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Abstract

Anxiety disorders are associated with abnormalities in fear-learning and bias to threat; early life 

experiences are influential to the development of an anxiety-like phenotype in adulthood. We 

recently reported that adult mice (Prkar1a+/−) with haploinsufficiency for the main regulatory 

subunit of the protein kinase A (PKA) exhibit an anxiety-like phenotype associated with increased 

PKA activity in the amygdala. PKA is the main effector of cyclic adenosine mono-phosphate 

signaling, a key pathway involved in the regulation of fear learning. Since anxiety has 

developmental and genetic components, we sought to examine the interaction of a genetic defect 

associated with anxiety phenotype and early life experiences. We investigated the effects of 

neonatal maternal separation or tactile stimulation on measures of behavior typical to adolescence 

as well as developmental changes in the behavioral phenotype between adolescent and adult wild-

type (WT) and Prkar1a+/− mice. Our results showed developmental differences in assays of 

anxiety and novelty behavior for both genotypes. Adolescent mice showed increased exploratory 

and novelty seeking behavior compared to adult counterparts. However, early life experiences 

modulated behavior in adolescent WT differently than in adolescent Prkar1a+/− mice. Adolescent 

WT mice exposed to early life tactile stimulation showed attenuation of anxiety-like behavior, 

whereas an increase in exploratory behavior was found in Prkar1a+/− adolescent mice. The 

finding of behavioral differences that are apparent during adolescence in Prkar1a+/− mice suggests 

that long-term exposure of the brain to increased PKA activity during critical developmental 

periods contributes to the anxiety-like phenotype noted in the adult animals with increased PKA 

activity.
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1. Introduction

Approximately one in five American adults are affected by an anxiety disorder and 

longitudinal research indicates that approximately two-thirds of affected adults exhibit signs 

of a mental disorder earlier in life [1, 2]. There is ample data to support that early 

mechanisms (e.g. genetic or environmental) can determine the long-term trait of an organism 

to express anxiety in response to threatening stimuli [3, 4]. Data suggest that anxiety-related 

disorders are very complex and polygenic, and despite substantial progress in genetics and 

epigenetics, few responsible loci have been identified for these disorders [5–7]. Advances in 

molecular genetic approaches have identified pathways that are associated with anxiety risk; 

experimental and preclinical evidence provides support that anxiety disorders are associated 

with abnormal processing of threat-related stimuli, mediated to a large extent by the cyclic 

adenosine mono-phosphate (cAMP) signaling pathway [8–15].

Developmental periods of the brain such as infancy and adolescence are associated with 

active synaptic development and are a particularly crucial time for adjustment of anxiety 

circuits in response to experience-dependent stimuli consistent with a gene-environment-

timing interaction [16]. Alterations in maternal care, such as early maternal separation, are 

associated with changes in anxiety-related behaviors and altered ability to cope with stress in 

adulthood [17, 18]. Alternately, brief handling of neonatal rodents is reported to induce 

resistance of the hypothalamic-pituitary-adrenal (HPA) axis to stress in adulthood, as shown 

by a decrease in anxiety-like behavior in the elevated plus maze (EPM) test [19–21]. In 

addition, rodent studies using neonatal tactile stimulation demonstrate an effect on stress 

reactivity, with an increase in curiosity and problem-solving behavior and less emotion in 

stressful situations [22–24]. Animal models have proven useful in elucidating cellular and 

molecular mechanisms underlying these effects. However, little is known about the effect of 

maternal separation or tactile stimulation on behavior in adolescent mice.

Genetically modified mice are a valuable tool to investigate consequences of manipulation 

of specific genes and environmental variables on anxiety-related behavior. Therefore, it 

might be possible to influence the development of a variety of stress responses and anxiety-

like behaviors that are dependent on genetic factors (e.g. genetic mutations), simply with the 

manipulation of early environmental experiences, such as maternal deprivation and tactile 

stimulation. An example of such genetic factors is the inactivation of the Prkar1a gene (by 

the tTA/X2AS antisense transgene) that predisposed animals to the development of anxiety-

like disorders and altered stress responses [10]. Mice heterozygous for a null allele of 

Prkar1a were developed as a model to investigate Carney complex, a disease that is caused 

by heterozygous inactivating PRKAR1A mutations [25], which lead to increased cAMP 

signaling in all cells where this gene is expressed.

cAMP-dependent protein kinase or protein kinase A (PKA) mediates most of cAMP 

signaling and is a tetrameric holoenzyme consisting of two catalytic (C) subunits each bound 
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to a regulatory (R) subunit. PKA exists in two isoforms: type I and type II (PKA-I and -II, 

respectively). This is due to the presence of either type-I or -II regulatory subunits; there are 

four such subunits (RIα and -Iβ and RIIα and -IIβ, coded by the PRKAR1A, PRKAR1B, 

PRKAR2A, and PRKAR2B genes, respectively) that normally form a homodimer that binds 

two molecules of a catalytic subunit (one of Cα, Cβ, or Cγ coded by the PRKACA, 

PRKACB, and PRKACG genes, respectively) in the PKA tetramer [26–29]. RIα, the subunit 

that is deficient in PPNAD and in Carney complex, is the most abundant of the four PKA 

regulatory subunits [29, 30]. Our laboratory has studied the consequences of R and C 

subunit dysregulation [25].

PKA is the principal effector for G-protein-coupled receptors (GPCRs) linked to the 

regulation of several behavioral responses, notably fear learning and memory [31]. Previous 

studies have demonstrated that PKA’s main regulatory subunit, R1α, is involved in the 

expression of anxiety-like behaviors; the loss of one Prkar1a allele in mice (Prkar1a+/−) led 

to an augmentation of anxiety-like behaviors in association with an increase in PKA activity 

in both the basolateral (BLA) and central amygdala (CeA) [10]. In a subsequent study, 

Briassoulis et al. [11] studied the effects of deleting one allele of the main catalytic subunit 

(Cα) and compared anxiety-related behaviors in Prkar1a+/− and Prkar1a+/−/Prkaca+/− mice: 

the former spent significantly less time in the open arms of the elevated plus maze (EPM), 

while Prkaca+/− and Prkar1a+/−/Prkaca+/− mice displayed less exploratory behaviors [11].

In this study, we examined the effect of RIα’s deletion on early life experiences and their 

association with anxiety-like behaviors. We investigated the effects of neonatal maternal 

separation or tactile stimulation, on measures of behavior typical to adolescence, namely 

novelty and sensation-seeking. Also, to determine whether the anxiety-like behavior typical 

of adult mice with Prkar1a mutation was an early or a late phenotype, we investigated 

developmental changes in adolescent and adult mice of both genotypes [10].

2. Materials and methods

2.1 Animals

Prkar1a+/− heterozygous (Prkar1a+/−) male mice [25] were bred with wild-type (WT) 

C57BL/6 females. For these experiments, we used only WT mothers to avoid confounder of 

possible differences in maternal care to offspring attributable to the genotype. Starting from 

day 15 post-coitus, the females were weighed every 2 days to recognize pregnancy and 

therefore separate them from the male. Around the third week post-mating, the cages were 

inspected once a day. The day of birth was considered day 0. The litters were composed of 

both WT and Prkar1a+/− mice and never exceeded 6 pups; thus, all pups from each litter 

were used for the experiments. The animals were weaned at 21 days, separated from the 

mother and transferred into different cages divided by gender and housed with siblings. 

Adult mice (breeder males and non-breeder females) were 3 to 8-month age at time of 

behavioral testing.

All mice were housed 3 – 4 per standard barrier cages on a ventilated rack in a room with a 

constant temperature (22+/1−°C) with same-sex littermates with ad libitum access to food 

and water and maintained on a 12:12 light schedule (lights on at 0600 h). All animal 
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procedures were conducted in accordance with the standards approved by the NIH Guide for 

the Care and Use of Laboratory Animals. All animal protocols received prior approval at the 

NIH. All behavioral testing was performed, as previously reported, between the hours of 

1300–1700 h. One behavioral test per day was performed, with a span of at least two days 

between tests. The order of behavioral tests was randomly assigned. Two scorers performed 

behavioral testing and obtained scoring of all results in a blinded fashion. The timeline for 

experiments is depicted in Figure 1.

2.2 Genotype analysis

After weaning, all mice were genotyped. A total of 45 Prkar1a+/− mice and 51 WT were 

included in the study. All mice were genotyped using tail DNA by polymerase chain reaction 

(PCR) using primers previously validated [32]. Three primers (5’-

AGCTAGCTTGGCTGGACGTA-3’, 5’-AAGCAGGCGAGCTATTAGTTTAT-3’ and 5’-

CATCCATCTCCTATCCCCTTT-3’) were used for Prkar1a geno-typing: the WT allele 

generated a 250- base pair (bp) fragment and the null allele generated an180 bp product 

(data not shown).

2.3 Protocol of maternal separation and tactile stimulation

Immediately after birth (Day 0) each litter was assigned to one of three experimental 

conditions:

1. Maternal separation group (MS): 14 Prkr1a± and 12 WT pups were separated 

from the mother 180 minutes per day from day 1 to day 14.

2. Tactile stimulation group (TS): 10 Prkr1a± and 17 WT were separated from their 

mother to receive tactile stimulation (gentle massage by hand) once a day for 15 

minutes from day 1 to day 14.

3. Control group (CNT): 21 Prkr1a± and 22 WT received routine facility care with 

their mother in the cage.

Each litter was separated from the mother and moved to a different cage from day 1 to day 

14. The cages that accommodated the pups during this period were identical to the home 

cages both in size and material. The cages were left without lid, food or water and were 

heated by a lamp to maintain the temperature at ~ 32 °C for the first week and ~ 30 °C for 

the second week of the experiment. Pups in the maternal separation condition were left 

undisturbed for 180 min in the above conditions in the hosting cage [33]. Pups in the tactile 

stimulation group were individually subjected to tactile stimulation protocol during the 

separation period. At the end of each session, the pups were reunited with their mother. The 

tactile stimulation protocol consisted in gently caressing and massaging the puppies by hand 

imitating the maternal care. Every animal received 15 minutes of tactile stimulation with a 

speed of about 3 cm/sec using three fingers of the preferred hand of the experimenter. The 

experimenter wore latex gloves for single use, thus reducing the human smell, but 

maintaining contact, i.e. heat and pressure. The mice were caressed on the back dorsal 

thorax always in the same direction, from head to tail. Two different experimenters trained to 

perform the same procedure carried out the experiments. Behavioral testing was performed 

during postnatal day 40–50, which is considered late-adolescence. The treatment group mice 
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(tested in adolescence) were not re-tested as adults as they were used for a separate 

experiment.

2.4 Behavioral tests

2.4.1 Elevated Plus Maze Test—Mice from the three groups (MS, TS, CNT) were 

tested on the Elevated Plus Maze Test (EPM) during the life period considered as 

adolescence (postnatal day 40–50). Adult mice were 3 to eight months old at the time of 

testing. EPM testing was performed as previously described [10, 34]. A video system 

tracking software© (Stoelting Co., Wood Dale, IL, USA) was used to automatically acquire 

the behavioral data. In addition, hand scoring was performed to validate time and entries into 

arms, as well as risk assessment behavior (calculated by dividing the number of protected 

stretch attend postures by total closed arm time) and exploratory behavior (head dips).

The procedure consisted of placing the animals at the junction between the arms open and 

closed, arms (center of the maze), facing the open arm opposite to the position of the 

experimenter. Behavioral testing was performed from 09.00 to 12.00, after a 2-hour period 

of acclimation of the animals to the behavioral room in which they were transported. 

Measures scored in the EPM included: (1) Open arm time: total amount of time (seconds) 

the mouse spent in the open arms; (2) Center time: total amount of time (seconds) the mouse 

spent in the center area of the maze; (3) Unprotected head dip (index of exploratory 

behavior): total amount of time the mouse spent with head and shoulders pointing down and 

all the elongated body in a point of not protected maze, both in the center and in the open 

arms; (4) Risk assessment: number of protected stretch attend postures/amount of closed 

arm time.

2.4.2 Open-field test—The Open field test (OF) was used to measure locomotor activity 

and exploratory behavior based in the mouse’s drive to explore unfamiliar environments. 

Mice were tested in the OFT during the late adolescence (around postnatal day 40–50). The 

Open Field apparatus consisted of a square arena (60×60 cm), with a floor divided into 36 

squares (10×10 cm), enclosed by a continuous, 25-cm-high walls made of black Plexiglas. 

The 20 squares cm adjacent to the wall represent a protected field (periphery of the arena), 

while the square in the middle of the arena (center of the arena) represents the most exposed 

area of the field. The animals were tested during the first half of the dark phase of their light/

dark cycle. The test was initiated by placing a mouse in one of the arena corners and 

allowing it to explore freely for 20 min. The mouse behavior was continuously recorded by a 

video camera placed over the arena and then encoded using a continuous sampling method. 

Test session videotapes were scored with Anymaze software®. After 20 minutes a novel 

object (blue cap from a 30mL test tube) was placed in the center of the open field and the 

mouse behavior was recorded by a video camera for 5 minutes. The arena was carefully 

cleaned with 70% alcohol and rinsed with water after every test.

To test for spontaneous locomotor activity as well as response to novelty in the open field we 

measured the following variables: (1) Central area time: the total amount of time the mouse 

spent in the more aversive center of arena; (2) Peripheral area time: the total amount of time 

the mouse spent in the more protective outer zone near the walls (thigmotaxic behavior 
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associated with anxiety); (3) Central ambulation distance: the total amount of distance (cm) 

the mouse traveled in the center the arena center; and (4) Peripheral ambulation distance the 

total amount of distance (cm) the mouse traveled in the arena periphery; (5) Center latency: 

the amount of time the mouse spent from the beginning of the test before entering the first 

time in the center arena . (6) Response to novelty was recorded for 5 min after a novel object 

was placed in the center arena and the following variables were measured as described 

above: (1) central area time, (2) peripheral area time, (3) central ambulation distance, (4) 

peripheral ambulation distance, and latency to explore novel object (amount of time in 

seconds from beginning of novel object introduction to when mouse touched novel object.

2.4.3 Defensive Marble burying—Prior studies suggest that the defensive marble 

burying test (MB), which involves the selective suppression of marble burying, correlates 

with anxiolytic behavior. The MB test is widely used to evaluate anxiolytic compounds [35–

37] and has also been suggested as a model of compulsive or perseverative behavior [37–

42]. Mice were transported in their home cages to the testing room two hours prior to 

acclimate prior to testing. Five centimeters of rodent sawdust bedding was placed in 

standard mouse cages (38x22x16cm) and eight dark colored marbles were placed on top of 

the bedding in two evenly spaced rows and the cage was closed with standard lid. No food or 

water was present during the 30- minute test period. Lights were turned off in the room for 

30 minutes and then the number of marbles buried 2/3 or greater was recorded [39].

2.5 Statistical analysis

Two-way ANOVA analysis (age x genotype) was performed to assess developmental 

differences between adolescent CNT group and adult mice with Bonferroni or LSD 

comparisons where appropriate using SPSS software. Two-way ANOVA analysis was 

performed to assess treatment group and genotype differences for adolescent mice with 

Bonferroni or LSD comparisons where appropriate using SPSS software. Statistical outliers 

> 2 SD from the mean were removed from analysis. Significance was determined at p< 0.05. 

All values are reported as means +/− SEM.

3. Results

3.1 Elevated plus maze

Developmental and genotype groups—ANOVA analysis (age x genotype) showed 

significant differences for open arm time (OAT) (F3, 155 =5.209, p=0.002), center area time 

(CT) (F 3, 154 =5.769, p=0.001), and total head dip (THD) (F3, 143 =36.439, p=0.001). Post 

hoc analysis with LSD showed a significant genotype difference between adult (but not 

between adolescent groups) Prkar1a+/− and WT mice for OAT (Adult Prkar1a+/−: 8.75± 2.4 

vs. WT 22 ± 4.2 sec.; n= 51–53 per group). There were no genotype differences between 

adults in center zone time or head dip behavior. No gender difference was found. 

Developmental differences were found for Prkar1a+/− and WT in OAT (Prkar1a+/− adults vs. 

adolescents: 8.75± 4.2 vs. 24.2±5.5 sec., p< 0.001; WT adults vs. adolescents 45.2±5.4 vs 

63±5.1 sec, p<0.04), CT (Prkar1a+/− adults vs. adolescents: 33± 5 vs. 59±7.5 sec., p< 0.004; 

WT adults vs. adolescents 45.2±5.4 vs 63±5 sec, p<0.03), and THD (Prkar1a+/− adults vs. 

adolescents: 6± 0.7 vs. 24±3 dips., p< 0.001; WT adults vs. adolescents 7±0.7 vs 23±2.8 
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dips, p<0.001) with increased OAT, CT, and THD for adolescents compared to adults. For 

risk assessment, a developmental difference was found only for Prkar1a+/− mice with higher 

risk assessment for adolescents versus adults (Prkar1a+/− adults vs. adolescents 0.049± 0.004 

vs. 0.07±0.008 sec., p<0.03). (Figures 2–3).

Adolescent treatment groups—ANOVA (genotype x treatment group) was performed 

and no interaction was noted, but a treatment group difference was found within genotype. 

Post-hoc analysis showed a significant difference for WT between treatment groups in CT (F 

2, 58 = 7.954, p=0.001); the TS group mice spent significantly more time in center zone than 

CNT. A treatment group effect was noted for risk assessment (F2, 58 = 9.665, <0.001) and 

THD (F2, 58 = 5.837, p<.005), with greater risk assessment in TS compared to CNT and 

greater total head dips (exploratory behavior) in TS and MAS groups compared to CNT. No 

significant treatment effects were found for OAT.

For Prkar1a+/− mice, a significant difference was found between treatment groups in THD 

(F2, 45 = 6.657, p=0.003) and risk assessment (F 2, 45 = 6.936, p=0.002); the MS mice had 

significantly greater head dips than TS and CNT (p<0.003); MS mice also demonstrated 

significantly higher risk assessment than CNT. Trends were noted for OAT and CT, with 

higher scores for MS compared to controls (Figures 4, 5).

3.2 Spontaneous locomotor activity and reactivity to novelty (Open Field Test)

Developmental and genotype groups—A two-way ANOVA (age x genotype) showed 

a developmental effect for both genotypes (F3, 58=9.787, p<0.001) but no interaction. Adult 

mice of both genotypes showed significantly shorter latency to approach novel object (F 3, 58 

= 13.033, p=0.001), greater center time (F 3, 58 = 5.862, p=0.02), greater center time during 

novel object phase (F 3, 58 = 5.134, p=0.03), greater center distance ambulation in initial part 

of test (F3, 58 =29.568, p<0.001) and during novel object phase (F3, 58 =25.067, p<0.001), 

and less distance ambulation in peripheral area during initial part of test (F3, 58 =43.355, 

p<0.001) and greater distance ambulation during novel phase of test (F3, 58 =25.843, 

p<0.001) compared to adolescent mice. There was no genotype effect for adult or adolescent 

mice. Figures 6,7.

Adolescent treatment groups—A two-way ANOVA (genotype x treatment group) was 

performed and no interaction was found, but a treatment effect was noted within genotype. 

Treatment effects were found for WT adolescent mice for some measures during the novelty 

phase of the open field but only for one measure for Prkar1a+/− adolescent groups. Post-hoc 

analysis with Bonferroni showed that during the novel object phase, WT - TS mice spent 

more time in the center than controls (F2, 46 = 3.292, p<0.05); WT -TS mice also spent less 

time in periphery than CNT or MAS mice (F2, 46 = 4.507, p<0.02). (Figure 7). WT- TS mice 

spent more time next to novel object than controls or MS mice (F2, 46 = 7.799, p<0.001). 

The only treatment effect in Prkar1a+/− adolescents was found with object time: TS mice 

spent more time next to a novel object than controls (F2, 36 = 6.396, p< 0.004). A trend was 

noted for center time during novel object phase, Prkar1a+/− TS group mice more time in 

center that CNT (p<0.059). Figure 8.
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3.3 Marble bury test

Developmental and genotype groups—Genotype and developmental effects were 

noted (F 5.537, p=0.001). Post-hoc Bonferroni analysis showed increased marble burying 

for adult Prkar1a+/− mice compared to adult WT littermates (p<0.006). WT adolescent mice 

showed increased marble burying compared to adult WT (p< 0.01); however, no 

developmental difference was seen for the Prkar1a+/− mice. There were no sex differences in 

marble bury behavior for either WT or Prkar1a+/− mice (Figure 9). A treatment effect was 

not found in either WT or Prkar1a+/− mice for the marble bury test.

4. Discussion

In the present study, we investigated how the loss of one allele for Prkar1a leads to an 

anxiety phenotype in adulthood, and its possible emergence in adolescence. We examined 

how early life experiences might influence the behavioral development of Prkar1a+/− mice. 

Consistent with what we previously reported, adult Prkar1a+/− mice demonstrated increased 

anxiety-like behaviors in the EPM (less open arm time) and marble bury test (bury more 

marbles) compared to WT animals. We previously reported that anxiety–like behavior in 

adult Prkar1a+/− mice was associated with an increase in PKA activity in both the basolateral 

(BLA) and central amygdala (CeA) that was not a ubiquitous effect since PKA activity was 

similar between heterozygotes and wild-types in other brain (orbitofrontal cortex, 

hippocampus, cerebellum, thalamus) and neural sensory (olfactory bulb, eyes) areas[10, 43]. 

This does not rule out the possibility that increased PKA activity is not acting elsewhere in 

the brain (i.e. paraventricular or ventromedial hypothalamus or other brain areas involved in 

the neural pathway of anxiety) through compensatory mechanism. However, an amygdala 

localized effect is consistent with extensive data on the role of the amygdala in anxiety and 

fear-related behaviors[10, 43].

When we examined adolescents, both WT and Prkar1a+/− mice spent more time in open and 

center areas of the EPM and had more THD (exploratory) behavior compared to their adult 

counterparts, which is consistent with prior reports of increased novelty seeking behavior in 

adolescent mice [44, 45]. In humans, adolescence is associated with an increase in novelty 

seeking behaviors that may have potential evolutionary antecedents [45–47]. Indeed, prior 

studies report that adolescent mice exhibit differences from adults, namely novelty seeking 

(open arm entries and time; head dips in EPM) behaviors in excess, a decrease in novelty-

induced stress and anxiety, and an increase in impulsivity and restlessness [45, 48, 49]. For 

example, adolescent rodents exhibit increased exploratory drive as measured open arm 

exploration and head dips in the EPM and levels of locomotor activity in the OFT (49, 50). 

Interestingly, Prkar1a+/− adolescent mice (controls) demonstrated significantly more time in 

the open arms of EPM but also showed greater risk assessment behavior compared to their 

adult counterparts, suggesting that the anxiety-like phenotype of adult Prkar1a+/− mice is 

preceded by behavioral differences that are already apparent during adolescence.

In the present study, we found no genotype effect for adult mice in spontaneous locomotor 

activity or reactivity to novelty in the open field test. This supports that arousal level and 

locomotion were not factors in the difference in anxiety-like behavior noted in the EPM. 

Developmental differences were found for both genotypes in spontaneous locomotor activity 
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in the OFT; both WT and Prkar1a+/− adolescent mice demonstrated less spontaneous 

locomotor activity (less ambulation/locomotion in center and at periphery during main and 

novelty stages) and longer latency to explore novel object (indicator of less novelty-seeking) 

in the OFT compared to adult counterparts. No genotype effect was found for either adult or 

adolescent mice. General locomotor activity in a novel environment (OFT) and explorative 

drive were not significantly affected by the loss of one Prkar1a allele indicating that under 

low aversive conditions no phenotypic differences exist between WT and Prkar1a+/− mice.

Prior studies comparing the adolescent and adult response of rodents in the OFT have 

reported conflicting results. Adolescent rodents in the OFT have been reported to exhibit 

higher levels [50–53] or lower levels [48] of locomotor exploration compared to adults. The 

differences in locomotor exploration between adolescent and adults may be related to the 

extent that novelty drives behavior in various test situations, which may account for the 

apparent discrepancies across studies [45]. In our study, treatment group effect was found for 

WT- TS group mice in the OFT; TS-group mice spent more time in center and had less time 

in periphery during novel object phase, and increased object time than their respective 

controls. Interestingly, WT- MS groups showed differences from TS-group mice only for 

time in periphery during novel object phase and object time; while no differences were 

found for Prkar1a+/− -MS group mice compared to respective CNT or TS groups. These 

findings are consistent with what is known about the crucial role of developmental changes 

in brain structure and function that occur during adolescence with the deleterious effects of 

MS reported in adult rodents.

Few studies have examined the behavioral effects in adolescence of maternal separation or 

tactile stimulation in mice. Studies with similar protocols for maternal separation (3hrs/day 

x14 days starting on PN day 1) report increased motor activity in MS juveniles [54] or no 

difference in motor activity between controls and MS rodents (tested in adulthood) [55]. In 

this study, WT adolescent mice exposed to tactile stimulation had the expected response of 

amelioration of the anxiogenic effect of maternal separation as shown by increase in risk 

assessment and exploratory behavior (in the EPM) and increased time in center during the 

novel phase of the OFT, consistent with the stress inoculation model[56]. However, Prkar1a
+/− mice exposed to TS failed to attenuate the anxiogenic effect of maternal separation, 

rather they demonstrated impaired stress resistance, which suggests an increased 

vulnerability to stress that may be a precursor to the adult anxiety phenotype noted in these 

heterozygote mice. The behavioral response of adolescent Prkar1a+/− mice to early life 

stressors, that is, a failure to discriminate between two types of stressors, is consistent with 

the bias to threat response of adult Prkar1a+/−. We previously reported that adult Prkar1a+/− 

mice failed to discriminate between stress conditions (predator odor vs. novel (control)) that 

was associated with dysregulated PKA activity in the amygdala-prefrontal cortex circuitry, 

suggesting that the loss of one Prakr1a allele is associated with higher vulnerability to 

stress[43].

Interestingly, the marble bury test failed to show a developmental effect in Prkar1a+/− mice 

consistent with our prior report of threat bias and dysregulated PKA activity in the 

amygdala-prefrontal cortex in adult Prkar1a+/− mice [43]. Our finding of a lack of a 

genotype effect in other behavioral assays of anxiety in adolescent mice suggest that the 
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anxiety-like phenotype as noted in adult mice with loss of one Prkar1a allele (associated 

with increased PKA activity in the amygdala), is likely due to long-term exposure during 

critical developmental periods of brain development to alterations in PKA activity. PKA 

activity in brain areas of adolescent WT and HZ mice are similar to what has been reported 

for their adult counterparts (unpublished data); namely, increased PKA activity in the 

amygdala but no genotype differences in PKA activity in cortex, thalamus, or 

paraventricular hypothalamus [10, 11].

There are significant gaps in our knowledge of the ontogenetic changes in brain function 

during adolescence, however the incomplete maturation of neural systems that regulate 

emotional and inhibition behavior are thought to embody the behavioral phenotype of 

adolescence [45, 57–60]. Decades of research provide evidence for the impact of disruptions 

in maternal-neonate care in rodents and non-human primates [61–63] on behavioral and 

neurobiological outcomes in adulthood. Genetic predisposition to anxiety may be 

manipulated in interaction with the environment suggesting that maternal care may 

contribute to behavioral phenotype [45, 64]. Less is known about the impact of alterations in 

maternal care on brain and behavior in juvenile or adolescent offspring. A better 

understanding of the cascade of changes that occur with alterations in specific genes or 

neuroendocrine targets is needed. For our study, we mated WT females with Prkar1a+/− 

males to limit possible differences in offspring due to maternal genotype. Future studies will 

investigate possible differences in behavioral outcome attributed to the maternal care of 

Prkar1a+/− mice.

Unconditioned anxiety-related behaviors in the elevated plus maze and novel open field did 

not differ between genotypes in adolescent mice and reflect the evolutionarily conserved 

strategies in this developmental phase. The OFT elicited an immediate and consistent 

divergence in risk-assessment behaviors between adolescent and adult mice of both 

genotypes. This is consistent with the increased exploratory behavior noted in adolescent 

mice in the EPM and activation of the behavioral inhibition system [45, 48, 52, 65]. 

Although Prkar1a+/− mice demonstrated increased exploratory behavior in the EPM 

compared to their adult counterpart, they also showed higher risk assessment, which 

involves behaviors associated with the detection and analysis of threat stimuli that is 

associated with anxiety.

5. Conclusion

In summary, the results of the present study demonstrate that anxiety-like behaviors that 

were previously noted in mice with increased PKA activity are rooted in adolescence, at 

least in Prkar1a+/− mice. This is in line with studies of mood disorders in humans that report 

that signs and symptoms of many mental disorders emerge slowly [2, 58]; the development 

of anxiety disorders is associated with puberty [66, 67]. Anxiety disorders involve prominent 

symptoms of fear learning and attention to threat-related stimuli and are associated with 

neural structures involved in the expression or regulation of emotion-based information 

processing [58, 68]. The data reported here suggest that a chronic increase in PKA activity 

during critical periods of brain development may be essential for the development of an 

anxiety phenotype in adults. This is consistent with our recently reported finding of an 
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increased incidence of psychiatric disorders in children, adolescent and adults with 

PRKAR1A mutations (59). The most frequent psychiatric diagnosis in adults were anxiety, 

depression, and bipolar disorder (in that order), while for children and adolescents it was 

learning difficulties, attention deficit hyperactivity disorder, anxiety, and depression (in that 

order) [69]. Overall, our data suggest that a better understanding of the downstream targets 

of increased PKA activity may identify novel therapeutic targets to treat anxiety and its early 

development

Acknowledgments

This work was funded by the intramural program of the Eunice Kennedy Shriver National Institute of Child Health 
& Human Development, National Institutes of Health (project number Z1A HD008920). We thank Mr. Vincent 
Mandas and Mrs. Maria De La Luz Sierra for their assistance with this project.

References

1. Copeland WE, Shanahan L, Costello EJ, Angold A. Childhood and adolescent psychiatric disorders 
as predictors of young adult disorders. Arch Gen Psychiatry. 2009; 66:764–72. [PubMed: 
19581568] 

2. Rutter M, Kim-Cohen J, Maughan B. Continuities and discontinuities in psychopathology between 
childhood and adult life. J Child Psychol Psychiatry. 2006; 47:276–95. [PubMed: 16492260] 

3. Gross C, Hen R. Genetic and environmental factors interact to influence anxiety. Neurotox Res. 
2004; 6:493–501. [PubMed: 15639782] 

4. Gross C, Hen R. The developmental origins of anxiety. Nat Rev Neurosci. 2004; 5:545–52. 
[PubMed: 15208696] 

5. Duman RS, Malberg J, Nakagawa S, D'Sa C. Neuronal plasticity and survival in mood disorders. 
Biol Psychiatry. 2000; 48:732–9. [PubMed: 11063970] 

6. Pandey GN, Dwivedi Y, Rizavi HS, Ren X, Zhang H, Pavuluri MN. Brain-derived neurotrophic 
factor gene and protein expression in pediatric and adult depressed subjects. Prog 
Neuropsychopharmacol Biol Psychiatry. 2010; 34:645–51. [PubMed: 20227453] 

7. Wood SJ, Toth M. Molecular pathways of anxiety revealed by knockout mice. Mol Neurobiol. 2001; 
23:101–19. [PubMed: 11817214] 

8. LeDoux JE. Emotion circuits in the brain. Annu Rev Neurosci. 2000; 23:155–84. [PubMed: 
10845062] 

9. Ghosh S, Chattarji S. Neuronal encoding of the switch from specific to generalized fear. Nat 
Neurosci. 2015; 18:112–20. [PubMed: 25436666] 

10. Keil MF, Briassoulis G, Gokarn N, Nesterova M, Wu TJ, Stratakis CA. Anxiety phenotype in mice 
that overexpress protein kinase A. Psychoneuroendocrinology. 2012; 37:836–43. [PubMed: 
22024111] 

11. Briassoulis G, Keil MF, Naved B, Liu S, Starost MF, Nesterova M, et al. Studies of mice with 
cyclic AMP-dependent protein kinase (PKA) defects reveal the critical role of PKA's catalytic 
subunits in anxiety. Behav Brain Res. 2016; 307:1–10. [PubMed: 26992826] 

12. Parsons RG, Davis M. A metaplasticity-like mechanism supports the selection of fear memories: 
role of protein kinase a in the amygdala. J Neurosci. 2012; 32:7843–51. [PubMed: 22674260] 

13. Schafe GE, Atkins CM, Swank MW, Bauer EP, Sweatt JD, LeDoux JE. Activation of ERK/MAP 
kinase in the amygdala is required for memory consolidation of pavlovian fear conditioning. J 
Neurosci. 2000; 20:8177–87. [PubMed: 11050141] 

14. Zhao WQ, Polya GM, Wang BH, Gibbs ME, Sedman GL, Ng KT. Inhibitors of cAMP-dependent 
protein kinase impair long-term memory formation in day-old chicks. Neurobiol Learn Mem. 
1995; 64:106–18. [PubMed: 7582818] 

15. Li YF, Huang Y, Amsdell SL, Xiao L, O'Donnell JM, Zhang HT. Antidepressant- and anxiolytic-
like effects of the phosphodiesterase-4 inhibitor rolipram on behavior depend on cyclic AMP 

Ugolini et al. Page 11

Behav Brain Res. Author manuscript; available in PMC 2019 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



response element binding protein-mediated neurogenesis in the hippocampus. 
Neuropsychopharmacology. 2009; 34:2404–19. [PubMed: 19516250] 

16. Heim C, Nemeroff CB. The role of childhood trauma in the neurobiology of mood and anxiety 
disorders: preclinical and clinical studies. Biol Psychiatry. 2001; 49:1023–39. [PubMed: 
11430844] 

17. Meaney MJ. Maternal care, gene expression, and the transmission of individual differences in 
stress reactivity across generations. Annu Rev Neurosci. 2001; 24:1161–92. [PubMed: 11520931] 

18. Heim C, Newport DJ, Bonsall R, Miller AH, Nemeroff CB. Altered pituitary-adrenal axis 
responses to provocative challenge tests in adult survivors of childhood abuse. Am J Psychiatry. 
2001; 158:575–81. [PubMed: 11282691] 

19. Liu D, Caldji C, Sharma S, Plotsky PM, Meaney MJ. Influence of neonatal rearing conditions on 
stress-induced adrenocorticotropin responses and norepinepherine release in the hypothalamic 
paraventricular nucleus. J Neuroendocrinol. 2000; 12:5–12. [PubMed: 10692138] 

20. McIntosh J, Anisman H, Merali Z. Short- and long-periods of neonatal maternal separation 
differentially affect anxiety and feeding in adult rats: gender-dependent effects. Brain Res Dev 
Brain Res. 1999; 113:97–106. [PubMed: 10064879] 

21. Ploj K, Pham TM, Bergstrom L, Mohammed AH, Henriksson BG, Nylander I. Neonatal handling 
in rats induces long-term effects on dynorphin peptides. Neuropeptides. 1999; 33:468–74. 
[PubMed: 10657526] 

22. Levine S, Otis LS. The effects of handling before and after weaning on the resistance of albino rats 
to later deprivation. Can J Psychol. 1958; 12:103–8. [PubMed: 13546994] 

23. Imanaka A, Morinobu S, Toki S, Yamamoto S, Matsuki A, Kozuru T, et al. Neonatal tactile 
stimulation reverses the effect of neonatal isolation on open-field and anxiety-like behavior, and 
pain sensitivity in male and female adult Sprague-Dawley rats. Behav Brain Res. 2008; 186:91–7. 
[PubMed: 17854917] 

24. Muhammad A, Hossain S, Pellis SM, Kolb B. Tactile stimulation during development attenuates 
amphetamine sensitization and structurally reorganizes prefrontal cortex and striatum in a sex-
dependent manner. Behav Neurosci. 2011; 125:161–74. [PubMed: 21463020] 

25. Kirschner LS, Kusewitt DF, Matyakhina L, Towns WH 2nd, Carney JA, Westphal H, et al. A 
mouse model for the Carney complex tumor syndrome develops neoplasia in cyclic AMP-
responsive tissues. Cancer Res. 2005; 65:4506–14. [PubMed: 15930266] 

26. Amieux PS, McKnight GS. The essential role of RI alpha in the maintenance of regulated PKA 
activity. Ann N Y Acad Sci. 2002; 968:75–95. [PubMed: 12119269] 

27. Taylor SS, Kim C, Vigil D, Haste NM, Yang J, Wu J, et al. Dynamics of signaling by PKA. 
Biochim Biophys Acta. 2005; 1754:25–37. [PubMed: 16214430] 

28. Taylor SS, Zhang P, Steichen JM, Keshwani MM, Kornev AP. PKA: lessons learned after twenty 
years. Biochim Biophys Acta. 2013; 1834:1271–8. [PubMed: 23535202] 

29. Nesterova M, Bossis I, Wen F, Horvath A, Matyakhina L, Stratakis CA. An immortalized human 
cell line bearing a PRKAR1A-inactivating mutation: effects of overexpression of the wild-type 
Allele and other protein kinase A subunits. J Clin Endocrinol Metab. 2008; 93:565–71. [PubMed: 
18056771] 

30. Horvath A, Bossis I, Giatzakis C, Levine E, Weinberg F, Meoli E, et al. Large deletions of the 
PRKAR1A gene in Carney complex. Clin Cancer Res. 2008; 14:388–95. [PubMed: 18223213] 

31. Keil MF, Briassoulis G, Stratakis CA, Wu TJ. Protein Kinase A and Anxiety-Related Behaviors: A 
Mini-Review. Front Endocrinol (Lausanne). 2016; 7:83. [PubMed: 27445986] 

32. Griffin KJ, Kirschner LS, Matyakhina L, Stergiopoulos S, Robinson-White A, Lenherr S, et al. 
Down-regulation of regulatory subunit type 1A of protein kinase A leads to endocrine and other 
tumors. Cancer Res. 2004; 64:8811–5. [PubMed: 15604237] 

33. Francis DD, Champagne FA, Liu D, Meaney MJ. Maternal care, gene expression, and the 
development of individual differences in stress reactivity. Ann N Y Acad Sci. 1999; 896:66–84. 
[PubMed: 10681889] 

34. Lister RG. The use of a plus-maze to measure anxiety in the mouse. Psychopharmacology (Berl). 
1987; 92:180–5. [PubMed: 3110839] 

Ugolini et al. Page 12

Behav Brain Res. Author manuscript; available in PMC 2019 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



35. Borsini F, Podhorna J, Marazziti D. Do animal models of anxiety predict anxiolytic-like effects of 
antidepressants? Psychopharmacology (Berl). 2002; 163:121–41. [PubMed: 12202959] 

36. Xu YL, Reinscheid RK, Huitron-Resendiz S, Clark SD, Wang Z, Lin SH, et al. Neuropeptide S: a 
neuropeptide promoting arousal and anxiolytic-like effects. Neuron. 2004; 43:487–97. [PubMed: 
15312648] 

37. Njung'e K, Handley SL. Evaluation of marble-burying behavior as a model of anxiety. Pharmacol 
Biochem Behav. 1991; 38:63–7. [PubMed: 2017455] 

38. Gyertyan I. Analysis of the marble burying response: marbles serve to measure digging rather than 
evoke burying. Behav Pharmacol. 1995; 6:24–31. [PubMed: 11224308] 

39. Deacon RM. Digging and marble burying in mice: simple methods for in vivo identification of 
biological impacts. Nat Protoc. 2006; 1:122–4. [PubMed: 17406223] 

40. Broekkamp CL, Berendsen HH, Jenck F, Van Delft AM. Animal models for anxiety and response 
to serotonergic drugs. Psychopathology. 1989; 22(Suppl 1):2–12. [PubMed: 2567038] 

41. Angoa-Perez M, Kane MJ, Briggs DI, Francescutti DM, Kuhn DM. Marble burying and nestlet 
shredding as tests of repetitive, compulsive-like behaviors in mice. J Vis Exp. 2013:50978. 
[PubMed: 24429507] 

42. Londei T, Valentini AM, Leone VG. Investigative burying by laboratory mice may involve non-
functional, compulsive, behaviour. Behav Brain Res. 1998; 94:249–54. [PubMed: 9722276] 

43. Keil MF, Briassoulis G, Nesterova M, Miraftab N, Gokarn N, Wu TJ, et al. Threat bias in mice 
with inactivating mutations of Prkar1a. Neuroscience. 2013; 241:206–14. [PubMed: 23531435] 

44. Toledo-Rodriguez M, Sandi C. Stress during Adolescence Increases Novelty Seeking and Risk-
Taking Behavior in Male and Female Rats. Front Behav Neurosci. 2011; 5:17. [PubMed: 
21519389] 

45. Laviola G, Macri S, Morley-Fletcher S, Adriani W. Risk-taking behavior in adolescent mice: 
psychobiological determinants and early epigenetic influence. Neurosci Biobehav Rev. 2003; 
27:19–31. [PubMed: 12732220] 

46. Adriani W, Chiarotti F, Laviola G. Elevated novelty seeking and peculiar d-amphetamine 
sensitization in periadolescent mice compared with adult mice. Behav Neurosci. 1998; 112:1152–
66. [PubMed: 9829793] 

47. Laviola G, Adriani W, Terranova ML, Gerra G. Psychobiological risk factors for vulnerability to 
psychostimulants in human adolescents and animal models. Neurosci Biobehav Rev. 1999; 
23:993–1010. [PubMed: 10580313] 

48. Hefner K, Holmes A. Ontogeny of fear-, anxiety- and depression-related behavior across 
adolescence in C57BL/6J mice. Behav Brain Res. 2007; 176:210–5. [PubMed: 17098297] 

49. Holmes A, le Guisquet AM, Vogel E, Millstein RA, Leman S, Belzung C. Early life genetic, 
epigenetic and environmental factors shaping emotionality in rodents. Neurosci Biobehav Rev. 
2005; 29:1335–46. [PubMed: 16095695] 

50. Arakawa H. Interaction between isolation rearing and social development on exploratory behavior 
in male rats. Behav Processes. 2005; 70:223–34. [PubMed: 16102906] 

51. Bronstein PM. Repeated trials with the albino rat in the open field as a function of age and 
deprivation. J Comp Physiol Psychol. 1972; 81:84–93. [PubMed: 5074307] 

52. Philpot RM, Wecker L. Dependence of adolescent novelty-seeking behavior on response phenotype 
and effects of apparatus scaling. Behav Neurosci. 2008; 122:861–75. [PubMed: 18729640] 

53. Stansfield KH, Kirstein CL. Effects of novelty on behavior in the adolescent and adult rat. Dev 
Psychobiol. 2006; 48:10–5. [PubMed: 16381024] 

54. Arnold JL, Siviy SM. Effects of neonatal handling and maternal separation on rough-and-tumble 
play in the rat. Dev Psychobiol. 2002; 41:205–15. [PubMed: 12325135] 

55. Shalev U, Kafkafi N. Repeated maternal separation does not alter sucrose-reinforced and open-
field behaviors. Pharmacol Biochem Behav. 2002; 73:115–22. [PubMed: 12076730] 

56. Parker KJ, Buckmaster CL, Sundlass K, Schatzberg AF, Lyons DM. Maternal mediation, stress 
inoculation, and the development of neuroendocrine stress resistance in primates. Proc Natl Acad 
Sci U S A. 2006; 103:3000–5. [PubMed: 16473950] 

Ugolini et al. Page 13

Behav Brain Res. Author manuscript; available in PMC 2019 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



57. Chambers RA, Taylor JR, Potenza MN. Developmental neurocircuitry of motivation in 
adolescence: a critical period of addiction vulnerability. Am J Psychiatry. 2003; 160:1041–52. 
[PubMed: 12777258] 

58. Pine DS, Fox NA. Childhood antecedents and risk for adult mental disorders. Annu Rev Psychol. 
2015; 66:459–85. [PubMed: 25559116] 

59. Lenroot RK, Giedd JN. Brain development in children and adolescents: insights from anatomical 
magnetic resonance imaging. Neurosci Biobehav Rev. 2006; 30:718–29. [PubMed: 16887188] 

60. Hariri AR, Holmes A. Genetics of emotional regulation: the role of the serotonin transporter in 
neural function. Trends Cogn Sci. 2006; 10:182–91. [PubMed: 16530463] 

61. Harlow HF. Total Social Isolation: Effects on Macaque Monkey Behavior. Science. 1965; 148:666.

62. Suomi SJ, Delizio R, Harlow HF. Social rehabilitation of separation-induced depressive disorders 
in monkeys. Am J Psychiatry. 1976; 133:1279–85. [PubMed: 824960] 

63. Hofer MA. Maternal separation affects infant rats' behavior. Behav Biol. 1973; 9:629–33. 
[PubMed: 4761069] 

64. Caldji C, Tannenbaum B, Sharma S, Francis D, Plotsky PM, Meaney MJ. Maternal care during 
infancy regulates the development of neural systems mediating the expression of fearfulness in the 
rat. Proc Natl Acad Sci U S A. 1998; 95:5335–40. [PubMed: 9560276] 

65. Blanchard DC, Griebel G, Blanchard RJ. Mouse defensive behaviors: pharmacological and 
behavioral assays for anxiety and panic. Neurosci Biobehav Rev. 2001; 25:205–18. [PubMed: 
11378177] 

66. Angold A, Costello EJ, Erkanli A, Worthman CM. Pubertal changes in hormone levels and 
depression in girls. Psychol Med. 1999; 29:1043–53. [PubMed: 10576297] 

67. Pine DS, Helfinstein SM, Bar-Haim Y, Nelson E, Fox NA. Challenges in developing novel 
treatments for childhood disorders: lessons from research on anxiety. Neuropsychopharmacology. 
2009; 34:213–28. [PubMed: 18754004] 

68. Bar-Haim Y, Lamy D, Pergamin L, Bakermans-Kranenburg MJ, van IMH. Threat-related 
attentional bias in anxious and nonanxious individuals: a meta-analytic study. Psychol Bull. 2007; 
133:1–24. [PubMed: 17201568] 

69. Keil, MF., Lyssikatos, C., Shaikh, M., Belyavskaya, E., Elliott, B., Batista, D., et al. European 
Congress of Endocrinology. Wroclaw, Poland: Endocrine Abstracts; 2014. Effects of PRKAR1A 
mutations in behavior and brain function. 

Ugolini et al. Page 14

Behav Brain Res. Author manuscript; available in PMC 2019 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Highlights

• Loss of one Prkar1a allele is associated with an anxiety-like phenotype in 

adult mice.

• Developmental differences in anxiety behavior were found for WT and 

Prkar1a+/− mice.

• Prkar1a+/− adolescent mice demonstrated higher exploratory and novelty 

seeking behavior.

• Loss of one Prkar1a allele is associated with vulnerability to stress in 

adolescence.
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Fig. 1. Summary of experimental design
Litters were randomly assigned to group: Maternal separation, Tactile stimulation, or 

Facility handling. Behavioral testing of treatment groups was performed during postnatal 

day 40- 50 (late adolescence). Adult controls (3–8 mos age at time of testing).
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Fig. 2. Elevated plus maze (EPM),Open arm and Center area times
Comparison of wild type, Prkar1a+/− for amount of time spent (seconds) in open arm of 

EPM during 5 min. test period. *, p<0.05, developmental differences noted for both 

genotypes. ^, p<0.05, genotype difference found for adults. Comparison of wild type, 

Prkar1a+/− for amount of time spent (seconds) in center area of EPM during 5 min. test 

period. *, p<0.05, developmental differences noted for both genotypes.
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Fig. 3. Elevated plus maze (EPM), Total head dips
Comparison of wild type, Prkar1a+/− for number of head dips in EPM during 5 min. test 

period. *, p<0.05, developmental differences noted for both genotypes.
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Fig. 4. Elevated plus maze (EPM), Center area time
Comparison of wild type, Prkar1a+/− adolescent treatment groups (within genotype) for 

amount of time spent (seconds) in center area of EPM during 5 min. test period. *, p<0.05, 

significant differences noted for wild type tactile stimulation group compared to controls.
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Fig. 5. Elevated plus maze (EPM), Total head dips
Comparison of wild type, Prkar1a+/− adolescent treatment groups (within genotype) for total 

head dips during EPM 5 min. test period. *, p<0.05, Wild type tactile stimulation and 

maternal separation groups had more head dips than controls. *, p<0.05, Prkar1a+/−maternal 

separation group had more head dips than tactile stimulation or controls.
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Fig. 6. Open Field Test (OFT), Latency to novel object and Center Times: T-1 test period (20min) 
and T-Novel object novel (5 min)
Comparison of wild type, Prkar1a+/− for amount of time to approach novel object (seconds) 

in center area of OFT during 5 min. test period. *, p<0.05, developmental differences noted 

for both genotypes, with shorter latency for adults compared to adolescents. Comparison of 

wild type, Prkar1a+/− for amount of time spent (seconds) in center area of OFT during 20 

min. test period (T-1) and during 5min. novel object period (T-novel). *, p<0.05, 

developmental differences noted for both genotypes, with greater center time for adults 

compared to adolescents.
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Fig.7. Open Field Test (OFT), Distance ambulated in center and peripheral areas
Comparison of wild type, Prkar1a+/− for amount of distance (cm) ambulated in center area 

of OFT during 20 min. test period (CD) and during 5min. novel object period (CD-novel); 

and amount of distance ambulated in peripheral area of OFT during 20 min. test period (PD) 

and during 5min. novel object period (PD-novel), *, p<0.05; developmental differences 

noted for both genotypes, with greater center distance ambulation for adults in both initial 

and novelty periods of test compared to adolescents, and less peripheral ambulation during 

initial period and greater peripheral distance ambulation during novel object period 

compared to adolescents.
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Fig.8. Open Field Test (OFT), Time in Center during novel object period and time next to novel 
object
Comparison of wild type, Prkar1a+/− adolescent treatment groups (within genotype) for time 

(seconds) in center area during 5min. novel object period, *, p<0.05, wild type tactile 

stimulation group spent more time in center than controls. Comparison of time (sec) spent 

next to novel object during 5min novel object period, *, p<0.05, wild type adolescent tactile 

stimulation group spent more time next to novel object than controls or maternal separation 

groups; Prkar1a+/− adolescent tactile stimulation group spent more time next to novel object 

than controls.
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Fig 9. Marble Bury Test
Comparison of wild type, Prkar1a+/− for number of marbles buried >2/3. *, p<0.05, 

developmental differences noted for wild type.^, p<0.05, genotype difference found for 

adults.
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