, that these partial correlational analyses were insensitive to
detection of hormonal influences. First, similar conclusions were reached in analyses
showing that phase of estrous did not influence novelty-directed behaviors during
adolescence (or in adulthood). Moreover, the partial correlation analyses did reveal
significant negative associations between levels of another hormone — corticosterone — and
time spent on the same side of the chamber as the novel object in both sexes. Although
unrelated to pubertal processes per se, these associations between corticosterone and
avoidance of the side containing the novel object may reflect individual differences in
anxiety responses to novelty that, if confirmed, could prove a promising avenue for
additional study.

The lack of pubertal associations with novelty-seeking measures seen in the present study
contrasts with the limited literature available to date in human adolescents examining the
role of puberty on the related construct of sensation-seeking (McCourt et al., 1993). One
such study examining adolescents and young adults (ages 10-30 yrs old) showed that
whereas sex differences in self-reported sensation-seeking were not present in the sample as
a whole, when a subset of participants 16 and younger were analyzed, sex differences
emerged, with males reporting greater self-reported sensation-seeking than females.
Additionally, pubertal status was predictive of sensation-seeking in analyses controlling for
age in males, but not in females (Steinberg, Albert, Cauffman, Banich, Graham & Woolard,
2008), although no sex differences or effects of pubertal status were observed in self-
reported impulsivity or risky decision making (Martin et al, 2002; Gardner & Steinberg,
2005; Steinberg et al., 2008). These studies in human subjects suggest that adolescent-
typical increases in sensation-seeking may be in part related to pubertal status, whereas other
related constructs such as risk-taking and impulsivity may be more reflective of puberty-
independent behavior changes during adolescence. Perhaps the novel object test used in the
current study is more closely related to laboratory tests of human risk-taking behavior than
to constructs indexed by self-reported sensation-seeking.

The data shown here may also be of relevance for considerations regarding age ranges of
adolescence and puberty in the rat. The peak in novelty seeking in rats was found to occur
during a time of rapid pubertal change in females, but with post-peak declines that
overlapped with the maturation of the external genitalia in males. In a similar manner,
sensation-seeking in human adolescents peaks during early adolescence at 12-15 (Steinberg
et al., 2008), at a time during the greatest pubertal development in females, but prior to the
average age of completion of male sexual maturation (i.e., ~17; Sun et al., 2002). Taken
together, such data are consistent with the notion that the P28-42 period conservatively used
to characterize adolescence in earlier work based on behavioral, psychopharmacological and
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neural characteristics (e.g., Spear & Brake, 1983; Spear, 2000) may be better considered as
comparable to early/mid adolescence in humans, during which maturation of the external
genitalia occurs in females but prior to complete maturation of the external genitalia in
males. A later ontogenetic interval in rats (roughly subsuming ages from ~ P42-55) may be
more consistent with the late adolescent/ “emerging adulthood” period in humans, a time of
continued developmental declines in impulsivity (Steinberg et al, 2008), along with high
rates of binge drinking, tobacco and illicit drug use (Substance Abuse and Mental Health
Services Administration, 2009).

Taken together, the results of the present study provide compelling evidence that
developmental changes in expression of novelty-seeking behavior seen across adolescence
are not related in any simple fashion to pubertal changes in gonadal hormone secretion or
other physical signs of pubertal maturation. Clearly, additional developmental research in
both humans and rodents is needed to distinguish the role of puberty from pubertal-
independent developmental processes in these and other critical adolescent-typical
behaviors.
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Figure 1.

The percent of females at each age exhibiting vaginal opening is shown on the left, whereas
the percent of males at each age showing either complete or incomplete balano-preputial
skin fold separation (BPS) of the penis is shown on the right. The percent of males at each
age exhibiting sperm presence in the seminiferous tubules was the same as the percent of
males at each age showing complete BPS, thus, these data are represented by the same bars.
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Figure 2.

Mean estradiol in females (pg/ml) and mean testosterone in males (ng/ml) are shown across
the ages examined. The <& symbol indicates the ages at which hormone levels were
significantly different from P28. The error bars indicate standard error of the mean.
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Figure 3.

Mean progesterone in males and females (ng/ml) is shown across the ages examined. The
symbol indicates the ages at which hormone levels were significantly different from P28.
The error bars indicate standard error of the mean.
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The percentage of females in each phase of the estrous cycle is shown across age;
percentage of females not displaying vaginal opening is also noted where indicated.
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Figure5.

Mean estradiol and progesterone are shown across the phases of estrous in immature
(P32-44) and mature (P48-75) females. The @ symbol indicates significant effects of age,
whereas the T symbol represents significant differences in hormone levels between the phase
indicated and the other two phases of the estrous cycle. The error bars indicate standard
error of the mean.
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Mean estimated percent daily body weight gain is shown by sex across age. The # symbol
indicates a significant difference from P32, whereas the ¥ indicates a significant difference
from P36, and the $ symbol indicates a significant difference from all other ages. The error

bars indicate standard error of the mean.
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Figure?7.

Mean time spent sniffing the novel object and mean time spent in contact with the novel
object are shown by sex across the ages examined. The > symbol indicates a significant
difference from P28, whereas the + symbol represents a significant difference from P48, and
the * symbol indicates a significant differences from P75 when collapsed across sex. The
insert on the left shows the main effect of age collapsed across sex in the analysis of time
spent sniffing the novel object. The error bars indicate standard error of the mean.
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