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Abstract

Little is known about the occurrence of individual variation in sexual behavior and how maternal 

nutrition can affect this variation. We tested the hypothesis that male offspring of female meadow 

voles, Microtus pennsylvanicus, that were 30% food restricted (FR) during days 1–7 of lactation 

(FR 1–7), days 8–14 of lactation (FR 8–14), or late days 15–21 of lactation (FR 15–21) lactation 

show persistent, negative effects on their sexual behavior as adults relative to male offspring of 

females that were not food restricted. We measured three components of sexual behavior, 

attractivity, proceptivity and receptivity, beginning when the males were 98 days of age. Food 

restriction during middle lactation (FR 8–14) but not during early (FR 1–7) and late lactation (FR 

15–21) was sufficient to induce adult male voles to produce anogenital marks that were not as 

attractive as those produced by control males. Food restriction during lactation did not affect the 

proceptive behavior of male voles but did affect their receptivity. Only 4 of 12 FR 8–14 male voles 

mated compared to 9 of 12 FR 1–7 males, 8 of 12 FR 15–21 males, and 8 of 11 control males. 

However, no differences existed in their copulatory behavior among the males that did mate. The 

body weight of FR 1–7 and FR 8–14 males was lower than that of FR 15–21 and control males 

when they were between 22 days of age (weaning) and 48 days of age (puberty) but was similar 

when the males were 98 days of age. Food intake was similar for the FR and control males 

between day 22 and day 98. It remains unclear, however, if this type of maternal effect represents 

strategic programming of offspring behavior in response to the environment experienced by 

mothers or is a product of developmental processes of food restriction prior to weaning 

(Forstmeier et al. 2004).
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Introduction

Individual differences in phenotype have received much attention in the literature, however, 

little is known about the proximate causes of this variation (Forstmeier et al. 2004). 
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Recently, maternal effects have been widely recognized as a mechanism for phenotypic 

responses to environmental heterogeneity (Bernardo 1996; Mousseau & Fox 1998a). Thus, 

maternal effects may influence an offspring’s fitness (Mousseau & Fox 1998a, b; Gendreau 

et al. 2005). Several studies have shown that the nutritional status of dams during pregnancy 

and lactation can alter the phenotype of their offspring in many species (Passos et al. 2000; 

Kerr et al. 2007). Maternal malnutrition as a result of food deprivation or restriction not only 

affects birth weight or growth and development of offspring (Woodall et al. 1996; Teixeira et 

al. 2002), but also the physiology and behavior of offspring. Among mice and rat-like 

hamsters, food restriction during pregnancy resulted in dams producing sons that had lower 

body weight and lower social status relative to those of dams that were not food restricted 

(Meikle & Thornton 1995; Meikle et al. 1995; Liang et al. 2004). Maternal food restriction 

or a diet low in protein can also affect the reproductive physiology of male offspring, usually 

by delaying the onset of puberty (Engelbregt et al. 2000; Da Silva et al. 2001; Leonhardt et 

al. 2003; Guzman et al. 2006).

Most interesting, however, is that maternal food-restriction can have persistent effects on the 

reproduction of male offspring when they reach adulthood. Male rat-like hamster (Cricetulus 
triton) dams that were food restricted during gestation had smaller gonads and lower gonadal 

steroid hormone titers relative to those of offspring of control dams (Liang et al. 2004). In 

rats (Rattus norvegicus), maternal protein restriction during pregnancy and lactation 

decreased sperm count and fertility in male offspring (Zambrano et al. 2005). Food 

restriction during pregnancy resulted in dams producing sons that had lower body weight 

and lower social status relative to those of dams that were not food restricted in mice (Mus 
musculus) (Meikle & Thornton 1995; Meikle et al. 1995) and rat-like hamsters; Liang et al. 

2004). A general consensus of the literature suggests that food restriction of dams during 

lactation negatively impacts the morphology, physiology, and behavior of their sons, and that 

these long-term effects are expressed in offspring in the next generation.

A common feature of these and similar studies on the behavior of offspring raised by 

nutritionally-challenged females was that food availability was reduced during the entire 

gestation and/or lactation period. This represents an extreme condition and females facing 

such low food availability may not mate or become pregnant (Sabau & Ferkin 2013a). Many 

rodents, however, could experience acute food restriction at different times during lactation 

(Batzli 1985; Bronson 1989). For example, female meadow voles, Microtus pennsylvanicus, 

voles become relatively sedentary prior to parturition and during the first days of their 21-

day lactation (Madison 1980, 1985; Keller 1985; Sabau & Ferkin 2013a) Meadow vole dams 

would be limited to the forage that is available in their territory and susceptible to food 

restriction during the three weeks it takes to wean a litter (Batzli 1985; Sabau & Ferkin 

2013b).

Our recent work has shown that food restriction during early and middle lactation (but not 

during late lactation) reduces the amount of time that dams nurse their pups relative to that 

of control dams (Sabau & Ferkin 2013b). In that study, males reared by dams were food 

restricted during early lactation, which was considered days 1–7 of lactation (FR 1–7), 

middle lactation, which was considered days 8–14 of lactation (FR 8–14), and late lactation, 

which was considered days 15–21 of lactation (Sabau & Ferkin 2013b). Sabau and Ferkin 

Sabau and Ferkin Page 2

Ethology. Author manuscript; available in PMC 2016 April 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(2013b) found that FR 1–7 males and FR 8–14 males had a lower body weight at weaning 

compared to FR 15–21 males and males reared by control dams. However, the body weight 

of FR 15–21 males and control males was similar (Sabau & Ferkin 2013b). In addition, they 

found that meadow vole dams that were food restricted during middle lactation spent less 

time licking their pups compared to control dams and dams that were food restricted during 

late lactation (Sabau & Ferkin 2013b). Dams that spend less time licking their pups produce 

adults that may not be able to interact successfully with same- and opposite-sex conspecifics 

(Moore 1982, 1993; Champagne et al. 2003). In addition, maternal food restriction during 

early and middle lactation may also affect the reproductive system of male rodents, which 

becomes fully developed by 10 days of age (Larsson et al. 1974), which could impact on 

their sexual behavior in adulthood (Govic et al. 2008).

The goal of the present study was to test the hypothesis that male offspring of meadow vole 

dams that were food restricted for different periods of time during lactation show persistent, 

negative effects on their sexual behavior as adults. We predicted that these effects would be 

more pronounced in the FR 1–7 and FR 8–14 males than in the FR 15–21 and the control 

males. We tested this hypothesis and prediction by measuring the three components of 

sexual behavior: attractivity, proceptivity/interest in the opposite sex, and receptivity (Beach 

1976). Attractivity, for meadow voles, like many other terrestrial mammals, refers to the 

attractiveness of one’s odors and scent marks to opposite-sex conspecifics (Pierce et al. 

2005). Proceptivity includes the behaviors displayed by females and by males to show 

interest in and to facilitate interactions with opposite-sex conspecifics, such as investigating 

the scent marks of potential mates (Johnston 1979; Pierce et al. 2005; Hobbs & Ferkin 

2012). Attractivity and proceptivity establish communication between potential mates, and 

allow them to coordinate behaviors that facilitate or inhibit direct interactions (Beach 1976; 

Stopka & Macdonald 1998; Ferkin 2011). Receptivity is characterized by a male’s or a 

female’s willingness to mate (Beach, 1976; Pierce et al. 2005). In females, lordosis is an 

indicator of receptivity (Gray & Dewsbury 1975; Pierce et al. 2005; Sabau & Ferkin 2013a). 

In males, receptivity can be scored by counting the frequency and duration of mounts, 

intromissions, thrusts, and ejaculations.

Methods

Animals

We used meadow voles that were 3rd – 4th generation descendants of free-living voles 

captured in New York, USA. The voles were born and raised under a long photoperiod 

(14:10 h, L: D, lights on at 0700h CST). Voles used in this study had been housed singly in 

clear plastic cages (27 × 16.5 × 12.5 cm, l × w × h) for 4 weeks prior to the initiation of 

these studies. These voles had continuous access to water, food (Harlan Teklad Rodent Diet, 

#8640, Madison, WI, USA), and cotton nesting material. We followed Animal Care Protocol 

0647, which was approved by the IACUC at The University of Memphis. We adhered to the 

‘Guidelines for the use of animals in research’ as published in Animal Behaviour (1991, 

41:183–186) and the laws of the country where the research was conducted.

Male voles used in this study were offspring of dams that were either food restricted during 

early, middle, and late lactation or not (control group) in a recent study by Sabau and Ferkin 
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(2013b). These males were offspring of 44 different litters. In that study, Sabau and Ferkin 

(2013b) randomly assigned day-1 lactating female meadow voles to one of the four groups 

of 11 dams each. These four groups were comprised of dams that had continuous access to 

food throughout lactation (control), and dams that were provided with 70% of the daily 

intake of the control dams between day 1 and 7 (FR 1–7), between day 8 and14 (FR 8–14), 

and between day 15 and 21 of lactation (FR 15–21) (Sabau & Ferkin 2013a). Dams in the 

FR groups had continuous access to food on days when they were not food restricted. For 

example, dams in treatment group FR 8–14 were provided with 70% of the daily intake of 

control dams between days 8–14 of lactation but had continuous access to food between 

days 1–7 and between days 15–21 of lactation.

On day 22 of lactation, the pups from all four groups were weaned, housed with littermates 

in separate cages, and thereafter, provided with continuous access to food and water. No 

statistical differences existed in the number of male and female pups that were weaned per 

litter per treatment (4.2 ± 0.5 pups per litter; Sabau & Ferkin 2013b). When the pups were 

34 days-old, they were separated from littermates, and housed individually in clear 

polycarbonate cages (27 × 16.5 × 12.5 cm, l × w × h).

Body Weight of Male Offspring

Males from our three FR treatment groups and the control group (n = 12 males per group) 

were weighted to the nearest gram of 0.1 gram every 3–5 days when they were between 22 

and 43 days old, and every 10 days thereafter until they were 98 days old.

Food Intake of Male Offspring

The food intake of male offspring from the treatment groups and control group was also 

monitored until they were 98 days old. Briefly, 30 grams of food was placed into the cage-

lid hopper of each male. Twenty-four hours later, we removed the male from its cage and 

collected and weighed (Ohaus GT4000 Automatic Balance, Florham Park, NJ) any food that 

remained in the cage-lid hoppers and on the floor of the cage to determine his daily food 

intake.

Sexual Behaviors

We used 12 different males in each of the treatment groups (FR 1–7, FR 8–14, and FR 15–

21) and 18 different males in the control group in the sexual behavior component of the 

study. We began testing these males for sexual behavior (attractivity, proceptivity, and 

receptivity) when they were between 60 and 65 days-old. The male voles underwent a single 

attractivity, proceptivity, and receptivity test. We used males and females that were 

unfamiliar and unrelated to the voles with which they were tested. We did not use more than 

two individuals from the same litter in any test to eliminate the potential for litter effects. We 

used a Latin Squares design to allow male voles to serve as scent donors in the attractivity 

tests and then as subjects in the proceptivity tests and receptivity tests (Pierce et al. 2005). 

That is, some males were subjects in the proceptivity tests first, some were first subjects in 

receptivity tests, and others were first used as donors in attractivity tests. A minimum of 3 

days separated successive tests with the same vole.
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Attractivity Component

Scent donors were 18 male voles from the control group and 12 males each from the FR 1–

7, FR 8–14, and FR 15–21 groups. The males in the treatment groups were used as scent 

donors once; the males in the control groups were used as scent donors twice.

Subjects were 36 female voles that had continuous access to food and were 120–150 days of 

age, born and raised in long photoperiod, and housed singly for 30 days prior to testing. 

Females were randomly chosen from a pool of 68 sexually experienced voles that were 

unrelated to and unfamiliar with the males used in the attractivity tests. Female subjects 

were not currently pregnant or lactating, but were sexually experienced, having weaned a 

litter 30 days prior to testing. Female meadow voles do not undergo regular estrous cycles 

(Keller 1985) and are induced ovulators (Milligan 1982). Females used in this study will 

readily mate with males when housed together under a long photoperiod (Meek & Lee 1993; 

Pierce et al. 2005; delBarco-Trillo & Ferkin 2006).

Each female subject underwent a single 10-minute attractivity test that followed the 

procedures detailed elsewhere (Pierce et al. 2005; Sabau & Ferkin 2013a). Briefly, we 

recorded the amount of time in seconds that females spent investigating the anogenital area 

scent marks of the following pairs of opposite-sex scent donors: 1) a FR 1–7 male versus a 

control male, 2) a FR 8–14 male versus a control male, and 3) a FR 15–21 male versus a 

control male.

Each female was exposed to the scent marks of a unique pair of male donors. The scent 

marks of these two males were placed on a clean, glass microscope slide (2.5 × 7.6 cm). 

Each slide was divided in three equal sections. Each section was 2.5 cm long. One end 

section contained a scent mark of a male donor that was reared by a food-restricted dam, 

while the other end section contained a scent mark of a male that was reared by a dam that 

had continuous access to food. The middle section contained no scent marks. Briefly, the 

anogenital area of a male donor was rubbed for approximately 5 seconds against the left- or 

right side of a clean slide. The position of the two scent marks was alternated on the left- or 

right-side of the slide for each test. After both scent marks had been placed on the slide, we 

suspended the slide on a clip and hook apparatus 1 cm above the substrate, against the wall 

opposite the female’s nest. During the 10-minute attractivity test, we recorded continuously 

the amount of time that the female subject licked or sniffed (the subject’s nose comes within 

approximately 1–2 cm) each scent mark and the clean section of the slide. The test began 

when the slide was placed into the cage of the female subject. Male voles were considered to 

produce more attractive scent marks if females spent significantly more time investigating 

their mark relative to that of another male (Pierce et al. 2005; Sabau & Ferkin 2013a).

Fresh scent marks from the anogenital area were obtained for each trial from each scent 

donor; anogenital area scent marks are deposited by voles in their runways (Ferkin et al. 

2004). The experimenter wore disposable latex gloves to minimize human scent transfer 

while handling all slides. The investigator recording the behaviors was blind to the treatment 

conditions of the male and female voles in the attractivity tests, as well as the proceptivity 

and receptivity tests listed below.
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Proceptivity Component

We used a scent preference test that was similar to the attractivity test to determine whether 

maternal food-restriction affected the proceptive behavior of male voles. Scent donors were 

48 females and 48 males that had been reared by dams that were not food restricted; the 

male and female scent donors were between 120–150 days of age. The subjects were 48 

males from the FR diet-treatment groups (n = 12 males per treatment group) and 12 males 

from the control group. Each male subject was tested once with a unique pair of male and 

female scent donors.

We followed the methods for proceptivity testing developed by Pierce et al. (2005) and are 

similar to the attractivity test we described above, with one notable exception. In the 

proceptivity test, male subjects were exposed to a glass slide that contained the scent mark 

of a female scent donor and the scent mark of a male scent donor. During the 10-minute 

proceptivity tests, we recorded the amount of time male subjects investigated the end of the 

slide containing the scent mark of the male scent donor and the other end of the slide 

containing the scent mark of the female scent donor. The position of the scent marks of the 

male and female donors on the left- or right-side of the slide was alternated. Male subjects 

were considered to display proceptive behavior if they spent significantly more time 

investigating the odors of the female scent donor than those of the male scent donor (Pierce 

et al. 2005).

Receptivity Component

We used the same methods in testing receptivity as described by Pierce et al. (2005). Briefly, 

a male vole was paired with a sexually experienced, 120–150 day-old unfamiliar female vole 

in a clear, plastic cage (37 × 21 × 15 cm; l, w, h), containing hardwood shavings, nesting 

material and water. At the time of pairing the females were neither pregnant nor lactating. 

Male voles were 12 males from each of the FR treatment-groups and 12 males from the 

control group; one of the males in the control group died shortly after being paired.

We allowed each pair to interact for 4 hours; meadow voles typically mate within this 4-h 

period (delBarco-Trillo & Ferkin 2004; Vaughn et al. 2008, 2011). We recorded each 4-hour 

pairing with a Sony Handycam DCR-SR68. During playback, we scored whether or not the 

males mated. If so, we scored the number of ejaculations by each male and his latency to 

first ejaculation, which was the amount of time (seconds) that elapsed between the male’s 

introduction into the female’s cage and his first ejaculation, which are typical measures of 

male copulatory behavior (Dewsbury 1972, 1975; delBarco-Trillo & Ferkin 2004, 2006, 

2007). Collectively, these measures are indicators of sexual responsiveness of males and 

receptivity (Pierce et al. 2005). The ejaculation is characterized by a short series of rapid 

thrusts and intromissions followed by a noticeable relaxation of the male meadow vole’s 

pelvic region area and extension of his legs (Gray & Dewsbury 1975; delBarco-Trillo & 

Ferkin 2004, 2007; Vaughn et al. 2008).

We observed lordosis but did not measure it. Female meadow voles display lordosis after 

males mount them (delBarco-Trillo & Ferkin 2006). Thus, measures of mounting by males 

and lordosis by females are highly correlated (Dewsbury 1972, 1975).
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Statistical Analyses

We used matched-paired t-tests to determine whether significant differences existed in the 

amount of time each subject spent investigating the scent marks of the two donors in the 

attractivity and proceptivity tests (Pierce et al. 2005). We used binomial tests to compare the 

number of males in each FR groups that mated (receptivity test) with those that mated in the 

control group. We used two separate one-way ANOVAs to determine if males paired with 

females differed among groups in their number of ejaculations and latency to first 

ejaculation. We used GLM repeated measures analysis of variance (ANOVA) to determine 

whether significant differences existed in the body weight and food intake of the offspring in 

the different treatment groups. Litter and not individual offspring was used as experimental 

unit in order to avoid pseudoreplication; we used the average mass of males in each litter to 

determine if the mean body weight of male pups differed between treatment groups. We 

conducted 1-way ANOVA’s followed by Holm-Sidák post hoc pairwise comparisons to 

determine the significant treatment effects. Significant differences were accepted at α < 0.05 

for all statistical tests. We used SPSS 13.0 to analyze the data.

Results

Body Weight of Male Offspring After Weaning

The body weight of male offspring was affected by food restriction during lactation 

(F3, 35=2.7, p < 0.001) and whether food restriction occurred during early, middle or late 

lactation (F3.1, 110.1= 359.5, p < 0.001). A significant interaction existed between these 

variables (F9.4, 110.1= 2.0, p < 0.05). After weaning (day 21) and until day 48, control males 

weighed significantly more than males reared by FR 1–7 dams and those reared by FR 8–14 

dams (Holm Sidák, p < 0.05; Fig. 1). With the exception of day 21, no significant difference 

was found in the body weight of males reared by FR 15–21 dams and those reared by dams 

that were not food restricted (p > 0.05; Fig. 1). Between 26 and 48 days of age, males reared 

by FR 1–7 and FR 8–14 dams had lower body weight than did males reared by FR 15–21 

and control dams (Fig. 1), However, the body weight of males raised by FR dams and 

control dams was similar when they were between 49 and 98 days of age (Fig. 1). There was 

no difference among the dams in birth weights and number of offspring at weaning on day 

21. The mean litter size at weaning was 4.2 + 0.69 pups and was similar for litters of control 

and FR dams (F3,43 = 0.89, P = 0.45).

Food Intake of Male Offspring After Weaning

All the male voles increased their food intake between days and 98 (F7, 238= 23.15, p < 

0.01). However, there was no interaction between treatment (control or FR) whether food 

restriction occurred during early, middle or late lactation (F21, 238= 1.48, p = 0.085). The 

amount of food consumed by the males was similar for FR males and control males between 

day 34 and day 98 (F3, 34 =2.35, p > 0.05).

Attractivity

All female subjects investigated both scent marks, spending more time investigating the two 

scent marks of the two males than the middle portion of the slide. Maternal food-restriction 
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during lactation affected the attractivity of scent marks of male offspring to female 

conspecifics (Fig. 2). Female voles spent significantly more time investigating the scent 

mark of control males than those of FR 8–14 males (t11 = 3.51, p = 0.007; Fig. 2). However, 

female voles spent similar amounts of time investigating the scent mark of a FR 1–7 male 

and that of a control male (t11= 0.78, p = 0.505; Fig. 2) as well as the scent mark of a FR 

15–21 male and that of a control male (t11 = 1.82, p = 0.092; Fig. 2).

Proceptivity

The preference for the scent marks of a female vole over the scent marks of a male vole was 

not affected by whether the males were reared by dams that were not food restricted or that 

were food restricted during early, middle, or late lactation (Fig. 3). FR 1–7 males (t11 = 4.12, 

p = 0.001), FR 8–14 males (t11 = 2.83, p = 0.01), FR 15–21 males (t11 = 4.09, p = 0.002) and 

control males (t11 = 3.541, p = 0.005) spent more time investigating the scent mark of 

female conspecifics compared to that of male conspecifics (Fig. 3).

Receptivity

We found that 9 of 12 FR 1–7 males, 4 of 12 FR 8–14 males, 8 of 12 FR 15–21, and 8 of 11 

control males copulated with the females. FR 8–14 males had lower mating success relative 

to control (Binomial Critical Value test, p = 0.006; Fig. 4a). However, the mating success 

was similar for control males and FR 1–7 males (Binomial test, p=0.555) and controls and 

males FR 15–21(Binomial test, p=0.445; Fig. 4a). Thus, the number of males that copulated 

with a female vole was affected by whether the males were reared by dams that were food 

restricted during early, middle, or late lactation. There were also no significant differences in 

the latency to first mount (F3, 25 = 0.7, p= 0.27) and first ejaculation (F3, 25= 0.10, p= 0.85; 

Fig. 4b) between FR males and control males or the number of ejaculations control and FR 

males had when paired with a female (F3, 25 = 0.21, p= 0.93; Fig. 4c).

Discussion

Food restriction of female meadow vole dams during middle lactation induced persistent, 

long-term negative effects on the attractivity component of the sexual behavior of their male 

offspring. FR 8–14 males produced anogenital marks that were not as attractive as those 

produced by control males and those of FR 1–7 males and FR 15–21 males. The scent marks 

of FR 1–7, FR 15–21 and control males were similar to one another in the attractiveness to 

female conspecifics. Estrus female house mice and rat like hamsters were also more 

attracted to the scent marks of male conspecifics reared by dams that were not food 

restricted during gestation than to those of males reared by dams that were food restricted 

(Meikle et al. 1995; Liang et al. 2004). Males that produce scent marks that are more 

attractive to females would be more likely to signal their presence in an area to potential 

mates. Our data suggest that compared to their counterparts, FR 8–14 male voles less likely 

than control males, FR 1–7 males, and FR 15–21 males to compete for mates. It is not clear 

why maternal food-restriction during early or late lactation had no effect on the 

attractiveness of scent marks produced by males but food-restriction during middle lactation 

had a negative and persistent effect on the attractiveness of the scent marks of male 

meadows to female conspecifics. We suggest that this impairment is due to a deficit 
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associated with major development of meadow vole during middle lactation. During middle 

lactation, pups open their eyes, spend less time nursing, and begin to eat solid food 

(McGuire & Novak 1984; Nadeau 1985). Thus, it is possibility that the FR 8–14 males were 

also food-restricted at a time when they were beginning to eat solid food and receiving less 

milk from their mothers (McGuire & Novak 1984), and this nutritional challenge was 

sufficient to trigger changes in the odor-producing tissues of males. The decrease in the 

attractiveness of the scent marks of FR 8–14 males may reflect a tradeoff between 

developing the tissues that support growth and development, which will increase the pup’s 

likelihood of surviving and those needed for production of sexually discriminable scent 

marks, which will increase the pup’s likelihood of attracting a mate as an adult.

Food restriction during lactation did not affect a male vole’s interest in female conspecifics. 

Male voles, independent of whether they were food restricted or not, spent more time 

investigating the scent mark of a male donor to that of a female donor. Similarly, Hobbs and 

Ferkin (2011) reported that food availability did not affect the scent marking and over-

marking behavior of male meadow voles when they encountered the scent marks of female 

conspecifics. Male rodents show interest in particular females by scent marking, self-

grooming or investigating their scent marks (Hobbs & Ferkin 2011, 2012). These 

proceptive-like behaviors facilitate further interactions with potential mates (Beach 1976; 

Stopka & Macdonald 1998). Our findings suggest that male meadow voles do not show 

reductions in the behaviors that indicate their interest in females. Thus, male voles that 

experienced nutritional challenges during lactation do not reduce their likelihood of finding 

potential mates.

We discovered that only 33.3% of the FR 8–14 males copulated during the receptivity test, 

whereas 75% of the FR 1–7 males, 66.6% of the FR 15–21 males, and 72.7% of the control 

males copulated. The relatively low mating success of FR 1–7 male voles may be associated 

with the pronounced reduction the amount of care they received relative to controls early in 

lactation. Sabau and Ferkin (2013b) found that FR 1–7 dams spent little time compared to 

control dams, FR 8–14 dams, and FR 15–21 dams nursing and licking their pups. Similarly, 

lactating rats that were food restricted to 50% of the intake of food of control females during 

the first 10 days of lactation spent less time licking their young than did control dams (Smart 

& Preece 1973; Smart 1976). In rats, reductions in maternal licking caused offspring to 

become less likely to form social affiliations and mate (Moore 1984, 1992). We cannot rule 

out, the possibility that the amount of nutrition FR 1–7 males received was not sufficient to 

support the development of neuroendocrine substrates that mediate sexual receptivity. 

Although we are not aware of any studies that have examined the effects of maternal-food 

restriction during different periods of lactation on the receptivity of male offspring, our 

results are similar to most studies that showed dams that were food-restricted during 

gestation gave birth to sons with deficits in some aspect of their mating behavior and 

reproductive physiology (Larsson et al. 1974; Rhees & Fleming 1981; Zambrano et al. 

2005). Our results do not follow the same pattern as other those reporting that maternal-food 

restriction increased aspects of the sexual behavior of male offspring among rats (Tonkiss et 

al. 1984; Govic et al. 2008) or had no effect on sexual behavior of male offspring among 

sheep (Ovis aries)(Rae et al. 2002).
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The body weight of FR 1–7 and FR 8–14 males was lower than that of control males and FR 

15–21 males at 48 days of age; puberty occurs around this time for male meadow voles 

(Nadeau 1985). This result was similar to that of other studies reporting that male offspring 

of mice and rats reared by dams that were under nutritional stress weighed less at weaning 

compared to male offspring that were reared by dams that were not under nutritional stress 

(Teixeira et al., 2002). The low body weight at puberty for FR 1–7 and FR 8–14 males may 

represent a tradeoff between size and survival as juveniles (Gendreau et al. 2005; Fairbanks 

& Hinde 2013; Holekamp et al. 2013). It is also possible that the low body of FR 1–7 and 

FR 8–14 males at puberty were associated with deficits in their attractivity and their 

receptivity, respectively. The fact that by 98 days of age the FR 1–7 and FR 8–14 males 

weighed the same as FR 15–21 males and control males suggest the former voles have 

experienced some type of compensatory weight gain, but that this weight gain was not 

sufficient to reverse the negative effects of maternal-food restriction on aspects of their 

sexual behavior.

Why does food restriction during early or middle lactation affect components of the sexual 

behavior and body weight of male offspring? It is possible that maternal-food restriction, 

food restriction experienced by the pups, or changes in the amount of maternal care provided 

by the dams singly or together are sufficient to induce epigenetic effects that can trigger 

persistent, impairments on the sexual behavior and weight of male meadow voles. Several 

studies have shown that nutirional challenges during lactation may affect the phenotype of 

offspring (McGowan et al. 2011; Fairbanks & Hinde 2013), their sexual behaviorand 

reproductive physiology (Forstmeier et al. 2004) and ability to form attachments with 

opposite-sex conspecifics (Francis et al. 1999; Cameron et al. 2008), which can transcend 

generations (Champagne et al. 2003). For a male meadow voles facing nutritional challenges 

during lactation could affect their survival (Sabau & Ferkin 2013b) as well as their lifetime 

mating and reproductive success (Larsson et al. 1974; Boonstra et al. 1993; Berteaux et al. 

1999).
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Figure 1. 
Mean ± SEM body weight (g), of FR 1–7 males, FR 8–14 males, FR 15–21 males, and 

control males. An asterisk (*) denotes significant differences between groups (p < 0.05).

Sabau and Ferkin Page 14

Ethology. Author manuscript; available in PMC 2016 April 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Mean ± SEM time (s) spent by female voles during a 10-minute test investigating the 

anogenital scent marks of in the following paired comparisons:a control male and a FR 1–7 

male; a control male and a FR 9–14 male; and a control male and a FR 15–21 male. An 

asterisk (*) indicates significant differences between groups (p < 0.05).
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Figure 3. 
Mean ± SEM time (s) spent by control males, FR 1–7 males, FR 8–14 males, and FR 15–21 

males during a 10-minute test investigating the anogenital scent marks of a male conspecific 

and a female conspecific. An asterisk (*) indicates significant differences between groups (p 

< 0.05).
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Figure 4. 
a) Percentage of control males, FR 1–7 males, FR 8–14 males, and FR 15–21 males that 

mated when paired with a sexually receptive female vole for 4 hours. b) The latency to first 

ejaculation of of these control males, FR 1–7 males, FR 8–14 males, and FR 15–21 males. c) 

The mean ± SEM number of ejaculations of these control males and the FR 1–7, FR 8–14, 

and FR 15–21 males. In Figure 4a the histograms capped with different letters indicate 

significant differences between groups (p < 0.05). In Figure 4b and 4c there were no 

significant differences between groups (p > 0.1).
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