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Abstract

Background—Binge-like alcohol exposure in neonatal rats during the brain growth spurt causes 

deficits in adult neurogenesis in the hippocampal dentate gyrus (DG). Previous data from our lab 

demonstrated that twelve days of voluntary wheel-running (WR) beginning on postnatal day (PD) 

30 significantly increased the number of newly-generated cells evident in the DG on PD42 in both 

alcohol-exposed and control rats, but 30 days later a sustained beneficial effect of WR was evident 

only in control rats. This study tested the hypothesis that housing rats in environmental complexity 

(EC) following WR would promote survival of the newly-generated cells stimulated by WR, 

particularly in alcohol-exposed rats.

Methods—On PD4-9, pups were intubated with alcohol in a binge-like manner (5.25g/kg/day), 

sham-intubated, or reared normally. In Experiment 1, animals were either assigned to WR during 

PD30-42 or were socially housed (SH). On PD42, animals were injected with bromodeoxyuridine 

(BrdU; 200mg/kg) and perfused two hours later to confirm the WR-induced stimulation of 

proliferation. In Experiment 2, all animals received WR on PD30-42 and were injected with BrdU 

on the last full day of WR. On PD42, animals were randomly assigned either to EC (WR/EC) or 

SH (WR/SH) for 30 days and subsequently perfused and brains were processed for 

immunohistochemical staining to identify BrdU+, Ki67+ and BrdU+/NeuN+ labeled cells in DG.

Results—In Exp. 1, WR exposure significantly increased the number of proliferating cells in all 

three postnatal conditions. In Exp. 2, the alcohol-exposed rats given WR/SH had significantly 

fewer BrdU+ cells compared to control rats given WR/SH. However, WR/EC experience 

significantly increased the number of surviving BrdU+ cells in both the alcohol-exposed and 

sham-intubated groups compared to WR/SH rats of the same neonatal treatment. Approximately 

80% of the surviving BrdU+ cells in the DG across the conditions were co-labeled with NeuN.
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Conclusions—WR followed by EC could provide a behavioral model for developing 

interventions in humans to ameliorate hippocampal-dependent impairments associated with fetal 

alcohol spectrum disorders.
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enrichment; neuroplasticity

Introduction

Alcohol exposure during pregnancy can lead to the development of fetal alcohol spectrum 

disorders (FASD), in which damage to the central nervous system (CNS) and the resulting 

neurobehavioral deficits are significant and enduring consequences. Fetal alcohol syndrome 

(FAS) is diagnosed by the presence of facial dysmorphology, growth retardation and CNS 

damage. It typically reflects the most severely affected children in the spectrum. In the US, 

the estimated prevalence of FAS is approximately 1 of every 1000 live births (Sampson et 

al., 1997), but the prevalence of alcohol-related neurodevelopmental disorder is likely much 

higher, given that FASD cases without physical abnormalities are often not diagnosed; in 

fact, this number may be up to three times larger (Sampson et al., 1997; Morleo et al., 2011).

The hippocampal formation is a brain region affected by prenatal alcohol exposure (Norman 

et al., 2009) as evidenced by functional impairments in hippocampal-dependent learning and 

memory (Johnson & Goodlett, 2002; Hamilton et al., 2003). One potential mechanism by 

which prenatal alcohol exposure may interfere with hippocampal structure and function into 

adulthood is through altering the continuous generation of neurons in this area. Adult 

neurogenesis (AN) has been consistently found in two brain regions in many species: the 

subventricular zone of lateral ventricles and the subgranular zone in the dentate gyrus (DG) 

of the hippocampus (for review, see Emsley et al., 2005). The rate of AN is influenced by 

many factors including hormone levels, age, stress, drug treatment, environment and 

exercise (Tanapat et al., 1999; Crews et al., 2004; Olson et al., 2006; Van Praag et al., 1999; 

Holmes et al., 2004; Mirochnic et al., 2009). AN in the DG has been suggested to play an 

important role in hippocampal-dependent learning and memory and its disruption has been 

associated with deficits in this behavior (for review see Shors et al, 2001)

Alcohol exposure at various time points over the life span can affect cell proliferation and 

neurogenesis in the adult brain. For example, binge-like alcohol exposure in adolescent and 

adult rats transiently decreased AN (Nixon and Crews, 2002). Whether enduring changes in 

AN can result from alcohol exposure during early development is less well studied; and the 

few reported effects of prenatal alcohol exposure in rat models vary from no changes (Choi 

et al., 2005) to significant decreases in AN (Redila et al., 2006). Alcohol exposure during 

the brain growth spurt, which occurs during the third trimester in humans but spans the first 

two postnatal weeks in rodents (Dobbing & Sands, 1979) is known to be detrimental for 

adult brain plasticity (reviewed in Hannigan et al, 2007). Four studies have used postnatal 

rodent models of alcohol exposure during the third trimester equivalent and assessed effects 

on subsequent hippocampal AN. Ieraci and Herrera (2007) showed that administration of a 
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single injection of 20% ethanol (5g/kg) in mice on postnatal day (PD) 7 decreased AN in the 

dorsal hippocampal DG when evaluated months later, on PD147. Postnatal alcohol appeared 

to negatively influence the pool of progenitor cells in the DG, which led to the decrease in 

AN. A previous study in our lab (Klintsova et al., 2007) also demonstrated that alcohol 

exposure on PD4-9 (5.25g/kg/day via gavage) reduced the ability of newly generated 

hippocampal cells to survive and decreased cumulative AN in 50- and 80-day-old rats.

The third study of effects of early postnatal alcohol exposure on AN showed that voluntary 

exercise [wheel running (WR)] in adolescence (PD30-42) can induce comparable increases 

in cell proliferation and neurogenesis in alcohol-exposed and control rats, but the long-term 

survival of those newly generated cells in alcohol-exposed rats was compromised (Helfer et 

al., 2009). Those findings suggest that rats given postnatal binge alcohol exposure show the 

same exercise-induced increase in adult cytogenesis and neurogenesis in the hippocampal 

DG as was previously reported for normally-reared rodents (van Praag et al, 1999), but are 

deficient in the promotion of survival of those newly generated neurons. This stands in 

contrast to the findings by Redila et al. (2006) that WR significantly increased both cell 

proliferation and survival in the hippocampal DG in adult rats exposed prenatally to alcohol. 

Further, a fourth study also investigated the impact of voluntary WR on cell proliferation 

and neurogenesis during adolescence (PD23-48) using a rat model in which administration 

of alcohol occurred throughout gestation and during early postnatal life (PD1-10) (Boehme 

et al., 2011). In contrast to the results of Helfer et al., 2009 (with alcohol exposure only 

during the 3rd trimester equivalent), Boehme et al. found that the three-trimester exposure 

altered cell proliferation during adolescence and increased early neuronal maturation but had 

no effect on cell survival in young adult female rats. Moreover, WR enhanced cell 

proliferation, neuronal maturation and cell survival in all groups (alcohol-exposed, pair fed 

and ad libitum controls). There were a number of experimental differences between these 

two studies, including the alcohol administration period, the strain and sex of the animals 

and the duration and timing of the WR experience, so it is not certain what factor(s) may 

account for the different outcomes between the two studies in the long-term survival of 

newly generated neurons.

In following up our efforts to develop a behavioral intervention that promotes hippocampal 

AN in the rat model of binge alcohol exposure during the 3rd-trimester equivalent, we 

hypothesized that providing exposure to environmental complexity (EC) immediately 

following a period of voluntary WR exercise during adolescence would promote the survival 

of the increased number of newly generated neurons induced by WR. EC is a combination 

of complex inanimate and social stimulations (Rosenzweig et al., 1978). The complexity 

differences in EC relative to standard social housing (SH) derives from multiple behavioral 

variables such as the amount of social interactions between rodents, enhanced exploratory 

behavior and exposure to novelty (Gelfo et al., 2009). EC is known for its powerful effects 

on brain plasticity: previous studies have demonstrated that exposure to EC produces 

increased brain and weight size, increased number of dendritic bifurcations, increased 

dendritic length, increased spine density and enhanced cell survival (van Praag et al, 2000; 

Gelfo et al., 2009; Darmopil et al., 2009). The current study tested the hypothesis that 

exposure to EC following adolescent WR would ameliorate the deficits in long-term 

survival of newly generated cells in the alcohol-exposed rats demonstrated in our previous 
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study (Helfer et al., 2009), by increasing the long-term survival of newly generated cells 

relative to animals in SH after WR, and that this survival-promoting effect would be more 

prominent for the alcohol-exposed rats.

Materials and Methods

All procedures were done in accordance with the animal use protocol approved by 

University of Delaware Institutional Animal Care and Use Committee. For both 

experiments, Long-Evans rat pups from timed pregnancies were obtained and litters were 

culled to eight pups on postnatal (PD) 3. Pups were then pseudorandomly assigned to their 

postnatal conditions. Litters contained either only suckle control animals or a combination of 

sham-intubated and alcohol-exposed animals. The random assignment of either sham-

intubated versus alcohol-exposed animal was done on PD3. Thirty-nine animals (27 males, 

12 females from five litters) were in Experiment 1 (Fig 1a) and thirty-six animals (18 males, 

18 females) were used in Experiment 2 (Fig 1b). Gestational age was used as a reference for 

the developmental timing of all treatments, thus gestational day (GD) 0 was the day when 

the plug was found and GD22 was considered to be the day of birth (PD 0). During PD4-9, 

alcohol-exposed (AE) pups were intubated with alcohol (11.3% v/v in milk formula) in a 

binge-like manner (two feedings two hours apart, total of 5.25g/kg/day), sham-intubated, or 

reared normally (Helfer et al., 2009). On PD4 blood samples were collected from a tail clip 

of each AE pup 90 min after the second alcohol intubation to determine the blood alcohol 

concentration (BAC). BACs were assayed from the plasma of each blood sample using an 

Analox GL5 Alcohol Analyzer (Analox Instruments, Boston, MA).

For Experiment 1, which assessed the effect of exercise on cell proliferation, animals of 

each postnatal condition were further divided into either WR (24 hours free access) or SH 

conditions from PD30-42 (12 days) (Fig. 1a). All rats were housed in same sex cages (2–3 

animals/cage). Given that previous work in our lab has demonstrated that postnatal treatment 

does not significantly affect daily WR activity (Helfer et al., 2009), animals of different 

postnatal conditions were housed together. On PD42, at the onset of the light cycle 

(9:00AM) and following the cessation of the WR treatment period, rats received a single 

injection of bromodeoxyuridine (BrdU; 200mg/kg). All animals were anesthetized and 

sacrificed by transcardial perfusion two hours after the BrdU injection.

For Experiment 2, which measured effect of environment on survival of cells born on the 

last day of WR, all animals were first housed in cages with 24-hour free access to WR from 

PD30-42. Housing conditions and grouping were identical to those described above. In order 

to reduce the stress of removal from the wheels, animals were injected with BrdU on the 

morning of the last full day of WR (PD41). Then, at 9:00AM on PD42, rats were removed 

from wheels and randomly assigned to either environmental complexity (WR/EC) or 

standard housing (WR/SH) condition for thirty more days (Fig. 1b). The EC consisted of a 

30″ × 18″ × 36″ galvanized three-story steel cage (model: R-695; cagestore.com) with three 

ramps, two balconies, a full middle floor and a drop-in 3 ½ inch plastic pan filled with 

bedding. Cages were equipped with a variety of objects such as hammocks, buckets, blocks, 

etc. that were changed every other day. There were 6–9 same sex animals per EC cage. On 

PD72, animals were anesthetized and transcardially perfused.
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For both experiments, animals were perfused with heparinized 0.1M phosphate-buffered 

saline (PBS, pH 7.2) followed by 4% paraformaldehyde in PBS (pH 7.2). Brains were stored 

in 4% paraformaldehyde for 2 days, then transferred to 30% sucrose in 4% 

paraformaldehyde. Brains were sectioned at 40μm on a cryostat and serial sections were 

collected maintaining order throughout the entire hippocampus so that the entire extent of 

the DG was collected and stored 20 °C in cyroprotectant solution. A systemati c random 

sampling procedure was used in selecting the sections for processing (Helfer et al., 2009; 

Hamilton et al., 2011).

Briefly, to analyze the number of BrdU+ and Ki67+ cells, sections were placed in the 

primary antibody solution (rat anti BrdU, 1:500; Accurate Chemical, OBT0030; mouse anti 

Ki67, 1:1000; Novacastra Laboratories, NCL-L-Ki67-MM1) diluted in blocking solution, 

followed by incubation in secondary antibody solution (2 hours, biotinylated anti-rat made 

in goat, 1:250; Vector Laboratories, BA-9400; 1 hour, biotinylated anti-mouse made in goat, 

1:1000; Vector Laboratories, BA-9200, respectively) made in blocking solution. Detection 

of the reaction was done using nickel-enhanced diaminobenzidine as a chromagen 

(Hamilton et al., 2011). The precision of estimates of both the BrdU+ and Ki67+ cell 

number in a set of sections for each animal was expressed using coefficients of error (CE) 

(Gundersen et al., 1999; Slomianka and West, 2005). The stereological sampling scheme 

was considered adequate when the CE was less than 0.10 (Gundersen and Jensen, 1987; 

Gundersen et al., 1999). Actual CE ranged between 0.06 and 0.09 for the individual animals 

and did not differ between experimental groups.

In order to determine the number of mature neurons in the population of cells born on PD41 

and survived for 30 days, double labeling with BrdU and NeuN, a mature neuronal marker, 

was performed as described previously (Helfer et al., 2009). Briefly, sections were incubated 

for 48 hours at 4°C in a cocktail of primary antibodies solution made in blocking solution 

(rat anti-BrdU, 1:1000; Accurate; mouse anti-NeuN, 1:500; Millipore) followed by 

incubation for 2 hours in secondary antibodies made in blocking solution (for Brdu, Biotin 

SP-conjugated anti-rat IgG, 1:1000; Jackson Laboratories; for NeuN; Cy3-conjugated anti-

mouse IgG, 4μml/ml, Jackson Laboratories) and then with Cy2-conjugated streptavidin 

(Jackson Laboratories). Sections were mounted on slides and coverslipped using antifade 

media (Prolong Gold, Molecular Probes).

In order to assess cell death, sections were stained with the nucleic acid stain Hoechst 

33342, trihydrochloride, trihydrate. Sections were mounted on slides and a hydrophobic ring 

was drawn around each section using a PAP pen. Sections were placed in PBS for 5 mins 

followed by application, in the dark, of Hoechst stain (10μg/ml dilution; Molecular Probes; 

H-21492) and then a wash in PBS (5 mins). Slides were then coverslipped using Vectashield 

and stored at −20°C in the dark. Analysis of apoptotic cells consisted of visual identification 

of fragmented or condensed nuclei and increased blue fluorescence (Zhivotovsky & 

Orrenius, 2001). For apoptosis analysis, every 32nd section (~4 sections/animal) through the 

entire extent of hippocampal DG was stained with Hoechst stain to determine the presence 

of the apoptotic cells.
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Quantification of BrdU+ and Ki67 cells was performed by an investigator blind to 

experimental treatments in an unbiased stereological manner using optical fractionator 

(Stereo Investigator, Micro Bright Field Inc., Williston, VT). Every 16th section (~7 

sections/animal) beginning around Bregma −3.20 through the entire granule cell layer of 

hippocampal DG was analyzed. The section-sampling fraction was 1/16; the area-sampling 

fraction was 1 and the section thickness fraction was the ratio of the dissector height (12 μm) 

to the mean thickness of the sections, measured using the software at every counting frame. 

Slides were coded so that the experimenter was blind to treatment condition and counts were 

made within a known volume of the DG.

Twenty-five BrdU+ cells in DG granule cell layer per animal were analyzed in NeuN-

stained tissue to assess the mature neuronal phenotype using confocal microscopy (LSM 510 

confocal microscope, Zeiss, Thornwood, NY). Phenotyping of these cells was performed on 

the 3D digital reconstructions and orthogonal representations from a series of confocal 

images taken at 0.5 μm intervals. Cells were identified as colabeled if an overlap of the Cy2 

and Cy3 labels was observed within a given cell in each of the xy-, xz- and yz-planes in the 

orthogonal view. Values of “calculated neurogenesis” were computed by multiplying the 

percentage of double-labeled cells by the total number of BrdU cells on PD72.

For statistical analysis, ANOVAs and post hoc (Tukey) tests were performed for measures 

in each experiment. The PASW statistical package was used for all analyses. The level of 

significance was set at p < 0.05 for all tests. The data in the text and figures is presented as 

mean +/− SEM.

Results

The mean peak BAC (±SEM) measured on PD4 for all alcohol-exposed animals was 321.19 

± 14.03 mg/dl. These BACs are similar to previously published studies using the same 

alcohol dose and delivery approach (Klintsova et al., 2007).

For both experiments, all animals continued to gain weight throughout treatments as 

summarized in Table 1. The influence of postnatal treatment on body weights was 

determined using a repeated-measures ANOVA with POSTNATAL TREATMENT (AE, SI, 

SC) as the between subjects factor and POSTNATAL DAY as a within subjects factor, 

followed by post hoc analysis (Tukey’s test). To ensure that the assumption of ANOVA 

concerning homogeneity of variance was not violated, body weights from the neonatal 

period (PD4,9) versus adolescence (PD31, 42) were analyzed separately. For neonatal body 

weights (both experiments), a day by postnatal treatment interaction was evident 

[F2, 42=14.35, p < 0.01] as was a main effect of day [F1,42=382.67, p < 0.01]. No main effect 

of postnatal treatment was evident. Post hoc tests revealed that this effect was due to AE 

animals weighing significantly more than SC animals at the onset of postnatal treatment. By 

PD9, AE animals had significantly lower weights compared to SI animals (p < 0.01) but not 

SC animals. Analysis of adolescent rats’ body weights revealed a main effect of day 

[F1, 42=656.01, p < 0.01] but neither a main effect of postnatal treatment nor a treatment X 

day interaction. On average, the numbers of wheel revolutions (±SEM) per 24-hour period 

(indication of voluntary exercise activity) were 4508±881 (approximately 5.0km) for 
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animals in the proliferation study (Experiment 1) and 5293±765 (approximately 5.9km) for 

animals in the survival study (Experiment 2). A one-way ANOVA for EXPERIMENT 

reveals no significant difference (F1,17 = 0.526, p = 0.478).

For Experiment 1, the effect of early postnatal treatment and adolescent voluntary WR 

exercise on the number of proliferating BrdU+ cells was assessed using DAB 

immunoreactivity. No difference of stain quality or color was observed between control and 

experimental animals. In addition, no difference in position of the cells within the DG was 

noted between groups (as shown in Fig. 2). Immunoreactive cells were primarily located on 

the interior border of the granule cell layer within the SGZ. Also shown in Fig. 2, the 

number of BrdU+ cells appeared to be greater in WR animals compared to SH animals. 

Number of BrdU+ cells was analyzed using two-way ANOVA with POSTNATAL 

TREATMENT (AE, SI, SC) and ADOLESCENT CONDITION (SH vs WR) as between-

subjects factors followed by post hoc comparisons between SH and WR conditions within 

treatment group. A two-way ANOVA revealed a significant effect of adolescent condition 

on the number of proliferating BrdU+ cells in the DG on PD42 (F1,40=19.703, p < 0.001), 

but no effect of postnatal treatment (F2,40 = 0.594, p = 0.558) The POSTNATAL 

TREATMENT x ADOLESCENT CONDITION effect was not significant. Post-hoc 

comparisons (Tukey test; p < 0.05) demonstrated that 1) postnatal alcohol exposure had no 

significant effect on cell proliferation in hippocampal DG on PD42, as AE animals had the 

same number of proliferating cells compared to control animals, and 2) WR significantly 

increased cell proliferation in all postnatal treatment groups compared to SH animals (Fig. 

2).

For Experiment 2, the number of surviving BrdU+ cells on PD72 (shown in Fig. 3) was 

analyzed. As in Experiment 1, no noticeable difference in stain quality or color was 

observed between groups. BrdU+ cells were primarily located within the granule cell layer 

in all animals, regardless of condition. Number of BrdU+ cells was analyzed with a two-way 

ANOVA with POSTNATAL TREATMENT (AE, SI, SC) and HOUSING CONDITION 

(EC vs SH) as the between-subject factors, followed by univariate ANOVA and post hoc 

comparisons (Tukey’s test) within each housing condition. There was a significant 

POSTNATAL TREATMENT x HOUSING CONDITION interaction (F1,29=3.870, p < 

0.05) and a main effect of HOUSING CONDITION (F1,29=11.402, p < 0.01); the 

interaction appeared to be due to the greater effect of EC in the AE and SI groups than in the 

SC group. A follow-up one-way ANOVA of POSTNATAL TREATMENT in the SH 

animals revealed a significant main effect of treatment on the number of BrdU+ surviving 

cells (F1,19=3.727, p < 0.05). Post hoc analysis revealed that AE animals had significantly 

fewer BrdU+ surviving cells than SC animals (p < 0.05). In contrast, one-way ANOVA of 

POSTNATAL TREAMENT in the EC animals did not reveal a significant effect of 

treatment. Within each neonatal treatment group, the AE and the SI groups both showed 

significant increases in the number of BrdU+ cells in the EC condition relative to the SH 

condition (AE/EC vs AE/SH, Tukey HSD; p < 0.01; SI/EC vs SI/SH, Tukey HSD; p < 

0.05); the environmental condition did not significantly affect the SC group. Survival of the 

cells generated on PD42 was affected by the neonatal alcohol exposure and by post-running 

environment. In the AE WR/SH group, the number of new cells labeled with BrdU on PD41 
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that survived until PD72 was only 71% of the total counted on PD42. However, when AE 

rats were placed in EC immediately after completion of 12-day WR period, the number of 

newly generated cells labeled with BrdU on PD41 and that survived until PD72 was 148% 

of the total counted on PD42. For both SC and SI animals placed in EC, the number of 

surviving cells relative the total counted on PD42 was increased to 129% and 128% 

respectively, whereas post-running housing in the social cage environment resulted in 

survival of 129% (SC) and 96% (SI) of the number of BrdU+ cells counted on PD42. In 

summary, these data demonstrate that the intervention consisting of WR followed by EC 

rescues the number of BrdU+ cells in DG of alcohol-exposed rats to SC levels (Fig. 3).

A two-way ANOVA was performed on PD72 Ki67 cell counts. No difference was found 

among groups in the number of Ki67+ cells on PD72 (Fig. 4) confirming that EC alone does 

not promote cell proliferation. Further, assessment of cell death was measured to ensure that 

WR had no impact on the net overall number of proliferating cells at both time points of 

interest. This analysis with the Hoechst nucleic acid stain revealed low levels of apoptosis 

were evident at both PD42 and PD72, but no difference in the number of apoptotic cells was 

found across conditions. On PD42, there was an average of 3.64± 0.44 apoptotic cells found 

per animal across conditions, while on PD72 there was an average of 2.15 ± 0.62 apoptotic 

cells detected per animal across conditions.

To determine whether the fate of surviving BrdU+ cells was neuronal, sections containing 

hippocampal DG were double-stained with anti-BrdU and anti-NeuN antibodies and were 

examined using confocal microscopy. Approximately 80% of the surviving cells in all 

conditions were colabeled with these two markers and thus were mature neurons. Further, a 

significant main effect of HOUSING CONDITION (F1,28=20.48, p < 0.001) was evident on 

the number of surviving BrdU+/NeuN+ cells in the DG of the hippocampus (Fig. 5). Post-

hoc analysis demonstrated that the AE rats from the WR/SH condition had significantly 

fewer BrdU+/NeuN+ cells (1228±214) than the SC groups of the WR/SH condition 

(2506±64, p = 0.03). Survival of newly generated neurons was significantly enhanced by 

thirty days in EC in the SI (2928±237, p < 0.05) and AE (3136±536, p < 0.001) groups, 

compared with SH littermates from the same postnatal treatment (1946±147 and 1228±214, 

respectively). Housing in EC appeared to bring the number of surviving, adult-generated 

neurons in SC, SI and AE rats to similar levels, and differential housing did not significantly 

alter the extent of new neuron survival in SC rats (WR/EC: 2910±221 vs. WR/SH: 

2506±65).

Discussion

This study is the first to demonstrate that exposure to EC for four weeks following voluntary 

WR exercise is sufficient to rescue the number of surviving newly generated neurons 

evident in AE animals exposed to WR alone. In addition, the results of this study confirm 

that WR enhances cell proliferation in AE and both control groups of animals. We 

previously showed that WR resulted in increased long-term cell survival only in SC animals, 

not in SI or AE rats (Helfer et al., 2009). Taken together, these results suggest that the 

postnatal alcohol treatment does not interfere with the generation of new cells in the 

adolescent DG but does result in impaired survival of newly generated cells, and that the 
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maintenance in the EC environment after the WR experience particularly aided the AE rats 

in terms of survival of new BrdU+ cells and BrdU+/NeuN+ cells (Figs. 3, 5), that could be a 

result of their more successful integration in the hippocampal network (Aasebo et al.,2011). 

Overall, these findings provide evidence that EC can promote cell survival in the AE rats 

and in the SI rats, and yield long-term survival rates comparable to normally-reared SC 

groups.

Our previous study (Helfer et al., 2009) used multiple BrdU injections to demonstrate that 

twelve days of voluntary exercise significantly increased number of proliferating cells by the 

end of WR on PD42. The current study used a one-time 200 mg/kg BrdU injection at the 

end of the WR period. This dose of BrdU has been commonly reported in the literature as 

saturating for dividing cells and having minimal cellular toxicity (Eadie, Redila & Christie, 

2005). It is worth noting that exercise can increase blood-brain barrier permeability and 

cerebral vascularity (Sharma, et al, 1991; Van der Borght et al., 2009), two factors which 

could affect bioavailability of BrdU and its incorporation into new cells. However, 

exercise’s effects on proliferation remain constant regardless of type of marker used (BrdU 

vs endogenous), ruling out altered BrdU incorporation following exercise as an alternate 

explanation of the results found here (Eadie, Redila & Christie, 2005; Van der Borght et al., 

2009).

Overall, analysis of BrdU+ cell number in the DG on PD42 supports our previous data 

(Helfer et al, 2009). The same duration of WR (as in Helfer et al., 2009) significantly 

enhanced DG cell proliferation of all three postnatal treatment conditions. AE/SH animals 

did not significantly differ in the number of proliferating BrdU+ cells in DG on PD42 when 

compared to SI and SC animals, supporting the hypothesis that developmental alcohol 

exposure does not have a detrimental effect on the generation of new cells. In addition, 

analysis of Ki67+ cells on PD72 (30 days after the end of the WR) also revealed no 

significant difference in the number of proliferating cells in SC, SI and AE rats regardless of 

housing condition (Fig. 4), indicating that the effect of EC on adolescent cell proliferation is 

subtle compared to that of exercise.

The combined effect of sequential WR/EC on the AE rats is due primarily to the promotion 

of neurogenesis, since previous studies (van Praag et al., 1999; Brown et al., 2003; Helfer et 

al., 2009) along with the current study demonstrate that the vast majority (approximately 

80%) of new cells in DG express neuronal markers 30 days after their birth. In the current 

study, neither postnatal treatment group nor adolescent housing condition affected the 

relative number of newly generated cells that differentiated into neurons. Thus, the increased 

number of surviving BrdU+ cells seen following exposure to WR/EC does not solely reflect 

an increase in numbers of mature neurons. More work is needed to specifically examine the 

effects of AE and WR/EC on the various stages of cellular proliferation, migration and 

differentiation in the DG.

Alcohol exposure is known to negatively affect the production and survival of progenitor 

cells through a variety of factors such as the inhibition of growth factors, which regulate 

each stage of neurogenesis (Davis et al., 1999; Developmental exposure to alcohol results in 

significant changes in expression of neurotrophins that depend on the timing of insult and 
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area of the brain. In the rat, both NGF and BDNF levels were elevated, while expression of 

their receptors was significantly decreased, in hippocampus and cortex after postnatal 

alcohol exposure on PD4-10 (Heaton et al., 2000; Moore et al., 2004). While transient, these 

changes in neurotrophic factors and their receptors during the critical period of the 

development could result in the abnormal cell differentiation and maturation. Other extrinsic 

factors affect AN. In particular, exercise, which improves spatial memory and enhances long 

term potentiation (van Praag et al., 1999;), has consistently been shown to increase the 

number of proliferating cells in the DG compared to non-exercising control animals (van 

Praag et al., 1999; Lou et al., 2008). In addition, exercise enhances long-term cell survival 

(Helfer et al., 2009). Physical activity is associated with the upregulation of β-endorphin 

expression, as well as the expression of insulin-like growth factor 1 (IGF 1) (Carro et al., 

2000; Llorens-Martin et al., 2010), vascular endothelial growth factor (VEGF) (Fabel et al., 

2003; Lou et al., 2008) and brain derived neurotrophic factor (BDNF) (Neeper et al., 1999; 

Boehme et al., 2011). Increases in these factors may play a role in the higher number of 

proliferating cells as well as the increased rate of cell survival seen in WR animals. For 

example, BDNF expression is directly related to the amount of exercise in which an animal 

engages (Adlard et al., 2004). Moreover, BDNF concentrations within the DG are 

significantly increased after exposure to exercise (Griffin et al., 2009). Interestingly, BDNF 

protein level remains elevated after cessation of exercise returning to baseline level after a 

week or two (Berchtold et al., 2005). Hippocampal cell proliferation is reported to return to 

normal rates within 24 hours following termination of WR in mice (Van de Borght et al., 

2009), suggesting that the sustained levels of BDNF may play a critical role in promoting 

neuronal maturation and survival. VEGF has indirect effects on AN through its role in 

angiogenesis and formation of neurovascular niches necessary for proliferation within the 

SGZ (Palmer, Willhoite & Gage, 2000), as well as direct effects on cell proliferation and 

maturation. Application of VEGF enhances AN both in cultured cells and in vivo (Jin et al, 

2002). Additionally, the VEGF receptor Flk-1 is colocalized on immature neurons within the 

DG, suggesting a continued role for VEGF in cell maturation. Both BDNF and VEGF have 

been found to promote the proliferation of neuronal precursors (Neeper et al., 1999; Lou et 

al., 2008). Together, these data suggest that exercise enhances the levels of proliferating 

cells in the hippocampus and may do so through its influence over a variety of neurotrophic 

factors. It needs to be mentioned that, while the effect of exercise on cell proliferation 

appears well documented, the effect of exercise on survival is less clear but it is likely that 

the growth factors mentioned above continue to have an impact on cell maturation.

Environmental complexity has been shown to increase AN. Whereas WR promotes 

proliferation of progenitors in adult neurogenic niches, EC appears to positively impact the 

survival of progenitor cells (Brown et al., 2003; Olson et al., 2006;). Brown and colleagues 

(2003) demonstrated that the increased levels of surviving cells as a result of exposure to EC 

was specific to the DG, as no difference was found in the olfactory bulb. Similar to exercise, 

exposure to EC results in an increase in neurotrophins such as BDNF, glia-derived 

neurotrophic factor (GDNF), neuronal growth factor (NGF) and neurotrophin-3 (NT3) 

(Olson et al., 2006; Angelucci et al., 2009). In addition, inhibition of VEGF blocks the 

environmental induction of neurogenesis (During & Cao, 2006). Thus, the same 

neurotrophic factors that enhance proliferation also add to survival of new neurons after the 
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exposure to complex environment. The factors that are adding to neuronal survival in AE 

animals from EC are yet to be determined.

The current study supports our previous work using multiple BrdU injections showing that 

access to WR increases the level of hippocampal cell proliferation in rats postnatally 

exposed to alcohol (Helfer et al., 2009). In that study, it was found that the influence of 

voluntary exercise alone is not sufficient to enhance the survival of newly generated neurons 

in rats exposed to alcohol postnatally; whereas the addition of a complex environment 

immediately following voluntary exercise successfully promotes the survival of adult 

generated neurons. Prenatal exposure to alcohol has been found to impair the neurogenic 

response to EC. While control mice reared in an enriched environment after weaning 

doubled the number of adult generated neurons, alcohol-exposed animals had impaired 

survival of new neurons in DG (Choi et al., 2005). Thus, neither WR nor exposure to a 

complex environment appear solely sufficient to overcome the negative effects of 

developmental exposure to alcohol on AN. Instead, it appears that exercise primarily 

influences proliferation levels and EC affects differentiation of newly generated cells and 

their survival (van Praag, 1999; Brown et al., 2003; Olson et al., 2006). Along with many 

other effects, exercise is suggested to prime a “molecular memory” (for growth factors’ 

expression, e.g. BDNF) of such experience. In doing so, the prior experience works to 

increase the readiness of the hippocampus for a future BDNF response to exercise 

(Berchtold et al., 2005). This results in a memory of an event that produces a greater 

response when reexposed to the stimulus (i.e., exercise).

Finally, the results of our study demonstrate that voluntary exercise followed by exposure to 

a complex environment successfully promoted the survival of adult-generated hippocampal 

neurons that is otherwise impaired following postnatal alcohol exposure in rats. This 

suggests that a combined treatment of exercise and EC may significantly improve deficits in 

hippocampal-dependent learning and memory known to result from heavy prenatal alcohol 

exposure. However, whether the increased neurogenesis resulting from this combined 

treatment has beneficial consequences has yet to be established. If it does, we believe that a 

complex intervention strategy could be utilized in the future to improve behavioral and 

anatomical outcomes in children with FASD.
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Figure 1. 
Schematic timeline of experimental procedures. Rat pups were either intubated with 5.25 

g/kg/day alcohol in a binge-like manner on PD4-9 (AE), sham-intubated (SI) or were left 

undisturbed (suckle control, SC). After completion of postnatal treatment pups remained 

with their mothers until weaning on PD23. In the first experiment (A), rats from all three 

treatment groups were divided between voluntary exercise (wheel-running, WR) and social 

housing conditions on PD30. WR rats had free access to the running wheel between PD30 

and 42. On PD42 all rats were injected with 200 mg/kg BrdU (i.p.) and sacrificed two hours 

later. In the second experiment (B), rats were exposed to the same postnatal treatment but on 

PD30 all animals were placed in cages with free access to the running wheels (WR) for 

twelve days. They were injected with 200 mg/kg BrdU on PD41. On PD42 rats were further 

divided between two housing conditions: large environmental complexity cages (EC) or 

standard housing cages (SH), where they remained for thirty days, until PD72. Adult 

hippocampal neurogenesis was analyzed at PD72.
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Figure 2. 
PD42 analysis of BrdU labeling using light microscope. Images of BrdU+ labeled cells 

recognized by reaction with diaminobenzidine and counterstained with Pyronin Y. Images 

taken at 20×. (A) is taken from an AE animal exposed to SH. (B) is taken from an AE 

animal exposed to WR. (C) demonstrates that the number of BrdU+ cells is not significantly 

different in AE animals compared to controls (SI and SC) when exposed to standard housing 

(p = 0.558). Exposure to wheel running significantly increases the number of proliferating 
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cells in all postnatal treatment conditions compared to standard housed littermates (p < 

0.01). All values represent mean +/− SEM. * p < 0.05; # p < 0.01.
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Figure 3. 
PD72 analysis of BrdU labeling using light microscope. Images of BrdU+ labeled cells 

recognized by reaction with diaminobenzidine and counterstained with Pyronin Y. Images 

taken at 20×. (A) is taken from an AE animal exposed to WR/EC. (B) is taken from an AE 

animal exposed to WR/SH. (C) demonstrates that the number of BrdU+ cells is significantly 

decreased in AE animals compared to SC when exposed to standard housing after running 

(p<0.05). Exposure to environmental complexity significantly increases the number of 

surviving new cells in both the SI (p < 0.05) and the AE (p < 0.01) groups compared to 

social housed littermates. All values represent mean +/− SEM. * p < 0.05; # p < 0.01.
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Figure 4. 
Postnatal day (PD) 72 analysis of Ki67 labeling using light microscope. Images of Ki67+ 

cells recognized by reaction with diaminobenzidine and counterstained with Pyronin Y. 

Images taken at 5×. (A) is taken from an alcohol exposed (AE) animal exposed to running/

environmental complexity. (B) is taken from an AE animal exposed to wheel running/

standard housing. (C) indicates that neither prenatal alcohol exposure nor exposure to 

environmental complexity affect the number of proliferating Ki67+ cells on PD72. All 

values represent mean +/− SEM.
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Figure 5. 
Phenotype of Bromodeoxyuridine (BrdU)+ cells. (A, B) Confocal images demonstrate the 

BrdU+ labeling and distribution in the dentate gyrus. NeuN (red), mature neuronal marker; 

BrdU+ marker (green); GCL, granule cell layer. (C) The number of double labeled cells 

(BrdU+/NeuN+) is significantly increased in the AE (p < 0.05) and SI (p < 0.05) animals 

exposed to wheel running/environmental complexity compared to the number of BrdU+/
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NeuN+ cells present in the AE and SI animals exposed to the wheel running/standard 

housing. All values represent mean +/− SEM. * p < 0.05.
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Table 1

Males and females combined

Postnatal treatment

SC SI AE

Weight (g)

PD4 8.4 ± 0.3b 8.7 ± 0.2 9.3 ± 0.2

PD9 14.6 ± 0.9 15.5 ± 0.6 12.8 ± 0.4c

PD30/31 84 ± 4 87 ± 3 77 ± 3

PD41/42 146 ±8 148 ± 5 138 ± 6

a
PD, postnatal day; AE, alcohol exposed; SI, sham-intubated; SC, suckle control. The weights are reported as group means ± SEM.

b
SC weigh less than AE, p<0.05.

c
AE weigh less than SI, p<0.01.
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