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Abstract

Aging results in a natural decline in social behavior, yet little is known about the processes 

underlying these changes. Engaging in positive social interaction is associated with many health 

benefits, including reduced stress reactivity, and may serve as a potential buffer against adverse 

consequences of aging. The goal of these studies was to establish a tractable model for the 

assessment of social behavior deficits associated with late aging. Thus, in Exp. 1, 1.5-, 3-, and 18-

month-old male Fischer 344 (F344) rats were assessed for object investigation, and social 

interaction with a same-aged partner (novel/familiar), or a different-aged partner, thereby 

establishing working parameters for studies that followed. Results revealed that 18-month-old 

males exhibited reductions in social investigation and social contact behavior, with this age-related 

decline not influenced by familiarity or age of the social partner. Subsequently, Exp. 2 extended 

assessment of social behavior to both male and female F344 rats at multiple ages (3, 9, 18, and 24 

months), after which a series of sensorimotor performance tests were conducted. In this study, 

both males and females exhibited late aging-related reductions in social interactions, but these 

changes were more pronounced in females. Additionally, sensorimotor performance was shown to 

be impaired in 24-month-olds, but not 18-month-olds, with this deficit more evident in males. 

Finally, Exp. 3 examined whether aging-related inflammation could account for declines in social 

behavior during late aging by administering naproxen (0, 7, 14, and 28 mg/kg; s.c.)—a non-

steroidal anti-inflammatory drug—to 18-month-old females. Results from this study revealed that 

social behavior was unaffected by acute or repeated (6 days) naproxen, suggesting that aging-

related social deficits in females may not be a consequence of a general aging-related 

inflammation and/or malaise. Together, these findings demonstrate that aging-related declines in 

social behavior are (i) specific to social stimuli and (ii) not indicative of a general state of aging-
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related debilitation. Thus, these findings establish working parameters for a highly tractable model 

in which the neural and hormonal mechanisms underlying aging-related declines in social 

behavior can be examined.
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1.0 Introduction

Social interaction is a dynamic process that can be influenced by a number of factors, 

including motivation to engage in social behavior, familiarity of the testing situation, as well 

as key features of would-be social partners (e.g. familiarity, presence of social bonds, health 

status) (Arakawa et al., 2009; Carstensen, 1992). One natural, yet unsettling, consequence of 

aging in humans is an overall reduction in social interaction that occurs across the 

lifespan(Carstensen, 1992). This is potentially detrimental to older individuals, because 

engaging in positive social interaction (relative to social deprivation) produces significant 

health benefits evidenced by reduced stress reactivity (Carter, 2007, 1998; Nomura and 

Okuma, 1999), enhanced resilience (Charuvastra and Cloitre, 2008), and faster recovery 

from neurological deficits induced by stroke (DeVries et al., 2007). Interestingly, prior 

studies have shown that elderly people gradually narrow the number of people with whom 

they interact; yet interactions with these individuals deepens across time (Amore, 2005; 

Lang, 2001; Schiffman, 1997). Indeed, elderly people seem to show a distinct preference for 

interacting with highly familiar individuals relative to establishment of new social 

relationships. While this trend is not problematic in and of itself, the narrowing of social 

interests becomes a significant threat to overall well-being as aging-associated debilitation 

(i.e., reduced ability to travel and/or communicate with social partners) and bereavement 

(death of social partners) compromises the depth and quantity of social engagement (Caruso 

et al., 2004; Lang, 2001). When combined with other findings showing that the intensity and 

breadth of positive social interactions are primary indicators of overall happiness and life 

satisfaction, it is clear that preservation of a broad repertoire of social partners could play a 

key role in maintaining and/or improving quality of life for aging populations. It is therefore 

crucial to develop and validate strong preclinical models that can be utilized to better 

understand the neural mechanisms underlying changes in social behavior that occur across 

the lifespan.

Studies have demonstrated that aged rodents exhibit alterations in a number of behavioral 

domains, including impaired cognitive function (Barrientos et al., 2012; Foster, 2012; 

Gallagher and Rapp, 1997; Nomura and Okuma, 1999; Rosenzweig and Barnes, 2003), 

increased anxietylike (Boguszewski and Zagrodzka, 2002; Darwish et al., 2001; Frussa-

Filho et al., 1991; Hunt et al., 2011; Imhof et al., 1993; Miyagawa et al., 1998) and 

depressive-like behaviors (Kiss et al., 2012; Moretti et al., 2011), decreased locomotor 

activity (Gage et al., 1984; Godbout et al., 2008; Hunt et al., 2011), and importantly, 

impaired social interaction (Andersen et al., 1999; Hunt et al., 2011; Markel et al., 1995; 

Mencio-Wszalek et al., 1992; Salchner et al., 2004; Shoji and Mizoguchi, 2011; Soffié and 
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Bronchart, 1988). Aged male rats (14–30-months-old) have been reported to exhibit reduced 

play behavior (Soffié and Bronchart, 1988), fewer social interactions (Markel et al., 1995; 

Salchner et al., 2004), less social investigation (Andersen et al., 1999), and to engage in less 

contact with conspecifics (Hunt et al., 2011) relative to adolescent or young adult rats (1.5–

6-months-old). Importantly, these aging-related social deficits are ubiquitous across many 

rat strains, including the Wistar (Andersen et al., 1999; Hunt et al., 2011; Markel et al., 

1995; Soffié and Bronchart, 1988), Sprague-Dawley (Salchner et al., 2004), and Fischer 

344/Brown Norway cross strains rats (Shoji and Mizoguchi, 2011), yet to our knowledge, 

only one study has examined potential sex differences in social behavior in aged animals. 

Hunt et al. (2011) found that aged male and female Wistar rats (22–30 months) exhibited 

similar reductions in interaction with a novel age- and sex- matched social partner. 

Furthermore, age-related alterations in social interaction have not been assessed in the 

Fischer 344 rat strain. Although adult F344 rats have been shown to differ in frequency and 

duration of social interaction, from other strains (Berton et al., 1997; Ramos et al., 1997; 

Rex et al., 1999), none of these studies examined social interaction in aged F344 rats. Given 

that F344 rats have an 80–90% survival rate at the desired ages (Turturro et al., 1999), and 

have been under-represented in previous studies of aging-related declines in social beahvior 

(particularly with respect to potential sex differences) in social behavior), this strain of rat 

was selected for the current series of experiments. F344 rats are also a commonly used strain 

in aging studies, evidenced by the fact that F344 is one of only a few select rat lines 

maintained by the National Institute on Aging (NIA) for use in NIA-funded projects.

When examining reduced social interaction in aged animals, some studies have reported 

concomitant reductions in locomotor activity (Hunt et al., 2011), whereas others showed no 

such hypoactivity (Andersen et al., 1999; Salchner et al., 2004; Shoji and Mizoguchi, 2011). 

Furthermore, few studies have manipulated features of the dyadic interaction (i.e., 

familiarity and age of social partner (Yates et al., 2013), and to our knowledge, no studies 

have manipulated these features in aged animals to determine what aspect(s) of social 

behavior are impacted in aging. Since social interaction is a dynamic process that can be 

influenced by a number of factors, more detailed assessments of social behavior are required 

to disentangle other, off-target processes that may influence social functioning. For instance, 

reduced social interaction in aged rats might result from aging-related inflammation that 

may be associated with a general state of achiness or malaise, reduced motivation to engage 

in social behavior (Varlinskaya et al., 1999), the inability to detect, remember, and/or 

recognize conspecifics (Mencio-Wszalek et al., 1992; Guan and Dluzen, 1994; Prediger et 

al., 2006, 2005; Terranova et al., 1994), or aging-related increases in anxiety that may 

suppress social interaction (Darwish et al., 2001; File, 1990; Hunt et al., 2011; Miyagawa et 

al., 1998).

This report presents our initial working model of aging-associated alterations in social 

behavior. Overall, we considered 4 key variables that might influence social behavior 

assessments: (i) general exploratory activity, (ii) motor function, (iii) familiarity of the social 

partner, and (iv) age of the social partner. In Exp. 1, aging-related alterations in object 

exploration and social interaction were assessed in male rats. Exp. 2 then evaluated social 

interaction across the lifespan in males and females, while also conducting detailed 

assessments of sensorimotor function. Lastly, Exp. 3 tested whether administration of 
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naproxen, a non-steroidal anti-inflammatory drug (NSAID), would attenuate the aging-

related decline in social interaction, with the idea that NSAID treatment might alleviated 

aging-related inflammation and temper any general achiness and/or malaise that could 

account for declines in social behavior during late aging in females. Naproxen—a non-

selective cyclooxygenase (COX) inhibitor—was selected as an initial pharmacological 

approach because it has been classically used to reduce fever, pain, and inflammation 

(Clarke et al., 1994), and more recently to alleviate illness-related changes in social behavior 

in guinea pigs (Hennessy et al., 2015). Together, these experiments represent our 

development of a tractable working model to assess mechanisms underlying late-aging 

associated social deficits.

2.0 Materials & Methods

2.1 Subjects

F344 rats were used in all experiments, with the vendor and source of the animals explained 

for each experiment below. Animals were provided ad libitum access to both food and water 

throughout all experiments. At all times, animals were maintained and treated in accordance 

with the guidelines set forth by the Institute of Laboratory Animal Resources, (1996) and in 

accordance with the protocol approved by the IACUC at Binghamton University.

2.1a Experiment 1—Male F344 rats (n = 6–9/group) of different ages (1.5, 3, and 18 

months) were obtained from the NIA colonies at Taconic (Germantown, NY). All rats were 

given at least 1 week to acclimate to the colony conditions before the onset of 

experimentation. Colony conditions were maintained at 22 ± 1°C with 14:10 light:dark cycle 

(lights on 0600). Rats remained pair-housed except during the brief (30–40 min) sessions 

during which behavioral testing occurred.

2.1b Experiment 2—Male and female F344 rats (n = 6–10/group) of different ages (3, 9, 

18, and 24 months) were obtained from the NIA colony at Charles River Laboratories. Due 

to federal restrictions on the number of animals that can be obtained from the NIA colony, a 

separate group of 3-month-old F344 rats (males and females) were purchased from Charles 

River to serve as social partners. This approach had the added advantage of ensuring that 

social partners were truly unfamiliar to the test subjects. All rats were given at least 1 week 

to acclimate to the colony conditions (22 ± 1°C; 12:12 light:dark cycle with lights on at 

0700) before the onset of experimentation. On the day prior to the start of behavioral testing, 

rats were handled for 3 min. Additionally, in this study, experimental subjects and social 

partners were single-housed for five days prior to the onset of behavioral testing, and 

remained individually housed throughout the experiment, as previous research has 

demonstrated that brief periods of social deprivation increase the motivation to engage in 

social interaction (Arakawa et al., 2011, 2009; Varlinskaya et al., 1999).

2.1c Experiment 3—Eighteen-month-old female F344 rats (n = 7–10/group) were 

obtained from the Charles River NIA colony. As in Exp. 2, social partners were also female 

F344 rats and were obtained from a separate Charles River stock. Since short-term social 

isolation did not appear to increase social interaction (Exp. 2 and also in other unpublished 
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pilot experiments), in Exp. 3 rats remained pair-housed throughout the entire experiment. 

Rats were handled for 3 min per day for 2 days prior to the onset of behavioral testing.

2.2 Social Interaction Testing

2.2a Apparatus—Testing was conducted between 0800 and 1200 h, under dim light (15–

20 lux). The experimenter was not present in the room, and all sessions were recorded for 

later scoring by a trained observer. Males and females were tested in separate, but adjacent, 

rooms. Animals were placed in Plexiglas chambers (Binghamton Plate Glass, Binghamton, 

NY) that measured 30 × 20 x 20 cm for adolescents and 45 × 30 x 30 cm for adults. Clean 

pine shavings lined the bottoms of the apparatuses. Each test chamber was divided into two 

compartments by a clear Plexiglas partition containing an aperture (7 × 5 cm for 

adolescents; 9 × 7 cm for adults) that allowed for movement of animals between the 

compartments. After testing of each subject, the soiled wood shavings were removed, 

chambers were cleaned with a 3% hydrogen peroxide solution (Exp.1) or were wiped with 

water (Exp. 2 and 3), and clean shavings were added for the next subject.

2.2b Behavioral Measures—Object exploration was defined as sniffing of the object or 

contact with the object (cotton ball). Social investigation was defined as the sniffing of any 

part of the body of the partner, whereas frequency of contact behavior was scored as the sum 

of crawling over and under the partner and social grooming. The total number of crossovers 

(movement through the aperture) demonstrated by the experimental subjects was also 

recorded for each session. Total crossovers were used as an index of general locomotor 

activity.

2.3 Experimental Design and Procedure

2.3a Experiment 1—Object exploration and social behavior were assessed in male rats at 

three ages: 1.5 (late adolescence (Spear, 2015, 2013; Zernig and Pinheiro, 2015), 3 

(adulthood), and 18 (senescence (Coleman, 2004; Turturro et al., 1999) months, using a 

between subjects design (n = 8–9/group). Figure 1 (top panel) contains a schematic 

representation of the behavioral testing procedures used in Exp. 1. On Day 1, experimental 

subjects were placed individually into the testing apparatus for a 30-min acclimation session 

(Pre-Exposure; PE). On the following day (Day 2), rats were again exposed to the testing 

apparatus, but with the opportunity to interact with a novel object—a white cotton ball 

(approximately 10 × 2 x 1.5 cm; l x w x h) for 30 min. Since investigation of both context 

and novel objects declines rapidly after the first 10 min of exposure, our analyses focused on 

behavior emitted during the first 10-min time bin. On Day 3, rats were again placed in the 

testing apparatus with a cotton ball, thus allowing assessment of interaction with a familiar 

object.

Starting on Day 4, social behavior with an age-matched partner was assessed. Rats were first 

exposed to the testing apparatus alone for 30 min, after which time an age- and sex-matched 

novel social partner was placed into the testing context for a 10 min social interaction 

session. On Day 5, social behavior towards a familiar partner was investigated, using a 

similar protocol to Day 4, with the exception that the same social partner from Day 4 was re-

introduced. When interacting with an age-matched partner, weight differences between 
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experimental and partner animals were minimized, in an effort to reduce any aggression 

towards the social partner (Lucion et al., 1996). Additionally, social partners were initially 

unfamiliar with the chamber on the first day of social behavior testing. On Days 6 and 7, 

social behavior towards a partner of a different age was assessed. On these days, rats were 

allowed to interact with a novel partner from one of the other two age groups for 10 min, 

following the usual 30-min pre-exposure to the apparatus. The order in which the rats 

interacted with an animal from another age group was counterbalanced. For the purposes of 

these experiments, the term “familiar” refers to a social partner that was not novel.

2.3b Experiment 2—Previous studies have used brief social isolation to enhance the 

motivation to engage in social interaction (Arakawa et al., 2011, 2009; Varlinskaya et al., 

1999). Rats were single-housed for five days prior to the onset of behavioral testing (Figure 

1, middle panel). On Day 6, PE occurred, with subjects and partners acclimated to the 

testing environment for 30 min. Social interaction testing occurred over the next three days, 

and consisted of the experimental subject being placed into the testing environment for 20 

min (Acclimation phase; AC), after which a sex-matched partner (~ 3 months old) was 

placed into the apparatus for a 10-min interaction session (social interaction phase; SI). On 

Day 7, all animals interacted with a novel, sex-matched partner (Novel 1), followed by the 

same partner on Day 8 (Familiar). Then, on Day 9, a different, sex-matched partner was 

introduced (Novel 2).

Given that altered social behavior in aged animals could be related to aging-associated 

alterations in sensorimotor function, on Day 10, sensorimotor performance was assessed 

using the Forepaw Adjustment Steps (FAS) and Vibrissae-Evoked Forelimb Placing (VEFP) 

tests. The FAS test was used to measure rodent forelimb motor performance (Chang et al., 

1999; Conti et al., 2014; Olsson et al., 1995). An experimenter held the rat’s hindlimbs and 

one forepaw so that weight would be imposed on the other forepaw. Rats were moved 

laterally across a table at a rate of 90 cm/10 s. Each test consisted of 6 trials for each 

forepaw: 3 trials each to assess forehand (adjusting for movement toward the body) and 

backhand (adjusting for movement away from the body) adjustments. Data are presented as 

mean total steps, where forehand and backhand stepping for the right and left forepaws were 

added together for each animal. Higher stepping scores indicate better motor performance 

when comparing age and sex differences.

Due to the VEFP’s sensitivity to sensorimotor performance (Anstrom et al., 2007; Woodlee 

et al., 2005), it was used along with the FAS test assess sensorimotor function across ages of 

male and female rats. An experimenter held the animal by the torso, restrained a forelimb, 

and brushed its vibrissae against the edge of a table to elicit a forelimb placement from the 

ipsilateral limb. Animals were then turned sideways so that vibrissae were perpendicular to 

the table and the downwardly oriented limb was restrained. The vibrissae were brushed 

against the tabletop to evoke forelimb placement from the contralateral limb. There were a 

total of ten trials for each ipsilateral and contralateral limb, and trials when the animal 

struggled were not counted. The total number of steps for ipsilateral and contralateral 

placing was used, where higher numbers indicate better performance.
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2.3c Experiment 3—Previous studies have reported that late aging is associated with a 

pro-inflammatory state (Barrientos et al., 2015; Jurgens and Johnson, 2010; Norden et al., 

2014; Norden and Godbout, 2013), with the aging brain thought to reside in a chronic state 

of neuroinflammation that is characterized by increased concentrations of central cytokines 

and an exaggerated response to immune stimulation (Henry et al., 2009; Huang et al., 2008; 

Norden et al., 2014; Norden and Godbout, 2013). It is therefore possible that this heightened 

inflammatory state occurring during senescence could result in a general aging-related 

malaise that contributes to social deficits in late aging. To investigate this possibility, Exp. 3 

examined the potential for a general anti-inflammatory drug to reverse age-associated 

declines in social behavior. This approach was based on prior research, which reported 

attenuation of negative affective behaviors induced by illness (or an illness-like) state. For 

example, ibuprofen (another NSAID) was able to attenuate depressive-like behavior in ill 

tumor-bearing mice (Norden et al., 2015). Additionally, Hennessy and colleagues (Hennessy 

et al., 2015) reported that naproxen ameliorated social separation-induced depressive-like 

behavior in guinea pigs, with this pattern of separation-induced depressive-like behavior 

strikingly similar to sickness behavior exhibited during a state of illness (Hennessy et al., 

2014), and which also involves a decline in social behavior (Henry et al., 2008).

Thus, Exp. 3 investigated the effects of acute and/or repeated naproxen (Cat. No. N8280; 

Sigma)-a commonly used NSAID that is a non-selective COX inhibitor—on the social 

behavior of aged18-month-old female F344 rats (n = 7–10/group). Females were selected for 

this study, given that Exp. 2 demonstrated more pronounced social deficits in this sex. 

Naproxen was suspended fresh daily in a working solution of 5 mg/kg, using 0.25% 

carboxymethylcellulose (CMC; Cat. No. C5678; Sigma) as vehicle. Because a drug 

suspension was utilized, the volume of injectate was varied to achieve the desired doses of 

naproxen (7, 14, 28 mg/kg; s.c.), with vehicle-injected rats receiving equivolume vehicle 

(0.25% CMC). Drug administration on behavioral testing days always occurred 1 h before 

the onset of the testing. For all social interaction tests, the animals were placed into the 

testing apparatus for a 20-min acclimation period, after which time a social partner was 

introduced and behavior was assessed for 10 min. Social partners were always novel 3-

month-old females. On Day 1 of the experiment, animals were pre-exposed to the testing 

environment for 30 min, prior to the administration of any drug. On Day 2, drug was 

administered in the home cage and animals were pre-exposed to the testing environment 

again for 30 min. Two pre-exposure sessions were used so that animals were able to 

acclimate to the testing apparatus with and without drug. On Day 3, drug was administered 

and social interaction against a novel 3-month-old female partner was assessed. Days 4–6 

consisted of daily drug administration in the home cage, with no behavioral testing 

occurring on those days. On Day 7, social interaction was assessed again, to determine the 

effects of prolonged naproxen administration on social behavior. On days 8–10, no drugs 

were administered and no behavioral testing occurred. Finally, on Day 11, social behavior 

was assessed (Figure 1c) such that the impact of repeated testing on overall social behavior 

could be assessed on this final test day.
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2.4 Data Analysis

All data were analyzed using Statistica (Version 12, StatSoft, Inc, Tulsa, OK). Data were 

assessed for normality using Shapiro-Wilks test. Data that violated normality were subjected 

to a square root transformation. For ease of presentation and interpretation, all data in the 

figures represent untransformed data. A One-way ANOVA with Age as a factor was used to 

assess the total number of crossovers exhibited during PE in Exp. 1. Aging-related 

differences in object exploration and social interaction were analyzed with repeated-

measures ANOVAs with Age as the between-subjects measure and Familiarity or Partner 

Age as the within-subjects measure. Object exploration, social interaction with a same-aged 

partner, and social interaction with a different-aged partner, and crossovers during those 

sessions were assessed by separate repeated-measures ANOVAs. Crossovers exhibited 

toward a different-aged partner were assessed with Friedman ANOVA with Wilcoxon 

signed rank post-hoc tests. For Exp. 2, 4 (Age) x 2 (Sex) x 3 (Day) mixed ANOVAs, were 

used to analyze social investigation. Social contact and total crossovers exhibited during 

each phase of testing (AC and SI; Days 7–9) were assessed with Friedman ANOVA. 

Crossovers exhibited during PE (Day 6) were assessed with Kruskal-Wallis ANOVA with 

Mann-Whitney U post-hoc tests. Sensorimotor performance on the FAS and VEFP tests 

were assessed using 4 (Age) x 2 (Sex) ANOVAs. For Exp. 3, a one-way ANOVA with Dose 

as a factor was used to assess total crossovers exhibited during PE and social behavior on 

each day individually. Furthermore, the impact of repeated testing on social behavior and 

total crossovers during PE was assessed using 4 (Dose) x 3 (Day) mixed ANOVAs. Social 

contact was not normally distributed, and was analyzed using Friedman ANOVA and 

Kruskal-Wallis ANOVA. In all parametric analyses, Fisher’s Least Significant Difference 

(LSD) post-hoc tests were used to determine the loci of significant differences between 

groups in the event of significant main effects or interaction.

3.0 Results

3.1 Experiment 1

3.1a Pre-Exposure—The total number of crossovers during the acclimation session 

decreased with age [F(2,21) = 20.17, p < 0.001]. Aged rats had fewer crossovers than adult 

and adolescent rats (Table 1).

3.1b Object Exploration—No significant age differences were observed in object 

exploration, although rats of all ages spent more time investigating a novel versus a familiar 

object [F(1,21) = 9.17, p < 0.01] (Figure 2a). The total number of crossovers exhibited 

during the 10-minute session was influenced by object familiarity [F(1,21) = 12.51, p < 

0.01] and age of the experimental animal [F(2,21) = 7.73, p < 0.01] (Table 1), such that both 

aging and familiarity of the object resulted in fewer crossovers.

3.1c Social behavior towards an age-matched partner—Adolescents and young 

adults investigated a novel partner more than a familiar partner, whereas aged animals 

displayed similar levels of investigation, regardless of partner familiarity [Age x Familiarity 

interaction, F(2,21) = 16.82, p < 0.0001] (Figure 2b). Contact behavior was not normally 

distributed, so data were transformed prior to ANOVA. In adolescents, contact behavior was 
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similar toward novel and familiar social partners, while in adults, contact was higher for a 

novel partner, and in aged animals, contact was higher for a familiar partner [Age x 

Familiarity interaction], F(2,21) = 5.73, p < 0.05. The total number of crossovers exhibited 

by experimental animals during the social interaction was transformed due to non-normality. 

As the age of the rats increased, the total number of crossovers decreased [F(2,21) = 120.49, 

p < 0.0001] (Table 1).

3.1d Social behavior towards a different-aged partner—Overall, investigation of a 

different-aged partner decreased with age of experimental animal [F(2,21) = 99.74, p < 

0.0001] (Figure 3a). In addition, experimental animals spent less time investigating a partner 

as the partner’s age increased [F(2,42) = 5.15, p < 0.05]. Contact behavior directed toward a 

different-aged partner was transformed due to non-normality. Social contact behavior 

decreased across age [F(2,42) = 96.94, p < 0.00001] (Figure 3b). Contact with the partner 

animal was also attenuated as the age of the partners increased [F(2,42) = 4.25, p < 0.05]. 

Since data were not normally distributed, even after transformation, Friedman ANOVA was 

used to assess the impact of age on total crossovers exhibited when interacting with a 

different-aged partner. Separate ANOVAs were used for each age, with age of the social 

partner as the within-subjects variable. Wilcoxon signed-rank tests with Bonferroni 

corrections for multiple comparisons were used to assess the loci of significant differences 

following Friedman ANOVA. Adolescents exhibited fewer crossovers as the age of the 

social partner increased [χ2 (2) = 13.00, p < 0.01], while there was no difference in 

crossovers exhibited toward different-aged partners in adult or aged animals (Table 1).

3.2 Experiment 2

3.2a Pre-Exposure—The total number of crossovers exhibited by subjects during the 30-

min pre-exposure session was not normally distributed, even after transformation. Thus, 

Kruskal-Wallis ANOVA was used to assess total crossovers. Kruskal-Wallis ANOVA does 

not allow for factorial designs, so age and sex were assessed separately. Crossovers were 

significantly impacted by age [H(3,69) = 51.48, p < 0.0001]. Mann-Whitney U tests with 

Bonferroni corrections for multiple comparisons revealed that 18- and 24-month-old rats 

exhibited a reduction in crossovers compared to 3- and 9-month old rats. Total crossovers 

during PE were not impacted by sex [H(1,69) = 2.71, p > 0.05] (Figure 4a)

3.2b Social Interaction—Investigation was assessed with a mixed-design ANOVA, 

where test day was the within-subjects measure and age and sex were between-subjects 

measures. There was a main effect of test day, [F(2,130) = 26.40, p < 0.01], and post-hoc 

tests revealed that there were significant differences between all days. Social investigation 

declined between tests 1 and 2. In addition, there was a slight increase in social investigation 

upon presentation of a novel partner in test 3. Investigation (mean ± SEM) for social 

interaction tests 1–3 were 36.85 ± 1.76, 25.92 ± 1.57, and 30.68 ± 1.58, respectively, 

collapsed across age and sex. Thus, this pattern shows habituation to the same conspecific, 

then dishabituation when a novel conspecific was presented in the third social interaction 

test. In males, 18- and 24-month olds exhibited reduced social investigation compared to 3-

month olds. 9-month-old males were not different from males at any other age (Figure 5a). 

In females, 18- and 24-month olds exhibited significant reductions in investigation 

Perkins et al. Page 9

Exp Gerontol. Author manuscript; available in PMC 2017 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



compared to 3- and 9-month olds [Age x Sex interaction, F(3,130) = 3.67, p < 0.05] (Figure 

5b).

To analyze social contact, a separate GROUP variable was used, which combined sex and 

age (e.g. 3-month old male = 3M, 3-month-old female = 3F). Social contact was assessed 

using Friedman ANOVA for each group separately. There were no differences in social 

contact across days in any group. To assess the impact of age and sex on contact behavior, 

separate Kruskal-Wallis ANOVAs were conducted for males and females on each test day. 

Regardless of test day, males of different ages did not show differences in contact behavior. 

However, in females, contact behavior was significantly impacted by age on all test days 

[Novel 1: H(3,38) = 23.65, p < 0.001; Familiar: H(3,38) = 19.24, p < 0.001; Novel 2: 

H(3,38) = 22.92, p < 0.001]. Mann-Whitney U tests with a Bonferroni correction revealed 

that when interacting with a novel partner (Novel 1), 24-month-old females exhibited fewer 

contacts than 3- and 9-month old females, whereas 18-month-old females exhibited fewer 

contacts than 9-month-old females. When interacting with a familiar conspecific, 18- and 

24- month old females exhibited fewer contacts, compared to 9-month-old females. When 

another novel conspecific was presented on the third test day, 24-month-old females had 

fewer contacts compared to 3- and 9-month old females, while 18-month-old females had 

fewer contacts than 9-month-old females (Figure 5d).

The total number of crossovers were assessed separately using Friedman ANOVA for the 

AC and SI phases across the three days of social interaction testing (Novel 1, Familiar, and 

Novel 2) (Table 2). Total crossovers during the AC phase were impacted by test day in 3-

month-old males [χ2(2) = 7.40, p < 0.05] and 3-month-old females [χ2(2) = 8.22, p < 0.05]. 

Wilcoxon signed-rank tests with a Bonferroni correction were used to assess differences 

between days in each group. In 3-month-old females, there were no differences between 

days, while in 3-month-old males, there was a significant decline from test day 1 (Novel 1) 

to test day 2 (Familiar) (Data for SI Test 1 are shown in Figure 4b). Crossovers did not 

decline across days during the social interaction phase (Table 2). To assess the influence of 

sex on total crossovers during the SI phase on each day, separate Mann-Whitney U tests 

were conducted, with Bonferroni corrections for multiple comparisons. Crossovers were 

higher in females, compared to males, on the third test day (Novel 2). To analyze the impact 

of age on total crossovers exhibited during the social interaction tests, separate Kruskal-

Wallis ANOVAs were conducted for each test day. There was a significant effect of age on 

total crossovers on all test days [Novel 1:H(3,73) = 41.56, p < 0.001; Familiar: H(3,73) = 

40.55, p < 0.001; Novel 2: H(3,73) 39.97, p < 0.001]. Mann-Whitney U tests with 

Bonferroni corrections confirmed that 18- and 24-month old rats exhibited a reduction in 

crossovers, compared to 3- and 9-month-old rats.

3.2c Forepaw Adjustment Steps and Vibrissae-Evoked Forelimb Placement 
Tests—The FAS and VEFP tests assess sensorimotor performance, and in both tests, 

higher total step counts indicate better performance. FAS performance was significantly 

impacted by both age and sex [Age x Sex interaction, F(3,66) = 4.62, p < 0.01] (Figure 6a). 

24-month-old males had the fewest number of steps, and had poorer performance than 3- 

and 18- month-old males and 9-, 18-, and 24-month-old females. 3-month-old males 

performed better than 3-month-old females, while 24-month-old females performed better 

Perkins et al. Page 10

Exp Gerontol. Author manuscript; available in PMC 2017 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



than 24-month-old males. Aged (24-month-old) males and females showed impaired VEFP 

performance [F(3,66) = 4.58, p < 0.01] (Figure 6b).

3.3 Experiment 3

3.3a Pre-Exposure—There were two pre-exposure sessions, one prior to administration 

of any drug, and one that occurred 1h after drug administration. There were no effects of 

drug on total crossovers exhibited during either of these test sessions [PE1: F(3,29) = 0.14, p 

> 0.90; PE2: F(2,31) = 0.28, p > 0.80]. Crossovers declined from PE1 to PE2 [F(1,27] = 

94.98, p < 0.0001], indicating that there was habituation to the testing apparatus (Table 3).

3.3b Social Interaction—Naproxen administration, regardless of dose, did not affect 

social investigation or social contact on any day of testing (Figure 7a–c). Social 

investigation declined across test day [F(2,66) = 36.62, p < 0.0001]. Friedman ANOVA was 

used to assess the impact of naproxen on social contact, since it was not normally 

distributed. Social contact increased across testing days [χ2(2) = 17.28, p < 0.001], but was 

not impacted by dose. Total crossovers during the social interaction test also declined across 

test day [F(2,66] = 32.5, p < 0.0001], but were not impacted by naproxen administration.

4.0 Discussion—Overall, the findings reported here are consistent with the literature in 

which social behavior has been studied in aged rats (Andersen et al., 1999; Hunt et al., 2011; 

Markel et al., 1995; Salchner et al., 2004; Shoji and Mizoguchi, 2011; Soffié and Bronchart, 

1988), thereby replicating a substantial decline in overall social behavior during senescence 

(Exps. 1 and 2) and extending those findings to female Fischer 344 rats (Exp. 2). Thus, the 

present findings contribute to our knowledge on the relationship between diminished social 

behavior and several other aging-related changes. Specifically, our experimental approach 

examined the specificity of aging-related declines in social behavior through (i) assessment 

of other factors, such as general exploratory activity, exploration of an inanimate object, and 

motor performance, that could influence aging-related changes in social behavior; (ii) 

examination of how sex influences aging-related alterations in social behavior; and (iii) 

systematic variation of the characteristics of the social partner (familiarity and age) as a 

means to determine whether nonspecific deficits in conspecific recognition might account 

for aging-related declines in social behavior.

Aging was associated with a significant decline in general activity (as measured by total 

crossovers), compared to adolescent and adult rats. This aging-related decrease in activity 

was observed in both males (Exp. 1 and 2) and females (Exp. 2). This is consistent with 

studies showing a reduction in overall locomotor activity in aged rats (Hunt et al., 2011; 

Mencio-Wszalek et al., 1992). A reduction in the total number of crossovers exhibited by 

aged animals was consistently observed during exploration of a novel object and all phases 

of social interaction. In addition, social deficits were observed in both 18- and 24- month old 

male (Figure 5a, and 5c) and female rats (Figure 5b, and 5d), suggesting that aging-related 

declines in social behavior observed in males and females are not simply due to impaired 

ability to move about the testing environment, since a decline in social interaction was 

observed in both ages. Additionally, our results confirm previous findings showing a decline 
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in motor performance with increased age in rodents (Altun et al., 2007; Gage et al., 1984; 

Spangler et al., 1994).

Another possible explanation for age-related differences in social interaction is that aged 

animals have impaired cognitive abilities that may manifest in a deficit in object and/or 

social recognition. Here, we provide evidence that aged males are able to discriminate 

between a novel and familiar object (Exp. 1). The present data also suggest that the decline 

in social behavior observed in aged rats is not simply a matter of an inability to recognize or 

remember conspecifics. This is not a trivial issue since natural aging is often accompanied 

by general declines in cognitive function (Barrientos et al., 2012). Indeed, previous studies 

have demonstrated that aged rats show impaired social recognition (Guan and Dluzen, 1994; 

Prediger et al., 2006, 2005) and olfactory discrimination (Prediger et al., 2006, 2005; 

Terranova et al., 1994), although some studies have shown no impairment (Kraemer and 

Apfelbach, 2004). In a study conducted by Mencio-Wszalek et al. (1992), aged male 

Sprague-Dawley rats (20-months-old) exhibited reductions in olfactory investigation of non-

receptive females and immature males, although investigation of receptive females was 

similar between young (2–5 months), middle-aged (11–15 months), and aged rats (20+ 

months), suggesting that the decline in investigation may be due to a reduction in motivation 

to engage in social investigation, rather than an inability to detect conspecifics. Even with 

low levels of general activity throughout behavioral testing, aged males were able to 

discriminate the novel and familiar objects (Exp. 1). Furthermore, in Exp. 2, there was a 

decline in investigation of a familiar conspecific, indicative of habituation, across all ages. 

Then, when a novel conspecific was presented on the third day, social investigation 

increased, indicating dishabituation. This suggests that aged animals are able to recognize a 

previously encountered conspecific, and adjust behavior accordingly. However, further 

analysis of conspecific recognition and memory would be needed to test this more 

specifically. There was a slight decrease in social investigation in 18- and 24-month old 

males, but no differences in social contact. On the other hand, there was a significant and 

consistent decrease in social investigation and contact in aged females (18 and 24 months; 

Figure 5). These findings are important because previous studies of aging-related changes in 

social behavior have used exclusively males or found no difference between aged male and 

females in social behavior (20–30 month old Wistar rats; Hunt et al., 2011). When these 

findings are combined with our results on sensorimotor performance, it appears as if the 

decline in social investigation in 24-month-old males could be due, in part, to impaired 

movement around the testing environment, while in 24-month-old females these abilities 

remain largely intact.

In the final experiment, neither acute nor prolonged naproxen administration affected social 

interaction in 18-month-old females. Thus, aging-related changes in social behavior in 

females may represent an actual decline in social motivation, rather than a decline in general 

health that would be secondary to aging-related achiness or malaise. Previous work by 

Godbout and colleagues (Huang et al., 2008) has demonstrated sickness-associated declines 

in social behavior, which are more pronounced in aged mice. Thus, it is possible that low-

grade inflammation, as occurs in aging, could be responsible for aging-related social 

deficits. What we show here is that peripheral administration of naproxen, which reduces 

inflammation, did not affect social interaction in aged females. As naproxen is a non-
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selective COX-2 inhibitor (Mitchell et al., 1993), we cannot rule out that drugs targeting 

other inflammatory pathways (e.g. prostaglandins, cytokines) could influence social 

behavior in aged rats.

The vast majority of rodent studies examining social behavior have done so in young 

rodents, during early developmental periods in which social behavior often manifests as 

rough-and-tumble play (Panksepp et al., 1984; Bredewold et al., 2014; van Kerkhof et al., 

2013; Kummer et al., 2011; Pellis et al., 1997; Smith, 2012; Strickland and Smith, 2015; 

Trezza et al., 2011; Vanderschuren and Trezza, 2014; Veenema et al., 2012; Yates et al., 

2013; Zakharova et al., 2009; Zernig and Pinheiro, 2015). Indeed, social processes in young 

rodents are richly expressed at high levels and lend themselves toward ready delineation of 

neural substrates underlying social play behavior. Other rodent models, such as prairie voles, 

have been utilized extensively to better understand brain mechanisms underlying social 

bonding in young adults (Wang et al., 1998; Young et al., 2011). Social interaction in young 

adults is also commonly used as a reporter of sickness-like behavior as well as adverse 

consequences of stressor exposure (Arakawa et al., 2009; Christianson et al., 2009). 

However, substantially fewer studies have examined social processes in aged rodent models, 

perhaps because aged rodents express considerably reduced social behavior (than their 

younger counterparts) that can often be contaminated by other social (aggression, sexual 

behavior) or nonsocial (general activity, motor function, responses to novelty, etc.) factors. 

Thus, the studies here provide an important behavioral foundation for the pursuit of neural 

mechanisms contributing to the decline in social behavior during senescence. Future 

research may focus on age-related differences in social reward that may help to explain 

aging-related deficits in social behavior, given that the rewarding value of social interactions 

declines across ontogeny, with adolescent rats being more responsive to social reward than 

their older counterparts (Douglas et al., 2004; Trezza et al., 2011; et al., 2010; Trezza et al., 

2009). Furthermore, not only age, but also the housing condition and sex of an experimental 

subject as well as its partner can play a substantial role in the rewarding value of social 

interactions (Douglas et al., 2004).

The overall low levels of social investigation/contact among aged rats makes studying such 

behaviors quite difficult, and investigators often elect to isolate rats for a few hours to a few 

days prior to social behavior testing (Arakawa et al., 2011, 2009; Varlinskaya et al., 1999). 

Indeed, the housing conditions in the days leading up to social behavior testing is one 

variable that changed across experiments (30 min of isolation in Exp. 1; 5 days in Exp. 2; 20 

min of isolation in Exp. 3). These procedural differences represented our attempts to 

optimize the sensitivity of our social behavior testing procedures for aged subjects. Although 

housing condition was not systematically evaluated in these experiments, a cautious 

comparison of data across experiments suggests that short-term isolation (5 days) does not 

appear to affect social processes in aged subjects, indicating that perhaps aged rats may be 

resistant to the influence of short term social deprivation (unlike younger counterparts). We 

make this inference based largely on differences in ambient social behavior observed 

between Exps. 2 and 3, since subjects from Exp. 1 were derived from a different vendor 

(Taconic) relative to subsequent experiments (Charles River; i.e., NIA switched their 

primary vendor amidst the execution of these studies). Nevertheless, the aging-related 

decline in social behavior appears to be highly reproducible regardless of other variables that 
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may have changed (source of rats, pre-testing isolation), underscoring the importance of 

delineating the neural substrates underlying social behavior regulation in aged rats. In this 

way, the studies here provide an important behavioral foundation for the pursuit of neural 

mechanisms contributing to the decline in social behavior during senescence.

When comparing these findings to what has been observed in aged humans, these data 

support the observation that humans show a natural reduction in social interaction with 

increased age (Carstensen, 1992). In addition, the manipulation of the familiarity of the 

social partner in these experiments show that aged animals do not necessarily show an 

increase in social interaction with a familiar conspecific, as would be expected from data in 

humans showing a gradual narrowing of social circles, with a preference for engaging in 

social interaction with familiar individuals (Amore, 2005; Lang, 2001; Schiffman, 1997). 

However, it could be argued that 1 day of social interaction with a novel conspecific is not 

sufficient interaction to constitute the depth of familiarity achieved by humans engaged in 

enduring social relationships. This represents a minor limitation to the model of brief social 

interaction utilized here, and future studies should target the development of pre-clinical 

models that might be valuable for assessment of how durable social relationships impact the 

response to novel partners among aged subjects. Regardless, engagement in positive social 

interaction has positive health benefits, and understanding the factors that contribute to the 

decline in social behavior observed in aging can inform potential treatment options, leading 

to a better quality of life for the aging population.
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AC Acclimation Phase

CMC Carboxymethylcellulose

COX Cyclooxygenase

F344 Fischer 344

FAS Forepaw Adjusting Steps

NIA National Institute on Aging

NSAID Non-Steroidal Anti-Inflammatory Drug

PE Pre-Exposure

SI Social Interaction Phase

VEFP Vibrissae-Evoked Forelimb Placing
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Highlights

• Natural aging is accompanied by a decline in social behavior in rodent models.

• Conspecific recognition was intact in 18-month old Fischer 344 rats of both 

sexes.

• Social behavior deficits are not attributable to sensorimotor dysfunction in 

aging.

• Acute or chronic NSAID treatment had no effect on aging-related social deficits.

• Aging-associated social deficits likely arise from disruption in social motivation.
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Figure 1. 
Schematic diagram of experimental timelines.
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Figure 2. 
Object exploration and social interaction directed towards a same-aged social partner in 1.5-, 

3-, and 18-month-old males in Experiment 1.
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Figure 3. 
Social investigation and contact of a different-aged partner in 1.5-, 3-, and 18-month-old 

males in Experiment 1.
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Figure 4. 
Total number of crossovers exhibited during pre-exposure and the first social interaction test 

in 3-, 9-, 18- and 24-month-old males and females in Experiment 2.
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Figure 5. 
Social investigation and contact in 3-, 9-, 18-, and 24-month-old males and females in 

Experiment 2.
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Figure 6. 
Sensorimotor function in 3-, 9-, 18-, and 24-month-old males and females in Experiment 2.
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Figure 7. 
Social investigation, contact, and total crossovers in 18-month-old females administered 

naproxen (0–28 mg/kg) in Experiment 3.
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