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Paternal Transmission of Complex Phenotypes in
Inbred Mice

Mark D. Alter, Ahmed I. Gilani, Frances A. Champagne, James P. Curley, J. Blake Turner, and Rene Hen

Background: Inbred mice are genetically identical but nonetheless demonstrate substantial variability in complex behaviors such as
activity levels in a novel environment. This variability has been associated with levels of parental care experienced early in development.
Although maternal effects have been reported in biparental and uniparental strains, there have been no investigations of paternal effects in
non-biparental strains in which offspring are reared exclusively by mothers.

Methods: Inthe uniparental inbred Balb/cJ mouse strain, we examined the relationship of paternal open-field activity to the activity of both
male and female offspring in the open-field. Potential mediators of paternal transmission of behavior were examined, including maternal
care, growth parameters, litter characteristics, and time the father was present with the pregnant mother prenatally.

Results: An association of paternal open-field activity with the open-field activity of female but not male offspring was found. Variation in
maternal postnatal care was associated with female but not male offspring activity in the open-field but did not mediate paternal effects on
offspring behavior. Paternal effects on offspring growth parameters were present, but these effects also did not mediate paternal effects on
behavior.

Conclusions: Paternal transmission of complex traits in genetically identical mice reared only by mothers suggests a nongenetic mecha-
nism of inheritance potentially mediated by epigenetic factors. The exclusion of multiple mediators of paternal effects on offspring suggests
the possibility of germline paternal inheritance via sperm of complex phenotypes in inbred mice. Future studies are required to examine

these interesting possibilities.
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hibit substantial and stable variability in complex phe-

notypes such as activity levels during a test of open-field
exploration (1). Because they are genetically identical, inbred
mice are well-suited for the study of nongenetic factors related to
phenotypic variation. There is evidence from a number of experi-
mental paradigms indicating that early life experience affects gene
expression and behavior in rodents (1-14). In particular, variability
in mother—infant interactions predicts variability in adult oft-
spring on a number of behavioral measures, including the
open-field test, and this variability is associated with variability in
epigenetic modifications (3,4).

The contribution of maternal factors to offspring behavior is
well-studied in both rats and mice (4,7,9-12,15-19). Although
studies of paternal factors are few, there have been some reports
from animal models of the nongenetic paternal transmission of
phenotypes such as coat color and fertility (20,21). Human
studies also suggest nongenetic paternal effects on the pheno-
types of offspring. For instance, increased paternal age is a risk
factor for schizophrenia, autism, and decreased IQ (22-30). In a
pilot experiment we found that offspring from fathers separated
by extreme differences in open-field behavior had behavioral
differences in the open-field test resembling the behavioral
differences of their fathers (Figure 1 in Supplement 1). Here we

D espite being genetically homogenous, inbred mice ex-
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replicated these findings and tested the hypothesis that normal
variations in paternal behavior in the open field before mating
will predict normal variations in offspring open-field behavior in
adulthood. We found this to be true only in female offspring and
provide some preliminary evidence that pre- and postnatal
effects might override paternal contributions in males. We also
provide data to suggest that paternal contributions to offspring
phenotype are pleiotropic and sexually dimorphic. The finding
of nongenetic paternal contributions to offspring phenotypes has
important implications for understanding complex inheritance
patterns of psychiatric disorders and might provide a useful
model for studying mechanisms underlying the origins of com-
plex disease.

Methods and Materials

Animals

Balb ¢/]J mice were used for all experiments (Jackson, Bar
Harbor, Maine). Before mating and after weaning, mice were
group-housed in sex-specific cages (5 mice/cage) and main-
tained on a 12-hour/12-hour light/dark cycle with food and
water available ad libitum. All animal protocols were reviewed
and approved as meeting appropriate ethical standards by
Columbia University’s and New York State Psychiatric Institute’s
Institutional Animal Care and Use Committee boards.

Mating

Ten-week-old male mice were housed with 2-3 females (10
weeks old) for 2 weeks and then were removed. To score
maternal behavior specific to each litter, females were singly
housed after 18 days after mating until delivery.

Paternal Behavior
Fathers were tested in a novel open-field test at 9 weeks of
age (see following).
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Maternal Behavior

Maternal behavior was scored 2 times/day during the light
phase (9:00 aM and 1:00 pm) for a total of 50 measurements 1 min
apart during each period (total of 100 measurements/day) for the
first week of life. We find, as reported by others, maternal
behaviors decrease during the first week of the postnatal period.
Behavioral data were log transformed to obtain normal distribu-
tions.

Open-Field Behavior

Offspring were tested at 9 weeks of age. Activity in an open
tield is quantified in four Plexiglas open-field boxes 43 cm? X 43
cm? with two sets of 16 pulse-modulated infrared photobeams
(MED Associates, Georgia, Vermont). Data were analyzed on the
basis of 2 zones: center (25% total area) and surround (75% total
area). Behavioral data were log transformed to obtain normal
distributions. In the case of offspring, mice were tested both
under light (200 lux, first test) and on the following day in dark
conditions (second test). Testing in the dark increases the spread
of data by increasing the number of animals and amount of time
that animals will spend in center regions. Light and dark mea-
sures are highly correlated, suggesting that both measures are
testing similar constructs (1). In the present study, behavioral
measures from the dark are used for analyses. Similar but weaker
paternal effects were seen for measures of offspring behavior in
the light.

Weight Measurements

Offspring were weaned at 4 weeks and weighed at this time.
Adult body weight was measured at the time of death. Body
weight was measured on a scale with sensitivity to .001 g. Brain
weights were measured on a scale with sensitivity to .0001 g.
Mice were killed by cervical dislocation; brains were removed
and weighed. The brain was then hemisected, and the right and
left hippocampus were removed and weighed individually. Total
hippocampal weight was calculated by adding left and right
measurements.

Statistical Analyses

Statistical analyses were performed with StatView software
(College Station, Texas). To control for multiple testing, factor
analysis and multiple regression analysis was used.

Factor Analysis

Open-field measures were highly correlated within individu-
als (Figure 1 in Supplement 1). Factor analysis was used to
reduce five open-field behavioral measures (distance traveled in
the center area [cen], percent of total distance traveled in the
center area [% p], time in the center [time], entries into the center
[ent], and total distance traveled [tp]) to a single latent variable.
Open-field factor scores were used as a measure of open-field
behavior for subsequent analyses.

Multiple Regression

Multiple regression was used to control for potential con-
founders and mediators of the associations we found. In each
case we first created a model with a single dependent and
independent variable. Next we added potential confounders to
the model. Finally, we added potential mediators to the model
containing potential confounders. Variables were median nor-
malized and center on the mean before regression analysis.
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Results

Paternal Contributions to Offspring Phenotype

There was a significant positive association of paternal behav-
ior in the open-field test before mating with female but not male
offspring behavior in the open field (Table 1). A number of
potential confounders and mediators of this effect were entered
into correlation matrices for female (Table 1) and male offspring
(Table 1). The relationship of litter-specific variables to each
other was also assessed (Table 1). In females but not males, there
was a negative association of paternal open-field behavior with
female hippocampus weight and a trend (p = .1) for a positive
association of maternal arched-back nursing with open-field
behavior. In males but not females, there were significant
positive associations of paternal open-field behavior with body
weight at weaning and brain weight in adulthood and a trend
(p < .1 for an association with adult body weight. There was a
trend (p < .1) for a positive association of maternal arched-back
nursing with adult body weight. Litter size was positively asso-
ciated with male but not female weight at weaning, adult body
weight, and hippocampus weight. At the litter level there was a
trend (p < .1 for an association of paternal open-field behavior
with the percent females in a litter.

In sum the relationship of fathers’ open-field behavior to
offspring phenotype differed between male and female offspring
with an increase in open-field behavior of fathers before mating
predicting an increase in adult levels of open-field behavior in
female but not male offspring and a decrease in the weight of the
female offspring’s hippocampus. Whereas in males, fathers’ open-
field behavior predicted differences in general growth parame-
ters including increased weight at weaning, adult body weight,
and total brain weight but no change in the weight of the
hippocampus (Table 1). Additionally, male but not female off-
spring appeared sensitive to litter size with negative effects on
open-field behavior and positive effects on weaning weight,
adult weight, and hippocampus weight (Table 1).

Multiple regression analysis was performed in a stepwise
fashion on the association of the open-field behavior of fathers
and female offspring. First, maternal care including arched-
back nursing and licking and grooming were entered into the
model as possible confounders. The association remained
significant (Table 2). Next, potential mediators were entered
into the model. These included: maternal arched-back nurs-
ing, maternal licking and grooming, litter size, percent females
in litters, weight at weaning, adult body weight, brain weight,
and hippocampus weight. When all variables were entered into
the model, the association of paternal open-field behavior with
female offspring open-field behavior continued to be significant
(Table 2). A similar analysis was performed on male offspring
that indicated the association of litter size with male offspring
behavior remained highly significant in the complete model
(Table 2).

Germline Versus Prenatal Effects of Fathers on Offspring
Phenotype

A possible explanation for paternal effects on offspring phe-
notypes was that fathers who behaved differently in the open
field had different effects on the prenatal environment (Table 3).
In our experimental design, fathers were housed with pregnant
females for between 7 and 14 days after conception. We rea-
soned that an effect of fathers on the prenatal environment
would be greater when the father was present for a longer
period. To examine this we calculated the time that a father spent
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Table 1. Correlation Matrices
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Female Offspring

n = 40 mice
Litters = 17

(1 ) 3) 4 (5) (6) @ 8) ©) (10)
Father OF factor (1) 1.00 37 21 .02 .25 .07 18 -.31° .01 44
Offspring OF factor 2) 1.00 30° —-.20 .01 .09 .03 —-.18 .16 —.03
Ln (Mother AN % time) (3) 1.00 11 —.20 —.20 —.21 —-.13 25 .16
Ln (Mother GP % time) (4) 1.00 17 1 .06 .07 -.30 .09
Weight at weaning (5) 1.00 747 .88 17 17 .07
Adult body weight (6) 1.00 73¢ 22 .09 —.04
Brain weight (7) 1.00 A4 21 —.01
Hippocampus weight 8 1.00 .20 —.28°
Litter size 9) 1.00 .07
Percent female (10) 1.00

Male Offspring

n = 58 mice
Litters = 19

(2) )] (3) (4) (5) (6) (7) (8) 9) (10)
Father OF factor (1) 1.00 .05¢ 37 .07 .39¢ 24° 27° 15 38 22
Offspring OF factor (2) 1.00 .04 .05 .06 .02 —.02 -.07 —.387 14
Ln (Mother AN % time) (3) 1.00 —.05 11 220 —.05 —.02 A1 —.34
Ln (Mother GP % time) (4) 1.00 .06 .08 .18 —.03 —.24 .09
Weight at weaning (5) 1.00 667 707 347 399 .03
Adult body weight (6) 1.00 647 .15 25° —.16
Brain weight (7) 1.00 .34 .19 .10
Hippocampus weight (8) 1.00 317 .05
Litter size 9) 1.00 .07
Percent female (10) 1.00

Litters

n=19
Fathers = 17
Mothers = 19

(3) ()] (3) (4) (5)
Father OF factor (1) 1.00 24 02 24 42°
Ln (Mother AN % time) (2) 1.00 —.02 .28 -.13
Ln (Mother GP % time) (3) 1.00 —.26 .01
Litter size (4) 1.00 .06
Percent female (5) 1.00

To assess variables for possible contributions to offspring phenotypes, linear correlations are evaluated in female and male offspring. For litter-specific
variables, linear correlations are also evaluated separately. Table contains Pearson r correlations. Significant correlations and trends are noted.

OF, open field; Ln, natural log; AN, arched-back nursing; GP, grooming pups.

9p < .05.
bp < 1.

with a pregnant female and entered this into the regression
model. The calculation was based on a fixed 2-week period that
males were housed with females, an estimated 21 day gestation
period, and the date of birth (e.g., pups that were born 21 days
after males were housed with females had fathers present for 14
days of the prenatal period). Entering the time that fathers spent
with pregnant mothers into the regression model had no effect
on the association of paternal and female offspring behavior,
consistent with a germline mechanism of transmission. Suggest-
ing that prenatal effects of fathers might be important in males,
there was a significant association of paternal time with the
pregnant mother and male offspring open-field behavior factor
scores. Of note, there was a significant negative interaction of
paternal open-field behavior with the amount of time spent with
the mother (i.e., the less time that fathers were present post
conception the more of an effect there was of a father’s open-
field behavior on male offspring open-field behavior). This result
suggests the interesting possibility that paternal prenatal effects
might override paternal germline effects on male offspring

open-field behavior. Future experiments using in vitro fertiliza-
tion would help to validate the presence of germline transmis-
sion.

Paternal Contributions to Growth Parameters of Offspring
Significant correlations from Table 1 indicated that fathers
might influence other offspring phenotypes. We used multiple
regression models to further assess the associations of paternal
open-field behavior with female offspring hippocampus weight
and male offspring weight at weaning. The association of paternal
behavior with female hippocampus weight was unchanged and
remained significant in the complete model (Table 4). There was
a significant positive association of brain weight with hippocam-
pus weight and a significant negative association of weight at
weaning with the adult weight of the hippocampus in female
offspring (Table 4). The association of the father’s open-field
behavior with the weight of male offspring at weaning became
stronger in the complete model (Table 4). Male offspring weight
at weaning was significantly associated with multiple variables.

www.sobp.org/journal
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Table 2. Paternal OF Behavior Predicts Female Offspring Behavior

M.D. Alter et al.

Variable Model 1 Coeff SEM Model 2 Coeff SEM Model 3 Coeff SEM

Female Offspring OF Factor
Father OF factor 416° 170 .361° 167 4437 214
Ln (mother AN % time) 520 307 561 .369
Ln (mother GP % time) 2.639 1.647 2.151 2.021
Weaning weight -2.526 3.763
Adult body weight 4.565
Brain weight 3.286 9.293
Hippocampus weight -2.288 3.330
Litter size .058 .867
% Females in litter -.609 458

Male Offspring OF Factor
Father OF factor .052 133 .037 142 156
Ln (mother AN % time) .046 213 291 244
Ln (mother GP % time) 459 1374 —.957 1.329
Weaning weight 2.543 1.447
Adult body weight —.968 2.489
Brain weight —2.642 4.698
Hippocampus weight 335 1.658
Litter size —2.097° 532
% Females in litter -.110 282

Multiple regression models for offspring open-field (OF) behavior. Regression models are created in a step-wise manner. The dependent variable is
offspring OF behavior. Model 1 assesses the relationship to the father's OF behavior. Model 2 adds the possible confounders of maternal care. Model 3 includes
all hypothesized confounders and mediators. Male and female offspring are evaluated separately. Significant effects are noted.

Coeff, coefficient; Ln, natural log; AN, arched-back nursing; GP, grooming pups.

% < .05.
bp < .0005.

There was a positive association with litter size, prenatal time
with father, and maternal licking and grooming. There was a
negative association with maternal arched-back nursing. Inter-
estingly, as was the case with male offspring open-field behavior,
there was a negative interaction of a father’s open-field behavior
with the time spent with the pregnant mother, supporting the
possibility that fathers influence male offspring through both
germline and prenatal mechanisms.

Discussion

We examined the relationship of paternal behavior in the
open field to offspring phenotypes in Balb/cJ mice. Balb/cJ mice

Table 3. Paternal Prenatal Time with Pregnant Mother

Model 1 Model 2
Variable Coeff SEM Coeff SEM
Female Offspring OF Factor
Father OF factor 4167 170 4187 192
Prenatal time with father .027 139
Time X father OF factor —.008 131
Male Offspring OF Factor
Father OF factor .052 027 233 144
Prenatal time with father .281 .084°
Time X father OF factor —.204 .0807

Assessing for prenatal effects of fathers on offspring behavior in the
open-field (OF) test. The amount of time that a father was present after
conception and an interaction term of this amount of time X father's OF
behavior are entered into the regression model for the association of the
father’s and offspring’s OF behavior. Male and female offspring are evalu-
ated separately. Significant effects are noted.

Coeff, coefficient.

aPp < 05.

bp < 005.
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are highly anxious-like and have been found to be sensitive to
early developmental interventions (10,31,32). They are also
noted to have a high degree of variability in brain development
(33-35). Large within-strain variability and sensitivity to environ-
mental factors make Balb/cJ mice ideal for the study of nonge-
netic factors contributing to phenotypic variation.

We found that the behavior of female but not male offspring
in the open field was associated with the behavior of fathers in
the open-field test before mating. The association of paternal
behavior with the behavior of female offspring in genetically
identical mice indicates that fathers can influence complex
phenotypes of their offspring through nongenetic mechanisms
even when they are not present during rearing. Importantly, the
association of father’s premating open-field behavior was not
limited to offspring behavior but also influenced the size of the
female offspring hippocampus and the weight of male offspring
at weaning, thus indicating that whatever is being transmitted has
pleiotropic and sexually dimorphic effects. These findings might
offer some insight into the sexual dimorphism within human
mental disorders and their association with other medical prob-
lems such as diabetes and heart disease (36,37).

The mechanism for the transmission of paternal effects on
offspring phenotypes is currently unknown. Epigenetic variabil-
ity has been associated with variability in rodents for many
behaviors, including activity in the open field, and has also been
associated with the effects of maternal care on offspring behavior
(3-5,7). Thus, epigenetic factors are excellent candidates for
mediating paternal effects. Prenatal stress has also been found to
affect the behavior of offspring (11). Arguing against prenatal
effects in females, the time fathers spent with pregnant females
did not influence paternal effects on female offspring. However,
in male offspring, there was evidence for a prenatal effect of
fathers where the presence of a father for longer periods was
positively associated with male offspring open-field factor
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Table 4. Paternal OF Behavior Predicts Female Hippocampal Weight and Male Weight at Weaning

Variable Model 1 Coeff SEM Model 2 Coeff SEM Model 3 Coeff SEM

Female Offspring Hippocampus Weight
Father OF factor —.023 .012 —.032° 011 —.0247 .012
Ln (mother AN % time) .007 .020 .001 .033
Ln (mother GP % time) .050 .102 139 119
Adult body weight —.325 242 —.094 .239
Brain weight 1.006° 284 1.840°¢ 450
Weaning weight —.5647 .209
Litter size .008 .073
% Females in litter -.016 .026
Prenatal time with father —.007 .014
Time X father OF factor .006 .010

Male Offspring Weight at Weaning
Father OF factor .055° 017 .057° 019 .060° 019
Ln (mother AN % time) —.009 .028 —.135° .042
Ln (mother GP % time) .037 179 441 179
Litter size 459°¢ 102
% Females in litter .016 .039
Prenatal time with father 070° .020
Time X father OF factor —.0347 .017

Multiple regression models for female offspring hippocampus weight and male offspring weight at weaning. Regression models are created in a step-wise
manner. Model 1 assesses the relationship to the father’s open-field (OF) behavior to the dependent variable. Model 2 adds the possible confounders to the
Model. Model 3 includes all hypothesized confounders and mediators. In female offspring potential contributors to variance in hippocampus weight are
evaluated. In male offspring potential contributors to variance in weight at weaning are assessed. Significant effects are noted.

Coeff, coefficient; Ln, natural log; AN, arched-back nursing; GP, grooming pups.

P < 05.
bp < .005.
p < .0005.

scores. There was a negative interaction of the father’s open-field
behavior and prenatal time, suggesting the possibility that a
father’s prenatal effects override germline effects and that an
effect of fathers on male offspring behavior might be seen if
germline effects could be isolated with in vitro fertilization.

Germline paternal transmission across multiple generations in
rats has been documented for the effects of endocrine disrupters
on male fertility (38,39). In mice, fathers heterozygous for a
mutation in the gene, Smarca5s, that encodes the chromatin
remodeler Snf2h transmitted effects on coat color to offspring
who did not inherit the mutation (21). The effects of a mutation
in the mouse Kit gene that leads to a heritable white tail
phenotype were transmitted to nonmutant offspring through
transfer of Kit-specific microRNAs (20). In humans, paternal age
was associated with increased rates of schizophrenia and autism
and decreased IQ in offspring (24,25,28). Starvation during the
prepubertal slow growth phase in grandfathers was found to
have effects on the health and longevity of grandsons but not
granddaughters (40—42). Germline transmission of behavioral
traits has potentially important therapeutic implications. Nonge-
netic factors such as epigenetic modifications and levels of
microRNAs can be influenced by experience (7,15,43,44). There-
fore, the presence of nongenetic germline inheritance introduces
the possibility of influencing heritable factors through treatment
before conception. Definitive evidence for germline transmission
of a paternal effect could be obtained with studies using in vitro
fertilization to isolate paternal germline contributions from pos-
sible effects on prenatal or postnatal environments. The study of
paternal contributions to normal variation in Balb/c mice, there-
fore, represents a potentially useful model for studying heritable
nongenetic mechanisms contributing to the development of
disorders with complex patterns of inheritance such as those
present in most psychiatric disorders.

This work was supported by a National Alliance for Re-
search on Schizophrenia and Depression (NARSAD) Young
Investigator Award; NARSAD Distinguished Investigator Award;
RO1 MHOG8542-6.

Dr. René Hen receives compensation as a consultant for
BrainCells, PsychoGenics, Memory Pharmaceuticals, Roche,
AstraZeneca, and Lundbeck in relation to the generation of
novel antidepressants. Dr. Mark Alter, Dr. Frances Champagne,
Dr. James Curley, Dr. Blake Turner, and Abmed Gilani report no
biomedical financial interests or potential conflicts of interest.

Supplementary material cited in this article is available
online.

1. Alter MD, Rubin D, Ramsey K, Halpern R, Stephan DA, Abbott LF, Hen R
(2008): Variation in the large-scale organization of gene expression in
the hippocampus relates to stable epigenetic variability in behavior.
PLoS ONE 3:e3344.

2. Zaharia MD, Kulczycki J, Shanks N, Meaney MJ, Anisman H (1996): The
effects of early postnatal stimulation on Morris water-maze acquisition
in adult mice: Genetic and maternal factors. Psychopharmacology 128:
227-239.

3. Zhang TY, Bagot R, Parent C, Nesbitt C, Bredy TW, Cald;ji C, et al. (2006):
Maternal programming of defensive responses through sustained ef-
fects on gene expression. Biol Psychol 73:72-89.

4. Weaver IC, Szyf M, Meaney MJ (2002): From maternal care to gene
expression: DNA methylation and the maternal programming of stress
responses. Endocr Res 28:699.

5. Weaver IC, Meaney MJ, Szyf M (2006): Maternal care effects on the
hippocampal transcriptome and anxiety-mediated behaviors in the off-
spring that are reversible in adulthood. Proc Natl Acad Sci U S A 103:
3480-3485.

6. Weaver IC, La Plante P, Weaver S, Parent A, Sharma S, Diorio J, et al.
(2001): Early environmental regulation of hippocampal glucocorticoid
receptor gene expression: Characterization of intracellular mediators
and potential genomic target sites. Mol Cell Endocrinol 185:205-218.

www.sobp.org/journal



20.

21.

22.

23.

24.

25.

BIOL PSYCHIATRY 2009;xx:xXX

. Weaver IC,Champagne FA, Brown SE, Dymov S, Sharma S, Meaney MJ, et

al. (2005): Reversal of maternal programming of stress responses in
adult offspring through methyl supplementation: Altering epigenetic
marking later in life. J Neurosci 25:11045-11054.

. Meaney MJ, Szyf M (2005): Maternal care as a model for experience-

dependent chromatin plasticity? Trends Neurosci 28:456 —463.

. Meaney MJ (2001): Maternal care, gene expression, and the transmis-

sion of individual differences in stress reactivity across generations.
Annu Rev Neurosci 24:1161-1192.

. Francis DD, Meaney MJ (1999): Maternal care and the development of

stress responses. Curr Opin Neurobiol 9:128-134.

. Champagne FA, Meaney MJ (2006): Stress during gestation alters post-

partum maternal care and the development of the offspring in a rodent
model. Biol Psychiatry 59:1227-1235.

. Caldji C, Tannenbaum B, Sharma S, Francis D, Plotsky PM, Meaney MJ

(1998): Maternal care during infancy regulates the development of neu-
ral systems mediating the expression of fearfulness in the rat. Proc Nat/
Acad Sci U S A 95:5335-5340.

. Caldji C, Diorio J, Meaney MJ (2003): Variations in maternal care alter

GABA(A) receptor subunit expression in brain regions associated with
fear. Neuropsychopharmacology 28:1950-1959.

. Bredy TW, Brown RE, Meaney MJ (2007): Effect of resource availability on

biparental care, and offspring neural and behavioral development in
the California mouse (Peromyscus californicus). Eur J Neurosci 25:567—
575.

. Weaver IC, Cervoni N, Champagne FA, D’Alessio AC, Sharma S, Seckl JR,

etal. (2004): Epigenetic programming by maternal behavior. Nat Neuro-
sci 7:847-854.

. Liu D, Diorio J, Day JC, Francis DD, Meaney MJ (2000): Maternal care,

hippocampal synaptogenesis and cognitive development in rats. Nat
Neurosci 3:799 -806.

. Francis DD, Champagne FA, Liu D, Meaney MJ (1999): Maternal care,

gene expression, and the development of individual differences in
stress reactivity. Ann N'Y Acad Sci 896:66 - 84.

. Champagne FA, Weaver IC, Diorio J, Dymov S, Szyf M, Meaney MJ (2006):

Maternal care associated with methylation of the estrogen receptor-
alpha1B promoter and estrogen receptor-alpha expression in the me-
dial preoptic area of female offspring. Endocrinology 147:2909-2915.

. Caldji C, Diorio J, Meaney MJ (2000): Variations in maternal care in

infancy regulate the development of stress reactivity. Biol Psychiatry
48:1164-1174.

Rassoulzadegan M, Grandjean V, Gounon P, Vincent S, Gillot I, Cuzin F
(2006): RNA-mediated non-Mendelian inheritance of an epigenetic
change in the mouse. Nature 441:469-474.

Chongs$S, Vickaryous N, Ashe A, Zamudio N, Youngson N, Hemley S, et al.
(2007): Modifiers of epigenetic reprogramming show paternal effects in
the mouse. Nat Genet 39:614-622.

Auroux MR, Mayaux MJ, Guihard-Moscato ML, Fromantin M, Barthe J,
Schwartz D (1989): Paternal age and mental functions of progeny in
man. Hum Reprod 4:794-797.

Malaspina D, Reichenberg A, Weiser M, Fennig S, Davidson M, Harlap S,
et al. (2005): Paternal age and intelligence: Implications for age-related
genomic changes in male germ cells. Psychiatr Genet 15:117-125.
Malaspina D, Harlap S, Fennig S, Heiman D, Nahon D, Feldman D, et al.
(2001): Advancing paternal age and the risk of schizophrenia. Arch Gen
Psychiatry 58:361-367.

Malaspina D, Corcoran C, Fahim C, Berman A, Harkavy-Friedman J, Yale
S, etal. (2002): Paternal age and sporadic schizophrenia: Evidence for de
novo mutations. Am J Med Genet 114:299-303.

www.sobp.org/journal

27.

28.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

M.D. Alter et al.

. Malaspina D, Brown A, Goetz D, Alia-Klein N, Harkavy-Friedman J, Harlap

S, et al. (2002): Schizophrenia risk and paternal age: A potential role for
de novo mutations in schizophrenia vulnerability genes. CNS Spectr
7:26-29.

Malaspina D (2001): Paternal factors and schizophrenia risk: De novo
mutations and imprinting. Schizophr Bull 27:379-393.

Reichenberg A, Gross R, Weiser M, Bresnahan M, Silverman J, Harlap S, et
al. (2006): Advancing paternal age and autism. Arch Gen Psychiatry 63:
1026-1032.

. Croen LA, Najjar DV, Fireman B, Grether JK (2007): Maternal and paternal

age and risk of autism spectrum disorders. Arch Pediatr Adolesc Med
161:334-340.

Cantor RM, Yoon JL, Furr J, Lajonchere CM (2007): Paternal age and
autism are associated in a family-based sample. Mol Psychiatry 12:419-
421.

Priebe K, Brake WG, Romeo RD, Sisti HM, Mueller A, McEwen BS, et al.
(2005): Maternal influences on adult stress and anxiety-like behavior in
C57BL/6J and Balb/cJ mice: A cross-fostering study. Dev Psychobiol 47:
398-407.

Alter MD, Rubin DB, Ramsey K, Halpern R, Stephan DA, Abbott LF, et al.
(2008): Variation in the large-scale organization of gene expression
levels in the hippocampus relates to stable epigenetic variability in
behavior. PLoS ONE 3:e3344.

Wahlsten D, Bishop KM, Ozaki HS (2006): Recombinant inbreeding in
mice reveals thresholds in embryonic corpus callosum development.
Genes Brain Behav 5:170-188.

Wahlsten D, Bachmanov A, Finn DA, Crabbe JC (2006): Stability of inbred
mouse strain differences in behavior and brain size between laborato-
ries and across decades. Proc Natl Acad Sci U S A 103:16364 -16369.
Kusek GK, Wahlsten D, Herron BJ, Bolivar VJ, Flaherty L (2007): Localiza-
tion of two new X-linked quantitative trait loci controlling corpus callo-
sum size in the mouse. Genes Brain Behav 6:359-363.

Benton T, Staab J, Evans DL (2007): Medical co-morbidity in depressive
disorders. Ann Clin Psychiatry 19:289-303.

Fiedorowicz JG, Palagummi NM, Forman-Hoffman VL, Miller del D,
Haynes WG (2008): Elevated prevalence of obesity, metabolic syn-
drome, and cardiovascular risk factors in bipolar disorder. Ann Clin Psy-
chiatry 20:131-137.

Anway MD, Memon MA, Uzumcu M, Skinner MK (2006): Transgenera-
tional effect of the endocrine disrupter vinclozolin on male spermato-
genesis. J Androl 27:368 - 879.

Anway MD, Leathers C, Skinner MK (2006): Endocrine disrupter vinclo-
zolin induced epigenetic transgenerational adult-onset disease. Endo-
crinology 147:5515-5523.

Pembrey ME, Bygren LO, Kaati G, Edvinsson S, Northstone K, Sjostrom M,
et al. (2006): Sex-specific, male-line transgenerational responses in hu-
mans. Eur J Hum Genet 14:159-166.

Kaati G, Bygren LO, Pembrey M, Sjostrom M (2007): Transgenerational
response to nutrition, early life circumstances and longevity. Eur J Hum
Genet 15:784-790.

Kaati G, Bygren LO, Edvinsson S (2002): Cardiovascular and diabetes
mortality determined by nutrition during parents’ and grandparents’
slow growth period. Eur J Hum Genet 10:682-688.

Hudder A, Novak RF (2008): miRNAs: Effectors of environmental influ-
ences on gene expression and disease. Toxicol Sci 103:228 -240.
Weaver IC, Diorio J, Seckl JR, Szyf M, Meaney MJ (2004): Early environ-
mental regulation of hippocampal glucocorticoid receptor gene ex-
pression: Characterization of intracellular mediators and potential
genomic target sites. Ann N Y Acad Sci 1024:182-212.



Alter et al.

8 3

5 S 9 @ A4 & =

S A A )

g 8 2 { § B s 5 & 4 5 5

5 08 5 5 ® ® 8 9 w4 w o«

e [ o o Y L ) O O ) O O
Father OF factor 1.000 .959 .810 .968 .981 .793 .164 .151 .129 .162 .205 .125
Father 1n(cen) 1.000 .891 .871 .914 .656 .150 .138 .114 .155 .192 .108
Father 1n(%p) 1.000 .698 .749 .324 .133 .133 .085 .152 .174 .083
Father 1n(time) 1.000 .979 .813 .196 .182 .163 .187 .232 .162
Father 1n(ent) 1.000 .780 .184 .168 .149 .180 .221 .152
Father 1n(tp) 1.000 .070 .056 .068 .053 .103 .053
Of fspring OF factor 1.000 .964 .933 .968 .964 .908
Of fspring 1n(cen) 1.000 .962 .889 .875 .841
Of fspring 1n (%p) 1.000 .853 .851 .755
Of fspring 1ln(time) 1.000 .982 .859
Of fspring 1n(ent) 1.000 .856
Of fspring 1n(tp) 1.000

Supplemental Table 1. Correlation matrix of paternal and offspring open-field measures.
Demonstrates a high level of correlation between separate open-field behavioral measures.
High between measure correlations allowed 5 measures to be reduced to a single latent
variable in fathers and offspring for use in subsequent analyses.
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Supplemental figure 1. Pilot experiment:Paternal open-field behavior predicts offspring
open-field behavior. Open-field factor scores of offspring from fathers separated

by extremes of open-field behavior show that offspring of fathers with high

levels of open-field activity have significantly higher levels of open-field activity
than offspring of low activity fathers.
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