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ABSTRACT

There have been many trials describing the effects of
polyunsaturated fatty acids (PUFA) on fecundity, neonatal
development, and maternal behavior in humans, but few
controlled studies in rodents. We examined the effects of a
maternal diet high in omega 3 (N-3) or omega 6 (N-6) PUFA on
NIH Swiss mice. Female mice were ad libitum fed one of three
complete and balanced diets (N-3, enriched in menhaden oil;
N-6, enriched in corn oil; C, control diet, Purina 5015) from age
4 wk until the end of the study. Mice were bred at ;19 wk and
27 wk of age, providing a total of 838 pups from 129 litters in
two experiments. After weaning their pups from parity 1,
behavior of dams was assessed on elevated-plus and open-field
mazes. Although the fraction of male pups from the N-3 and C
groups was not different from 0.5, dams on the N-6 diet birthed
more daughters than sons (213 vs. 133; P , 0.001). Although
maternal stress has been reported to favor birth of daughters, the
behavior of N-6 dams was not different from controls. By
contrast, the N-3 dams displayed greater anxiety, spending less
time in the open arms and more time in the closed arms of the
elevated maze and traveling less distance and exhibiting less
exploratory behavior in the open field (P , 0.05). N-3 dams
tended to produce smaller litters than C dams, and N-3-suckled
pups gained less weight (P , 0.05). In conclusion, the N-3 diet
had negative effects on murine fecundity and maternal behavior,
whereas the N-6 diet favored birth of daughters.

anxiety, behavior, elevated-plus maze, mouse, nutrition,
open-field maze, parturition, pregnancy, sex allocation, sex ratio

INTRODUCTION

Diets enriched in polyunsaturated fatty acids (PUFA),
particularly diets containing supplements of omega 3 (N-3)
components, which are fatty acids that are found in abundance
in fish oils, have been widely publicized as promoting human
health. Not surprisingly, there have been many clinical trials
examining their effects, including several to determine whether
supplementing maternal diet during pregnancy leads to
improved maternal and fetal outcomes [1–7]. In general these
studies have not been conclusive, but have indicated few, if
any, negative side effects of supplementation. On the other

hand, there have been few controlled studies on the
reproductive effects of N-3 supplementation in rodents [8–13].

Our laboratory is interested in the influence of maternal diet,
particularly its fat composition, on offspring sex ratio [14–16].
We noted, for example, that two defined, ad libitum fed,
nutritionally complete diets that differed primarily in the content
of energy and amount of saturated fat had contrasting effects on
the sex of offspring born to NIH Swiss and CF1 dams [14]. Diet
1 was low in saturated fat (LF), with the majority of calories
provided as sugars and complex carbohydrate, while the second
diet was very high in fat (VHF), with 54% of its energy provided
as lard, which is 40% palmitic and stearic acids, 40% oleic acid,
and approximately 10% linoleic acid, an omega 6 (N-6) fatty
acid. Although there was little effect of these diets on sex ratio
distortion in young mice bred at 10 wk of age, sex ratio skewing
became obvious at later parities and in virgin mice bred when
they were older than 20 wk. Specifically, the VHF diet provided
a significantly higher number of male-biased litters and a sex
ratio that favored sons over daughters by almost 2:1. The LF diet,
by contrast, strongly favored the birth of female offspring. When
consumption of the VHF diet was reduced by providing it in
restricted amounts, however, the sex-ratio shifted to favor
daughters [17], suggesting that it was the amount of calories
consumed by the dams, rather than the fat content of the diet per
se, that influenced the relative numbers of sons and daughters
born. Whether these observations on sex ratio skewing have
adaptive significance is unclear, but they are generally consistent
with the sex allocation hypothesis of Trivers and Willard [18].

Previous studies in opossums and humans suggest that
females on a diet supplemented with PUFA give birth to more
sons than daughters [19, 20]. In the case of the opossums, the
females were provisioned with sardines to provide extra N-3
fatty acids [19]. Based on these reports, we hypothesized that
in our previous studies [14, 16, 17] on mice fed a diet rich in
lard, the large amount of saturated fat consumed was sparing
the PUFA from oxidative metabolism and was causing the
skewing of the offspring sex ratio toward males. Accordingly,
we speculated that PUFA might be governing the alteration in
the offspring sex ratio. To test this hypothesis, we have herein
repeated the study design above, but with diets enriched with
either N-3 or N-6 fatty acids. In our experiments, the N-3 fatty
acids were derived primarily from menhaden oil (Table 1), a
particularly rich source of (20:5) eicosapentaenoic acid (EPA)
and (22:6) docosahexanoic acid (DHA), rather than from plant
oils. The N-6-enriched diet was supplemented with corn oil to
provide extra linoleic acid. Flaxseed and menhaden oil are
routinely used to bolster the N-3 dietary content. We chose to
use the latter because many previous rodent studies have
employed this ingredient as the N-3 fatty acid source [9, 21–
24]. Additionally, these studies were designed to replicate as
close as possible the previous opposum study where the
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animals were provisioned with sardines [19, 20]. Moreover,
fish oil has been touted to exert beneficial effects for in utero-
exposed conceptuses, including promoting visual and neural
development and preventing later adult-onset diseases, such as
diabetes and mammary tumors [2, 4, 6, 8, 9].

During the course of our studies, we noted that the females
on the two contrasting PUFA diets showed differences in
behavior. In particular, the mice on the N-3 diet appeared to
display aberrant ‘‘nesting’’ activities and poorer maternal
behavior than those on the N-6 and control diets. Therefore,
in addition to examining whether the diets enriched in PUFA
influenced the sex ratio of pups born, the dams were subjected
to behavioral tests designed to assess maternal anxiety.

MATERIALS AND METHODS

Diets

Diets containing specific fatty acid composition (N-3 and N-6 diets) were
prepared from commercial ingredients following the standards defined by the
American Society for Nutritional Sciences (Table 1). Both diets contained
safflower oil to provide essential fatty acids. The N-6 diet contained corn oil as
a source of N-6 fatty acids and the N-3 diet contained menhaden oil as a source
of N-3 fatty acids. Neither the N-3 nor N-6 diets had lard added in the diet. The
N-3 diet contained 16.45 g/kg of saturated fatty acids, which comprised 25.43%
of the total fatty acids in the diet. The saturated fatty acids in the N-6 were
8.81% of the fatty acid profile, and the diet contained 5.89 g/kg of saturated
fatty acids. The control diet had 0.30 g/kg of saturated fatty acids. Diets were
isocaloric, isonitrogenous, and equivalent in nutrient composition other than the
fatty acid profile. The female mice were fed ad libitum the N-3, N-6, or
LabDiets Purina 5015 control diet (PMI Nutrition International, LLC,
Brentwood, MO; Table 1)

Animals

Three-week-old NIH Swiss mice (Harlan, Madison, WI) were maintained
and bred at the Animal Sciences Research Center, University of Missouri-
Columbia. Experiments were carried out in accordance with NIH Guidelines
for the Care and Use of Laboratory Animals and were approved by the
University of Missouri Animal Care and Use Committee.

Breeding and Offspring Gender Determination

Four-week-old females were fed ad libitum the N-3 (n¼26), N-6 (n¼30), and
Purina 5015 (PMI Nutrition International; n¼ 26) control diet for 15 wk before
the initial breeding, and they were maintained on the diets throughout the
experiment. NIH Swiss males (n¼ 42) were age-matched with the females and
first employed as breeders when they were 19 wk old. They were maintained on a
5001 chow diet from LabDiets Purina Mills (PMI Nutrition International), except
when paired with females, during which time they consumed the test diets. As
previously demonstrated [17], there is no effect on either sex ratio of offspring or
X/Y sperm counts when males are exposed to diets that have major effects on the
dam.

The experiment consisted of two replicate trials. At 19 wk of age, dams
were bred and permitted to carry the pregnancy to term. Offspring gender was
determined by two independent individuals who measured ano-genital distance
of the pups at 2 and 21 days of age. Both male and female pups were weighed
at 2, 14, and 21 days of age; in trial 2, the female pup weight was further
recorded at 35 and 40 days of age. At 21 days of age, the pups were weaned
from their mother. For trial 1, 2 wk after weaning the pups, the dams were
rebred to the same male used for the first parity. The same weighing and sexing
procedure was followed for the second parity. For both trials, observed dead
pups were removed from the cage and, if intact, sexed as above. Partially

cannibalized pups were sexed by using fluorescent in situ hybridization with
probes specific to X and Y chromosomes [25]. For trial 2, 1 wk after weaning
the pups from parity 1, the dams were tested in the behavioral mazes (detailed
below) over the course of 2 wk. One week after the last maze test, the dams
were rebred to the same male used in parity 1. The same weighing and sexing
procedure was used for parity 2.

Maternal Behavioral Observations

Maternal behavior was observed and documented at parturition and
throughout lactation. Instances of cannibalism and barbering and general pup
condition were digitally recorded with an Olympus Stylus 600 digital camera
(Olympus, Center Valley, PA). Additionally, the size (length, width, depth, and
volume) and overall quality of each nest was also assessed during lactation.

Elevated-Plus and Open-Field Mazes

Two rodent behavioral assessment methods, an elevated-plus maze and an
open-field maze, were used to determine the anxiety of the dams [26–28]. One
week after weaning the pups from parity 1 or 2, dams were randomly selected
to test in the elevated-plus or open-field maze. After recuperating for 1 wk, the
same dams were assessed in the alternate maze. All surviving dams that had
carried litters to term were tested in the mazes.

The elevated-plus maze measures anxiety behavior [27] and was
constructed of black plexiglass with two opposite open arms (30 cm), a
middle platform (5 cm 3 5 cm), and two opposite closed arms (30 cm). It was
supported 77.5 cm from the floor and lit by a Philips TL70 F32T8 fluorescent
bulb (Philips Electronics North America Corporation, New York, NY) placed
140 cm above the center of the maze. Each mouse was placed on the center
platform and allowed to explore the maze for 5 min. After each test, the
apparatus was cleaned thoroughly with 10% bleach solution before reuse. Each
trial was recorded via a Logitech Quickcam Orbit MP webcam (Logitech,
Fremont, CA) connected to an HP Pavilion dv6000 laptop (HP, Palo Alto, CA)
and later analyzed for time spent in the open and closed arms, and in the center
of the maze. An entry into the arms was defined as both front paws and
shoulders placed into the area. Anxious mice are more likely to spend time in
the closed arms, where they feel less threatened. In contrast, normal mice spend
approximately equal time in the open and closed arms, correlating to equal
exploration of the entire maze [27].

The open-field maze measures exploratory and motor behavior by
analyzing the distance the mouse travels during the course of 5 min and the
number of times the mouse displays behaviors associated with normal
exploration [29, 30]. The open field was made of a clear plexiglass circular
floor (40 cm diameter) surrounded by a white plastic wall (40 cm high). A
black square (5 cm 3 5 cm) was drawn in the middle of the floor to mark the
center. The maze was illuminated by a fluorescent bulb as above. Again, the
mouse was placed in the center of the maze and permitted to explore for 5 min,
after which the platform was cleaned as above. Each trial was recorded and
later analyzed for time spent in the center and total distance traveled. The
following behaviors were also documented: rearing (as demarcated by standing
up on the hind legs), smelling, and grooming. When the mice were at rest, the
number of times they began to groom or smell the surrounding area was
recorded. The greater distance traveled by the mouse corresponds to higher
ambulatory movement and less anxiety [28]. The more time spent in the center
of the open-field maze correlates to the time spent in the open arms for the
elevated-plus maze. This pattern of behavior is typical following administration
of anxiolytics or relaxation drugs, such as benzodiazapines, e.g., valium [28].

Statistical Analysis

Female body weights before the initiation of the diet (Week 0), at 15 wk on
the diets, at conception, before and after parturition, and at weaning in both
parities 1 and 2 were analyzed by using the general linear model (GLM)
procedure of Statistical Analysis Systems (SAS) [31]. The ANOVA model
contained the effects of trial and diet. Each female served as the experimental

TABLE 1. Diet composition of the control, N-3, and N-6 diets.

PUFA source (%) Proportion of PUFA (%) Proportion of calories (%)

Diet
Safflower

oil
Corn
oil

Menhaden
oil

Arachidonic
acid

Linoleic
acid

N-3 in diet
(%)

N-6 in diet
(%)

Ratio of
N-3:N-6 Fat Carbohydrate Protein

Energy density
(kcal/g)

Control 0 0 0 0.03 2.45 0.18 2.48 - 26 56 18 3.73
N-3 2 0 5 0.02 50.00 2.10 2.50 1.00 16 64 20 3.948
N-6 2 5 0 0.00 93.00 0.03 4.50 0.00 16 64 20 3.948
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unit. Differences in body weights between females on the diets were
determined by using the Fisher Least Significant Difference.

The pup sex ratio at 2 and 21 days of age was analyzed by using a
Generalized Linear Model (GENMOD) of SAS [31]. The data were distributed
as a binomial and transformed by means of a logit-link function. The model
was a ‘‘repeated measures design’’ since each dam had repeated parities. The
Generalized Estimating Equation contained the effects of weight (weight of
dam at the time she was bred), diet, parity number, and the interaction of diet
and parity (diet*parity). The parameter of maternal weight was used as a
covariate to determine whether the body mass of the dams influenced the sex
ratio of pups born. Chi-square methodology was employed to test deviation
from a 1:1 ratio, i.e., a value of 0.5 for fraction of males born, as well as
differences in the sex ratio between groups. The antilog of the logit and the
antilog of the differences between logit estimates produce the odds and odds
ratio, respectively. Pup weight was analyzed by a split plot in time.

The dependent variables for time spent in the open and closed arms, and in
the center of the maze, the numbers of entries into the open and closed arms,
total distance traveled in the behavioral studies, number of rearings, grooming,
smelling and inactive periods, gestation length, litter size at birth, and pup body
weights at 2, 14, and 21 days of age were analyzed by using the GLM
procedure of SAS with trial, diet, parity, and the interaction between diet and
parity as the primary effects. The nest size (length, width, depth, and volume)
and proportion of nesting material used were measured at weeks 1, 2, and 3 of
lactation. The average of these three observations was used for final data
analysis with trial, diet, parity, and diet by parity interaction as main effects.
Mean differences were determined by using the Fisher Least Significant
Difference. All data are expressed as least squares means 6 SEM.

RESULTS

Dam Weights

During the 15 wk on the diet prior to breeding, females on
the N-3 and N-6 diets showed similar average body weight
gains (Table 2), but by 15 wk, the females on the N-3 and N-6
diets weighed less than the mice on the control diet (P , 0.05).
Mice on all three diets appeared healthy. Before the delivery of
their first litters, however, the N-3 dams weighed significantly
less than both the control and the N-6 mice (Table 2), possibly
in part because they carried slightly smaller litters (Table 3),
although this variation in litter size may not account for the
entire body weight difference. The body weight variance
between dietary groups seen during the first pregancy was lost
by the time the dams had weaned their first litter of pups, but

reemerged during the second pregnancy and persisted until the
end of the experiment (P , 0.05).

Offspring Sex Ratio

Pup gender was determined on 2 and 21 days of age.
Although there was some pup mortality during the experiment,
particularly instances of partial cannibalism in the first week
for parity 2 in the N-3 group (P ¼ 0.01, data not shown), the
mortality rate for male and female pups did not differ (data not
shown). Surprisingly, the N-6 dams produced more daughters
(;0.65) than sons at both parities compared to the N-3 and
control dams (P , 0.001; Table 3). The N-6 dams had a
preponderance of female-biased litters (31 female vs. 15 male)
compared to the N-3 dams (14 female vs. 13 male; P , 0.05).
No sex-ratio skewing was evident in the controls (Table 3).

Because dam weights varied among the three groups (Table
2), we considered whether dam weight might influence offspring
sex ratio. Maternal body weight did not influence the likelihood
of producing more daughters than sons in any of the dietary
groups. For both parities, no significant differences existed in
gestation length or total litter size for the three diet groups.

Offspring Weights

To determine whether the maternal diet influenced offspring
weight, the pups were weighed at 2, 14, and 21 days of age.
There were no differences between the mean weights of male
and female pups born to the different dietary groups. Pups born
to the N-3 dams on average weighed less than the pups from the
control dams at 14 and 21 days of age, but not at birth (Fig. 1).
The pups born to the dams on the N-6 diet weighed less than
the control pups by 21 days of age. Thus, in general the pups
from the N-3 and N-6 dams were lighter than those from the
control dam when they were weaned.

Behavioral Observations

As the experiments proceeded, it became apparent that the
N-3 dams showed more instances of abnormal maternal

TABLE 2. Dam body weight during different phases of the experiment.

Diet

Before breeding Parity 1 Parity 2

Week 0 Week 15
At

conception
Before

delivery
After

delivery
At

weaning
At

conception
Before

delivery
After

delivery
At

weaning

Control 23.3 6 0.4 33.1 6 0.8a 32.5 6 0.9a 49.5 6 1.2a 37.2 6 0.9a 33.3 6 0.7 37.7 6 0.9a 55.1 6 1.3a 42.9 6 1.0a 41.0 6 0.9a

N-3 23.7 6 0.4 29.6 6 0.9b 29.4 6 1.0b 39.9 6 1.4b 31.8 6 0.9b 31.6 6 0.7 33.9 6 1.0b 42.4 6 1.5b 35.9 6 1.4b 35.9 6 1.2b

N-6 23.5 6 0.4 29.9 6 0.8b 30.6 6 0.9a,b 45.9 6 1.2c 34.6 6 0.8c 33.0 6 0.7 33.8 6 0.8b 51.0 6 1.2c 38.5 6 0.9c 37.2 6 0.8b

a,b Group means within columns that have different superscripts are significantly different (P , 0.05).

TABLE 3. Gestation length, litter size, total pups born, and sex ratio at Day 2 after parturition.

Diet
No. of
litters

Gestation length
(days) Litter size

No. of pups Percentage of males and females No. of sex-biased litters

Total Male Female Male Female Male Eq* Female

Parity 1
Control 26 19.5 6 0.3 6.9 6 0.6 182 97 85 53.3 46.7a 12 3 11
N-3 20 19.5 6 0.4 5.5 6 0.7 109 59 50 54.1 45.9a 8 5 7
N-6 27 18.6 6 0.3 6.9 6 0.6 187 74 113 39.6 60.4b 8 2 17

Parity 2
Control 19 18.9 6 0.4 6.1 6 0.7 118 57 61 48.3 51.7a 5 4 10
N-3 15 19.5 6 0.5 5.6 6 0.8 83 37 46 44.6 55.4a 5 3 7
N-6 22 18.9 6 0.4 7.3 6 0.7 159 59 100 37.1 62.9b 7 1 14

* Eq¼Number of litters with equivalent number of female and male offspring.
a,b Percentage of female pups with different superscript are significantly different among diet groups within parity (P , 0.001).
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behavior relative to the N-6 and control dietary groups. For
example, instances of cannibalism in parity 2 (P ¼ 0.01, data
not shown) and barbering of pups appeared to be more
common in the N-3 group than the N-6 and C groups.

There were also measurable aberrations in nesting activity
among the N-3 females. A large proportion of the N-3 dams
(0.67), for example, failed to build any nests at all compared to
the N-6 (0.18) and control (0.07) dams. The nests that were
built by N-3 dams were more often constructed out of the aspen
bedding than the provided 2 00-square neslet material (Ancare
Corp., Bellmore, NY) used by the majority the N-6 and control
dams. By parity 2, these differences in aspen versus nestlet
construction material reached statistical significance (P , 0.05;
Table 4). The nests built by the N-3 dams were shorter (for
parities 1 and 2) and narrower (for parity 2) compared to those
built by the other two groups, although these differences might
reflect the nature of the construction materials used.

As a result of observing such anomalous behavior, we next
determined whether the N-3 and N-6 showed more anxiety
than control dams in behavioral tests, because anxious mothers
might be expected to demonstrate less-than-optimal maternal
activities such as nest building and barbering pups. In addition,
because maternal stress has been correlated with low sex ratios

[15, 32, 33] and the N-6 group of dams produced significantly
more daughters than sons, we sought to determine whether N-6
dams were more anxious, i.e., possibly more stressed, than
either the N-3 or control groups.

Both the elevated-plus and open-field maze tests indicated
signs of anxiety in the N-3 dams, but not in either of the other
two groups. The N-3 dams, for example, spent less time in the
open arms (24.48 6 12.9 sec) than the control (56.6 6 9.7 sec)
and N-6 (77.2 6 9.47 sec) dams (P , 0.05; Table 5). Instead,
the N-3 dams exhausted more of their allotted 5 min in the
closed arms (222.83 6 13.8 sec) of the maze, as opposed to the
control and N-6 dams, who only spent 196.3 6 10.4 and
181.5 6 10.1 sec, respectively (P , 0.05; Table 5). The amount
of time spent in the middle of the maze and the number of entries
into the open and closed arms did not differ among the three
dietary groups. In the open-field maze, the N-3 dams traveled
only about one-third the distance (517.7 6 222.5 cm) of the N-6
(1617.7 6 163.2 cm) and 5015 control (1629.8 6 159.9 cm)
diet groups (P , 0.05; Table 6).

DISCUSSION

The main goal of this work was to test the hypothesis that in
mice a maternal diet enriched with either N-3 or N-6 fatty acids

FIG. 1. The male and female pup weights
at 2, 14, and 21 days of age. Within a time,
if the differences between any two means
were greater than the least significant
difference of 1.135, then they are considered
different at P , 0.05. * indicates where the
N-3 pups differed from the 5015 control
group and þ indicates where the N-6 pups
differed from the 5015 control group.

TABLE 4. The length, width, depth, volume (length 3 width 3 depth) and proportion of nesting material used in the control, N-3, and N-6 groups.

Diet group (n)* Length (cm) Width (cm) Depth (cm) Volume (cm3)
Proportion of

nesting material used (%)

Parity 1
Control (15) 8.1 6 0.4a 7.1 6 0.4 2.6 6 0.2 138.8 6 12.7 52.8 6 11.2
N-3 (9) 5.8 6 0.6b 6.8 6 0.5 2.8 6 0.3 113.7 6 17.3 35.6 6 15.2
N-6 (18) 8.4 6 0.4a 7.6 6 0.3 1.7 6 0.2 106.3 6 11.8 40.6 6 10.3

Parity 2
Control (14) 8.1 6 0.5a 7.8 6 0.4a 1.5 6 0.2 91.4 6 13.0 64.7 6 11.4a

N-3 (5) 6.2 6 0.8b 6.2 6 0.6b 1.7 6 0.4 65.8 6 22.6 15.9 6 19.8b

N-6 (19) 8.5 6 0.4a 7.5 6 0.3a 1.4 6 0.2 88.5 6 11.1 44.6 6 9.8ab

* n¼Number of dams that built a nest.
a,b Group means within columns that have different superscripts are significantly different (P , 0.05).
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would shift offspring sex ratio to favor males [19, 20], as
observations in humans and a field study with opossums had
suggested [19, 20]. Unexpectedly, the corn oil-enriched N-6
diet we employed shifted offspring sex ratio in a highly
significant manner (P , 0.001) towards females in two
separate trials that provided 346 pups from 49 litters. Female-
biased litters exceeded those skewed to males by more than
2:1, and over 60% of the pups born were female. Equally
surprising was the fact that the fish oil-enriched N-3 diet had no
effect on sex ratio, with an almost equal number of male and
female offspring born, and provided no observable shift in the
relative numbers of male- and female-biased litters relative to
control dams. This experiment not only suggests that the kind
of PUFA consumed can influence the sex ratio of offspring
born to mice, but argues against our earlier hypothesis that
female mice on a very high-fat diet comprised largely of lard
produced more male offspring because the high content of
palmitic, stearic, and oleic acids in lard had a sparing action on
the metabolism of the essential PUFA. The present experiments
argue the opposite, namely, that excess N-6 PUFA favor
females. Nor are the present data consistent with the view that
the caloric density of the food consumed by dams has a major
influence on sex ratio. The N-6 and N-3 diets were identical in
total metabolizable energy and total fat content, and in both of
these regards they exceeded the control diet, although this
caloric advantage did not lead to an increased weight gain of
the dams. Accordingly, it is difficult to formulate any general
hypothesis that might explain the outcomes of this and earlier
studies [19, 20]. The fat composition of diets, especially the
fatty acids, could influence numerous events in the reproduc-
tive process, including oocyte maturation and the timing of
ovulation [34], the production of chemoattractants by the
oocyte [35], prostaglandin synthesis [24, 36, 37], and
properties of the reproductive tract [38], which might, in turn,
adjust the relative fertilization abilities of X and Y sperm or
provide an advantage to conceptuses of one sex over the other
during their development [38–41].

Our experiments do not support the notion that supplement-
ing the diet of mothers (or at least of mouse mothers) with
menhaden oil, which is enriched in EPA and DHA, is beneficial
to pregnancy outcomes. The N-3 mice had slightly smaller
litters, they gained weight more slowly than controls, and their
pups failed to thrive as well as those in the other two groups.
Importantly, the pups born to N-3 dams had similar body masses
to those in the other two groups at birth, but failed to gain weight

at the same rate as the others during the postnatal period. One
possibility is that dams on the omega-enriched diet produce
either less milk or poorer-quality milk than control females.
Mammary duct development is attenuated in female mice on a
diet enriched with menhaden oil [23, 42, 43], and this defect
likely compromises their ability to secrete normal amounts of
milk. Another possibility is that the in utero exposure to EPA
and DHA alters the pups’ suckling responses. Several reports,
for example, have indicated that in utero or perinatal exposure to
omega-supplemented diets alters the behavioral responses,
growth, and metabolic hormones of the offspring [44–47].

The N-3 dams, in addition to their altered reproductive
features, exhibited abnormal behavior, presumably as a result
of consuming the fish oil. Based on anecdotal observations,
they cannibalized or barbered their pups more frequently than
the other two groups, and a majority did not build a nest. The
nests that were built were unlike the ones observed with the
5015 control and N-6 group. Together, these data suggest that
the N-3 diet led to altered behavioral responses in the dams.
When the dams were tested in the elevated-plus maze, their
responses, including lack of investigatory and ambulatory
behaviors, are consistent with high anxiety levels [26]. The
interpretation of their responses in the open-field maze is more
equivocal. The N-3 dams spent a similar time in the center of
the maze compared to animals from the N-6 and control
groups. Several of our N-3 dams, however, did not move from
the initial starting point at the center of the open field for
several minutes, thereby lengthening the mean center time for
the N-3 diet group. The lack of any response or ambulatory
movement when placed in the open-field maze may be a result
of anxiety. We noted no obvious change in gait or movement
of the N-3 dams that might suggest motor impairment;
therefore, we conclude that these mice are more tentative and
fearful than the mice on the other other two diets. The
observations are generally consistent with some previous
reports that N-3 oversupplementation in rodents can alter
neurological and behavioral responses [26, 30, 48].

A potential problem with any diet supplemented with N-3 is
accumulating peroxide activity. We attempted to minimize the
accumulation of these undesirable products by including the
antioxidant tert-butylhydroquinone (TBHQ) in the diet to limit
oxidative breakdown of the fatty acids, keeping the stored
formulation in a freezer, and frequently replenishing the food
provided. Peroxide content of the diets did increase over the
course of the study (from the start of the diet at Week 0 to

TABLE 5. Results for the number of entries into maze arms and time spent in each arm of the elevated plus maze.

Diet*
Time in

open arms (sec)
Time in

closed arms (sec)
Time in

the middle (sec)
No. of entries

into open arms
No. of entries

into closed arms

Control (n ¼ 22) 56.6 6 9.7b 196.3 6 10.4a,b 45.3 6 6.5 6.1 6 1.2 9.2 6 1.2
N-3 (n ¼ 14) 24.48 6 12.9a 222.83 6 13.8a 54.1 6 8.6 4.6 6 1.6 6.5 6 1.5
N-6 (n ¼ 23) 77.2 6 9.47b 181.5 6 10.1b 41.1 6 6.3 7.8 6 1.2 9.6 6 1.1

* n¼Number of dams.
a,b Group means within columns that have different superscripts are significantly different (P , 0.05).

TABLE 6. The total distance traveled, time in center, and number of behavioral displays in the open field maze.

Diet*
Total distance
traveled (cm)

Time spent
in center (sec)

No. of
rears

No. of
times grooming

No. of
times smelling

No. of
inactive periods

Control (n ¼ 22) 1629.8 6 159.9b 34.2 6 6.2 14.4 6 2.9 0.9 6 0.3 21.2 6 3.1 6.9 6 0.9
N-3 (n ¼ 14) 517.7 6 222.5a 23.0 6 8.6 6.6 6 3.4 0.6 6 0.4 15.3 6 4.3 3.2 6 1.2
N-6 (n ¼ 23) 1617.7 6 163.2b 25.5 6 6.3 17.2 6 2.9 1.4 6 0.3 25.8 6 3.2 5.6 6 0.9

* n¼Number of dams.
a,b Group means within columns that have different superscripts are significantly different (P , 0.05).
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Week 36 ). However, the mice on the diet appeared to show no
aversion to their food and gave consistent outcomes in both
trials. Unfortunately, our animal facility is not equipped with
metabolic cages and not all food taken into the cages was
eaten; thus, it was not possible to make an accurate measure of
food consumption in any of the three dietary groups. However,
except for their behavioral peculiarities, the N-3 mice appeared
to consume similar amounts of food as the dams on the N-6 and
50l5 diets. Additionally, they remained healthy and did not
exhibit significantly higher morbidity or mortality compared to
the other two groups.

In summary, the dams on the N-6 supplemented diet had a
shift in offspring sex ratio favoring daughters, without any
measurable increase in maternal anxiety. In contrast, the N-3
dams displayed greater maternal anxiety, but with no
accompanying changes in offspring sex ratio. Thus, maternal
diet-induced alteration of offspring sex ratio is seemingly due
to mechanisms other than stress. These experiments confirm
that marked changes in offspring sex ratio in mice can be
brought about by altering the fat content of the mother’s diet
and indicate that menhaden oil supplementation had negative
effects on maternal behavior and pregnancy outcomes.
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