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Abstract

Environmental complexity (EC) is a powerful, stimulating paradigm that engages animals through

a variety of sensory and motor pathways. Exposure to EC (30 days) following 12 days of wheel

running preserves hippocampal neuroplasticity in male rats neonatally exposed to alcohol during

the third-trimester equivalent (binge-like exposure on postnatal days [PD] 4–9). The current

experiment investigates the importance of various components of EC (physical activity,

exploration, social interaction, novelty) and examines whether neonatal alcohol exposure affects

how male rats interact with their environment and other male rats. Male pups were assigned to 1

of 3 neonatal conditions from PD 4–9: suckle control (SC), sham-intubated (SI), or alcohol-

exposed (AE, 5.25 g/kg/day). From PD 30–42 animals were housed with 24-h access to a

voluntary running wheel. The animals were then placed in EC from PD 42–72 (9 animals/cage,

counterbalanced by neonatal condition). During EC, the animals were filmed for five 30-min

sessions (PD 42, 48, 56, 64, 68). For the first experiment, the videos were coded for distance

traveled in the cage, overall locomotor activity, time spent near other animals, and interaction with

toys. For the second experiment, the videos were analyzed for wrestling, mounting, boxing,

grooming, sniffing, and crawling over/under. AE animals were found to be less active and

exploratory and engaged in fewer mounting behaviors compared to control animals. Results

suggest that after exposure to wheel running, AE animals still have deficits in activity and social

behaviors while housed in EC compared to control animals with the same experience.
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Introduction

Maternal alcohol consumption is a leading cause of preventable mental disability in children

(Centers for Disease Control [CDC], 2013). The umbrella term Fetal Alcohol Spectrum
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Disorders (FASD) includes a wide range of physical, emotional, behavioral, cognitive, and

social deficits associated with prenatal alcohol exposure (Clarke & Gibbard, 2003). Despite

increased public awareness regarding the dangers of drinking during pregnancy, the current

prevalence of FASDs has been estimated to be as high as 5% of live births in the United

States (CDC, 2013; May et al., 2009). The influence of FASD is extensive and often results

in serious neurodevelopmental deficits affecting cognition and behavior throughout life.

Similarly, alcohol exposure has widespread effects on the brain, with the prefrontal cortex,

hippocampus, and cerebellum being some of the more vulnerable regions. Developmental

alcohol exposure has been shown to lead to decreased gray matter and basal ganglia volume

in humans (Mattson et al., 1996; Mattson, Schoenfeld, & Riley, 2001), impaired cortical

plasticity (Rema & Ebner, 1999), reduced cortical and hippocampal dendritic complexity

and spine density (Hamilton, Akers, et al., 2010; Hamilton, Criss, & Klintsova, unpublished

data; Whitcher & Klintsova, 2008), decreased hippocampal adult neurogenesis (Choi, Allan,

& Cunningham, 2005; Hamilton, Boschen, Goodlett, Greenough, & Klintsova, 2012; Helfer,

Goodlett, Greenough, & Klintsova, 2009; Klintsova et al., 2007), impaired CA1 long-term

potentiation (Puglia & Valenzuela, 2010a,b), and reduced cerebellar synapse per Purkinje

cell number (Klintsova, Matthews, Goodlett, Napper, & Greenough, 1997). In addition,

numerous behavioral deficits are observed, including motor deficits and impaired

performance on hippocampal-associated spatial and executive functioning tasks (reviewed in

Klintsova, Hamilton, & Boschen, 2013).

Limited pharmacological or behavioral therapies are available for the treatment of children

with FASD, though evidence suggests that early interventions result in better outcomes for

these children later in life (CDC, 2013). Within the rodent literature, both exercise and

exposure to a complex environment have been shown to be beneficial to both the healthy

and damaged brain. Housing in classic environmental complexity (EC) paradigms results in

increased cortical thickness, enhanced dendritic branching in the frontal, temporal, and

occipital cortices, and visual cortex synaptogenesis in the normal rat brain (Greenough &

Volkmar, 1973; Greenough, Volkmar & Juraska, 1973; Rosenzweig, Bennett, & Krech,

1964; Turner & Greenough, 1985). Additionally, EC influences various components of

cellular neuroplasticity including neurotrophin release, vesicle-docking proteins, and

postsynaptic receptor expression (Olson, Eadie, Ernst, & Christie, 2006). These variables

may contribute to the beneficial effect of EC on the alcohol-damaged brain. Our lab has

demonstrated that a combination of wheel running (WR) followed by environmental

complexity enhances hippocampal adult neurogenesis and cortical dendritic complexity in

animals exposed to alcohol from PD 4–9 (third-trimester equivalent) (Hamilton et al., 2012;

Hamilton, Criss, & Klintsova, unpublished data). In addition, this intervention ameliorates

alcohol-associated impairments in contextual fear conditioning, contextual pre-exposure

facilitation effect (CPFE) training, and trace eye-blink conditioning (Hamilton et al., 2014;

Schreiber et al., 2013).

The design of an effective behavioral intervention for children with FASD is critical for

responding to the problem of maternal drinking in our society. The use of rodent models is

key in establishing procedures that show the greatest benefit in the least amount of time. The

use of a diverse range of EC protocols in the literature makes it difficult to determine which

components of the cage contribute most to the beneficial effects. Recent literature on EC
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paradigms in mice suggests that aerobic exercise is the key factor contributing to the

beneficial effects observed (Kobilo et al., 2011; Mustroph et al., 2012). However, EC

paradigms that do not include an element that specifically targets increasing aerobic

exercise, such as a running wheel, still produce strong neuroplastic changes (Bredy,

Humpartzoomian, Cain, & Meaney, 2003; Ehninger & Kempermann, 2003; Fabel et al.,

2009; Greenough & Volkmar, 1973; Greenough, Volkmar, & Juraska, 1973; Parks,

McMechan, Hannigan, & Berman, 2008; Rema & Ebner, 1999; Rosenzweig et al., 1964;

Schapiro, 2002; Turner & Greenough, 1985). Additionally, our lab uses an intervention that

includes wheel running immediately prior to, but separate from, the EC paradigm, and we

have found that EC is able to support long-lasting neuroplastic alterations that may have

been initiated during WR.

The current experiment seeks to further understand the influence of various components of

EC on animal behavior and whether neonatal alcohol exposure affects how the rats interact

with their environment and other animals. Four factors involved in our EC paradigm were

considered: 1) physical activity, 2) exploratory behavior, 3) novel enrichment items, and 4)

social interactions. The first experiment investigated locomotor and exploratory behavior of

rats during 4 weeks in EC by assessing the 4 different factors of the intervention listed

above. The second experiment examined the specific social interactions between individual

animals while in the EC cage.

Materials and methods

Animals

Rats were bred at the University of Delaware’s Office of Laboratory Animal Medicine

Facility. On PD 3, 8 litters were culled to 8 pups each (6 male, 2 female when possible). The

timeline of the experiment is displayed in Fig. 1A. On PD 4, pups were randomly assigned

to 1 of 3 experimental groups: suckle control (SC), sham-intubated (SI), and alcohol-

exposed (AE). A split-litter design was used so that SI and AE animals were represented in

the same litter. Pups remained with the dam and littermates until weaning on PD 23.

Following weaning, rats were housed in groups of 3 same-sex animals in standard cages (17

cm high × 145 cm long × 24 cm wide) until PD 30 (counterbalanced for litter and neonatal

condition), when they were placed either into wheel running followed by environmental

complexity (described in Environmental Complexity section) or maintained in social housing

(animals used for other studies reported elsewhere). In total, 18 male rats were used for the

current study, 6 per neonatal condition (AE, SI, SC). The animals were housed in a 12/12-h

light/dark cycle (lights on at 9:00 AM). All procedures were carried out in accordance with

NIH Animal Care Guidelines and the animal use protocol approved by University of

Delaware Institutional Animal Care and Use Committee.

Neonatal alcohol exposure paradigm

On PD 4–9, AE pups were exposed to alcohol in a binge-like manner (5.25 g/kg/day; Fig.

1A). Alcohol was administered in an 11.9% v/v milk solution in 2 doses, 2 h apart via

temporary intragastric intubations. On PD 4, 2 supplemental doses of milk formula were

administered, 2 h and 4 h following the second alcohol dose to compensate for reduced
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calorie intake from the dam by AE pups. For the remaining days (PD 5–9), milk formula

was administered only once, 2 h following the second alcohol exposure. Sham-intubated

(SI) pups received intubations without milk or alcohol solution. SC animals were

undisturbed apart from daily weighing (PD 4–9).

Blood alcohol concentrations (BACs)

On PD 4, blood samples were obtained from SI and AE pups for BAC analysis. Blood was

collected via tail clip 90 min following the second alcohol exposure. Samples from the AE

group were centrifuged (15,000 rpm/15 min), and the plasma was collected and stored at

−20°C . Plasma was analyzed for BAC using an Analox GL5 Alcohol Analyzer (Analox

Instruments, Boston, MA). Blood samples from the SI group were not analyzed for alcohol

concentration; the tail clip was performed in the SI pups to control for the stress of the blood

collection procedure.

Voluntary wheel running

From PD 30–42, rats were housed for 12 days in cages with 24-h voluntary access to

stainless-steel running wheels (Fig. 1A). Animals were housed 3 per cage, counterbalanced

for litter and neonatal condition (same groups as described in the Animals section). The total

running distance across each day was determined by the number of wheel revolutions

registered by a mechanical counter attached to each of the wheels and recorded daily. Wheel

revolutions were checked daily at 9:00 AM. As animals were housed 3 per cage, the exact

distance run by each rat could not be recorded. Previous studies from our lab housed AE, SI,

and SC animals separately in the wheel running condition (3/cage), and no effect of neonatal

treatment was found on distance run per day (Helfer et al., 2009). The rats were also

regularly observed running together in the wheel. Based on these observations, wheel-

running totals were analyzed by cage, not by individual rat.

Environmental complexity (EC)

From PD 42–72, rats were housed in EC cages (Fig. 1). Two identical EC cages were used

in this experiment. Each EC cage consisted of a 30″ × 18″ × 36″ 3-story galvanized steel

cage with 3 ramps, 2 balconies, and a full middle floor. The floor of the cage was a drop-in

3½-inch plastic pan filled with wood chip bedding. Each cage housed 9 male animals (3

animals/neonatal condition) and was equipped with a variety of toys and novelty objects.

The toys were changed at 9:00 AM every 2nd day. Every 4th day at 9:00 AM, the cages

were cleaned by removing the animals (~10 min), replenishing food, water, and bedding,

and replacing all of the toys with novel items.

Video recording

On PD 42, 48, 56, 62, and 68, the 2 EC cages (Cage A and Cage B) were videotaped to

assess behavior of individual rats during EC exposure (Fig. 1A). To allow for reliable

identification of individual animals, animals were marked with a unique nontoxic paint color

15 min prior to recording. Sessions were videotaped during the first 2 h (9:00–11:00 AM) of

the light cycle. To control for the potential additive stressors of cage cleaning, rats were only

observed on dates when only the toys were replaced. On each scheduled day, four 30-min
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sessions were collected (2 sessions/cage/day). To control for time differences of recording,

the order of cage videotaped first was alternated. For example, on PD 42 the cage recording

order was ABAB and on PD 48 the order was BABA. Due to the animals entering the

sleeping phase of their daily cycle during the second hour, only data from the first hour of

recording (one 30-min session per cage) are reported.

Locomotor and exploratory behavior analysis

Each 30-min session was coded by 2 experimenters blind to each animal’s neonatal

condition (> 85% inter-rater agreement). Rats were observed individually across each

session. Four activities were coded: 1) the number of cage quadrants traversed per minute

(Fig. 2A), 2) frequency of movement (Fig. 2B), 3) frequency of sharing a cage quadrant with

other animals (Fig. 2C), and 4) frequency of interaction with toys (Fig. 2D). The number of

cage quadrants traversed was determined by splitting the cage into 6 quadrants (Fig. 1B) and

tallying the number of quadrants crossed through. The number of quadrants was totaled for

each rat across each session. At each minute interval, the recording was paused and the

movement of the animal was determined by whether it was in motion or not (defined by ≥ 3

paws in motion). At each minute pause it was also noted whether the animal occupied a

quadrant with another rat (yes or no) and whether the animal was interacting with a novelty

object (physical contact required, yes or no).

Social behavior analysis

Each 30-min session was coded by 2 experimenters blind to each animal’s neonatal

condition (> 85% inter-rater agreement). Rats were observed for 6 social behaviors:

wrestling, mounting, boxing, grooming, sniffing, and crawling over/under. The operational

definition for each behavior was adapted from papers by Meaney & Stewart (1981) and

Hamilton, Akers, et al. (2010). Wrestling was measured as 2 or more animals rolling and

tumbling with one another. In most cases, the behavior ended with one rat positioned over

another with its forepaws placed on the second animal (“pinning”). Mounting was measured

as one rat approaching another from the rear and placing its forepaws on the back of the

other rat. Following initial contact, animals would assume either an on-top posture (one

animal positioned over another animal’s back with its forepaws on the second animal) or an

on-back posture (one animal would be positioned over the other animal’s stomach with its

forepaws on the second animal). Boxing differed from wrestling as 2 animals stood upright

on their hind paws facing one another and used their forepaws to make pawing or punching

movements toward the other animal. Grooming was defined as 1 animal vigorously cleaning

another animal’s fur using a combination of its mouth and forepaws. Sniffing required nose-

to-fur contact for a minimum of 2 sec. Any use of the forepaws was deemed grooming.

Crawl Over/Under required 1 rat to be stationary and for the other animal to physically

crawl over or under the stationary rat.

Statistical analysis

Statistical analyses were performed using IBM SPSS Statistics 21 (2012). Weights data were

analyzed using a repeated-measures analysis of variance (ANOVA). Prior to statistical

analysis, activity and social data were transformed into percent of control of SC due to
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differences in baseline levels of activity in each cage. The results for both experiments were

analyzed using repeated-measures analysis of covariance (ANCOVA; described in Results)

with Cage as the covariate. For the behavior of crawling over/under, a linear mixed model

with Cage as a covariate was used to account for missing data values.

Results

Weights

Animal weights were compared for PD 4, 9, 30, 42, and 72 (Table 1). The influence of

neonatal treatment on body weights was determined using a repeated-measures analysis of

variance (ANOVA) with Neonatal Condition (AE, SI, SC) as the between-subjects factor

and Postnatal Day as the within-subjects factor. Weights from the neonatal period (PD 4 and

9) were analyzed separately from adolescent and adult weights (PD 30, 42, and 72). For PD

4 and 9, a main effect of Postnatal Day (F[1,15] = 1225.716, p < 0.01) was found. In

addition, there was a Day × Neonatal Condition interaction (F[1,15] = 15.220, p < 0.01).

Univariate ANOVAs revealed no effect of Neonatal Condition on PD 4 but a significant

main effect of Neonatal Condition on PD 9 (F[1,15] = 3.872, p < 0.05). A post hoc Tukey’s

test revealed a specific significant decrease in the body weights of AE animals compared to

SI animals (p < 0.05). For PD 30, 42, and 72, the repeated-measures ANOVA found a main

effect of Postnatal Day (F[1,15] = 2250.541, p < 0.01), but neither a main effect of Neonatal

Condition nor a Condition × Postnatal Day interaction was evident.

Blood alcohol concentrations (BACs)

BACs were obtained from samples collected 90 min after the second alcohol dose on PD 4.

BACs ranged from 392.80 to 456.40 mg/dL with an average BAC of 427.73 ± 10.64 mg/dL

(Table 1). This range is comparable to previously published BACs using the same alcohol

exposure paradigm (Hamilton et al., 2012; Helfer et al., 2009).

Wheel running activity

Number of running wheel revolutions was recorded daily at 9:00 AM from PD 30–42.

Running distance ranged from 1.73 to 4.14 miles per 24-h period with the average running

distance being 2.81 ± 0.37 miles per 24-h period.

Locomotor and exploratory behavior analysis

Data were transformed into percent of control based on the mean of SC behavior per cage.

Dates of recording and cages were combined for analysis. Raw means per cage can be found

in Supplemental Table 1. A repeated-measures analysis of covariance (ANCOVA) was

performed for each variable with Cage as a covariate to control for differences in activity

levels between the cages. No main effect of day of recording was found for any of the

activity variables.

Total number of quadrants traversed

To determine exploratory behavior across the session, the number of cage quadrants

traversed was tallied across each minute for each animal. Results revealed a main effect of
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neonatal treatment (F[2,14] = 13.092, p = 0.001), with AE animals exploring fewer

quadrants of the cage compared to both SI and SC animals (p = 0.001 and 0.003) (Fig. 2A).

No effect of Cage or Cage by Neonatal Treatment interaction was found (p < 0.05).

Movement

To determine locomotor activity across the session, at each minute, animals were rated as

either stationary or mobile (1–30). A main effect of neonatal treatment was found (F[2,14] =

10.930, p = 0.001), with AE animals being significantly less likely to be moving than SI or

SC animals (p = 0.002 and 0.011) (Fig. 2B). There was no main effect of Cage or Cage by

Neonatal Treatment interaction (p > 0.05).

Sharing quadrant with other rats

To assess how likely animals were to be near other rats while in EC, animals were coded for

whether or not they co-occupied a quadrant with another rat or were alone. No main effects

of Neonatal Condition or Cage were found (p > 0.05) (Fig. 2C); in addition, no interactions

were found.

Novel toy interaction

To assess the frequency of novel toy interaction during EC exposure, the animals were

coded for whether or not they were in contact with a toy at each minute (1–30) across the

session. No main effects of Neonatal Condition or Cage or interactions were found (p >

0.05) (Fig. 2D).

Social behavior analysis

Data were transformed into percent of control based on the mean of SC behavior per cage,

and dates of recording and cages were combined for analysis. Raw means per cage can be

found in Supplemental Table 1. Repeated-measures ANCOVAs were run using Cage as the

covariate to determine the influence of Neonatal Condition on each behavior. No effect of

day of recording was found for any of the social behaviors.

Wrestling

Results revealed a main effect of Neonatal Condition (F[2,14] = 3.789, p = 0.048) on the

frequency of wrestling behavior. Pairwise comparisons (Bonferroni Adjustment) revealed

that AE animals engaged in fewer wrestling behaviors than SI animals (p = 0.069) but did

not differ significantly from SC rats (Fig. 3A). SI and SC rats were not significantly

different. No main effect of Cage or Cage by Neonatal Treatment interaction was found.

Mounting

Results revealed a main effect of Neonatal Condition (F[2,14] = 4.394, p = 0.033) on the

frequency of mounting behavior. Further analysis using a pairwise comparison (Bonferroni

Adjustment) revealed that AE animals engaged in significantly fewer mounting behaviors

than SI animals (p = 0.031) but did not statistically differ from SC rats (Fig. 3B). SI and SC

rats did not significantly differ. No main effects of Cage or interactions were found.
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Other social behaviors

For sniffing and grooming, results revealed no main effect of Neonatal Condition or Cage (F

< 1, p > 0.05). In addition, no interactions were found for either variable. No grooming was

recorded for either cage on PD 42 so this day was excluded from statistical analyses. For

crawling over/under, a mixed linear model analysis with Cage as a covariate was run to

account for missing values from Cage B on PD 64 (no crawling behaviors recorded for SC).

No main effect of Neonatal Condition was found (p > 0.05) but a trending effect of Cage

was reported (t[8.99] = 2.08, p = 0.069), with Cage A engaging in more crawling behaviors

than Cage B. Boxing was not analyzed due to the low frequency of this behavior during the

recordings (3 occurrences total across days).

Discussion

The current study analyzed activity and social behavior in an environmentally complex (EC)

cage in rats neonatally exposed to alcohol (AE), and is the first study to observe how AE

animals interact with the environment and other rats while living in the EC cage. This study

is distinct from other published data in that the animals were observed in their home

environment while engaging in social behaviors with familiar animals compared to being

placed in a novel cage with a “stranger” rat. The current experiments demonstrate that AE

rats interact with their environment and their cage mates differently than do control animals.

Specifically, AE animals were less active and exploratory compared to control animals and

were less likely to engage in social behaviors such as mounting and wrestling (n.s., p =

0.069 vs. SI). Interestingly, the activity and social deficits observed in the AE rats in the

current experiments were maintained across the entire time spent in the intervention (more

than 3 weeks). Although AE animals get the most benefit from exposure to EC following

WR in neuroanatomical measures (compared to WR followed by standard housing [SH;

Hamilton et al., 2012]), they have decreased levels of exploration, mounting, and wrestling

(n.s., p = 0.069 vs. SI) for the duration of housing in EC, suggesting that EC exposure was

not sufficient to ameliorate deficits in exploratory and social behaviors. The results

presented here provide novel insight into how rats utilize their environment and interact with

one another while housed in the EC intervention following exposure to a running wheel (an

intervention that has proven beneficial both at the anatomical and at the behavioral level).

The first experiment addressed how alcohol exposure affects overall locomotor activity,

exploratory behavior, time spent occupying the same quadrant as another animal, and

interaction with novelty items. AE animals were less likely to be in motion and explored

fewer quadrants of the cage compared to control animals (Fig. 2A & B). These results were

unexpected given that AE animals are often found to display increased locomotor activity in

an open field (Gilbertson & Barron, 2005; Kelly, Hulsether, & West, 1987; Melcer,

Gonzalez, Barron, & Riley, 1994; Melcer, Gonzalez, & Riley, 1995; Schneider, Moore, &

Adkins, 2011). However, locomotor activity reductions have been reported in AE mice

placed in a novel environment (Kleiber, Wright, & Singh, 2011). Numerous variables might

contribute to the decreased locomotor activity observed in AE animals in the current study.

First, AE rats might display increased novelty- or handling-induced anxiety caused by

handling for paint marking and changing of the enrichment items (Cullen, Burne, Lavidis, &
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Moritz, 2013; Kleiber et al., 2011; Zhou, Wang, & Zhu, 2010). Second, circadian rhythms in

AE animals could be altered, causing AE rats to enter a sleep cycle at a different time than

control animals (Farnell et al., 2008). However, Sakata-Haga and colleagues (2006) found

no effect on circadian rhythms or feeding behavior in rats exposed to alcohol during the

same developmental window. Third, alcohol exposure could induce motor or balance

deficits in AE animals due to cerebellar damage (Klintsova, Matthews, Goodlett, Napper, &

Greenough, 1997; Thomas, Burchette, Dominguez, & Riley, 2000); AE animals might

restrict themselves to a smaller area of the cage to cope with impairments in maneuvering in

a cage filled with toys and other animals. Finally, all animals used in this study were

exposed to 12 days of voluntary wheel running prior to housing in the EC cage, and it is

possible that wheel running alone is a sufficient intervention to reduce locomotor activity in

AE animals to below control levels. Exercise has been shown to reduce motor activity in

other models (Duman, Schlesinger, Russell, & Duman, 2008; Hoffman, Thorén, & Ely,

1987). In this view, the amount of locomotor behavior observed in this study could be a

positive effect of the intervention rather than hypoactivity signifying a lack of exploratory

behavior in the AE rats. Alternately, wheel running could have reversed more severe

hypoactivity in the AE rats, or potentially had no effect on activity measures. As all animals

were recorded after wheel running, the exact impact of exercise on the behaviors observed

cannot be known. Further work is needed to determine which, if any, of these variables

could be contributing to the observed results.

With recent work proposing physical exercise to be the most crucial feature of the EC cage

for mice, the current study demonstrates that this proposal is not entirely warranted for AE

rats (Choi et al., 2005; Kobilo et al., 2011; Mustroph et al., 2012). The experimental setup

used in the current study (12 days of WR followed by 30 days of EC) has been previously

shown to result in significant neuroanatomical and behavioral benefits compared to SH or

WR/SH in AE animals (Hamilton et al., 2012; Hamilton et al., 2014; Hamilton, Criss, &

Klintsova, unpublished data). While the EC cage allows for increased physical activity

through exploration of the cage and enrichment items, the exercise during such exploration

is not as rigorous as during exposure to a running wheel. Additionally, AE rats show

decreased exploratory behavior and mobility in the EC cage. Thus, the AE animals display

robust neuroanatomical benefits while engaging in less physical activity than control

animals, making it possible that aerobic exercise is not the only important variable of EC for

AE rats. Other factors, such as increased social interaction (compared to SH) or exposure to

novelty might be critical to the benefits of EC in animals that naturally form large social

groups, such as rats or macaque monkeys. Previous work in macaques highlights the

importance of peer interactions in an environmentally enriched setting (Schapiro, 2002), and

social isolation rearing has long been known to have detrimental effects on behavior,

neuroanatomy, and brain function in rats (Fone & Porkess, 2008). Comparatively, male mice

are more likely than rats to live in breeding pairs or small groups and thus the social aspects

of EC might not be as beneficial or could even serve as a stressor for these animals. It is

important to note that the current study used rats that had previously been housed for 12

days in cages with 24-h access to wheel running, making the role of physical activity

difficult to parse out from the current results, as intense exercise may have long-lasting

effects on neurotrophin levels and microvasculature that continue to influence
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neuroplasticity after placement in the EC cage (Berchtold, Chinn, Chou, Kesslak, &

Cotman, 2005; Klintsova et al., 2013; Rasmussen et al., 2009; Sato, Ogoh, Hirasawa, Oue,

& Sadamoto, 2011; Van der Borght et al., 2009). Wheel running may “prime” the brain to

be more responsive to the novelty and social interactions provided by EC (Cotman &

Berchtold, 2002). Future studies will focus on animals in EC without prior exposure to

exercise.

To parse out the impact of social interactions in EC, the second experiment examined

stereotypical social behaviors between male rats in the EC cage. Housing in the EC cage

offers increased chances for natural social interactions compared to other experimental

paradigms as there are 9 rats per EC cage compared to 3 rats in our lab’s SH condition. We

observed that male AE animals engaged less in the social behaviors of wrestling (n.s, p =

0.069 vs. SI) and mounting (Fig. 3). Both of these behaviors are important developmental

behaviors and may have a role in establishing a stable social hierarchy within a group of rats

(Meaney & Stewart, 1981; Yamada-Haga, 2002). Wrestling and mounting behaviors were

further coded to determine the dominant or subordinate roles of the animals during the

interaction (“pinner” vs. “pinned”), but no effect of neonatal treatment was observed (data

not shown). These results demonstrate that AE animals are just as likely to be near other

animals in the same quadrant (Experiment 1), although the number of actual social

interactions is reduced. These results are supported by previous rodent and human studies.

Work with prenatal alcohol exposure models has reported similar decreases in play fighting

behaviors and social recognition in male rats (Kelly & Dillingham, 1994; Kelly, Leggett, &

Cronise, 2009; Middleton, Varlinskaya, & Mooney, 2012; Mooney & Varlinskaya, 2011).

Additionally, children with FASD exhibit impaired social functioning independent of IQ

(Thomas, Kelly, Mattson, & Riley, 1998). Developmental alcohol exposure affects areas of

the brain such as the prefrontal cortex and amygdala, which are important for the processing

of social cues. Such damage may contribute to the impaired impulse control and social

deficits observed in children with FASD throughout life. In particular, rodent models of

developmental alcohol exposure result in increased caspase-3 expression in the central

nucleus of the amygdala (Mitchell & Snyder-Keller, 2003), long-term reductions to

amygdalar opioid signaling (Lugo, Wilson, & Kelly, 2006), and altered synaptic

connectivity and neuronal loss in the amygdala (Balaszczuk, Bender, Pereno, & Beltramino,

2011; Cullen et al., 2013; Zhou et al., 2010) and the prefrontal cortex (Hamilton, Whitcher,

& Klintsova, 2010; Ikonomidou et al., 2000; Lawrence, Otero, & Kelly, 2012; Whitcher &

Klintsova, 2008). Dysfunction of these brain areas could contribute to disruptions in social

and play behavior observed in AE rats. Future work should examine amygdala function and

anatomy in animals exposed to alcohol specifically during the third-trimester equivalent, as

most of the current literature uses perinatal or adolescent models of alcohol exposure. The

social behavior deficits observed in these experiments could be correlated with alterations to

the amygdala-prefrontal cortex circuit. Other further extensions of this work include

examination of how alcohol exposure affects social behavior of female rats housed in EC, as

sexually dimorphic effects of alcohol exposure on social behaviors have been previously

reported (Meyer & Riley, 1986), with female rats prenatally exposed to alcohol showing

more masculinized behaviors, suggesting that hormonal levels in utero may be affected by

alcohol administration. Other work using an artificial-rearing model of third trimester-
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equivalent exposure found that while males displayed fewer active social behaviors, females

engaged in more active behaviors with a same-sex rat (Kelly & Dillingham, 1994). While

sex differences in social behavior were beyond the scope of the current study, future work

will determine if female AE rats housed in a complex environment would show similar

results.

Occurrences of social behaviors in both control and AE animals remained consistent across

the days of recording (over 3 weeks of EC housing). Previous work has suggested that social

and play behaviors decrease in frequency as animals pass from adolescence into adulthood

(Meaney & Stewart, 1981; Panksepp, 1981). The consistency in frequency of social

behaviors found in the current study is likely due to the animals being just past the “peak”

age of expression of play behavior (PD 32–40) (Panksepp, 1981), and possibly due to

facilitation of social behaviors by exposure to the cage filled with novel items. Handling and

marking of the animals might also have encouraged social interactions and re-establishment

of social hierarchies. Importantly, the reduction in exploratory and social behaviors observed

in AE animals in this study remained consistent across days of recording. As discussed

above, EC is a powerful intervention which can result in neuroplastic and behavioral

alterations in AE animals (Hamilton et al., 2014; Hannigan & Berman, 2000; Hannigan,

O’leary-Moore, & Berman, 2007; Schreiber et al., 2013). Our lab has demonstrated that the

paradigm used in the current study (30 days of EC following 12 days of WR) significantly

benefits neuroanatomical measures, such as hippocampal adult neurogenesis and dendritic

complexity, in AE animals compared to AE rats that were housed in 12 days of WR

followed by 30 days of SH (Hamilton et al., 2012; Hamilton, Criss, & Klintsova,

unpublished data). The fact that there was no change in social or activity behavior across the

time spent in EC suggests that, while EC does positively influence performance on learning

and memory tasks, social and activity behaviors do not seem to be influenced. If EC did

influence social and locomotor behavior in AE animals, the frequency of exploratory and

play behaviors might have become more similar to the control animals toward the end of EC

housing instead of displaying consistent deficits. These data suggest that EC is not a global

intervention and might not affect all brain areas equally. However, it is important to note

that the current experimental design cannot definitively conclude that housing in EC did not

affect locomotor and social behaviors compared to social housing, as these control groups

were not accounted for in this study. Future neuroanatomical work will investigate regions

directly involved in social recognition and behavior, including the medial and orbitofrontal

prefrontal cortex, hippocampus, perirhinal cortex, and amygdala (Adolphs, 2001; Amodio &

Frith, 2006; Lai, Ramiro, Yu, & Johnston, 2005). These results underscore the necessity to

continue preventive measures for maternal drinking, as post-exposure interventions might

not have equal effectiveness on all areas of function, particularly for high doses such as the

binge-like exposure modeled in this study.

In summary, the current study found that third trimester-equivalent binge-like alcohol

exposure results in less exploratory behavior and reduced locomotor activity in male rats

housed in a complex environment following 12 days with access to a running wheel. In

addition, AE rats engage in fewer “play fighting” social interactions such as mounting and

wrestling (n.s., p = 0.069 vs. SI), compared to controls while housed in EC. Continued
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exposure to EC did not affect activity and social behavior deficits in AE animals. These

experiments are the first to investigate how male rats neonatally exposed to alcohol interact

with the environment and other rats while housed in an EC cage. Future work will focus on

investigation of whether voluntary exercise affects AE rats’ behavior in EC, how AE

impacts neuroanatomy in brain regions involved in social behavior, and if the results

translate to female animals. Evaluation of how AE animals react to new situations and the

types of social interactions they have with other animals will help researchers develop more

focused behavioral therapies to target FASD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
A) Experimental Timeline. Rats were exposed to 5.25 g/kg/day alcohol in a binge-like

manner on PD 4–9 and weaned on PD 23. AE: Alcohol-exposed; SI: Sham-intubated; SC:

Suckle control (undisturbed). The rats were then housed 3/cage with voluntary access to a

running wheel (WR) on PD 30–42 and then housed in environmental complexity (EC) on

PD 42–72. Sessions were taped on PD 42, 48, 56, 64, and 68 following the toy change. B)

The EC cage was visually split into 6 quadrants on a computer monitor during video

analysis to analyze exploratory behavior.
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Figure 2.
Experiment 1: Activity Behaviors. A) AE animals traversed fewer quadrants per minute

compared to SI and SC animals. B) Alcohol exposure (AE) rats were less likely to be

moving at each minute compared to sham-intubated (SI) and suckle control (SC) animals. C)

and D) No significant effect of Neonatal Condition was found with whether or not the rat

was with another animal in the same quadrant, or for interaction with toys. *p < 0.05, #p <

0.01. Values shown as mean percent of control ± SEM.
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Figure 3.
Experiment 2: Social Behaviors. A main effect of neonatal treatment was found for

wrestling (A), though post hoc tests were not significant (AE vs. SI, p = 0.069). Alcohol-

exposed (AE) animals were significantly less likely to engage in mounting (B) behaviors

compared to sham-intubated (SI) rats. *p < 0.05. Values shown as mean percent of control ±

SEM.
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